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Welcome to the course titled Wind power plants with a doubly-fed 
induction generator (DFIG)! The LUCAS-NÜLLE team wishes you lots of 
fun and success in working through the course topics and conducting the 
experiments. The next few pages provide an overview of the course's 
contents and required equipment.

The general prospects for the global wind-energy market are bright: Due to their rapidly 
growing energy needs, emerging economies such as China and India also need to rely 
on renewables if they want to catch up with industrialized nations in times of rising raw 
material shortages. At the end of February 2005, for instance, China passed a law 
promoting renewable energies. According to the Danish management consultancy BTM, 
annual growth in the wind power sector may rise to 115,000 MW by 2025. And a 
Windforce 12 study by Greenpeace and GWEC forecasts a market volume of 160,000 
MW of newly installed capacity by 2020. 

This course on DFIG wind turbines describes the design and function of modern wind 
power plants. The control of variable-speed wind turbines is studied using a doubly-fed 
asynchronous generator as an example. Wind can be emulated realistically with a servo-
machine test stand and "WindSim" software. 

Learning objectives
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• Understanding the design and operation of wind power plants
• Learning about the physical principles whereby wind power is transformed into 

shaft power
• Learning about various wind power plant concepts

Studying the design and operation of a doubly-fed asynchronous (induction) 
generator

• Investigating generator operation at various wind intensities, as well as control of 
output voltage and frequency

• Determining optimal operating points under various wind conditions

Virtual instruments 

A number of virtual instruments from the Labsoft environment can be made use of 
during operation of the training system. The course itself does not deal with these 
instruments. Details on them are provided in the help section.

CO3208-3A Controller for a wind power plant's doubly-fed induction 
generator 1 unit

SE2662-6W Three-phase, multi-function machine (doubly fed 
generator) 1 unit

CO3208-3B Three-phase isolating transformer for a wind power 
plant 1 unit

SE2662-5T Incremental position encoder (1024 pulses) 1 unit
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CO3636-6W / 
CO2663-6U

Servo-machine test stand (1 kW) 1 unit

CO3212-5U Power supply for electric machine 1 unit
SE2662-6A Coupling sleeve (1 kW) 2 units
SE2667-6B Coupling guard (1 kW) 2 units
CO5127-1Z Analog/digital multimeter, power & power-factor meter 1 unit
CO5127-1Y Three-phase meter 1 unit
SO5148-1L Set of safety connection cables (4 mm) 1 unit

SO5126-9Y Safety connection plug (4 mm) 20 
units

SO5126-9R Safety connection plug (19/4 mm) with tap 5 units

Modern wind turbines use doubly-fed asynchronous generators to supply power grids 
with electricity. The controller employed in this course permits control and operation of a 
variable-speed, double-fed induction generator under laboratory conditions. The control 
unit makes it possible to emulate and study all scenarios of practical relevance. The 
included software enables easy operation and convenient visualization of measured 
values. 

The control unit has the features listed next.

• Two controlled, three-phase inverters
• Sub-synchronous and super-synchronous operation of the induction generator
• Integrated power switch for connecting the generator to the grid
• Independent control of reactive / active power, frequency and voltage
• Manual and automatic network synchronization
• USB interface
• Input for incremental sensor
• Integrated brake chopper for experiments on fault ride-through
• Connection voltage: 3 x 400 V, 50...60 Hz
• Maximum output power: 1 kVA

Virtual instruments

A number of virtual instruments from the Labsoft environment can be made use of 
during operation of the training system. The course itself does not deal with these 
instruments. Details on them are provided in the help section.

Move the mouse pointer over the diagram to view details on the experiment board's 
individual components.
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Three-phase motor / generator

• Rated voltage: 400/230 V, 50 Hz
• Rated current: 2.0 A / 3.5 A
• Rated speed: 1400 / 1500 rpm
• Rated power: 0.8 kW
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• cos phi: 0.75
• Excitation voltage: 130 VAC / 24 VDC
• Excitation current: 4 AAC / 11 ADC

Three-phase transformer for coupling the doubly-fed wind power plant to the supply 
network

• Primary voltage: 3 x 400 V
• Secondary voltage: 3 x 300 V
• Rated power: 1 kVA

Move the mouse pointer over the diagram to view details on the experiment board's 
individual components.
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The incremental encoder has the following features:

• 1024 pulses
• TTL level
• Speed: 6000 rpm
• Moment of inertia: 35 gcm²

The servo machine test stand is a complete system for examining electric machines and 
drives. It consists of a digital control unit, brake and ActiveServo software. In the case of 
a real power plant, the wind and airfoil geometry together drive the generator. In the 
laboratory, the wind's action is simulated by the servo machine test stand and WindSim 
software. This makes it possible to reproduce the conditions prevailing at real wind 
power plants.

Move the mouse pointer over the diagram to view details on the experiment board's 
individual components.
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Start-up

• Before start-up, familiarize yourself with the manufacturer's instructions, which can 
be found here: Manufacturer's instructions.

Power supply for DC, AC and three-phase current, and excitation of synchronous 
machines. This power supply is specially designed for use with electric machines.

Outputs:

• Three-phase: L1, L2, L3, N via 4-mm safety jacks
• Direct current: Variable 0 ... 240 VDC, stabilized and protected electronically 

against overload and short circuit
• Output current: 3 ... 10 A (adjustable current limit)
• Second direct voltage: 210 VDC, 6 A (fixed)

Safety mechanisms:

• Motor protection switch, adjustable between 6.3 ... 16 A
• Undervoltage protection
• Safety shutdown

Move the mouse pointer over the diagram to view details on the experiment board's 
individual components.
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The manufacturer's instructions can be viewed here: Manufacturer's instructions.

The three-phase meter allows measurement and display of all relevant grid parameters. 
It is capable of one-, two- and three-phase measurements. Menu-guided visualization 
and operation are performed via an LCD or the built-in Ethernet interface. 

• Three-phase measurement of current and voltage (3 x 400 V / 5 A)
• Measurement of phase voltages, line voltages, currents
• Determination of apparent, active and reactive power
• Determination of active, reactive and apparent energy
• Determination of frequency and distortion factors for current and voltage
• Digital inputs and outputs for free assignment to functions
• Ethernet interface

Move the mouse pointer over the diagram to view details on the experiment board's 
individual components.
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The manufacturer's instructions can be viewed here: Manufacturer's instructions.

Training panel CO5127-1Z "Analog-digital multimeter"

Technical data

• Supply voltage: 230V / 50Hz
• Measurement variables:

◦ Voltage
◦ Current
◦ Active power
◦ Apparent power
◦ Reactive power
◦ Cosine φ

• Protection class II
• Interfaces:

◦ USB
◦ RS232

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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The analog-digital multimeter possesses USB and RS232 interfaces for connection to a 
PC.

Click here to view the manufacturer's instructions.

Human existence without 
technology is unthinkable. 
Already in primeval times, 
humans discovered how to 
adapt and exploit what nature 
had to offer, and started 
producing tools to satisfy their 
needs. Humans learnt how to 
modify materials in order to 
produce items such as 
ceramic pots, steel articles, 
plastic parts, medicines and 
much more. They also came 
up with possibilities of 
communication ranging, for 
instance, from cave paintings 
20,000 years old through 
Greek torch telegraphy right 
up to modern cellular phones.

Not least of all, humans 
learned to harness the energy 
of fire, water and wind.

This chapter describes 
important stages in the 
evolution of wind power 
plants.

A utilization of wind energy began with sailing boats and ships more than 5000 years 
ago.
As early as the 7th century A.D. the first windmills were built in Persia, or modern-day 
Iran, for the purpose of grinding grain.
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A perspective of the mill from above (top view) reveals its operating principle.

The force of the wind turns the fabric-lined rotor horizontally, causing the vertical shaft to 
drive the millstone directly. The wind collecting walls guide the wind toward one half of 
the rotor wheel while the other half is in the lee. This prevents the wheel from blocking 
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itself. The wind wheel's position is fixed, i.e. suitable only for one particular wind 
direction. 

This also applies to the more advanced tower windmills. Present in the Mediterranean 
region for the last 1000 years or so, these windmills have operated in regions with 
prevailing winds. In some countries, such windmills remain in use to this day. Furnished 
with sails, the wind wheel rotates on a brick tower and moves the millstone via a gear 
mechanism. 

From the Middle Ages to the 18 century, German windmills were the most commonly 
found type of windmill in central and eastern Europe. This design was able to follow 
changes in wind direction, the entire mill house being rotated via the tail. The mill house 
is mounted on a substructure or base. 
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Windmills reached their most 
advanced stage in the 17th 
century with the development 
of the Dutch windmill which 
incorporated an elegant 
solution for following changes 
in wind direction. Only the roof 
crown on which the windmill 
vanes are mounted turns on 
rollers installed along the 
tower's edge. As in the case 
of the German windmill, a tail 
is used to turn the 
superstructure, with a wind 
rose serving as orientation. 
The mill house as such 
remains fixed, which makes it 
more stable and capable of 
enlargement. 
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So far, wind wheels have supplied energy 
for driving: 

• mills of various types
• irrigation and drainage systems
• hammer, stamp and saw mills
• electric generators

A development of high-speed wind turbines 
with aerodynamically shaped vanes began 
about 50 years ago. These turbines achieve 
higher efficiencies than conventional, low-
speed wind wheels. 
The development of wind turbines is by no 
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Courtesy of Vestas Wind Systems A/S

means over:
Research projects involving wind power 
plants of various capacities are in progress 
worldwide.
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Courtesy of Vestas Wind Systems A/S

Where does electricity out of the socket originate from? This question can be answered 
more easily by considering electrical energy mixes, i.e. proportions of primary energy 
sources such as carbon, uranium, gas, wind, water and geothermal making up the total 
supply of electrical energy.
We have prepared some charts indicating contemporary energy mixes. To safeguard 
their energy supply, industrial nations such as Germany are striving for durable energy 
mixes. One objective in this process is to preserve and improve ecological, economic 
and social conditions.

The charts provided next permit a comparison between energy mixes currently 
employed in Germany, the USA, France and China.

The charts below show the wind power installed worldwide from 2009 to 2013. Within 
these four years, wind power installations nearly doubled.

