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ABSTRACT 
 

 
Variable speed operation is becoming the standard i n modern 

wind turbine design.  The advantages offered by suc h 

systems are becoming increasingly important as the amount 

of wind energy on the network grows.   

 

Doubly-Fed Induction Generators (D-FIGs) can be use d to 

provide variable speed operation.  This project is an 

exploration of the evolution from the simple squirr el cage 

induction generator to the D-FIG, with assessments and 

comparisons made of the characteristics and attribu tes of 

importance to the electricity industry. 

 

A detailed theoretical analysis is supported by mod elling 

and simulation in MATLAB Simulink to provide a thor ough 

investigation. 
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Introduction 
 
 
Aim  
 
While the debate over future UK energy policy is on going, 
there have been some government commitments, driven  by 
international agreements on climate change. 
 
Renewable energies are set to play a larger part in  meeting 
our energy demands, reducing CO 2 emissions and promoting the 
concept of sustainability.   
 
The EU Renewables Directive states that 22.1% of 
electricity should be developed from renewable ener gies by 
2010.  As part of this goal, 10% of the UK’s electr icity 
demand is expected to come from renewables by 2010.   The 
Scottish Executive has set targets of 18% of electr icity 
from renewables and has introduced a further target  of 40% 
by 2020.  
 
Currently 13% of Scotland’s generation portfolio is  made up 
of renewables.  To meet the 2020 target, based on p redicted 
future demand, another 3000MW of renewable generati on plant 
must be installed in addition to currently existing  and 
consented plant.   
Wind power is considered a mature technology, alrea dy being 
exploited significantly in other areas of Europe   For this 
reason wind energy is expected to play the lead rol e in 
achieving the UK renewables targets of the near fut ure.  
 
As the amount of wind generation plant on the netwo rk 
increases, wind turbines have a greater responsibil ity to 
reliably provide a dependable source of power and p erhaps 
take on some of the regulatory tasks of traditional  plant.   
 
Modern wind turbines favour a variable speed operat ing 
concept.  This allows for smoother power output, le ss wear 
and tear and control of reactive power. Doubly-Fed 
Induction Generators can be used to provide variabl e speed 
operation. 
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This thesis aims to examine the expansion of the op erating 
range of an induction generator, through manipulati on of 
the rotor properties.  Theoretical analysis will be  
fortified with software modelling in MATLAB Simulin k 
allowing comparisons to be made between different m achine 
concepts in terms of range of operation, efficiency  and 
reactive power control. 
 
 
 
 
 
 
Proposed Approach and Organisation of this Thesis 
 
This thesis begins with a review of the current pos ition 
wind energy plays in the UK electricity industry an d looks 
at how that position is changing.  
 
The potential for wind energy in the UK is discusse d and 
reasons for the rate of expansion are highlighted.  
 
The implications of increased wind generation inclu ding 
potential network and market constraints are consid ered and 
recent changes in trading regulations are explained .  
 
The purpose of this section is to supply the reader  with an 
up to date evaluation of wind energy in the UK. 
 
The evolution of the modern utility scale wind turb ine is 
then presented in brief.  Wind resource evaluation,  the 
aerodynamic conversion of wind and relevant operati ng 
concepts are outlined.  This should provide the rea der with 
an understanding of modern wind turbine operation.   
 
An appreciation of modern wind turbine operation, i n 
particular the relevance of variable speed operatio n is 
required to provide the context for the rest of thi s 
thesis. 
 
The next section is an in depth examination of the 
induction machine, beginning with the simple squirr el cage 
rotor construction and leading, eventually to a wou nd rotor 
construction with a rotor connected voltage convert er.   
 
In this section the operational characteristics of the 
different machines are explained via an electrical and 
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mechanical analysis, giving the reader a detailed 
comprehension of induction machine theory and the r ange of 
operation that can be expected from different machi ne 
concepts. 
 
Models of the machines are then built and simulated  in 
MATLAB Simulink.  The purpose of this exercise is t o 
produce models with real parameters that accurately  
demonstrate the behaviour of electrical machines.  This 
allows further exploration of the performance 
characteristics of each system and for comparisons to be 
made between different configurations.   
 
There follows a conclusion and discussion section w here the 
thesis is reviewed and suggestions are made for fur ther 
areas of research. 
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Section 1 
 
 
Wind Energy and the UK Electricity Industry 
 
The UK electricity industry is currently facing som e tough 
decisions.  Nuclear and coal power stations built i n the 
50s and 60s are nearing the end of their life spans , the UK 
is already a net gas importer and much of the netwo rk is in 
need of renewal.   Concerns over CO 2 emissions, increasing 
oil and gas prices and a lack of a coherent nuclear  waste 
disposal solution, mean that our future energy sour ce is 
uncertain. 
 
The renewable energy targets of the near future loo k set to 
be fulfilled using wind energy. 
 
The UK is ideally situated for the capture of wind energy.   
The weather is dominated by low pressure systems th at form 
in the North Atlantic and pass over the UK from the  west.  
These systems are responsible for the changeable we ather 
that is typical to the UK though also push up the a verage 
wind speed to 6-7m/s, around 2m/s higher than most of 
mainland Europe.  In terms of energy content this i s 
extremely significant, meaning that the UK can lay claim to 
around 40% of the exploitable wind resource of the whole of 
Europe. 
 
The UK has been slow to take advantage of this huge  energy 
resource.  Other European countries, in particular Denmark 
and Germany have been the real pioneers. 
 
Denmark has been growing a wind energy industry for  more 
than 20 years.  Wind energy now supplies 20% of Den mark’s 
electricity needs and is predicted to reach 25% by 2008.  
The wind industry has created 20,000 jobs in Denmar k and 
90% of manufactured plant is sold abroad. 
 
The UK is slowly making ground, motivated by intern ational 
commitments made on climate change.  In 2004 1909GW h or 
0.5% of the UK’s electricity demand was met with wi nd 
energy.  This amounts to an increase of 51.6% in wi nd 
energy since 2003 [1].  During 2004, 250MW of wind farms 
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were installed in the UK and a further 600MW are ex pected 
to be completed by the end of 2005.  Presently the British 
Wind Energy Association estimates that there are ar ound 5GW 
of proposed wind projects at various stages of plan ning and 
development in the UK.  
 
Figure 1.1. Shows the locations of wind farms in th e UK 
that are operational, planned, consented and under 
construction as of 08/05 
 

 
 

Figure 1.1 
 

 
 
Offshore and Onshore Wind Farms 
 
Wind farms are being constructed both onshore and o ffshore.  
The sites with the highest mean wind speed tend to be the 
hill tops of the north and west of the UK.  This is  a 
result of the air mass being compressed as it is fo rced to 
travel over or around the hill. Wind speed also inc reases 
with altitude. The proximity to the coast also is a  factor 
as coastal winds have less exposure to the drag and  
turbulence effects encountered over land.  Unfortun ately 
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the windiest onshore sights tend to be the most vis ually 
intrusive and developments can be met with protest.  
 
Offshore wind farms tend to avoid the land use disp utes and 
can have other advantages.  Offshore sites offer la rge 
continuous areas suitable for large scale projects.   
Offshore winds are less turbulent which can mean th e 
turbines harvest the energy more effectively and th ere is a 
reduction in fatigue on the constructions.   Lower wind-
shear (the boundary layer of slower moving wind clo se to 
the surface is thinner) means that tower height can  be 
reduced. 
 
The major disadvantage of building offshore is cost .  
Compared with onshore projects, costs associated wi th 
construction, operation and maintenance tend to be higher 
as a result of limited access, caused by adverse we ather 
and the additional cost of marine foundations.  Gri d 
integration can also be more expensive as coastal 
connection points are often weak and require streng thening. 
 
 
 
Network Constraints 
 
Network constraints are a limiting factor in the ra te at 
which wind energy can be developed in the UK.  The Grid was 
essentially designed to take power from large nucle ar or 
fuel burning power stations, transfer it to populat ed areas 
via a high voltage transmission network then distri bute it 
to consumers through a medium and low voltage distr ibution 
network.  Consequently control and protection syste ms were 
designed accordingly.   Most renewable energy gener ation 
plant including wind farms produce significantly le ss power 
than conventional plant and in many cases are conne cted 
directly to the MV or LV distribution network, wher e the 
power is absorbed locally. Increasing the amount of  
generating plant on the distribution network, espec ially 
from stochastic power sources such as wind can crea te 
complications in protection and control systems. 
 
When transporting electricity regionally, over long  
distances the voltage is boosted in order to minimi ze 
losses. This is the purpose of the High Voltage 
transmission network.  The Geographical spread of p lanned 
and existing wind farm sites does not correspond wi th the 
existing network, especially in the north of Scotla nd where 
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lack of transmission infrastructure has long been 
identified as a major constraint.  This problem is now 
being addressed with a controversial 400kV transmis sion 
line to bring power from the Highlands and Islands down to 
customers in the central belt. 
 
The electricity network in Scotland currently opera tes with 
an over-capacity of 70% (due largely to a decline i n 
industry over recent years) with plans to increase 
generation.   The export capacity via the inter-con nection 
to access the English and Welsh network is currentl y 
limited to 2200MW.   This means there is essentiall y a 
bottleneck in the system that can make the addition  of new 
generation plant less enticing for potential develo pers in 
Scotland. 
 
A major consideration in operating an electricity n etwork 
with increasing levels of wind power is how to bala nce a 
‘live’ system with a power source that is stochasti c in 
nature and has limited predictability.  Without any  
feasible storage facility, spinning reserve, from 
conventional plant is required to come on line in t he event 
of a lull in the wind.  Much is made of the amount of 
reserve required with numerous studies producing 
conflicting results.  Data gathered from operationa l 
networks in Germany and Denmark show that the maxim um power 
swings, occurring on average once a year are never above 
20% of the installed wind capacity and for 90% of t he time 
the power swing is less than 5% within the hour[2].   These 
figures amount to a spinning reserve demand similar  to 
existing levels and suggest that though there may b e a need 
for an increase it is likely to be manageable.   
 
 
 
Market System 
 
The UK Electricity Market is regulated by OFGEM (Of fice of 
the Gas and Electricity Markets).  In April 05 OFGE M 
introduced the British Electricity Trading and Tran smission 
Arrangements (BETTA) essentially to bring the whole  of the 
UK under one market system and to revise various op erating 
practices.  The entire UK transmission system, incl uding 
access to the Scotland-England inter-connection is now 
operated by NGC (National Grid Company). The system  
involves a new charging strategy for the transmissi on 
network that sees generators in remote areas paying  the 
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highest price for access, though on the whole, bett er 
access to larger markets should be beneficial to wi nd farm 
operators. 
 
 
 
Financial Incentives 
 
To provide a financial incentive and encourage inve stment 
in wind energy, some government initiatives were la unched.  
Electricity generated from approved renewable sourc es is 
exempt from the Climate Change Levy (CCL).  In reco gnition 
of companies fulfilling the Renewables Obligation, 
Renewable Obligation Certificates (ROCs) are issued  
accordingly.  Companies have the option of meeting 
obligations or buying the requisite amount of certi ficates 
from companies with a surplus.  Another option is t o pay a 
‘buy-out’ fee.  The revenue raised from companies c hoosing 
this option is distributed amongst the more complia nt 
customers providing further incentive to comply. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 15

 

Section 2 
 
 

Wind Energy Conversion 
 
 
Introduction 
 
In this section wind energy conversion systems shal l be 
discussed. Whilst it is recognised that there has b een 
significant development in small-scale technologies  in 
recent years and progress in vertical axis systems,  this 
thesis is concerned with modern, large utility-scal e 
upwind, horizontal-axis turbines.   
 
This chapter begins with a brief history of the evo lution 
the modern utility-scale wind turbine. It then give s an 
overview of wind resource evaluation and summarises  the 
aerodynamic conversion of wind energy and developme nt of 
useful mechanical power.  Finally, various operatin g 
concepts are presented and the differences between fixed 
speed and variable speed systems are discussed.  
 
The purpose of this section is to supply the reader  with a 
background that will provide the context necessary to 
appreciate the relevance of the detailed electrical  
analysis that follows in this thesis. 
 
 
 
Evolution of the Modern Wind Turbine 
 
The wind was identified as a useful energy source a round 
five thousand of years ago when it was captured by sails 
and used to propel boats in Egypt.  The earliest kn own 
example of a windmill is thought to have come from Persia 
(now Iran) where rudimentary devices were used to g rind 
grain between 600-900BC. Wind Energy Conversion sys tems 
have been used ever since to grind grain and pump w ater.  
 
The first electricity generating wind turbine was i nvented 
in 1888 by Charles F. Brush in Ohio.  The system (p ictured 
below) had a rotor diameter of 17m, and generated 1 2kW.  
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The machine worked for 20 years and even had a full  
electrical control system, based on solenoids which  
remained standard for a century. 
 

 
Figure 2.1 First Electricity Producing Turbine 

 
Wind was being used to generate electricity in many  
European countries by 1910.  The first widespread u se of 
wind to generate electricity occurred in America in  the 
1930’s, when hundreds of thousands of small turbine s were 
used to power farms and small settlements too remot e for 
grid connection at the time.  Their prime use was t o charge 
batteries and power communications equipment. 
 
The first utility scale turbine to generate a signi ficant 
amount of power was invented in Russia in 1931.  Th e 
Balaclava turbine could generate 100kW and operated  in the 
Caspian sea for about two years.  
 
The bold, American Smith-Putman machine (pictured b elow) 
was built in 1941 and was capable of generating 1.2 5MW, 
which, until even a few years ago, would have been 
ambitious.  However, after just a few hundred hours  of 
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intermittent operation, one of the blades succumbed  to the 
huge stresses it was under and broke off. 
 
 

 
 

Figure 2.2 Smith-Putman Machine 
 
 
 
Wind Turbine development continued after the war at  a 
gentle pace until the 1970’s when wind received ren ewed 
interest, the catalyst being the Arab Oil Crisis of  1973. 
 
 
Between 1974 and 1981 the American Government funde d a huge 
research program with the intention of developing a  multi-
mega watt turbine that could be produced in large n umbers 
so as to be attractive to utility companies.   The program 
suffered several setbacks, for example, early attem pts at 
building large double bladed downwind systems didn’ t 
properly account for tower shadow (the period when the 
blade passes behind the tower) the problem took yea rs to 
resolve.  
 
 The program eventually started to have some succes s, 
producing several effective vertical axis wind turb ines, 
(pictured below), four large scale horizontal axis turbines 
and a selection of smaller systems.   More importan tly, the 
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Americans had gained a high level of experience and  
expertise through years of experiment. 
 
  
 

                                
Figure 2.3 VAWT      Figure 2.4 Problematic Downwin d System  

 
In 1981 the newly elected Reagan administration pro posed 
energy tax credits to encourage investment in wind.   This 
led to the Californian wind rush of the 80’s and th e 
introduction of the first wind farms.   
 
Unfortunately this created an over enthusiasm to in stall 
systems that were not fully developed.  A lot of th e 
lessons learned from the years of research were ign ored and 
consequently there were inevitable design problems with the 
large immature machines.  This over exuberance was 
encouraged by ignorance in congress who, not unders tanding 
the difference between installed capacity and produ ced 
energy, granted tax credit based on installed capac ity. 
 
 
Meanwhile in Europe, the Danes and Germans had deve loped 
their own systems, encouraged by the opportunities of 
exploiting the high wind speeds of northern Europe.   The 
preferred European system was the horizontal axis u p-wind, 
two or three bladed system that is becoming a commo n site 
around the UK.   
 
The Danes were able to capitalise on the American s ituation 
and soon the troubled Californian Wind farms were f illing 



 19

up with Danish machines. American interest in wind 
eventually dwindled.   
 
The Danes became world leaders in wind energy and h ave 
steadily developed their home market and created a huge 
export industry with 90% of the manufactured plant being 
sold abroad. 
 
Recent years have seen another resurgence in wind e nergy, 
driven by environmental concerns over carbon emissi ons.   
This has brought about a subsequent development in 
technology.   
 
The original American ‘bigger is better’ philosophy  seems 
to have been proven and multi-megawatt turbines are  now the 
trend.  REpower in Germany, having recently introdu ced a 
5MW Turbine with 61.5m blades (pictured below). 
 
 

 
 

Figure 2.5 REpower 5MW Turbine 
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Wind Resource Evaluation 
 
 
The wind is constantly changing, it is influenced b y so 
many factors that it is impossible to model exactly .  The 
annual average wind speed can give an indication of  the 
potential power that can be developed from a partic ular 
site, though on a shorter time basis, the distribut ion of 
wind speeds around the mean is extremely important.    
 
In order to characterise the wind resource for a pa rticular 
site, statistical analysis techniques are employed.  
 
It has been found that, for a general case, probabi lity 
functions can be used to accurately describe the sp read of 
predicted wind speeds around the mean.  Weibull pro bability 
distribution functions are commonly used.   
 
The Weibull probability density function: 
 

  2.1 
 

where k is a shape parameter, c is a scale parameter, and w 
is the wind speed. Hence, the average wind speed (o r the 
expected wind speed) is: 
 

2.2 
 
where _ is Euler's gamma function:  

 
 

 2.3 
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For a Rayleigh distribution, the shape parameter, k  is 2.  
The scale factor can be found, given the average wi nd speed 
as Г( 1/ 2) = √π   giving: 
 

2.4 
 
 
 
The plot below shows a Rayleigh wind speed probabil ity 
density function for average windspeeds of 5.4m/s.( solid), 
6.8m/s(dashed), 8.2m/s (dots). 
 