2009 2013
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2009 2013
MW % MW %

China 25,104 15.9 91,412 28.7

USA 31,159 22.3 61,091 19.2

Rest of the world 21,391 13.5 51,410 16.2

Germany 25,777 16.3  34,250  10.8

Spain 19,149 12.1  22,959  7.2

India 10,926 6.9  20,150  6.3

Great Britain 4,051 2.6 10,531 3.3

Italy 4,850 3.1  8,552  2.7

France 4,492 2.8  8,254  2.6

Denmark 3,465 2.2  4,772  1.5

Portugal 3,535 2.2  4,724  1.5
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Global total 157,899  100  318,105  100

Illustrated below is the (gross) energy mix employed in Germany in 2013.

The chart here indicates Germany's aspiration for a balanced energy mix. Brown and 
hard coal each have a share of 20 - 25%, nuclear energy follows with 15%. Roughly 8% 
of electricity generated comes from wind energy, followed by photovoltaics and 
hydropower. The share of renewables in Germany is 23.9%.

Illustrated below is the energy mix employed in the USA in 2012.
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This chart shows that 68.6% of the United States' requirements for electricity are 
covered by fossil fuels, and a fifth by nuclear energy. Renewable energies have a share 
of 10%, wind power being the main constituent here, while photovoltaics only play a 
marginal role.

Illustrated below is the energy mix employed in France in 2013.
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A comparison between the French and American energy mixtures reveals that nuclear 
energy at 73.3% is responsible for the lion's share of electricity generation in France. 
Fossil fuels are correspondingly less important. Renewable energies - including wind 
energy - make up a proportion of 17.4%.

Illustrated below is the energy mix employed in China in 2012.
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The chart here shows that coal serves to generate three quarters of China's electricity; 
hydroelectric power installations here represent 17.4%. Photovoltaics and wind power 
presently constitute 0.07% and 2% respectively. Renewable energy sources in total 
make up a share of approximately 20%.
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Due to the diversity of available energy sources, the energy mix of the future cannot be 
accurately predicted. However, regenerative energy sources, particularly wind, are 
certain to gain significance and will probably replace fossil energy sources like coal and 
gas in the long run. Nonetheless, regenerative energy alone will not be sufficient in 
future, long-term energy mix strategies, whose decisive criteria include not only 
environmental compatibility, but also economy and dependable supply.

Wind comprises a mass of air flowing at a certain speed. Wind consequently possesses 
kinetic energy. A wind power plant converts the wind's kinetic energy initially into rotary 
motion. This is achieved by means of a rotor and connected shaft.

A wind power plant's rotor shaft can be mounted horizontally or vertically to result in the 
following variants:

Developed by the Finnish lieutenant 
commander Sigurd Savonius, a rotor 
design of the same name was introduced 
toward the end of the 19th century and has 
found widespread use especially as a fan 
wheel on ships and delivery vans. 
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Occasionally, it is also used as a 
mechanical drive for small water pumps. 

The design illustrated adjacently was 
invented in 1925 by the Frenchman 
Georges Darrieus. Its advantages are 
operation regardless of wind direction and 
the ability to install all components on the 
ground. However, its disadvantages are the 
rotor's reliance on a starting aid and an 
inability to adjust speed by turning the rotor 
vanes.
The H-rotor shown here is a variation of the 
Darrieus rotor. Though not having achieved 
a great deal of economic success to date, 
this design is presently experiencing a 
resurgence in demand when it comes to 
small wind power plants with outputs of less 
than 10 kW.

Designs incorporating a vertical rotor shaft only play a 
secondary role in modern wind-energy technology, 
having been surpassed undisputedly by horizontal rotor 
shafts, commonly referred to as propellers . 
Technically, however, the term "propeller" is not quite 
accurate, as the rotor does not produce a driving force 
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as on an aircraft, for instance. Strictly speaking, the 
term "repeller" is correct. Since "propeller" has become 
an extremely popular expression, however, we will also 
use it in this course. 

The propeller variant possesses the following key 
features:

• The rotor blades can be adjusted about their 
longitudinal axis (blade angle control), making it 
possible to control the rotor torque and, 
consequently, the output power. The adjustable 
rotor blades also effectively prevent excessively 
high rotation rates at extremely high speeds. 

• The rotor blades can be shaped ideally in terms of 
aerodynamics so as to maximize efficiency. 

• Wind power plants of this design have an 
enormous technological lead over other variants.

Since nearly all wind power plants presently operated 
for the purpose of producing electricity comprise the 
propeller variant, we will exclusively consider it in 
greater detail.

The wind's energy is converted by the wind power plant's rotor into the shaft's rotary 
motion: The rotor shaft consequently generates a torque at a rotary speed expressed in 
terms of revolutions (360°). The rotor shaft's speed is stepped up, i.e. increased to a 
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higher value, in a gearbox. The faster shaft at the gearbox's output drives the rotor of a 
generator whose stator supplies a voltage and current. The generator is coupled via a 
transformer and additional equipment to the mains.

The generators built into this type of wind power plant are asynchronous. Their rotor 
requires a high speed, i.e. it needs to be driven by a fast shaft. This is necessary to 
supply the values, e.g. mains frequency of 50 Hz, required from the mains.
The fast shaft on most wind power plants has a speed of 1000 or 1500 revolutions per 
minute (rpm), whereas the slow shaft only has a speed of 16 rpm. This requires a 
gearbox capable of stepping up from 16 rpm to 1000 or 1500 rpm. Planetary gearboxes 
prove most suitable for achieving the high transmission ratios (e.g. 1 : 100) and forces 
entailed here.

In operation for at least a decade have also been wind power plants without a gearbox, 
the generator's rotor being driven directly by the slow shaft. The operating principle in 
this case is illustrated below.

Such systems are furnished with four-pole, synchronous generators which are much 
more complicated to produce and also more expensive (further details on generators 
can be found in the chapter titled "Generator types").

Numerous components are needed to optimize a wind power plant's conversion of the 
wind's kinetic energy into electrical energy. These components are described here.
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Courtesy of Vestas Wind Systems A/S

A wind power plant's components which become apparent at first glance are the rotor, 
hub, machine housing and tower which is mounted on a foundation embedded in the 
ground. No electric cables are visible, indicating that the link to the mains network is 
situated underground. The machine housing and tower are connected together via a 
rotary mechanism.
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The next few pages provide details on the rotor blades and the connection element 
between the tower and machine housing. 

By friendly courtesy of
Vestas Wind Systems A/S

The weight of up to 400 t exerted by the machine housing needs to be transmitted via 
the tower to the foundation. Reaching a height of 170 m, the tower can have one of the 
following designs:

• Tubular steel
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• Pylon
• Concrete post

Employed in the majority of cases are tubular steel towers comprising individual sections 
of steel tubing screwed together by means of connecting rings. Made of steel with good 
welding properties, these seamless, rolled rings reach diameters of 4 m.
In addition to steel towers, pylons and concrete posts are used commonly for small wind 
power plants.

A tower's foundation type depends on the wind power plant's size and ground 
conditions. A decisive factor here is the depth to which ground layers capable of 
absorbing the expected loads can be found. Possible types range from shallow, plate 
foundations to deep, pile foundations.
For instance, a plate foundation for a wind power plant with an electrical capacity of 1 
MW can have the following volumetric dimensions:

13 m x 13 m x 2.5 m.

Foundations for offshore wind power plants in the open sea, away from coastlines, are 
much more elaborate. We will not consider them in this course.

For a wind power plant to remain efficient, the rotor must always be aligned exactly 
against the headwind. Because wind frequently changes direction, the pod to which the 
rotor is affixed has a swivel mounting on the tower.
Installed on the pod is a sensor which registers the instantaneous wind direction. The 
wind power plant's electronics regularly poll the sensor and make the pod track any 
changes in wind direction.
The mechanism connecting the pod to the tower is a large roller bearing controlled by an 
electric wind tracking drive, often termed azimuth drive (azimuth is a term of Arabic 
origin signifying angular direction along the horizon).

The connection element of a V82 manufactured by VESTAS is illustrated below.
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Courtesy of Vestas Wind Systems A/S

The pod is often furnished with brakes which prevent it from swinging out of the wind 
path. Such brakes are needed especially if the tower has roller bearings. The brakes are 
released immediately before the azimuth drive starts to move the pod.
A problem can be posed by the electric cables which transport energy from the 
generator to the mains. Running through the tower, these cables are affixed to the pod 
as well as the foundation. When the pod tracks the wind, the cables twist, which is 
alright up to a certain limit. However, if the pod continues to track in the same direction, 
the cables continue twisting to a point where they might get damaged. To prevent this 
from happening, a torsion register monitors the pod's swivelling and initiates opposing 
motion once a certain number of swivels in the same direction have taken place. This 
straightens the cables again.

The rotor on most wind power pl
blades. These blades are subjec
high loads, e.g. 

• Bending moments caused 
wind force

• Irregular, cyclical loads cau
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All illustrations on this page are courtesy of Vestas Wind 
Systems A/S

• Fatigue caused by weathe
• High centrifugal forces

For instance, the bending mome
weight generates up to 100 millio
a wind power plant's service life.
medium-sized plant with a rotor d
rotational rate of about 25 rpm, t
at a speed of about 255 km/h.
Rotor blades are usually made o
material containing polyester res
expensive) epoxy resin. The blad
type structure over light spar we
between the blade and rotor hub
importance due to the forces exe
composite fibre structure on the 

All large wind power plants 
inevitably suffer lightning 
strikes. For instance, a counter 
on a wind power plant in 
Scotland once registered nearly 
200 lightning strikes in the 
space of one year. Without a 
lightning protection system
the wind power plant would not 
have survived all these strikes.
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Practical operations have 
refuted the initial presumption 
that rotor vanes made of fibre-
glass composite material could 
do without lightning protection. 
Since then, insurers have 
increasingly called for effective 
lightning protection measures. 
A lightning protection system 
has become a standard feature 
for all new rotor blades.

All illustrations on this page are 
courtesy of Vestas Wind 
Systems A/S

When lightning strikes a rotor 
blade, it usually does so near 
the tip. Consequently, rotor 
vanes are furnished with 
receptors (metal contacts a 
few centimetres in size) which 
absorb the lightning's energy 
and discharge it through a 
lightning conductor specially 
embedded in the blade via the 
pod and tower to the earth.

The rotor blades and shaft are connected together via the hub, 
which also contains the blade bearings and blade angle 
adjustment mechanism on wind power plants furnished with 
such a mechanism. 
Large roller bearings with internal toothing are used to mount 
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and adjust the rotor blades.
On wind power plants with blade angle adjustment, an 
electronic sensor constantly measures the power output, and 
actuates the blade adjustment mechanism if the power 
exceeds a certain level. The mechanism immediately slants the 
rotor blades slightly out of the wind. Once the wind has 
dropped again, the blades are slanted back into the wind. 
The rotor blades need to be turned about their longitudinal axis 
for this purpose.
Many older plants do not have this feature, the rotor blades 
instead being rigidly connected to the hub. This design is 
generally considered obsolete now.

The machine housing contains the generator needed for producing electrical energy. 
Illustrated below is the power train on a wind power plant of type V80 manufactured by 
VESTAS.
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The generator is described in more detail in subsequent chapters.

The machine housing also contains additional equipment such as electronic 
controllers, hydraulic systems as well as optional features such as gears, brakes 
and cooling units (fans).

Every plant type is differently configured. Illustrated below is the machine housing on a 
wind power plant of type V90 manufactured by Vestas.
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Courtesy of Vestas Wind Systems A/S

Though each wind power plant is designed and optimized according to the conditions 
prevailing at its installation site, the plant nonetheless fits into one of three main 
concepts as illustrated below.

These individual concepts are described in more detail next.

Asynchronous generators connected directly to the power supply system were common 
particularly in the early stages of electricity generation using wind power plants. In 
combination with stall-controlled, three-vane rotors on Danish wind power plants, 
asynchronous generators were the most widely used electrical concept, especially in the 
case of small facilities with capacities in the kilowatt range. The squirrel-cage, 
asynchronous generators forming part of such systems require little maintenance and 
are relatively economical. Furthermore, they do not require complex vane pitch control. 
This design is also known as the Danish concept.
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Courtesy of Vestas Wind Systems A/S

Wind usually impinges at a variety of speeds on a wind power plant. In order to utilize 
the wind power associated with each speed as efficiently as possible, modern wind 
power plants are equipped with a power control system which can be considered to 
encompass the rotor and generator. Constant-speed and variable-speed power 
control systems are available.

In the case of a constant-speed system, the rotor vanes usually have a fixed pitch, 
though some constant-speed systems also have a variable vane pitch. Moreover, the 
(asynchronous) generator driven by the rotor is coupled directly with the mains.

Power control is performed as described next. From a certain wind speed and, 
consequently, power (rated power) onward, the air flow impinging on the rotor vanes is 
disrupted, this effect being termed "stall". This type of power limitation is therefore also 
termed stall control. This principle is described in detail on the page titled "Stall" in the 
chapter titled "Physical principles".

The generator supplies an alternating current which needs to have the same frequency 
as the mains current, otherwise disruptions would occur in the mains network or wind 
power plant. The mains frequency in Europe is 50 Hz. Other regions (e.g. USA) employ 
a mains frequency of 60 Hz. 

In the case of a constant-speed wind power plant, the frequency of the current supplied 
by the generator depends directly on the rotor speed. If adverse wind conditions prevent 
the wind power plant from maintaining this frequency, the network is decoupled. Once 
the rated frequency can be delivered again, the wind power plant is re-connected "softly" 
to the network, e.g. via a thyristor controller which acts like a dimmer and prevents 
undesired surges during circuit entry. 

Dynamic loads can only be 
reduced by means of a variable 
speed range for the rotor vis-à-vis 
the mains frequency. Though a 
slight flexibility in terms of speed 
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Courtesy of Vestas Wind Systems A/S

can mitigate such loads, at least 
40% of the entire rated speed 
range is needed for operation of a 
fully-fledged wind power plant. 
This can only be achieved by 
means of a variable-speed 
generator in conjunction with a 
frequency converter. Such 
systems can be produced using 
synchronous or asynchronous 
generators.

If a synchronous generator is 
employed, all the generated 
electrical power must be 
converted. By contrast, a 
asynchronous generator only 
requires part of the generated 
electrical power to be converted 
by the frequency converter. The 
asynchronous generator's slip is 
used for this purpose: In the case 
of an intentionally high slip value, 
lost energy (slip power) is fed 
back to the stator power flow via 
suitable converters. In this case, a 
squirrel-cage rotor is no longer 
suitable for the asynchronous 
generator, instead needing to be 
replaced by a slip-ring rotor. 
However, this proves more 
expensive and requires more 
maintenance.

Variable-speed operation by a wind power plant incorporating a synchronous generator 
can be achieved by means of a frequency converter with a DC link. The variable-
frequency alternating current produced by the generator is rectified before being fed via 
an inverter to the mains.
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Variable-speed operation of a 
wind power plant incorporating 
a doubly fed asynchronous 
generator can be realized as 
described next. 

The machine's slip power is 
fed into the mains, and back 
from the mains to the rotor. 
This enables the machine to 
operate in the super-
synchronous and sub-
synchronous modes 
(generator / motor). The 
frequency supplied by the 
converter is superimposed on 
the rotor field's frequency. The 
superimposed frequency 
remains constant, irrespective 
of the rotor speed. The speed 
range is determined by the 
frequency supplied to the 
rotor. This concept poses very 
elaborate control 
requirements. 
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However, a special advantage 
of this concept is the ability to 
separately control the active 
and reactive power. 
Furthermore, just 1/3 of the 
generator's rated power is 
transmitted via the rotor circuit 
and frequency converter.

Courtesy of Vestas Wind Systems A/S

Variable-speed systems have established themselves in modern wind turbines. 
Both under partial load and full load, the rotor blades' angle can be adjusted by means 
of a special mechanism in accordance with wind speed and generator power, and 
thereby aligned nearly ideally into the wind. This kind of mechanism is referred to as 
pitch control. 
The generators forming part of such wind turbines are coupled to the electricity grid not 
directly, but via an additional component:
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This enables a positive utilization of wide fluctuations in wind speed.

The rotor's magnetic field serves to couple the rotor to the stator which is connected to 
the grid. This coupling depends on the rotor currents. The slip control diverts a portion of 
these currents via resistors, thereby weakening the magnetic field and coupling, and 
increasing the machine's slip. Wind power plants employ this mechanism to offset gusts 
of wind. If a gust impinges on the rotor, its torque increases sharply, thereby also 
tending to raise the system's power very quickly. To give the pitch control time to 
readjust the blade angle, the generator's slip is increased to up to 10%. While outputting 
a constant power level to the grid, the system accelerates and part of its excess energy 
is stored as rotational energy by the rotor and drive train. As the wind speed decreases 
again, the slip is reduced and the drive train slows down as a result. In this process, the 
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stored energy is fed into the grid too. This smoothens the plant's power output 
characteristic. The increased slip reduces the generator's efficiency and also causes the 
involved resistors to produce a lot of heat, thus necessitating effective cooling in this 
operating mode.

In a doubly-fed generator, the rotor's speed can be varied by up to 30% of the rated 
speed. This raises power levels under changing wind conditions. It also minimizes 
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undesirable fluctuations in the power grid and stresses exerted on the structure's crucial 
components.

To achieve this, the rotor windings are routed out via slip rings and connected to the grid 
via special inverters. The generator is thereby connected to the stator as well as the 
rotor, hence the term dual (or double) feed. This permits the controller to directly 
influence the magnetic conditions inside the rotor. The inverters can rectify alternating 
current in both directions, and convert direct current into alternating current of any 
required frequency.

At low wind speeds, the drive train's rotation is slower compared with the grid's 
operation. In this mode, a rotary field is fed into the rotor and superimposed on its 
rotation frequency. In this manner, the machine magnetically attains its rated slip, even 
though the rotor's mechanical operation is slower compared with the grid's operation. In 
this process, energy is drawn from the grid in order to produce the rotor field. However, 
this amount of energy is significantly lower than the stator's output energy. This enables 
a plant's generator to cover a wide speed range.

When the wind speed increases, this rotary field's frequency is lowered accordingly, thus 
keeping the magnetic slip constant. To offset gusts and high wind speeds, the rotor 
field's direction of rotation is reversed. This makes it possible to raise the mechanical 
speed at a constant magnetic slip. To achieve this, the converters feed portions of the 
rotor currents to the grid, resulting in a flow of energy in this direction. About 10% of the 
plant's power is thus generated in the rotor and fed via the converters to the grid.

Because the machine's excitation takes place via the converters, reactive power from 
the grid is not needed. Instead, the control system makes it possible to provide 
capacitive and inductive reactive power in accordance with the grid operator's 
specifications. The plant therefore contributes toward stabilizing the grid.
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This chapter describes the function of a doubly-fed induction generator in wind power 
plants. 

Key aspects are:

• Operating principle
• Voltage generation at different speeds
• Generator's synchronization with the grid
• Active power control
• Reactive power control

Illustrated below is the block diagram of a wind turbine with a doubly-fed induction 
generator.

The generator's stator is connected via a power contactor to the grid. The generator's 
rotor is fed via an inverter. Despite changing wind conditions, i.e. fluctuating speeds, the 
generator must produce voltage of a constant frequency and amplitude in order to feed 
energy into the grid. This is achieved through proficient regulation of the current supply 
for the rotor. The operating principle is demonstrated in the animation below.
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Experiment goals

• Understanding the relationship between a generator's frequency and 
speed.

Exercises

• Determining the generator voltage's frequency at 1200 rpm, 1300 rpm and 1400 
rpm.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.
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• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the DFIG control instrument (the USB interface must be connected 
to the PC).

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1200 rpm.

• Actuate the ENABLE button on the virtual 
instrument. 

• Set the amplitude to 40% at a frequency 
of 0 Hz.

• Determine the mechanical frequency (in 
Hz) and generator voltage's frequency.

• Repeat the measurements at 1300 rpm 
and 1400 rpm.