 

 
Figure 2.6 Probability Density Function 

 
On a very short time scale, i.e. down to fractions of 
seconds, the variation of wind speed is referred to  as 
turbulence. 
 
To fully understand the wind currents that act on a  
turbine, a model of the turbulence must be develope d.  One 
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commonly used function is the Kaimal spectral densi ty 
function: 
 

 2.5 
 

where S is the single-sided longitudinal velocity c omponent 
spectrum, f is the frequency, z is height above gro und, z o0 

is the surface roughness coefficient, and ωo0 is the average 
wind velocity at hub height. 
 
The wind speed also varies in space, meaning that d ifferent 
parts of the blade swept area will experience diffe rent 
wind speeds and directions.  This is particularly r elevant 
in modern large turbines where the diameter of the swept 
area can be 120m. 
 
A full understanding of wind characteristics is vit al for 
both design engineers who need to evaluate stress l evels, 
and electricity wholesalers who need to know how mu ch 
electricity can be produced.   
 
 
Power in the Wind 
 
The most common method for calculating the steady s tate 
mechanical power that can be extracted by a wind tu rbine is 
the C p( λ) curve.  C p is the power coefficient and λ is the 
tip-speed ratio.  A typical C p( λ) curve can be seen below: 
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Figure 2.7 A typical C p( λ) curve 

 
 
The power that can be drawn from a swept area A wit hin an 
air flow is: 

Pmech
1

2
ρACp V

3⋅
                                  2.6 

 
Where ρ is the air density and V is the wind velocity.  The 
power coefficient is taken from the C p( λ) curve for the 
corresponding tip speed ratio, calculated by: 
 

λ ΩR

V                                 2.7 
 

 
where Ω is the rotor angular velocity (on low speed side of  
gear box) R is the radius at the blade tip. 
 
It can be seen from equation () that the mechanical  power 
is proportional to the cube of the wind velocity.  This 
means that a slight increase in wind speed gives ri se to a 
large increase in available energy. 
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The power coefficient C p is not a measure of efficiency as 
it has an upper limit known as the Betz limit.  Thi s limit 
can be proven mathematically to be 0.593 or 16/27.  It 
arises from the fact that not all of the energy fro m the 
wind can be extracted as there must be a flow of ai r behind 
the turbine.  Therefore, energy that is not capture d 
bypasses the blades and is not dissipated by the ro tor. 
 
A plot of power vs wind speed for a Danish 600kW tu rbine 
can be seen below: 
 

 
Figure 2.8 power vs wind speed for a Danish 600kW t urbine 

 
 
It is often desirable to tailor the power/speed 
characteristics of a wind turbine.   A wind farm op erator 
must be able to control the amount of power produce d by the 
turbines or may wish to increase energy yield at lo w wind 
speeds.  The power/speed characteristics can, to a certain 
extent be altered by changing the aerodynamic prope rties of 
the blades.  The following section gives a brief ov erview 
of how turbine blades work and highlights the diffe rences 
between various operating concepts. 
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Aerodynamic conversion 
 
Wind turbine blades use an aerofoil to generate lif t, the 
same way an aeroplane wing does.   
 
Figure 2.9 shows the relevant forces and angles for  a 
stationary aerofoil in an air flow: 
 

 
Figure 2.9 Stationary aerofoil in an air flow 

 
The air flow causes a lift force F L that is perpendicular to 
the direction of the air flow, and a drag force F D that is 
in the same direction as the air flow.  The blade w ill move 
in the direction indicated on the plane of rotation . The 
pitch angle, β, is the angle between the plane of rotation 
and the chord line.  The angle of attack κ  is the angle 
between the chord line of the blade and the relativ e wind 
direction. 
 
The lift and drag forces can be manipulated by vary ing the 
angle of attack.  If the angle of attack exceeds a certain 
value, a wake is created above the aerofoil which c auses 
the blade to stall.  
 
These principals form the basis of aerodynamic cont rol. 
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Operating Concepts 
 
Wind turbine operating concepts can be divided in t o Fixed 
Speed Systems and Variable Speed Systems. 
 
Fixed Speed Systems 
 
Fixed speed systems use a squirrel cage induction g enerator 
directly connected to the grid.  This type of gener ator 
needs to be turned at a fixed speed (or within 1% o f rated 
speed). A gearbox is used between the generator and  turbine 
shaft to adjust the speed appropriately.  The origi nal 
fixed speed system, popular in turbines built in De nmark 
during the 80s and 90s used stall control and is st ill the 
most common turbine in operation today.  In a stall  
controlled, fixed speed system the blades are firml y bolted 
to the hub.  The pitch angle is set so that the bla de will 
stall and limit the power when the wind speed becom es too 
high.  Often the blade will be slightly twisted so as to 
gradually stall the blade and ensure smoother trans itions, 
reducing fatigue causing vibrations. 

 
Figure 2.10 Fixed Speed System 

 
In an active-stall, fixed-speed system, the stall a ngle of 
the blades can be controlled.  This is usually empl oyed in 
larger machines (>1MW).  The attack angle can be se t, using 
the stall effect to limit the power to a particular  power 
output (normally rated power), thus flattening the power/ 
wind speed curve for wind speeds above nominal valu e.  This 
is known as power limitation.  The range of pitch v ariation 
is usually limited between 0 and 4 degrees for acti ve 
stall.    
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Figure 2.11 Active Stall System 

 
In full pitch control the blade can be varied with a range 
of around 0 to 30 degrees.  With pitch control, the  blade 
angle can be adjusted to maximize the power at low wind 
speeds and to limit the power to its rated value at  high 
wind speeds.  Pitch control is used almost exclusiv ely by 
modern variable-speed machines.  There are some pit ch 
controlled fixed speed systems, though they are unc ommon 
and have undesirable properties such as gearbox wea r and 
power fluctuations at high wind speeds. [] 
 
Figure 2.12 Shows how changing the pitch angle can affect 
the Power vs Wind Speed characteristics for a fixed  speed 
turbine.  The embedded values next to the individua l plots 
refer to the pitch angle. 
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Figure 2.12 Effect of Changing Pitch Angle 

 
The disadvantage of fixed speed systems is that, be cause 
the rotor speed must remain fixed, fluctuations in wind 
speed cause fluctuations in torque.  This has the 
consequence of causing voltage fluctuations on the 
electrical grid, especially when connected to a wea k grid. 
The shaft pulsations will also result in high stres ses on 
the rotor, shaft, gearbox and generator. 
 
 
Variable Speed Systems 
 
In a variable speed system the generator rotor spee d can be 
changed.  By allowing the rotor speed to change, po wer 
fluctuations can be more or less absorbed by increa sing the 
speed. Combined with full pitch aerodynamic control , this 
allows for smoother power output, and a reduction i n 
fatigue on the gearbox and drive train.  Variable s peed, in 
some instances can allow for greater energy capture  and 
more efficient operation. 
 
Grid compatibility is achieved by the use of a volt age 
converter.  The converter can be connected between the 
stator of a synchronous generator and the grid, or between 
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the rotor of a Doubly-Fed Induction Generator (D-FI G) and 
the stator/grid. 
 
Most modern systems will use a D-FIG as the power c onverter 
only has to convert the rotor power, which is a fra ction of 
the power of the stator.  The D-FIG will be discuss ed in 
detail later in this thesis. 
 
In a fixed speed system with a squirrel cage genera tor, a 
capacitor bank is needed for power factor adjustmen t.  In a 
D-FIG the use of a voltage converter allows for rea l and 
reactive power control.   This feature may become m ore 
important as the amount of wind capacity on the gri d 
increases.  Wind farms may be called on to regulate  
reactive power.  This is already underway in Spain.  
 
Another advantage of variable speed operation is th at noise 
levels can be reduced. 
 
 
The diagrams below show the basic configuration of variable 
speed systems. 
 
 
 

 
Figure 2.13 Variable Speed with Synchronous Generat or 
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Figure 2.14 Variable Speed with D-FIG 

 
 

The effects of variable speed operation are well 
demonstrated by the following graphs taken from the  
technical specifications of a 2MW Vestas variable s peed 
wind turbine, equipped with a ‘Optispeed’ Doubly-Fe d 
Induction Generator.  It can be seen that pitch adj ustment 
and rotor speed adjustment are combined to produce a 
smooth, constant power output.  
 
The power vs wind speed curve is also plotted for d ifferent 
noise levels. 
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Figure 2.15 Technical specifications of a 2MW Vesta s 

variable speed wind turbine 
 
 
 

 
Figure 2.16 Power Curve Vestas 2MW 
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Section 3 
 
 

Machine Analysis 
 

Introduction 
 
There are a variety of generator technologies that can be 
used in wind turbines.  Factors which determine the  
suitability of a particular generator type include;  the 
scale of the machine, the intended use for the gene rated 
power, complexity and cost.  For example, small sys tems 
(often used for battery charging) may use permanent  magnet 
generators for simplicity and low cost.  Some varia ble 
speed systems use a synchronous generator with a vo ltage 
converter connected between the stator and grid.  T hough 
the most common machine type, found in large wind t urbines 
is, by far an induction machine.   
 
Induction machines are particularly suitable for us e in 
wind turbines as they can produce grid compatible p ower 
without the need for frequency adjustment or phase 
synchronisation.  In their simplest forms they offe r a 
robust and relatively low cost, low maintenance 
construction, compared with synchronous machines. 
 
This chapter shall present analysis of the inductio n 
machine, beginning with a simple squirrel cage asse mbly and 
progressing to a wound rotor construction.  It will  then 
show how, with the addition of external resistance and 
eventually a rotor connected voltage converter, the  
performance envelope can be broadened to give the r ange of 
control that is desirable in modern wind turbines. 
 
 
 
 
 
 
Induction Machines 
 
Rotating Magnetic Field 
 
An Induction Machine relies on a rotating magnetic field, 
produced by the stator windings.  This is achieved using a 
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three phase winding arrangement, with either a star  or 
delta connection.  The stator, or armature windings  are 
arranged as shown in figure  3.1    

 
Figure 3.1 Armature windings arrangement 

 
 The spatial and electrical separation of 120 degre es 
causes the rotating magnetic field in the stator. f igure 
3.2 shows the resultant magnetic field produced by the 
three stator windings at instants a,b,c,d demonstra ting 180 o 
rotation in clockwise direction.  The speed of the rotating 
field is equal to the supply frequency and referred  to as 
the Synchronous Speed (ω1). 
 
 
    ω1 = 2πf1  rad/sec    3.1  
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Figure 3.2 Resultant magnetic field produced by thr ee 

stator windings 
 

Induction machines require an external voltage supp ly to 
set up the rotating magnetic field, in a wind turbi ne the 
three-phase supply comes from the grid.  Therefore a power 
system must be regulated by a primary, synchronous machine 
that sets the frequency and phase for the whole sys tem, 
wind turbines act as secondary generators.  Three p hases 
are chosen as constant mean instantaneous power can  be 
achieved. Three phase power can also be transmitted  along 
three conductors (no need for neutral line) therefo re is 
more economical. 
 
 
 
Squirrel Cage Rotor 
 
A traditional induction machine employs a squirrel cage 
rotor that is placed within the stator. 
A diagram of a squirrel cage can be seen in figure  3.3 . 
 



 35

 
Figure 3.3 Diagram of a squirrel cage 

 
The bars that make up the squirrel cage are connect ed 
together and can in effect be considered as a serie s of 
closed circuits, or single turn coils.   
 
 
 
Induction Machine Operation   
 
First consider the Induction machine working as a m otor. 
If the stator supply is switched on, with the rotor  
stationary, then the rotor will experience the rota ting 
magnetic field.  EMFs are therefore induced in the squirrel 
cage ‘coils’, and since these are closed circuits, ac 
currents will flow in the rotor.  With the rotor st ationary 
the system will act like a transformer and the roto r 
currents will be at the same frequency as the stato r ( ω1).   
The rotor currents will give rise to mmfs (magneto- motive 
forces) which, by Lenz’s Law will attempt to counte r the 
source of the rotor currents i.e. the rotating magn etic 
field produced by the stator.  If the rotor is free  to move 
the stator and rotor mmfs will react such that the rotor 
will turn in the same direction as the rotating mag netic 
field.  The relative speed of the rotating field, f rom the 
perspective of the rotor, will decrease as the roto r 
mechanical speed increases, consequently the induce d rotor 
current frequency will also decrease.  If the rotor  speed 
reaches the synchronous speed it will no longer exp erience 
a changing magnetic field and the rotor emfs and cu rrents 
will no longer be induced.  During motoring operati on this 
is an impossible situation as there will a shaft lo ad and 
losses that prevent the rotor reaching synchronous speed.  
Consequently there will always be a difference betw een 
rotor mechanical speed and synchronous speed.  This  speed 
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differential is known as the slip. The concept of slip is 
fundamental to the understanding of induction machi nes. 
Slip (s) is defined by: 
 

    

s
ns nr−

ns       3.2 
 
Where ns is synchronous speed and nr is rotor speed in 
rev/sec. 
 
If the rotor frequency f2 is now considered: 
In an a.c. motor, the frequency is a product of the  speed 
of rotation and the number of poles p.  The stator 
frequency f1 defines the synchronous speed ns. From the 
reference point of the rotor in an induction machin e, the 
relative speed is the difference between the synchr onous 
speed and the rotor speed. Hence: 
 

    
f1 nsp

       3.3 
 

f2 ns nr−( ) p
     3.4 

 
Equations 3.2,3.3 &3.4   can be combined to show that rotor 
frequency f2 is a product of the slip and f1: 
 

     
f2 sf1        3.5 

f2 is often referred to as the slip frequency. 
 
Consider now the rotor mmf.  This is the rotating m agneto-
motive force that results from the rotor currents. Relative 
to the rotor, the speed of this mmf is: 
 

    
nmmf

f2

p

sf1

p
sns

      3.6 
 
However since the rotor is already turning at speed  nr, the 
actual speed of the rotor mmf is: sns + nr.  By rearranging 
equation 3 it can be seen that the rotor mmf rotate s at 
synchronous speed irrespective of rotor speed: 
 

sns nr+ ns      3.7 
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During motor operation the stator rotating mmf lead s the 
rotor mmf and can be considered to be dragging the rotor 
mmf with power flow going from stator to rotor. 
 
 
 
Generator Operation 

Consider an external torque, for example from a win d 
turbine drive shaft, applied to the rotor causing t he rotor 
speed to reach synchronous speed and increase beyon d.   

From the perspective of the rotor, as it reaches 
synchronous speed the relative speed of the stator mmf 
becomes zero ( ns = nr, s = 0).  

As the rotor speed increases further the rotor will  again 
experience the rotating stator mmf, though this tim e from 
the rotor perspective it will be rotating in the op posite 
direction.  The machine is now operating at negativ e slip 
( ns < nr, s < 0). AC Currents will once again flow in the 
rotor though now the phase has been reversed.  The rotor 
mmf will still turn at synchronous speed though now  the 
rotor mmf is leading the stator mmf.  The rotor mmf  can be 
considered to be dragging the stator mmf.  Power fl ow is 
now going from rotor to stator. 
 
 
Equivalent Circuit 
 
In order to fully understand the power flows in an 
induction machine an equivalent circuit must be dev eloped.   
The equivalent circuit begins with recognition of t he 
parallels between the induction machine and a trans former.  
 
The stator coils will experience a back emf E1 as a result 
of the rotating flux.  For balance, this back emf w ill 
completely oppose V1 (supply voltage): 
 

            E1 = -V1      3.8 
 
When the rotor is stationary the induction machine behaves 
just like a transformer with ratio between rotor em f E2 and 
stator emf E1 more or less the rotor/stator turns ratio i.e. 
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E1

E2

N1

N2       3.9 
 
 
 
Different winding factors mean that this is not exa ct, but 
nonetheless a close approximation. 
 
To further explore these emfs, note that any point in the 
air gap between stator and rotor will experience a 
sinusoidal flux φ.  This flux will induce an emf by Faradays 
Law: 
 
   

φ Φcos ωt( ) 
 

    
e N−

dφ
dt

⋅ N ωΦsin ωt( )( )−
 

   
 

erms
2πfNΦ( )

2
4.44fNΦ

   3.10 
 
 
From this series of equations it can be seen that t he 
induced emf is proportional to the frequency of the  flux 
and hence the speed of revolution (synchronous spee d).  
 
When the rotor is turning, the relative frequency o f the 
flux is proportional to the slip s. Therefore the r otor emf 
is as follows: 
 

    Er = sE2 = 4.44f2N2Φ   3.11 
   
 

 
Stator Equivalent Circuit  

  

The stator can be represented in an equivalent circ uit by 
considering the physical parameters and their magne tisation 
characteristics: 
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If an ac voltage is applied to a coil wound around a 
circular core or toroid (as per induction machine s tator 
construction) the current can be observed to take o n a non-
sinusoidal shape. This is a result of the magnetic 
parameters of the stator, i.e. the permeability of the core 
material, the dimensions and the number turns on th e coil.  
 