At a mechanical speed of 1200 rpm:
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The mechanical frequency is ____Hz; the voltage frequency is 
____Hz.

At a mechanical speed of 1300 rpm:

The mechanical frequency is ____Hz; the voltage frequency is 
____Hz.

At a mechanical speed of 1400 rpm:

The mechanical frequency is ____Hz; the voltage frequency is 
____Hz.

The generator behaves like a:

Shunt dynamo.
Synchronous generator.
Series dynamo.

Experiment goals

• Understanding the relationship between generator speed, rotor current 
frequency and stator frequency.

Exercises

• Determining the feed frequency required by the rotor to raise the voltage frequency 
of the generator's stator to 50 Hz at a speed of 1200 rpm. Repeating this 
measurement at 1300 rpm and 1400 rpm.

Setup
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• Assemble the circuit according to the layout plan and wiring diagram.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the DFIG control instrument (the USB interface must be connected 
to the PC).

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1200 rpm.

• Actuate the ENABLE button on the virtual 
instrument. 

• Set the amplitude to 40% at a frequency 
of 0 Hz.

• Slowly increase the frequency on the 
instrument until the stator frequency 
attains 50 Hz.

• Repeat the measurements at 1300 rpm 
and 1400 rpm.
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At a mechanical speed of 1200 rpm, the rotor voltage's frequency must be set to

____Hz to achieve a stator frequency of 50 Hz.

At a mechanical speed of 1300 rpm, the rotor voltage's frequency must be set to

____Hz to achieve a stator frequency of 50 Hz.

At a mechanical speed of 1400 rpm, the rotor voltage's frequency must be set to

_____Hz to achieve a stator frequency of 50 Hz.

Which statements are correct?

At variable mechanical speed, the stator frequency can be 
held constant by adjusting the rotor frequency.
The rotor frequency has a negligible influence on the stator 
frequency. The maximum achievable frequency change is 
10%.
At constant speed, the stator frequency can be varied via 
the rotor frequency.
The stator frequency is determined by adding the rotor 
frequency and mechanical speed.

• Open the DFIG control instrument (the USB interface must be connected 
to the PC).

• On the machine test stand, select the SPEED CONTROL mode and set 
the speed to 1200 rpm.

• Actuate the ENABLE button on the virtual instrument. 
• Set the instrument's amplitude and frequency so as to achieve a stator 

voltage of 300 V and frequency of 50 Hz.
• Set the display to indicate stator voltage and rotor current. Vary the 

settings to obtain a good chart and copy it to the placeholder below.
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: ______

: ______

: ______

Experiment goals

• Understanding the relationship between rotor current and stator voltage.

Exercises

• Determining the influence of rotor current on stator voltage.
• Investigating the influence of speed and current.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.
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• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the DFIG control instrument (the USB interface must be connected 
to the PC).

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1200 rpm.

• Actuate the ENABLE button on the virtual 
instrument. 

• Set the frequency to 0 Hz.
• Slowly increase the amplitude on the 

instrument until the amperage attains 0.5 
A, and enter the corresponding stator 
voltage in the table.

• Repeat the measurement at the 
remaining amperages.

• Set the rotor current to 0.5 A and the frequency to 10 Hz.
• Repeat the measurement series.
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IRot[A] 0.5 1.0 1.5 2.0 2.5 3.0
Rotorfreq. 0Hz UStat[V]
Rotorfreq. 10Hz UStat[V]

What does the obtained diagram indicate?

Increasing the rotor frequency at constant amperage also 
increases the stator voltage.
Increasing the rotor current also increases the stator 
voltage.
Decreasing the rotor current increases the stator voltage.
The stator voltage does not depend on the rotor frequency.

What causes the change in the output voltage at constant current and variable rotor 
frequency?

The mechanical rotor speed and rotor current frequency 
undergo subtraction, thereby lowering the speed of the 
rotor's magnetic field and raising the stator voltage.
A rise in rotor frequency intensifies the rotor's magnetic 
field, thereby increasing the stator voltage.
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The mechanical rotor speed and rotor current frequency 
undergo addition, thereby increasing the speed of the 
rotor's magnetic field and raising the stator voltage.

• On the machine test stand, select the SPEED CONTROL mode and set 
the speed to 1200 rpm.

• Actuate the ENABLE button on the virtual instrument. 
• Set the frequency to 0 Hz.
• Slowly increase the amplitude on the instrument until the amperage 

attains 1 A, and enter the corresponding
stator voltage in the table.

• Increase the generator speed in steps to 1450 rpm and enter the 
corresponding voltages in the table.

• Repeat the measurement at the remaining amperages.

n[rpm] 1200 1250 1300 1350 1400 1450
1A U [V]
2A U [V]
3A U [V]
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What does the obtained diagram indicate?

A change in rotor current from 2A to 3A increases the 
stator voltage to a lesser extent than a change from 1A to 
2A. This is due to the generator's saturation effects.
Increasing the speed at a constant rotor current increases 
the stator voltage.
Increasing the rotor current increases the stator voltage.
Increasing the rotor current proportionally increases the 
stator voltage.

Experiment goals

• Synchronizing the generator with the grid.
• Understanding the influence of rotor current and frequency.
• Synchronizing the generator automatically.

The following conditions must be met to connect the generator to the grid:

• Grid frequency = generator frequency
• Grid voltage = generator voltage
• Grid phase angle = generator phase angle

If a large-scale plant fails to meet any of these conditions, connecting the generator to 
the grid results in high compensation currents which can damage individual plant 
components. In the case of our experimental plant, connection can only take place 
within a window monitored by software. Connection commands issued outside the 
window are ignored.

Exercises

• Setting the rotor current and frequency so that the generator can be connected to 
the grid.

• Performing grid synchronization at various speeds.
• Letting the generator automatically synchronize with grid parameters.

Setup
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• Assemble the circuit according to the layout plan and wiring diagram.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the SYNCHRONIZER instrument (the USB interface must be 
connected to the PC).

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1200 rpm.

• Actuate the ENABLE button on the virtual 
instrument. 

• Slowly increase the amplitude on the 
instrument until the generator's stator 
voltage has attained roughly 80% of the 
mains voltage.

• Increase the frequency until the mains and generator frequencies are 
equal.

• Vary the voltage generator's amplitude and frequency so that all criteria 
for connection to the grid are met. Use the synchroscope for adjustment.

• Actuate the LINE button to connect the generator to the grid.
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• The generator is now online.
• Actuate the LINE button again to disconnect the generator from the grid.
• Actuate the ENABLE button to de-energize the generator.

How can the phase shift between the mains and generator be adjusted?

If the generator and mains frequencies are approximately 
equal, the phase shift can be adjusted by changing the 
rotor current's amplitude.
The phase angle between the mains and generator 
corrects itself automatically if the mains and generator 
frequencies are identical.
If the generator and mains frequencies are similar, a 
phase shift occurs between the generator and mains. In 
this case, the phase angle can be adjusted through minor 
changes in the generator frequency.

How does the rotor current influence synchronization with the grid?

The rotor current influences both the output voltage's 
magnitude and generator frequency.
The rotor current influences the generator voltage's 
magnitude.
The rotor current only influences the generator frequency.

• Repeat synchronization of the generator at 1300 rpm and 1400 rpm.
• Copy the timing diagram of the grid and generator voltages during 

unsynchronized and synchronized operation to the placeholders provided 
for this purpose.
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Generator voltage in unsynchronized mode

Generator voltage in synchronized mode

Compare the generator voltages in the offline and online modes.

When the generator is online, its voltage is equal to the 
mains voltage.
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When the generator is offline, the voltages differ in terms 
of amplitude, frequency and phase angle.
The ripple in the generator's voltage is caused by the rotor 
current control mechanism.
Even when the generator is online, its voltage differs from 
the mains voltage.

• Repeat synchronization of the generator at 1300 rpm. Use the automatic 
mode for synchronization. In this process, the appropriate rotor values are 
set but the generator's stator is not connected automatically to the grid.

• Do not connect the generator to the grid.
• Vary the generator speed between 1200 rpm and 1400 rpm. What is the 

result?

Observe the generator voltage.

As the speed changes, only the generator frequency is 
regulated automatically.
Only the generator amplitude is regulated automatically.
As the speed changes, the generator voltage, frequency 
and phase angle are regulated to achieve synchronization 
with the grid.

This chapter provides information on power control of a doubly-fed induction generator. 

Key aspects are:

• Active power control 
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• Sub-synchronous operation 
• Super-synchronous operation

In the previous chapter, the generator was synchronized with the grid but no power was 
transmitted.

Here we will learn how to control the generator so as to supply the grid with energy. 

The relationships shown below can be derived from the generator's simplified equivalent 
circuit diagram.

Voltage equations:

Assuming that RS = RR = 0:
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Where:

 and 

Consequently:

or

This means that the rotor consumes power in the sub-synchronous mode, and outputs 
power in the super-synchronous mode. The relationships shown above are based on 
simplifications permissible for large generators. In the case of our system, however, the 
loss factors are too high for measured values to concur with calculated values. We will 
dispense with detailed calculations accounting for these loss factors. 

Experiment goals
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• Understanding the relationships between power components in the case 
of a doubly-fed induction generator.

• Learning how to supply a grid with power in the sub-synchronous mode.
• Observing the effects of speed variations.

Exercises

• Synchronizing the generator and connecting it to the grid. Investigating the power 
distribution.

• Investigating the excitation power at various generator output power levels.
• Supplying the grid with power and determining the influence of generator speed.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.
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• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the POWER CONTROL instrument (the USB interface must be 
connected to the PC). Select the 
STATOR POWER mode.

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1200 rpm.

• Actuate the ENABLE button on the virtual 
instrument . The generator is then 
automatically synchronized and connected to the grid. In this case, the 
generator runs without any power being transmitted to the grid via the 
stator.

Determine the power levels at a setpoint value of 0.

Active power of LSC: ____W; active power of grid: ____W

Interpret the measurement results and select the correct answers below.

In this mode, there is no exchange of power with the grid.
In this mode, power is fed to the grid.
In this mode, power necessary for generator excitation is 
received from the grid.
In this mode, only active power is received from the grid.

• On the machine test stand, slowly increase the speed to 1500 rpm and 
observe the resultant consumption of active power by the LSC.