The magnetising characteristics of a core are non l inear. 
As the current increases the flux density saturates , as the 
current falls the core retains some magnetism, stil l 
remaining magnetised when the current in the coil i s zero.  
After a few current cycles the alternating flux cyc le, when 
observed against the current, will form a loop know n as a 
hysteresis loop. A hysteresis loop is specific to t he 
physical parameters of the core, windings and appli ed 
voltage and describes how these parameters influenc e the 
current. 
 
The resulting current, known as the excitation current, can 
be considered as having two constituents.  The firs t, ic is 
in phase with the applied voltage and represents th e real 
core power losses, this can be modelled in an equiv alent 
circuit by a resistor R c in parallel with the voltage 
source.  The second, im ,reduced to a sinusoidal fundamental 
by a Fourier transform, lags the applied voltage by  90 o and 
can be represented in an equivalent circuit by an i nductor 
Lm , (often referred to as the magnetising or mutual 
inductance) in parallel with the applied voltage. 
 
The losses modelled by R c are a result of eddy currents in 
the core and hysterisis losses.  Eddy currents are currents 
that occur in the cross section in the core and can  be 
reduced by using cores made from thin insulated lam inations 
as opposed to solid iron.  Hysterisis losses are a result 
of energy being held in the core by the residual ma gnetism. 
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A stator equivalent circuit can now be built: 
 

 
Figure 3.4 Stator equivalent circuit 

 
Rs and L s represent the winding resistance and leakage 
reactance that can be intuitively expected. 
 
 
Rotor Equivalent Circuit 
 
The rotor equivalent circuit can be considered to h ave some 
resistance R r and some leakage inductance L r .  From equation 
%, the rotor emf is sE 2. 

 

This analysis is from the rotor perspective i.e. at  the 
slip frequency f 2. The leakage reactance from L r will 
therefore be jω2Lr or jsω1Lr. 
 
The rotor equivalent circuit is therefore: 
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Figure 3.5 Rotor equivalent circuit 

 
 

 
I2  can be easily derived from this circuit as: 
 

I2

sE2

Rr jsXr+
     3.12 

 
 
The rotor circuit can be considered from the stator  
perspective i.e. at synchronous frequency f 1, if the above 
equation is simplified by dividing top and bottom b y s.  It 
can now be seen that from the reference point of th e 
stator, the rotor resistance varies with speed: 
 
 

I2

E2

Rr

s
jXr+

     3.13 
 
The rotor equivalent circuit, from the stator persp ective 
now becomes: 
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Figure 3.6 Rotor equivalent / stator perspective 

 
Rotor and stator equivalent circuits can now be com bined. 
 

 
Figure 3.7 Rotor and stator equivalent circuits com bined 

 
 
The above circuit is a complete equivalent circuit for an 
induction machine with the rotor components express ed from 
the stator perspective.  The term ‘a’ represents th e 
stator/rotor turns ratio N 1/N 2 as per equation $. 
 
 
If the machine is operated from a constant voltage,  
constant frequency supply, as in a grid connected w ind 
turbine, the core losses can be assumed constant at  all 
operating speeds.  R c can in this case be included in the 
copper losses (R s). 
 
The IEEE equivalent circuit, and the one most commo nly 
found in literature is: 
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Figure 3.8 IEEE Equivalent Circuit 

 
These circuits can now be used to analyse the power  flows 
and to study the performance characteristics of an 
induction machine. 
 
First consider the rotor circuit as viewed from the  rotor 
(figure 3.5 ), at slip frequency f 2. 
The power in this circuit is: 
 
 

     P2 = I2
2Rr     3.14  

 
This is the power lost due to the actual physical r otor 
resistance, this resistance is unaffected by the sl ip and 
is referred to as the copper loss. 
 
If the rotor circuit is now considered from the sta tor 
perspective (figure 3.6 ), the effects of rotation are now 
taken in to account.  It was shown previously that from the 
view point of the stator the rotor resistance varie s with 
slip.  The power in this circuit is therefore: 
 

P I2
2

Rr

s

P2

s     3.15 
 

This is the total power that crosses the air-gap be tween 
the stator and rotor.  This power is made up of the  
mechanical power Pmech developed by the rotor and the copper 
losses P2 .  The mechanical power can be drawn from this 
equation by the following expansion. 
 



 44

 

   3.16 
 

Pmech I2
2
Rr 1 s−( )

s       3.17 
 
This mechanical power is subject to frictional and other 
losses and does not represent the actual mechanical  power 
developed by the machine. 
 
 
 
The mechanical torque can now be investigated.  The  
mechanical torque either drawn from or applied to a n 
induction machine is one of the most important comm odities 
when it comes to studying machine characteristics. 
 
The mechanical torque defined as: 
 

Tmech

Pmech

ωmech  
 
where: 
 

       3.18 
 
Substituting for P mech gives: 

               3.19 
Recognising that the turns ratio a is generally 1.  Tmech can 
be expressed in stator equivalent rotor quantities:  
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            3.20 
I’ 2  can be found by analysing figure$ and the use of it s 
Thevinin Equivalent: 
 

 
Figure 3.9 Thevinin Equivalent 

 
The Thevenin Equivalent circuit involves separating  the 
circuit at the rotor terminals AB.  The original vo ltage 
source and impedance network can be replaced by loo king 
back from these terminals, recognising that the sta tor 
circuit is now a voltage divider, with V AB = V th  , the 
voltage over the magnetising reactance X m.  The impedance 
network can then be reduced to a series equivalent by short 
circuiting V 1 and calculating the equivalent impedance.  The 
rotor can then be reconnected back to the equivalen t series 
circuit. 
 
 
Analysis of this simplified circuit gives an expres sion for 
I’ 2 in terms of known electrical parameters allowing th e 
mechanical torque to be investigated. 
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  3.21 
The following graph shows the Torque vs speed plot for an 
induction machine: 
 

 
Figure 3.10 Torque vs speed plot 

 
Tmech is expressed as a ratio of the rated value.  The sp eed 
is expressed as the corresponding slip values.  Thi s graph 
is also based on the idealised mechanical power obt ained 
from the equivalent circuits and does not account f or 
frictional losses etc. 
 
The Torque vs speed graph demonstrates the operatin g modes 
of an induction machine.  When the slip is between 1 and 0, 
the torque is positive, indicating the torque is be ing 
produced by the machine and the system is motoring.   
When the slip is negative, the torque is negative, 
indicating that a torque is being applied to the ma chine 
and it is generating.  The plugging mode refers to a change 
in direction of rotor, i.e. switching two of the st ator 
phases.  This is a method that can be used to brake  the 
machine quickly. 
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It can be seen from the graph that the torque vs sl ip 
relationship is linear for low values of slip and 
eventually tails of after reaching a maximum. 
 
 
 
 
 
 
The maximum possible torque can be found differenti ating 
equation$ w.r.t. s and setting it to zero this resu lts in 
the following expression: 
 

STmax

Rr

Rth
2 Xth Xr+( )2+

  3.22 
 
Giving a maximum Torque value: 
 

 3.23 
 
Efficiency 
 
The ideal efficiency of the induction motor can be 
calculated if the ‘Power in’ is considered to be th e power 
that crosses the air-gap and the ideal mechanical p ower is 
taken as ‘power out’.   
 
From equation ($$$) an expression for ideal efficie ncy can 
be found:  
 

P
P2

s
P2 Pmech+

 
 

Effideal
P

Pmech
1 s−( )

    3.24 
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From this expression it is clear that the efficienc y 
increases as slip decreases.  This expression does not 
include all real losses, though demonstrates a tren d. 
 
 
 
 
 
 
 
Power Factor 
 
The last characteristic to be examined is the power  factor.  
This can be assessed by considering the impedance o f the 
equivalent circuit (figure 3.8) from the input term inals. 

 
The impedance of the above circuit is: 

  3.25 
 
The power factor is the cosine of the impedance ang le θs.  



 49

 
Figure 3.11 Power Factor 

 
Figure 3.11 shows how the power factor varies with 
rotational speed for a typical induction machine.  It shows 
that to achieve values close to unity the slip need s to be 
small. 
Wind turbines equipped with a squirrel cage inducti on 
generator, often have a capacitor bank to adjust th e power 
factor.   
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Induction Machine with Wound Rotor 
 
The performance characteristics of an induction mac hine 
with a squirrel cage rotor are set by the physical 
parameters of the construction.  In many applicatio ns it is 
desirable to be able to alter these characteristics .  In a 
grid connected wind turbine the stator frequency is  fixed 
to the grid frequency, the synchronous speed is the refore 
set.  The operating speed is consequently fixed for  a 
particular torque.  The induction generator relies on the 
mechanical systems in the wind turbine to regulate speed 
and torque i.e. the blade stall angle and gear box.     
 
If the squirrel cage rotor is replaced with a wound  rotor, 
similar to that found in a synchronous generator wi th 
connected slip rings, the rotor properties can be a ltered 
externally. 
 
Recall equations 3.22 &3.33 
 

STmax

Rr

Rth
2 Xth Xr+( )2+

 
 

        
 
From these equations it can be seen that the value of 
maximum torque does not depend on the rotor resista nce, 
however the value of slip where maximum torque occu rs does.  
Intuitively, the value of slip that corresponds to a value 
of torque can be varied by changing the rotor resis tance. 
 
This can be achieved by connecting resistors to the  slip 
rings of a wound rotor. 
 
The following plot shows the Torque vs Speed 
characteristics as the rotor resistance is increase d. 
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Figure 3.12 Increased rotor resistance 

 
Aside from changing the speed at which maximum torq ue 
occurs, increasing the rotor resistance also boosts  the 
output torque at low speed levels during motoring 
operation.  During generator operation the advantag e of 
external resistance is that it gives the machine th e option 
of different operating speeds for a particular torq ue, 
however power will be consumed by the increased res istive 
load and efficiency will be decreased.   
 
By using external resistance and a wound rotor it c an be 
seen how manipulating rotor parameters can vary the  machine 
characteristics, though the operating range is stil l 
limited. The full exploitation of the potential ran ge of 
requires a voltage converter.  This arrangement is known as 
a Doubly-Fed Induction Machine (D-FIG) 
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Doubly-Fed Induction Generator 
 
Doubly-Fed Induction Generators were introduced in Section 
2, when the significance of variable-speed operatio n was 
explained. 
 
To Recap, D-FIGs are the preferred method of provid ing 
variable speed operation as the converter needs onl y to 
handle the rotor power.  Variable speed operation o f a wind 
turbine allows turbulence to be absorbed, reducing the 
strain on the gearbox and drive train and smoothing  the 
power output.  Having the ability to select an oper ating 
speed for a particular torque can also reduced nois e levels 
and avoid resonance. 
 
A Doubly-Fed Induction Generator uses a wound rotor  with 
slip rings, though instead of connecting a passive load, 
(resistors), an active source is used in order to g ive full 
control of the electrical behaviour of the rotor. T his 
active source is a bi-directional voltage converter , 
connected between the rotor and the grid. 
 
A System diagram for wind turbine utilising a D-FIG  can be 
seen below: 
 
 

 
Figure 3.13 System diagram for wind turbine with D- FIG 

   
The converter injects the rotor with a voltage at a  
particular frequency as set by the controller.  The  rotor 
electrical frequency is therefore independent of th e 
mechanical speed.  The relationship between stator and 
rotor mmfs are, however, maintained.  The D-FIG all ows for 
rotor speeds both above and below synchronous speed . 
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The equivalent per-phase circuit for a D-FIG is sho wn 
below: 
 

 
Figure 3.14 Equivalent per-phase circuit for a D-FI G 

 
 

The mechanical power in a D-FIG can be found as: 
 

  3.26 
 
 
Power losses and electrical torque can be found as:  
 

                        3.27 
 
 
 
 The multiplication by 3 accounts for three phases.   
Notice that the mechanical power is now influenced by V r , 
which is of course supplied by the converter.  This  allows 
the electrical torque to be manipulated externally.  
 
The rotor mechanical speed is determined by the fre quency 
of the applied voltage V r.   The rotor and stator mmfs will 
still turn at the same speed so the relationship be tween 
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rotor electrical frequency and synchronous frequenc y 
remains;  
 

f2 sf1  
 
 
Now, since f 1 is fixed, the rotor electrical frequency f 2 
can be controlled to give a desired value of slip a nd hence 
rotor speed. 
 
In a Doubly-Fed Induction Generator the rotor volta ge can 
be adjusted to give the desired slip or torque. 
 
 
 
Power flow in a D-FIG 
 
The voltage converter in a D-FIG is connected to th e grid.  
Neglecting losses the power flows in a D-FIG can be  
approximated by the following diagram: 
 

 
 

Figure 3.15 Power flow in a D-FIG  
  
 

If an ideal situation is considered, where losses a re 
neglected the following relationship is apparent: 
 

                                      Pgrid ≈ Ps + Pr                        3.28 
 
 
 

 

Rotor Power P r is the slip power, and can be defined as: –sPs 
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This gives the approximation: 
 

                                 Pgrid ≈ (1 - s) Ps         3.29 

 
These relationships can be used to show an idealise d plot 
for the variation of grid power, stator power and r otor 
power as slip changes.  The plots below show how th e power 
varies over a typical range of slip values for a fi xed 
torque. 
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Figure 3.16 Power variation with slip 

 
The plots show that rotor power must travel in both  
directions.  In these plots positive power refers t o power 
coming from the machine.  At subsynchronous speed, 
(positive slip), the rotor is supplying power to th e 
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machine, at supersynchronous speeds, the power flow  is in 
the opposite direction. 
 
 
 
 
 
 
 
 
 
 
Real and Reactive Power Control 
 
The real and reactive power can be controlled via t he 
voltage converter.  The bi-directional power conver ter 
consists of a stator/grid connected inverter and a rotor 
connected inverter linked via a DC bus and a capaci tor.  
A block diagram of the converter is shown below. 

 
Figure 3.18 block diagram of the converter 

 
The rotor side inverter can supply the real and rea ctive 
power necessary to meet the control objectives of t he 
system.  This can include altering the stator termi nal 
power factor.  This is done by drawing current from  or 
supplying current to the capacitor that links each 
inverter.  The main objective of the stator side co nverter 
is to maintain the voltage level on the DC bus capa citor by 
exchanging reactive power with the grid.   
 
The controller for a D-FIG governs the behaviour of  the 
generator.  The controller must monitor slow mechan ical, 
speed and torque levels as well as fast electrical 
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properties.  It must react to changes in rotor spee d and 
other influencing factors, including power factor 
requirements.  There is a wealth of proposed contro l 
methods available in literature, though this thesis  is 
concerned with the physical range of capabilities o ffered 
by a D-FIG.   
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Section 4 
 
 
Modelling and Simulation in MATLAB Simulink 

 
 
Introduction 

 
In this section a software model of a simple induct ion 
machine is built and then developed in to a doubly- fed 
induction machine.   
 
The models are built using the MATLAB SimPowerSyste ms 
toolbox and Simulink package. 
 
This chapter begins with a brief overview of MATLAB , and 
Simulink, explaining how they work and why they are  
suitable for the task at hand. 
 
The relevant SimPowerSystem blocks are then explain ed and a 
squirrel cage induction machine is built and simula ted.  
The effects of increasing rotor resistance are then  
investigated.  The model is then extended to a woun d rotor 
configuration and a voltage source is used to suppl y the 
rotor to imitate a D-FIG with a voltage converter.  The 
results are then compared and discussed   

 
The purpose of this exercise is to produce models w ith real 
parameters that accurately demonstrate the behaviou r of 
electrical machines.  This allows further explorati on of 
the performance characteristics of each system and for 
comparisons to be made between different configurat ions.   
 
 
MATLAB  
 
MATLAB stands for Matrix Laboratory, it is an inter active 
computation and visualisation package, whose basic data 
element is an array.   
The use of arrays and an interactive operating syst em is 
particularly suitable for technical computations in volving 
vectors or matrices, meaning systems can be built m uch 
quicker in MATLAB than in conventional scalar langu ages 
such as C. 
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MATLAB is widely used in industry and in universiti es for 
research and development as well as education.  It has 
evolved over many years with input from a number of  
sources. 

 
MATLAB is made up of a ‘Development Environment’, i .e. a 
set of tools that allows the use of functions and f iles.  
The development environment includes the editor, de bugger 
etc. 
 
It has a ‘Mathematical Function Library’ that house s a 
collection of algorithms that can be employed in a project 
and a graphics package for displaying vectors and m atrices 
as graphs. 
 
The MATLAB Application Program Interface (API) allo ws C and 
Fortran programs to interact with MATLAB.  There is  also a 
MATLAB Language that is a high level matrix/array l anguage 
with object oriented programming features. 
 
There is a selection of add-ons to MATLAB, known as  
toolboxes.  Toolboxes are application specific libr aries of 
MATLAB functions.   Toolboxes are compatible and ca n be 
used alongside normal and custom built MATLAB funct ions. 
 
 
 
Simulink 
 
Simulink is a software package that facilitates the  
simulation and analysis of dynamic systems.  Models  are 
first constructed in the Simulink model editor.  Mo dels are 
built from blocks either taken from MATLAB or Simul ink 
libraries or can be custom designed.  The toolbox o f 
interest in this project is called SimPowerSystems,  and 
contains preconstructed blocks, systems and measuri ng tools 
that can be used to model power systems. 
 