How does the active power consumption in this case change as the speed increases?
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A rise in speed does not significantly influence the power 
consumption.
A rise in speed reduces the power consumption.
A rise in speed increases the power consumption.

• On the machine test stand, set the speed to 1300 rpm.
• Increase the setpoint active power for the MSC as indicated in the table.
• Enter the resultant, corresponding values in the table.

DFIG P [W] 0 50 100 150 200 300 400 500
Grid P [W]
LSC P [W]

At constant speed, how does the LSC's active power consumption change as the 
generator power rises?

The LSC's active power consumption rises linearly with the 
generator power.
The LSC's active power consumption remains roughly 
constant.
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The LSC's active power consumption drops as the 
generator power rises.

• On the machine test stand, set the speed to 1200 rpm.
• Adjust the MSC's setpoint power so that the generator outputs an active 

power of 400 W.
• Increase the generator speed in steps while keeping the generator power 

constant, and enter the resultant, corresponding values in the table.

n[rpm] 1200 1250 1300 1350 1400 1450
Grid P [W]
LSC P [W]
DFIG P [W]

If the generator's active power remains constant, how do the grid's input active power 
and LSC's active power consumption respond to changes in speed?

As the speed rises, so do the LSC's active power 
consumption and grid's input active power.
As the speed rises, the LSC's active power consumption 
remains roughly constant, and the grid's input active power 
rises.
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As the speed rises, the LSC's active power consumption 
drops. As a consequence, the grid's input active power 
rises.

What can be said about the power levels during sub-synchronous operation of the 
generator?

The LSC can also supply the grid with power during sub-
synchronous operation.
As the speed rises, the LSC's power consumption drops.
The LSC consumes power from the grid at all times.
The grid's active power can become negative during sub-
synchronous operation. In this case, power is drawn from 
the grid.
The generator power can be adjusted independently of the 
speed.

Mark the correct 
answers.

Experiment goals

• Understanding the relationships between a doubly-fed induction 
generator's power components.

• Learning how to supply a grid with power in the super-synchronous 
mode.

• Observing the effects of speed variations.

Exercises

• Synchronizing the generator and connecting it to the grid. Investigating the power 
distribution.

• Investigating the excitation power at various output powers.
• Supplying the grid with power and determining the influence of generator speed.
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Setup

• Assemble the circuit according to the layout plan and wiring diagram.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the POWER CONTROL instrument (the USB interface must be 
connected to the PC). Select the 
STATOR POWER mode.

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1200 rpm.

• Actuate the ENABLE button on the virtual 
instrument . The generator is then 
automatically synchronized and connected to the grid. In this case, the 
generator runs without any power being transmitted to the grid via the 
stator.

• Slowly increase the generator speed to 1900 rpm.
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Determine the power levels at a setpoint value of 0.

Power of LSC: ____W; power of grid: ____W

• Increase the setpoint active power for the MSC as indicated in the table.
• Enter the resultant, corresponding values in the table.

DFIG P [W] 0 50 100 150 200 300 400 500
Grid P [W]
LSC P [W]

How does the LSC's active power consumption change as the generator power rises in 
the super-synchronous mode?

The LSC's active power consumption rises linearly with the 
generator power.
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The LSC's active power consumption remains roughly 
constant.
As the generator power rises, the LSC's active power 
consumption drops and even turns negative.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker has not been tripped.

• Open the POWER CONTROL instrument (the USB interface must be 
connected to the PC). Select the 
STATOR POWER mode.

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1200 rpm.

• Actuate the ENABLE button on the virtual 
instrument . The generator is then 
automatically synchronized and connected to the grid. In this case, the 
generator runs without any power being transmitted to the grid via the 
stator.

• Slowly increase the generator speed to 1650 rpm.
• Adjust the MSC's setpoint power so that the generator outputs an active 

power of 500 W.
• Increase the generator speed in steps while keeping the generator power 

constant, and enter the resultant, corresponding values in the table.

n[rpm] 1650 1700 1750 1800 1850 1900
Grid P [W]
LSC P [W]
DFIG P [W]
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If the generator's active power remains constant, how do the grid's input active power 
and LSC's active power consumption respond to changes in speed?

As the speed rises, so do the LSC's active power 
consumption and grid's input active power.
As the speed rises, the LSC's active power consumption 
remains roughly constant, and the grid's input active power 
rises.
As the speed rises, the LSC's active power consumption 
drops. As a consequence, the grid's input active power 
rises.

What can be said about the power levels during super-synchronous operation of the 
generator?

The LSC can also supply the grid with power during super-
synchronous operation.
As the speed rises, the LSC's power consumption drops.
The LSC consumes power from the grid at all times.
The grid's active power can become negative during super
-synchronous operation. In this case, power is drawn from 
the grid.

Mark the correct 
answers.
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The generator power can be adjusted independently of the 
speed.

Experiment goals

• Understanding the relationship between stator and rotor power in the 
case of a doubly-fed induction generator.

• Observing the effect of variations in speed.

Exercises

• Synchronize the generator, connect it to the grid and examine the distribution of 
power.

• Determine the influence of the generator speed.
• Check the theoretical formulation .

Setup

• Assemble the circuit according to the layout plan and wiring diagram.
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• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the POWER CONTROL instrument (the USB interface must be 
connected to the PC). Select the 
STATOR POWER mode.

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1200 rpm.

• Actuate the ENABLE button on the virtual 
instrument . The generator is then 
automatically synchronized and connected to the grid. In this case, the 
generator runs without any power being transmitted to the grid via the 
stator.

• Increase the setpoint power for the MSC until a stator power of 400 W is 
output.

• Set the speeds indicated in the table and determine the corresponding 
power levels on the LSC.
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n[rpm] 1200 1300 1400 1500 1600 1700 1800 1900
s 0.20 0.15 0.07 0.00 -0.07 -0.15 -0.20 -0.27
PRot
(berechnet) P [W] -80 -60 -28 0 28 60 80 108
LSC P [W]

Compare the theoretically calculated curve of the rotor power with the measured LSC 
output. Is the underlying mathematical relationship evident?

The measured curve concurs with the theoretical curve to 
a high degree of approximation.
The measured curve is shifted with respect to the 
theoretical curve. This shift is due to the system's losses.
There is no apparent concurrence between the measured 
and calculated values.

• Eliminate the losses from the measured values. Assume that the LSC's 
power is 0 at synchronous speed.

• Correct the other measured values by the power at synchronous speed 
(add the power) at synchronous speed to the other measured values).

• Enter the calculated values in the table.
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n[rpm] 1200 1300 1400 1500 1600 1700 1800 1900
s 0.20 0.15 0.07 0.00 -0.07 -0.15 -0.20 -0.27
PRot(berechnet) P [W] -80 -60 -28 0 28 60 80 108
LSC(Verluste 
korr.) P [W]

Compare the theoretically calculated curve of the rotor power with the corrected LSC 
output. Is the underlying mathematical relationship now evident?

The measured curve is shifted with respect to the 
theoretical curve.
There is no apparent concurrence between the two curves.
The measured values now concur with the theoretical 
values to a high degree of approximation.

What might cause the losses?

The losses occur during switching operations by the 
generator's controller.
The losses occur during excitation of the generator.
The losses occur in the mechanical drive section.
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The losses are not constant and depend on the 
generator's drive parameters.

This chapter describes control of a doubly-fed induction generator's reactive power. 

Key aspects are:

• Overexcited operation
• Underexcited operation

Depending on the generator's excitation, reactive power can be drawn from the grid or 
fed into it. In this process, the generator can run mechanically in idle. Increasing the 
excitation via the MSC beyond the rated excitation causes the generator to supply the 
grid with reactive power. The generator then acts like a capacitor. Reducing the 
excitation to below the rated level causes the generator to draw part of its required 
reactive power from the grid. The generator then acts like a choke. In practice, network 
operators want overexcited operation to cover the grid's reactive power requirements. 
By contrast, wind energy producers would like to supply purely active power. The vector 
diagrams below represent operation with reactive power. 
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Operation in idle Operation in overexcited 
mode

Operation in underexcited 
mode

Experiment goals

• Understanding the relationships between a doubly-fed induction 
generator's reactive power, rotor current and torque.

• Learning how to operate the generator in overexcited and underexcited 
modes.

Exercises

• Synchronizing the generator and connecting it to the grid.
• Investigating the rotor current's response to variations in reactive power.
• Investigating the influence of generator speed.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.
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• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the POWER CONTROL instrument (the USB interface must be 
connected to the PC). Select the 
STATOR POWER mode.

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1400 rpm.

• Actuate the ENABLE button on the virtual 
instrument . The generator is then 
automatically synchronized and connected to the grid. In this case, the 
generator runs without any power being transmitted to the grid via the 
stator.

• Vary the MSC's reactive power as indicated by the table, and determine 
the corresponding rotor currents.

• Repeat the measurement series at a speed of 1900 rpm.

QDFIG[VAR] -300 -200 -100 0 100 200 300
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n = 1400rpm IRot[A]
n = 1900rpm IRot[A]

Which of the following statements about the DFIG are true?

The DFIG can supply and receive inductive reactive 
current over its entire operating range.
The DFIG can only supply reactive current in the super-
synchronous mode.
In the overexcited mode, the rotor current rises and the 
generator supplies reactive current to the grid.
In the underexcited mode, the rotor current drops and the 
generator draws reactive power from the grid.
The reactive current can be influenced only in the sub-
synchronous range.

Mark the correct 
answers.

In practice, which operating mode is desirable for a doubly-fed induction generator?

The generator should be operated in the overexcited mode 
to meet demand for reactive power.
The generator should supply exclusively active power.
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The generator should be operated in the underexcited 
mode to improve the grid's quality.

• On the machine test stand, select the SPEED CONTROL mode and set 
the speed to 1400 rpm.

• Open the POWER CONTROL instrument (the USB interface must be 
connected to the PC). Select the STATOR POWER mode.

• Actuate the ENABLE button on the virtual instrument . The generator is 
then automatically synchronized and connected to the grid. In this case, 
the generator runs without any power being transmitted to the grid via the 
stator.

• Vary the MSC's reactive power as specified by the table and determine 
the corresponding torque levels.

• Repeat the measurement series, this time varying the active power.

QDFIG[VAR] -300 -200 -100 0 100 200 300
M [Nm]
PDFIG[W] 0 100 200 300
M[Nm]

What is the relationship between the electrical power and mechanical power (torque)?
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Variations in reactive power have virtually no effect on 
mechanical power.
Feeding reactive current into the grid at constant speed 
raises the torque.
If the active power changes at constant speed, the torque 
changes proportionally.
There is always a fixed dependency between a DFIG's 
active and reactive powers.

Mark the correct 
answers.

What is the disadvantage of operating the generator while it outputs reactive power?

The generator's speed is limited during output of reactive 
power.
Active power cannot be produced while reactive power is 
being output.
During an output of reactive power, the output of active 
power is limited in order to prevent the generator from 
being overloaded.

• On the machine test stand, select the SPEED CONTROL mode and set 
the speed to 1400 rpm.

• Open the POWER CONTROL instrument (the USB interface must be 
connected to the PC). Select the STATOR POWER mode.

• Actuate the ENABLE button on the virtual instrument . The generator is 
then automatically synchronized and connected to the grid. In this case, 
the generator runs without any power being transmitted to the grid via the 
stator.

• In the generator's operating states involving 300 W of active power and +/- 
300 W of reactive power respectively, visualize the vectors of the 
generator current Is and voltage Us using the VECTOR VIEW instrument.

• Copy the displays to the placeholders provided for this purpose.
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Vector view: 300 W of active power

Vector view: +300 VAR of reactive power
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Vector view: -300 VAR of reactive power

What can be said about the positions of the generator's current and voltage vectors?

The current vector's position is not influenced by changes 
in power.
In the case of purely active power, the voltage and current 
vectors lie on the d-axis.
In the case of purely negative, reactive power, the current 
vector lies on the q-axis in the negative direction.
In the case of purely positive, reactive power, the current 
vector lies on the q-axis in the positive direction.
In the case of a mixed load, the current vector lies 
between the d-axis and q-axis.

Mark the correct 
answers.

Experiment goals

• Recognizing that reactive power can be exchanged with the grid via an 
inverter.
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The grid-side inverter of the controller for the doubly-fed induction generator can be 
operated as a STATCOM (static synchronous compensator). This permits an exchange 
of inductive or capacitive reactive power with the grid. Smart control of the inverter 
makes it possible to influence the phase shift between current and voltage.

Exercises

• Synchronizing the generator and connecting it to the grid.
• Investigating the inverter's mode of operation during exchange of reactive power.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.
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• Open the POWER CONTROL instrument (the USB interface must be 
connected to the PC). Select the 
STATOR POWER mode.

• On the machine test stand, select the 
SPEED CONTROL mode and set the 
speed to 1400 rpm.

• Actuate the ENABLE button on the virtual 
instrument . The generator is then 
automatically synchronized and connected to the grid. In this case, the 
generator runs without any power being transmitted to the grid via the 
stator.

• On the LSC, respectively set the operating states involving +/- 200 VAR of 
reactive power and purely active power consumption.

• Visualize the vectors of the LSC current ILSC and voltage ULSC using the 
VECTOR VIEW instrument.

Vector view: Active power
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Vector view: +200 VAR of reactive power

Vector view: -200 VAR of reactive power

Which of the following statements regarding exchange of reactive power between the 
LSC and grid are true?

Only the current vector's length varies.
During consumption of purely active power, the current 
and voltage are in phase.

Mark the correct 
answers.
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The current vector is aligned with the q-axis in the positive 
or negative direction.
During consumption of purely active power, the current 
vector lies on the q-axis.

• Observe the various operating states over time using the oscilloscope. For 
this, record the LSC's voltage UL1L3 (Uga) and current IL1 (Ilsca).

Oscillogram of active power
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Oscillogram of reactive power at 200 VAR

Oscillogram of reactive power at -200 VAR

What causes the phase shift of about 30° between the current and voltage on the 
oscillogram during consumption of purely active power?

A very small proportion of reactive power causes the 
phase shift.

, 9.8.201986



Wind power plants with DFIG
Operation of a doubly-fed induction generator

The oscillogram displays the line voltage and phase 
current. These two parameters are phase-shifted by 30° 
during consumption of purely active power. The related 
phase variables are then co-phasal.
The phase shift is due to the choke on the grid side.

What is the phase shift between the current and voltage during an exchange of +/-200 
VAR of reactive power? Adjust the angle appropriately to obtain the correct result.

Approximately +/- 15°
Approximately +/- 70°
Approximately +/- 90°

Compare the measured phase shift with the calculated value.

The measured and calculated values are nearly equal.
The measured and calculated values deviate.

A wind power plant converts the kinetic energy of 
air currents (wind) into electrical energy. Efficient 
operation is achieved at wind speeds which are 
neither too low nor too high. Operators of wind 
power plants seek locations which offer the best 
possible wind conditions for their plants. 

The following questions come to mind here:

• How does wind arise?
• Which factors influence wind?
• What are typical wind speeds?

These and other questions are answered in this 
chapter.
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Courtesy of Vestas Wind Systems 
A/S

Ultimately wind is essentially attributable to solar energy. Variations in temperature at 
the earth's surface result in correspondingly different regions of low and high pressure in 
the atmosphere. The differences in pressure are compensated by flows of air - or wind - 
from high-pressure to low-pressure regions. 
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Large-scale air currents and planetary circulation (e.g. trade and monsoon winds) are 
influenced by the earth's rotation and land-sea distributions. Local winds are influenced 
by terrain roughness. Buildings, too, influence air flow by way of turbulences arising on 
the buildings' leeward sides. 

Air flowing from high-pressure to low-pressure zones tends to generate strong vertical 
turbulences which result in regular gusts of wind. In this process, air near the ground is 
slowed down by friction and consequently overtaken by overlying air masses. Waves 
breaking at sea shores can be ascribed to the same mechanism. Gusts of wind are 
therefore simply the effect of a vertical, rolling motion of air masses.

Variations in temperature at the earth's surface give rise to air currents, or wind.
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Like water, the wind's kinetic energy is a clean and inexhaustible source of power.
However, the means of utilizing this source are technically limited: Winds blow irregularly 
and unevenly, and can produce highly destructive forces. 

The chart indicates that the average annual speed vm is higher over sea than over land, 
despite the low hub height. This is because the surface of the sea is generally less 
rough compared with land, i.e. wind does not have to overcome as much friction at sea.
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Every country has its own typical wind profile. Plotting Germany's wind profile over a 
vertical section, i.e. from north to south, results in the illustrated average wind speeds as 
a function of height.

Wind speed increases with altitude, and so does the continuity of wind flow. However, 
the wind flow is very rarely perfectly even; due to ground roughness and vertical 
variations in air temperature, the wind tends to blow in gusts of varying intensity. 

The influence of ground roughness on wind speed is illustrated below using Germany as 
an example. Here, the north is relatively flat, some low mountains reaching an altitude of 
about 1000 m emerging further south. The deep south of Germany gives rise to the Alps 
with their much higher mountains. 
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Because wind speed is an essential variable during the operation of a wind power plant, 
each one is furnished with appropriate measurement equipment usually mounted on the 
machine housing. The sensor usually comprises a cup anemometer (derived from the 
Greek term anemo = wind) or ultrasonic device, the latter of which has a wear-free 
design and is likely to supersede cup anemometers in the course of time.

As practiced commonly in other areas of technology, the wind speed is indicated in 
metres per second (m/s). By means of appropriate factors, this unit can then be 
converted easily into km/h or knots. In meteorology (during weather reports, for 
instance), wind speeds are often specified in terms of the Beaufort scale, created by the 
English admiral Sir Francis Beaufort in 1806. The table below indicates conversions 
between the Beaufort scale and modern wind speed.

Wind force according to Beaufort
Wind speed
in m/s in km/h

0 Calm 0 - 0.1 < 1
1 Light air 0.3 - 1.5 1 - 5
2 Light breeze 1.6 - 3.3 6 - 11
3 Gentle breeze 3.4 - 5.4 12 - 19
4 Moderate breeze 5.5 - 7.9 20 - 28
5 Fresh breeze 8.0 - 10.7 29 - 38
6 Strong breeze 10.8 - 13.8 39 - 49
7 High wind 13.9 - 17.1 50 - 61
8 Gale 17.2 - 20.7 62 - 74
9 Strong gale 20.8 - 24.4 75 - 88
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10 Storm 24.5 - 28.4 89 - 102
11 Violent storm 28.5 - 32.6 103 - 117
12 Hurricane > 32.7 > 117

In the previous chapter, we learned that a wind power plant's rotor shaft can have a 
vertical or horizontal layout. However, we have not yet examined the associated 
principles whereby the rotor utilizes the air stream to convert energy.
Two operating principles are involved here. Firstly, the rotor can obtain energy 
exclusively from the resistance its surfaces offer to the air stream, in which case one 
speaks of the resistance principle. Secondly, the rotor can obtain energy through the 
aerodynamic lift caused by a flow of air past suitably profiled surfaces (lift principle).

Resistance principle Lift principle

• Persian windmill
• Savonius rotor
• Cup anemometer

Without aerodynamic 
optimization

With aerodynamic 
optimization

• German windmill
• Multi-vane rotor 

(western rotor)

• Darrieus rotor
• Propeller

Because all modern wind power plants operate on the principle of lift using 
aerodynamically optimized rotor vanes, we will only examine this principle in the 
following.

Most modern wind power plants possess propeller-type rotors with aerodynamically 
optimized profiles. The vanes on such rotors are essentially shaped like an airfoil.

What makes an aircraft able to fly is the lift generated by its wings. Air flows at an 
approach velocity v´ past the wing profile positioned at an angle of attack α. In this 
process, it does not matter whether the approach velocity is that of a wing moving at the 
rate v´ through an air mass (as in the case of an aircraft), or that of an air mass (i.e. 
wind) impinging on the vanes of a stationary rotor. What matters is the relative velocity 
between the airfoil and the air.