The model depicts the time-dependent mathematical 
relationships among the system’s inputs, states and  
outputs.  Simulink can be used to set the model par ameters 
and initial conditions and to study the behaviour o f the 
system over a defined time period. 
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Simulink Blocks 
 
Asynchronous Machine 
 
The SimPowerSystems ‘Asynchronous Machine’ block wi ll form 
the foundation of the models in this project.  The block is 
a three-phase machine that can either be operated a s a 
motor or a generator.   The electrical side of the machine 
is represented by a fourth-order space-vector model  and the 
mechanical part is modelled by a second-order syste m. 
 
The electrical model follows from the steady state,  per-
phase analysis of an induction machine presented in  
section$.  This time however, the three-phase quant ities 
are graphed on to an arbitrary two axis reference f rame (dq 
frame).  This is referred to as space-vector notati on and 
is the preferred method used in dynamic analysis, i t is 
found frequently in literature. 
 
The dq reference frame is based on the principal th at a 
three-phase rotating magnetic field can be reproduc ed by 
two adjusted phases.   
 
As the three (abc) phases have an inherent relation ship 
amongst themselves i.e. equal phase displacement an d 
magnitude, there is only two independent variables in 
(abc).  The other is a dependent variable.  Three p hase 
quantities can therefore be transformed in to two ( dq) 
quantities and vice versa without loss of informati on. 
 
The abc dq transfer works as follows: 
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Figure 4.1 abc dq transfer 

 
The three-phase stator mmf can be replaced with a t wo-phase 
equivalent with 3T 1/2 turns per phase. 
 
The dq reference frame can be fixed to either the s tator 
(synchronous), the rotor or can be stationary.  Thi s allows 
for phase and speed to be expressed from the point of view 
of each rotating part.  
 
The relationship between each reference frame is de scribed 
in the following table where: θ is the angular position of 
the reference frame and β = θ - θr is the difference between 
the position of the reference frame and the electri cal 
position of the rotor. 
 

 
Reference Frame  θ β 
Rotor θr 0 
Stationary 0 - θr 
Synchronous θe θe - θr  

 
Figure 4.2 Reference Frames 

 
θe is the position of the synchronous reference frame.  
 
The transfer functions between abc currents and vol tages 
and the dq equivalents are as follows: 
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(Remember; V’ r  represents a rotor voltage from the stator 
perspective) 
 

         
 

     
 

 

 

   
 
 

 ics = -i as - ibs 

       i’ cr = -i ar - ibr     4.1 
 
 
 

The equivalent circuit used for dynamic modelling b y the 
SimPowerSystems Asynchronous Machine block, with al l 
components stated in dq equivalent form is: 
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q axis 

 

 
d axis 

 
Figure 4.3 Equivalent Circuits 

 
The equivalent circuits are based on the T-model ci rcuit 
for a doubly-fed induction machine as shown in the previous 
section.  The above circuits are referred to a sync hronous 
reference frame.   
 
The equivalent circuits can be described by the fol lowing 
equations: 
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4.2 

The mechanical system is described by the following  
equations: 

 

   4.3 
The Asynchronous block parameters are as follows: 
 

Figure 4.4 Table of Parameters 
 

The parameters are set by opening the ‘block parame ters’ 
window of the Asynchronous machine:   
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Figure 4.5 Block Parameters 

 
 

The parameters can either be entered as per unit qu antities 
(p.u.) or in SI units.  Most machine parameters are  
expressed in p.u. quantities and Simulink converts them 
accordingly. 
 
The rotor type can be either a squirrel cage or a w ound 
rotor configuration.   
 
The reference frame can be set to either rotor, syn chronous 
or stationary.  This defines the transfer from abc to dq 
variables as explained previously. 
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The choice of reference frame affects the waveforms  of the 
dq variables and can also affect the simulation spe ed and 
accuracy of results. 
 
It is suggested that stationary or synchronous refe rence is 
used if all voltages are balanced and continuous, r otor 
reference should be used if rotor voltages are unba lanced 
and stator reference should be used if stator volta ges are 
unbalanced. 
 
 
Inputs and Outputs 

 
The following diagram shows the asynchronous machin e block 
as it appears on the Simulink Model Editor: 
 

 
Figure 4.6 Asynchronous machine blocks 

 
The diagram on the left is a squirrel cage construc tion and 
the diagram on the right is a wound rotor. 
 
A,B,C represent the stator terminals, the rotor ter minals 
on the wound rotor machine are identified a,b,c.   
 
Tm is the mechanical torque.  For generator operation a 
negative torque should be applied, for motor operat ion the 
torque should be positive. 
 
The output ‘m’ of the block is a vector containing 21 
signals.  These outputs include: the rotor and stat or 
currents in abc  and dq representations, the d and q rotor 
and stator fluxes and voltages, the mechanical angu lar 
velocity of the rotor, the electromagnetic torque a nd the 
angular rotor position. 
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The signals can be demultiplexed using the Machine 
Measurements Demux block in the machines library. 
 
 
 
Squirrel Cage Model 
 
The first model to be built involves an asynchronou s 
generator with a squirrel cage rotor. 
 
The system diagram for the model is shown below: 
 
 

 
 

Figure 4.7 Squirrel cage system diagram 
 
 

The Asynchronous Machine block stator terminals are  
connected to a three-phase source.  The output from  the 
machine is demultiplexed and the desired outputs ar e 
monitored on a scope. 
 
A sub-system is set up to monitor the three-phase a ctive 
and reactive power on the stator. 
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The parameters are taken from a 275kW, 480V, 60Hz m achine 
and are expressed in per unit quantities: 
 

Parameter Value 
Nominal Power 275kW 
Nominal Voltage 480Vrms 
Frequency 60Hz 
Stator Resistance 0.02pu 
Stator Leakage Inductance  0.0349pu  
Rotor Resistance 0.0377pu  
Rotor Leakage Inductance 0.0349pu  
Mutual Inductance 1.2082pu  
Inertia Constant 0.7065s 

 
Figure 4.8 Parameters 

 
The model was originally built with parameters from  a 2MW 
machine, which would be more representative of the scale of 
modern wind turbines, though the high inertia of th e large 
generator prevented the machine from stabilizing qu ickly, 
meaning that simulations had to last a long time.  In order 
to reduce the simulation time, a 275kW machine was chosen 
throughout the modeling process.  
 
Since the purpose of this exercise is to investigat e and 
demonstrate the behavior of a generic machine, a 27 5kW 
generator was deemed appropriate. 
 
The initial conditions and load flow are handled by  the 
Powergui.  
 
The Powergui block provides graphical user interfac e tools 
for the analysis of SimPowerSystem models.  The fun ctions 
of interest in this exercise are; the ability to di splay 
‘Steady State Voltages and Currents’ and ‘Load flow  and 
Machine Initialisation’.    
 
A value of mechanical power, to drive the machine c an be 
specified in the powergui.  This is then converted to a 
torque that is sent to the T m terminal of the machine. 
Alternatively a Mathematical function, such as a ra mp, step 
or exponential increase or decrease can be attached  to the 
Tm terminal to vary the torque in a specific way. 
 
The Load flow can be calculated by the powergui and  it 
returns steady state values. 
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The machine can be initialized to start from a stea dy 
state.   
 
To view the time variant properties of the system, a 
simulation must be performed.   
 
The areas of interest in these simulations are; the  Torque 
vs. Speed characteristics, the efficiency over a ra nge of 
applied torques, and the power factor. 
 
The squirrel cage model was simulated over a range of 
mechanical torques.  This was done by ramping the t orque 
from zero to -3 * the rated value of the generator and 
sending the mechanical torque and rotor speed measu rements 
to an XY plot.  The system diagram is shown below: 
 

 
Figure 4.9 Ramped Torque 

 
The Torque vs rotor speed plot for the 275kW squirr el cage 
generator is shown below: 
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Figure 4.10 T m vs ωr 

 

The plot shows the linear relationship between torq ue and 
speed for a range of torques above and below rated value.   
 
The following plot shows the efficiency dropping as  applied 
mechanical power is increased beyond rated value: 
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Figure 4.11 Efficiency 
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The power factor was measured by reading the P and Q values 
at the stator terminals: 
 

Power Factor 275kW sc
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Figure 4.12 Power Factor 

 
The plot shows the power factor decreasing then lev eling 
off as the applied torque is increased.  At nominal  power 
the power factor is 0.7.  If this generator was use d in a 
wind turbine a capacitor bank would be required to achieve 
a power factor of 1. 
 
These results can now be used as a basis for compar ison 
with the other configurations discussed in this the sis. 
 
 
Wound rotor with variable Resistance 
 
Now the effects of increasing rotor resistance are 
investigated. 
 
This can be done simply by changing the parameters of the 
squirrel cage block.  Alternatively a three-phase r esistor 
block could be attached to the terminals of a wound  rotor 
machine, though this would give the same result. 
 
The rotor resistance was increased to 2x, 3x and 4x  the 
original value and the simulation was repeated. 
 