The animation below shows two aircraft moving at the same airspeed. Due to the 
movement of the air, however (headwind or tailwind), the aircraft cover different absolute 
distances (measured on the ground). This implies different ground speeds.
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In a headwind, birds sometimes appear "stationary" in the air; in this case, their wings 
make use of the wind's relative motion to generate the required lift. With respect to the 
ground, however, the birds do not cover any substantial distance, i.e. their ground 
speed is practically zero.

When the air stream is deflected by the wing, the resultant flow velocity over the profile 
is higher than the resultant flow velocity under the profile. Due to this difference in 
velocity, the pressure over the profile is lower than the pressure under it. This differential 
pressure exerts a lifting force Fa on the wing, permitting it to remain airborne. In the 
case of a wind power plant, this force causes the rotor vanes to rotate.
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The drawn lines are streamlines making it possible to track the trajectory of air particles 
in an air stream from a defined initial point onward. Theoretically, there are an infinite 
number of streamlines. For the sake of clarity, however, flow patterns only comprise a 
few streamlines in each case to provide a comprehensible picture of the flow.

The most common means of 
utilizing wind force with the lift 
principle are wind turbines 
with a horizontal shaft, i.e. 
the blades turn in a vertical 
plane with respect to the wind 
direction. During the 
operation of such wind 
turbines, it is necessary to 
note that the

• air (wind velocity v1) 
and 

• blades (circumferential 
velocity vu, caused by 
the blades' rotary 
motion)

are in motion.
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These two velocities are at 
right angles to each other (as 
opposed to aircraft wings).

Since both movements take 
place simultaneously, the 
effective approach velocity v´ 
(i.e. the airspeed indicated by 
a hypothetical measuring 
device mounted on the 
moving blade) is not equal to 
the wind speed. Instead, it is 
composed of the wind speed 
v1 and rotor blade's 
circumferential speed vu. 

Since both 
movements 
take place 
simultaneously, 
the effective 
approach 
velocity v´ (i.e. 
the airspeed 
indicated by a 
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hypothetical 
measuring 
device 
mounted on 
the moving 
blade) is not 
equal to the 
wind speed. 
Instead, it is 
composed of 
the wind speed 
v1 and rotor 
blade's 
circumferential 
speed vu. 

Near the hub, 
vu is much 
lower than 
near the blade 
tip, the 
approach 
speed 
consequently 
varying all 
along the 
length of the 
blade. 

Because a propell
blades turn in a 
vertical plane with 
respect to the wind
speed, v' can be 
calculated easily u
the Pythagorean 
theorem: 

i.e.  

, 9.8.201997



Wind power plants with DFIG
The wind

As evident in the diagram, the direction of v´ is different to that of the wind velocity v1, 
i.e. it is rotated by the angle β. The effective approach velocity v´ determines the size 
and magnitude of the lifting force and blade resistance. By comparison, the angle of 
attack α indicates the profile's inclination with respect to the effective wind speed.
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At a velocity vu = 0 (rotor standstill), the adjustment angle γ is equal to the angle of 
attack α. As the circumferential speed increases, so does the angle β. For the profile to 
maintain a constant angle of attack α with respect to the effective wind speed, the 
adjustment angle γ must be increased correspondingly.

As indicated above, the angle of attack on a wind power plant's propeller depends on 
the effective approach velocity v' which, in turn, depends on the circumferential speed 
vu. Any imaginary point on the rotor blade is at a certain distance (radius) to the rotor's 
hub. A point further away always has a higher circumferential speed vu than a point 
nearer the hub. 

An imaginary point at the tip of a rotor blade has a certain angle of attack α (angle 
between the wind and rotor blade). As the point is moved closer to the hub, the 
circumferential speed decreases, i.e. the part of the air stream impinging on the rotor 
blade from the front (i.e. the wind as such), increases compared with the part of the air 
stream attributable to the circumferential speed. 

In view of the conditions governing the adjustment angle γ in practice, the rotor blade 
twirls from the hub (low circumferential speed) toward the blade tip (high circumferential 
speed), similar to a blade on an aircraft propeller. 

In the case of a rotor moving at a constant speed (vu = const.), it now also becomes 
clear why a fixed blade adjustment angle γ can only prove optimal at a certain wind 
speed v1. Automatic rotor blade adjustment mechanisms allow dynamic optimization 
here. 
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The parameters involved in a transfer of power from wind to wind power plants are 
indicated below using a few typical installations as examples.
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Power installation Vestas V90 3MW REPOWER 
M5 

Nordex N100

Rated power: 3000 kW 5075 kW 2500 kW
Rotor diameter: 90 m 126 m 100 m
Swept rotor area: 6362 m2 12,469 m2 7854 m2

Speed range: 8.6 - 18.4 rpm 7.7 - 12.1 rpm 9.6 - 14.9 rpm
Circumferential travel of 
the blade tips: 283 m 395 m 314 m

Speed of the blade tips: Approximately 86 m/s 
(312 km/h)

79 m/s (287 
km/h)

Approximately 77 m/s 
(277 km/h)

Rated wind speed: 15 m/s 14 m/s 13 m/s
Shutdown wind speed: 25 m/s 25 m/s 20 m/s
Starting wind speed: 3.5 m/s 3.5 m/s 3 m/s
Wind power: 13.9 MW 22.2 MW 11.2 MW

The power of incident wind is calculated as follows:

ρ is the density of air (1.3 kg/m3), A the area covered by the rotor, and v the wind speed.

Because wind turbines only convert part of the power they receive into electric energy, 
we need to investigate the reasons for the losses.

A power coefficient cp has been defined for the purpose of evaluating the power 
extracted from air flow through a wind turbine's rotor. The power coefficient indicates 
which proportion of freely flowing wind's power is converted into usable power. The 
power coefficient of an ideal wind converter / rotor is calculated with the following 
equation:
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As it impinges on the wind converter / rotor, incident wind with a velocity v1 is braked by 
the rotor surface. As a result, the wind velocity (v2) behind the rotor drops to about 1/3 of 
the velocity before the rotor. 
If cp is plotted as a function of the ratio v2/v1 between these two velocities (also known 
as retardation), a maximum becomes evident at the point where v2/v1 = 1/3.

This maximum power coefficient cp,max is also termed the Betz limit. It is a theoretical, 
upper limit for the efficiency at which an ideal wind converter / rotor extracts wind power.
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The power coefficient cp is not a constant, but a function of the tip speed ratio λ and 
pitch angle β.

The tip speed ratio is defined as follows:

Ω: Speed

R: Rotor radius

v1: Wind speed

The power coefficient is influenced, in particular, by the blades' geometric shape. The 
illustration below exemplifies cp curves at different pitch angles.

The authoritative reference variable during the operation of any wind power plant is its 
output power. The diagram below shows a group of characteristics representing different 
power levels. Obviously, there is no linear relationship between the ideal pitch angle (y-
axis) and wind speed (x-axis).
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Courtesy of Vestas Wind Systems A/S

The red characteristic indicates the relationship between the adjustment (pitch) angle 
and power output with increasing wind speeds for a wind power plant manufactured by 
VESTAS and incorporating OptiTip technology. As is clearly evident, the plant attains its 
rated power at a wind speed of about 13 m/s and maintains it up to a speed of 25 m/s. 
This constancy can only be achieved through optimal control of the blades' pitch angle. 
If the wind speed exceeds 25 m/s, the plant is deactivated to prevent the rotor from 
overspeeding. 

To utilize the wind as efficiently as possible, intuition would suggest setting the angle of 
attack α to a very high value. If this angle becomes too large, however, the air stream is 
disrupted instead of flowing smoothly past the airfoil. This results in random turbulence 
and immediate elimination of lift. As a consequence, the airfoil's speed sharply drops. 
This effect is termed "stall", as commonly used in the field of aviation.
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An aircraft stalls when its wings' angle of attack (adjustable to a certain extent by the 
elevators) in the air stream becomes too large. Considered highly dangerous by pilots, 
this situation results in a sudden loss of lift, causing the aircraft to descend sharply and 
uncontrollably.

This chapter describes the operation of a wind power plant. 

Key aspects are:

• Wind power plant's operating ranges 
• Operation at various wind intensities 
• Power characteristic 
• Pitch control 
• Dynamic response to changes in wind condition

In accordance with wind speed, it is possible to differentiate between four different 
power ranges for a wind turbine. 
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vwind < vstart

Below the starting speed vstart, the wind converter / rotor receives no power because the 
wind is not yet intense enough to make the rotor spin.

vstart < vwind < vrated

Between the starting speed vstart and turbine's rated speed vrated, the power rises sharply 
with the wind speed. 

vrated < vwind < vshutdown

As the wind speed rises, so does the rotor speed needed to fully utilize the available 
wind energy. However, a systemic upper limit is imposed on rotor speed to protect the 
rotor blades, gearbox and generator against overload by non-convertible wind power 
components. Therefore, much of the theoretically consumable power needs to be cut off 
above the rated speed. The rotor power maintained at a constant level over a substantial 
range of wind speed is known as the rated power.

vwind > vshutdown

At extremely high wind speeds, the rotor is shut down completely. This is because the 
mechanical forces occurring at these speeds can no longer be controlled in an 
economically feasible manner. At such wind intensities, the rotor blades' pitch angle is 
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set to 90°, so the blades are aligned like flags and no longer absorb any wind power. On 
attainment of the plant-specific speed limit, this protects the wind converter against 
damage otherwise caused regularly, for instance, by storms and hurricanes. 

Experiment goals

• Learning how to operate the generator at varying wind speeds.
• Determining the influence of load on speed.
• Determining optimal operating points for the generator.

Exercise

• Determining the generator's idle speed at various wind speeds.
• Supplying the grid with energy at various wind speeds.
• Investigating the relationship between wind speed, generator power and generator 

speed.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.
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• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the CONTROL CENTRE instrument (the USB interface must be 
connected to the PC). Select the 
STATOR POWER mode.

• Actuate the DRIVE button  and 
slowly increase the wind speed in the 
steps indicated in the table.

• In this case, the generator idles 
without any connection to the grid.

• Enter the idle speeds corresponding 
to the various wind speeds in the table. Make sure that the generator does 
not exceed a speed of 2500 rpm. During each measurement, wait until a 
stable operating point is attained.

v[m/s] 0.0 3.0 3.5 4.0 5.0 6.0 7.0
n[rpm]
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What is the relationship between the generator's idle speed and the wind intensity?

Above a certain wind intensity, the generator's idle speed 
rises linearly with wind speed.
Above a certain wind intensity, the generator's idle speed 
rises quadratically with wind speed.
Above a certain wind intensity, the generator's idle speed 
rises cubically with wind speed.

• Connect the generator in the appropriate speed range to the grid.
• At each of the various wind speeds, raise the power to a level where the 

grid's input power is maximized.
• Enter the resultant values in the table.

v[m/s] 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 10.0
n[rpm]
Ptot[W]
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How do changes in wind intensity influence the maximum power supplied to the grid?

As the wind speed increases, the power rises linearly.
As the wind speed increases, the power rises 
quadratically.
As the wind speed increases, the power rises cubically.

What is the relationship between generator speed and wind speed if the maximum 
power is being extracted from the wind?

The generator speed remains nearly constant.
The generator speed rises linearly with the wind speed.
The generator speed rises quadratically with the wind 
speed.

At low wind speeds:
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The generator operates without exchanging any energy 
with the grid.
The generator drives the rotor blades.
Excitation requires more energy than the generator can 
feed into the grid.

To maximize a wind power plant's output in the partial load range, i.e. below the 
generator's rated power, the plant must be operated as near as possible to the optimum 
tip speed ratio. For this, the rotor speed must proportionally track the wind speed, while 
the pitch angle is kept constant at 0°. However, wind speed cannot be measured 
accurately enough at such installations, the turbulence behind the rotor preventing 
measurements by means of a cup anemometer. Instead, the rotor's theoretical 
performance map is used to derive a control characteristic which passes through the 
aerodynamic power maxima at the various wind speeds. This results in a speed-
dependent power control characteristic. Illustrated below is the control characteristic 
(blue) as well as the wind's power characteristics (red). The green branch of the control 
characteristic represents the theoretical curve.
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In the full load range, the wind turbine's output must be limited to the generator's 
nominal power. In the case of variable-speed plants, this can be achieved by a constant 
setpoint power or torque (in our case, it is the torque). The aerodynamic power is limited 
indirectly by a speed controller which uses the pitch angle as the manipulated variable. 
In other words, the wind turbine's speed in the full load range is kept constant via the 
pitch angle.

In the case of real wind turbines, the selected nominal speed is usually lower than the 
corresponding value on the optimal aerodynamic power characteristic. As a result, the 
control characteristic rises more steeply in the upper range, and the wind turbine's 
power output is no longer maximized.

Experiment goals

• Learning how to operate the generator at various wind intensities.
• Determining the generator's behaviour with the help of the control 

characteristic.
• Determining the operating points.

, 9.8.2019112



Wind power plants with DFIG
Physical principles

Exercises

• Ascertaining the power supplied at various wind speeds.
• Ascertaining the operating points for starting, transition to super-synchronous 

operation, and rated operation.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the CONTROL CENTRE instrument (the USB interface must be 
connected to the PC). Select the 
POWER CHAR mode.

• Actuate the DRIVE button  and 
slowly increase the wind speed until 
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the generator operates in the speed 
range from 1000 rpm to 1400 rpm.

• Actuate the DFIG button . The 
generator is then connected automatically to the grid.

• Set the wind speeds as indicated in the table.
• Enter the corresponding generator speeds and feed powers in the table.
• During each measurement, wait until a stable operating point has been 

attained.

v[m/s] 5.0 6.0 7.0 8.0 9.0 10.0 11.0 11.5
n[rpm]
Ptot[W]

What is the relationship between wind speed and power fed into the grid?

The feed power rises linearly with wind speed.
The feed power responds as indicated by the 
characteristic curve.
The feed power settles at a constant value.

What is the relationship between the feed power and the power which can be extracted 
from the wind?

, 9.8.2019114



Wind power plants with DFIG
Physical principles

There is no relationship between these variables; the feed 
power rises quadratically with the wind speed.
There is no relationship between these variables; the feed 
power rises cubically with the wind speed.
The operating point at different wind speeds is chosen so 
that the wind turbine maximizes utilization of the available 
wind power. This applies over a large portion of the curve.
Near the top of the characteristic curve, the wind turbine 
no longer operates at the maximum power.

Why does the upper part of the power characteristic no longer follow a cubic function?

Because the wind power in this range no longer follows a 
cubic function either.
The characteristic has been adapted to limit the 
generator's maximum power at the rated speed.
The speed selected for operation under full load is usually 
lower than the cp characteristic's optimum level. This 
improves utilization in the partial load range.

Determine the wind speeds for the operating points specified next.

Starting (power is fed into the grid): ____m/s
Transition to super-synchronous operation: ____m/s
Rated operation (the rated power of 800 W is fed into 
the grid): ____m/s
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Experiment goals

• Learning about the effects of pitch angle adjustment.
• Operating the generator under full load.
• Operating the plant with a pitch controller.

Exercises

• Ascertaining the feed power at various pitch angles and wind speeds.
• Ascertaining the operating points at various wind speeds during operation with 

pitch control.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.
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• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the CONTROL CENTRE instrument (the USB interface must be 
connected to the PC). Select the 
POWER CHAR mode.

• Actuate the DRIVE button  and 
slowly increase the wind speed until 
the generator operates in the speed 
range from 1000 rpm to 1400 rpm.

• Actuate the DFIG button . The 
generator is then connected 
automatically to the grid.

• Set the wind speeds and pitch angles specified in the table.
• Note down the corresponding values of the power fed into the grid.
• During each measurement, wait until a stable operating point has been 

attained.

Pitch[°] 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0
0° Ptot[W]
5° Ptot[W]
10° Ptot[W]
15° Ptot[W]

How does pitch angle influence feed power?

The pitch angle only influences generator speed.
Increasing the pitch angle decreases the feed power.
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There is no linear relationship between pitch angle and 
power reduction.

Adjusting the rotor blades' alignment (pitch) makes it possible to reduce the power. 
When can this prove useful in the partial load range?

Pitch control is not of any use under normal circumstances 
in the partial load range, because the maximum possible 
power is not fed into the grid then.
If mechanical problems occur with the gearbox or 
bearings, for instance, pitch control allows the wind turbine 
to be operated at reduced speed (power) until repairs are 
complete.
Under partial load, pitch control is helpful for utilizing the 
turbine's maximum power.

• Select the AUTOMATIC mode for the pitch angle. The angle is then 
adjusted automatically by an integrated controller.

• Connect the generator to the grid in the appropriate speed range.
• Increase the power at the various wind speeds as indicated in the table.
• Enter the resultant values in the table.

v[m/s] 6 8 10 12 14 16 18 20 22
Pitch[°]
Ptot[W]
n[rpm]
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What effect does the pitch controller have?

The pitch controller finely adjusts the power under full load. 
Coarse adjustment is performed via the inverter.
Under full load, the pitch controller only regulates the 
speed without influencing the generator power.
Im Teillastbereich hat der Pitch-Regler keinen Einfluss. 
Der Pitchwinkel bleibt bei 0°
Under full load, the pitch controller regulates the speed to 
maintain the generator power at the rated level.

Experiment goals

• Learning about a wind power plant's operation at varying wind speed.
• Examining the effect of a pitch controller.

Exercises

• Ascertaining a wind turbine's dynamic response in the partial load range.
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• Ascertaining a wind turbine's dynamic response over the entire operating range.

Setup

• Assemble the circuit according to the layout plan and wiring diagram.

• Switch on the machine test stand and control unit for the doubly-fed 
induction generator.

• Switch on the three-phase mains voltage for the control unit, making sure 
that the transformer's circuit breaker is not tripped.

• Open the CONTROL CENTRE instrument (the USB interface must be 
connected to the PC). Select the 
POWER CHAR mode.

• Select the AUTOMATIC mode for the 
pitch angle. This angle is then 
adjusted automatically by an 
integrated controller.

• Enter the illustrated wind profile. A 
gust of wind with a maximum speed 

, 9.8.2019120



Wind power plants with DFIG
Operation of a wind power plant

of 12 m/s is to be emulated.

• Actuate the DRIVE button  and slowly increase the wind speed until the 
generator operates in the speed range from 1000 rpm to 1400 rpm.

• Actuate the DFIG button . The generator is then connected 
automatically to the grid.

• Start the logger and plot the wind speed, total active power, generator 
speed and pitch angle.

• Start simulation of the gust by selecting the USE PROFILE  button for 
the wind speed.

• Copy the recorded values to the placeholder provided below.
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Dynamic response under partial load

From the options below, select the ones which correctly describe the wind power plant's 
response to changes in wind speed under partial load.

The rotor blades' pitch is not adjusted under partial load.
As the wind speed rises, the generator's power output 
rises correspondingly. The generator's rated speed is not 
exceeded here.
In the partial load range too, the rotor blades are adjusted 
to optimize the power yield.
As the wind speed increases, the wind turbine's controller 
needs more time to increase the generator's output.
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• Repeat the measurement with a gust of wind having a maximum speed of 
18 m/s. Ensure that the wind speed rises in 10 seconds.

Dynamic response under full load

From the options below, select those which correctly describe the wind turbine's 
response to a gust of wind which effects a transition from partial to full load. Note that an 
extreme gust of wind is simulated here. The acceleration is much slower in reality.
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The rotor blades are adjusted already in the partial load 
range.
The fast change in wind speed leads to a correspondingly 
fast change in generator power.
The rotor blades are not adjusted in the partial load range.
Under full load, the rotor blades are adjusted to limit 
generator speed and, consequently, generator power to 
the rated values as accurately as possible.
A gust of wind can cause the generator to operate briefly 
above the rated power level until the pitch controller 
performs the required readjustment.

Congratulations!
This is the last page. You have completed the "Wind power plants with 
DFIG". 
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The software as described above is made available on the basis of a general licensing 
agreement or in the form of a single license. The use or reproduction of the software is 
only permitted in strict compliance with the contractual terms stated therein.

If changes have been performed in a manner which was not strictly authorised by the 
LUCAS-NÜLLE GmbH, any product liability or warranty claims pertaining thereto are null 
and void.
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