 73

The Tm vs ωr plot shows the effects of varying rotor 
resistance. 
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Figure 4.13 T m vs ωr increased rotor resistance 

 
It can be seen that the rotor speed can be increase d by 
adding rotor resistance.   The machine was able to operate 
at nearly four times the nominal torque value at tw ice the 
synchronous speed.   
 
It is intuitive to expect the efficiency to be redu ced as 
the rotor resistance is increased, since the extra 
resistance will have associated power losses. 
 
This is demonstrated by the following plot. 
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Figure 4.14 Efficiency 
 
 
Finally the implications of varying rotor resistanc e on the 
power factor are investigated. 
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Figure 4.15 Power Factor 

 
It can be seen from the plot that the power factor 
increases as the rotor resistance is increased.  If  the 
impedance of the machine is considered from the rot or 
terminals, a higher rotor resistance would reduce t he 
impedance angle. 
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Doubly-Fed Induction Generator 
 
The Doubly-Fed Induction Generator is modeled by ch anging 
the rotor configuration in the machine parameters w indow to 
a wound rotor and connecting a voltage source to th e rotor 
terminals. 
 
In an actual D-FIG the rotor is fed from the stator  via a 
voltage converter.  In this exercise the rotor supp ly is 
independent.  This arrangement is suitable for the task of 
investigating the characteristics of interest in th is 
thesis. 
 
The machine is built with the same parameters as th e 275kW 
squirrel cage machine, to allow for comparison. 
 
 
 
 
 
A diagram of the D-FIG system is shown below: 
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Figure 4.16 diagram of the D-FIG system 

 
 
The rotor is fed from a three-phase programmable vo ltage 
source, allowing voltage magnitude and frequency to  be 
altered or ramped as desired. 
 
There are some additional measurement blocks to mon itor 
rotor active and reactive power. 
 
To operate the machine in sub and supersynchronous modes, 
the phase of the rotor supply must be reversed.  Th is can 
be achieved by switching two of the terminals. The 
arrangement shown is for super synchronous operatio n. 
 
A variety of simulations were carried out to verify  that 
the machine behaves like a D-FIG.  It was originall y found 
that during transients the machine would become uns table 
and the rotor speed would oscillate and sometimes n ever 
settle.  This effect was made worse by the use of a  2MW 
machine with a 3.5sec inertia constant.  It was for  this 
reason that a 275kW machine was chosen. 
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By initializing the machine appropriately and slowl y 
ramping the rotor frequency and voltage, a wide ran ge of 
operation could be achieved. 
 
By varying the rotor voltage and frequency, the sta tor 
power could be held constant over a range of rotor speeds 
+/- 32% of synchronous speed as shown in the follow ing 
plot.  During this simulation the applied mechanica l power 
was held at 300kW.   
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Figure 4.17 Constant Power 

The rotor voltages across the range of speeds can b e seen 
below: 
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Figure 4.18 Vr vs slip 

 
It can be seen that there is a linear relationship between 
slip and hence frequency and the rotor voltage for steady 
operation of the generator. 
 
 
 
 
 
 
 
 
 



 79

By keeping the rotor voltage constant and varying t he 
frequency or vice versa, it is possible to vary the  stator 
reactive power while the active power remains fixed .  
 
An example of the stator P and Q output can be seen  below.  
During this simulation the rotor voltage is held at  60V and 
the frequency ramps between 5 and 11Hz, translating  to slip 
change of -0.0833 to -0.1833. 
 

Figure 4.19 Stator P & Q 
 
The yellow trace is the active power and the purple  line is 
the reactive power.  In this plot negative readings  refer 
to power coming from the generator.  During the per iod of 
stability it can be seen that the stator power rema ins 
constant while the reactive power goes from a leadi ng to a 
lagging reactance. 
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If the corresponding rotor plot is now considered: 
 

Figure 4.20 Rotor P&Q 
 

It can be seen from this plot that the rotor power varies 
with slip, as would be expected.  The rotor power b egins 
flowing from the rotor, reaches a point where there  is no 
active power flowing and then flows in to the rotor . 
 
The efficiency of the modeled machine will obviousl y vary 
with the direction and magnitude of the rotor power  since 
the rotor is supplied by an independent voltage sou rce and 
not connected back to the stator. 
 
From the simulations it can be seen that there is a n 
operating condition where there is no real power fl owing in 
the rotor.  This is the case for the range of rotor  speeds.  
At this point the efficiency can be considered to b e the 
stator power divided by the supplied mechanical pow er. 
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With 300kW mechanical power supplied to the generat or, the 
efficiency is 0.92 for supersynchronous operation a nd 0.96 
for subsynchronous. 
 
For the squirrel cage model operating with the same  applied 
mechanical power, the efficiency is also 0.92. 
 
 
 
Discussion and Comparison 
 
From the simulated models the operating range and 
characteristics can be acknowledged and compared.  The 
squirrel cage, being the most basic configuration c an be 
treated as a benchmark for comparison. 
 
The simulations show that the squirrel cage machine  has a 
specific operating speed that corresponds to a valu e of 
torque.   
 
Adding resistance to the rotor allows for different  
operating speeds, though to be useful in a wind tur bine, 
the resistance would have to be dynamically control led if 
it were to allow speed variation.  Changing the rot or 
resistance does not allow subsynchronous operation and 
speed variation is limited at low torques.   
 
The D-FIG was shown to have a good range of operati ng 
speeds (+/- 32%).  The operating range spans a good  range 
of torques.  Sub synchronous speeds are achievable through 
adjusting the model, though the phase change would be 
performed by the voltage converter in an actual sys tem. 
 
In terms of efficiency the squirrel cage performs w ell. The 
efficiency only drops slightly at very high torques .  There 
will also be a drop in efficiency at torque values lower 
than presented in this exercise.  The efficiency va lues 
returned from the model are idealistic as there wil l be 
other losses from climate variations etc.  Also the  
Asynchronous Machine block does not include a 
representation of iron losses and saturation. 
 
The major disadvantage of the increased rotor resis tance is 
the loss of efficiency.  The simulations saw a drop  below 
50%.  This is the price of extending the range of s peed. 
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The D-FIG efficiency was found to be similar or bet ter than 
the squirrel cage.  In this model, however the loss es in 
the converter are obviously not accounted for. 
 
The power factor was shown to be quite high for the  
squirrel cage, though it drops as the torque increa ses.  At 
nominal power the power factor is around 0.7 for th e 
machine simulated.  A capacitor bank could be used to 
correct this as the squirrel cage offers no reactiv e power 
control. 
 
Increasing the rotor resistance was found to increa se the 
power factor.  This is a result of the impedance an gle of 
the machine, from the stator terminals, reducing as  
resistance is added. 
 
The simulation of the D-FIG showed that the reactiv e power 
on the stator could be manipulated by varying the r otor 
voltage around a fixed rotor frequency, or varying the 
rotor frequency around a fixed voltage, though at t he cost 
of efficiency. 
 
Overall the range of operation displayed by the D-F IG far 
outstrips the other constructions. 
 
The D-FIG model presented, though adequate for this  
exercise has many limitations.  In order to develop  a model 
that can demonstrate the reaction to sudden increas es in 
torque or speed, or fault situations a controller m ust be 
developed.  MATLAB is an ideal package in which to develop 
a control system and there are various designs to b e found 
in literature. 
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Conclusions and Discussion 
 
The purpose of this thesis was to evaluate the pote ntial 
for improved wind turbine performance through varia ble-
speed operation, specifically looking at the evolut ion from 
squirrel cage generators to modern Doubly-Fed Induc tion 
Generators.  The value of improved performance and 
increased operating range was shown to be born from  the 
impending mass exploitation of wind energy in the U K and 
the subsequent responsibilities that will be placed  on wind 
generation plant. 
 
The origins and development of modern wind turbines  were 
presented and an overview of wind energy conversion  was 
given.  This set the scene for an in depth analysis  of wind 
turbine induction generators.  It was shown how the  
operating characteristics of induction generators c ould be 
enhanced by manipulation of the rotor properties.  The 
importance of these characteristics was explained i n terms 
of desired wind turbine capabilities. 
 
Software models of induction generators were built and 
simulated to further explore the properties of each  
construction. 
 
The simulations allowed comparisons to be made betw een the 
generator types in terms of their range of operatio n, 
efficiency and power factors.   
 
The Doubly-Fed Induction Generator was shown to dem onstrate 
the desired operating range, to meet the requiremen ts of 
modern wind turbines.  
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Suggestions for Further work 
 
The D-FIG model built in this project had limited 
capabilities.  The model could be extended with the  
addition of a control system that could allow simul ations 
of sudden increases or decreases in torque or speed .  Real 
and reactive power control could also be incorporat ed in 
the control system.  The comparison between generat or types 
could also be extended to cover field operation, 
reliability, maintenance issues and product life sp an.      
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