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PREFACE 

The last months of my study to become industrial engineer I had the opportunity to 
study at the Halmstad University, Sweden. It was one of my great dreams to have a 
study experience abroad. My choice to go to Sweden is based on several factors. First I 
wanted to go to a Scandinavian place because I think they have very good education. 
My second reason was the beautiful nature, I was already in several other places in 
Europe but I had never the chance to enjoy the Scandinavian countryside. When my 
choice for Scandinavia was made, the point was to figure out which country. I wanted 
to go to Finland or Norway but at KHK, my home university, they said that they had 
good contacts with a Swedish university. So, the first thing I did was writing an email 
to the responsible teacher in Halmstad to figure out what I could expect from my 
master study and thesis work. They replied me that I had the choice to do something 
with electric cars or wind turbines. From the moment I read their reply, I was sold. My 
heart goes out to alternative energy sources and I’m a serious fan of electric cars. 
Based on my study ‘industrial engineer – electrotechnics’ in Belgium, I had already a 
good base of knowledge about electric equipment and processes in an electric car. So I 
choose the electric car.  

To study abroad, and I think in Sweden in particular, gives you an advantage on other 
students. I learned a lot about working and living together with other nationalities. This 
is maybe the most valuable lesson I received in Sweden. Here I also want to thank 
Christer Sigurd, the Swedish student who worked together with me on the practical 
work. We build a frequency converter–induction motor combination and did several 
experiments. We both have different backgrounds, he’s more educated in managerial 
work and I knew slightly more about electrotechnics. This gave us both a tremendous 
experience. The process of working in a team of persons with different educations is 
very useful to learn to think outside the box. I want to give a special thank to all the 
persons who made it possible to get this experience and hopefully achieve my degree 
of engineer. In the first place are these my attendants in Sweden and all my teachers 
in Belgium. Jonny Hylander and Göran Sidén guided me during my practical and 
theoretical work at the Halmstad University. The greatest thank I want to carry out is to 
my parents. They made it possible to go to Sweden although this wasn’t financially 
evident. Other places were probably much cheaper to live and study but there I hadn’t 
the same opportunities. Also I want to mention the help of my sister Katrien and 
brothers Fik and Polle because it wasn’t every day honey and pie. When I wasn’t sure 
about my work they listened and assured me that what I did was good.  

I think this thesis is a good condensation of what I achieved in my practical and 
theoretical work here in Halmstad. I can only hope that whoever reads this thesis feels 
the same enjoyment as I had during the writing and all the prelude work. I also want to 
invite the reader who is just like me interested in electric vehicles and renewable 
energy to read my literature project about electric vehicles which I also wrote during 
my four month stay in Halmstad. 

Halmstad, June 2010 

Jan Druyts 
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SUMMARY 

Today we are probably on a point of change for the car industry. The last century was 
the century of vehicles with internal combustion engines. Fossil fuels were relative 
cheap, easy accessible and they have a high specific energy. The pollution and 
dependency on oil caused the last decade an increasing demand for alternatives. 
Alternatives for electric power plants and for car drives. Yet the turnover to hybrids is a 
fact and much research is done for pure electric vehicles. Research about the control of 
electric motors is by that become a hot topic. 

To simulate an electric vehicle drive with an induction motor, a frequency converter is 
needed. This combination of motor and converter led to many possible experiments. 
With a few experiments already done and a broad theoretical background report this 
thesis provides a good bundle of information to start with further experiments. The 
experiments can become even broader when a flywheel is added as mass inertia 
momentum and a DC source on the DC-link. Both elements contribute for a better 
simulation of an electric motor in an electric vehicle. 

What is described in this theoretical report about the combination of an induction motor 
and converter is only the tip of the iceberg. I had too less time to begin experimenting 
with the flying wheel. The DC-link voltage becomes ca. 540V. From the perspective of 
safety I could never work alone with the DC-link. Even with a companion it was too 
dangerous because the equipment of the Halmstad University is not made for such 
dangerous voltages. That’s why this thesis contains more theoretical background and 
less actual practical data.  

SAMENVATTING 

Momenteel bevinden we ons in een tijd van omslag. Na een eeuw waarin de 

brandstofmotor het transportlandschap domineerde, is er nood aan een alternatief. 

Fossiele brandstof zorgt voor schadelijke uitlaatgassen bij verbranding en de 

afhankelijkheid van andere landen voor de bevoorrading van fossiele brandstof blijft 

altijd een risicofactor. De eerste stap in deze verandering is gezet met de ontwikkeling 

van hybride wagens. De toekomst zal waarschijnlijk helemaal elektrisch worden. 

Daarom is het onderzoek naar de controle van elektrische motoren belangrijk. 

In de universiteit van Halmstad zijn er verscheidene inductiemotoren aanwezig in het 

elektriciteitslabo. De doelstelling was dat ik een frequentieomvormer selecteerde, 

bestelde en parametreerde op basis van deze motoren. Daarnaast kreeg ik de vrijheid 

om een elektrische wagen te simuleren. Dit zou ik doen door een vliegwiel voor de 

traagheid en door een batterij na te bootsen om de DC-link te voeden. Al mijn 

informatie moest ik bundelen in deze thesistekst zodat het eventueel een handige 

bundel werd voor toekomstige studenten die willen werken met de convertor. 

Ik had slechts 2 maanden de tijd om dit uit te voeren, metingen te doen en een 

theoretisch verslag te schrijven. Vanwege deze korte tijdspanne was het niet mogelijk 

het vliegwiel te implementeren. Daarnaast was de tussenkringspanning ongeveer 540V 

DC. Dit is zeer gevaarlijk zodat ze liever hadden dat ik de proeven met een 

gesimuleerde batterij liet varen. Dit verklaart enigszins waarom uitgebreide 

meetresultaten ontbreken en deze thesis vooral een bredere theoretische toets heeft. 
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INTRODUCTION 

 “Drive the change” With this new slogan the French car manufacturer Renault opened 
its stance on the IAA Frankfurt Motor Show, 2009 September 15-27. This illustrates the 
idea of many proponents of electric vehicles. They see the electric car as the next step 
in the evolution of automobiles. Philosophically it is but technically it is a step back in 
the history of vehicle technology. The principle of electric driven vehicles is more than 
175 years old. Somewhere in the beginning of the fourth decade of the 19th century a 
Scottish inventor, Robert Anderson, invented the first electric automobile. The Dutch 
professor Sibrandus Stratingh (1785-1841) and his German assistant Christopher 
Becker (1803-1890) build in 1835 an electromagnetic cart. Both inventions, Anderson’s 
vehicle and Stratingh’s cart, are seen as the first electric vehicles. This was the start of 
the development of electric cars. [31] 

Between 1840 and 1843 another Scotsman, Robert Davidson (1804-1894), and an 
American, Thomas Davenport (1802-1851), both finished their own models of electric 
vehicles which were powered by a non rechargeable battery. At that moment the first 
personal electric vehicles became available. They hadn’t many success because their 
efficiency, purchasing cost and operational cost couldn’t compete with the steam 
powered vehicles. The major problem of the electric vehicles was the limited lifetime of 
the non-rechargeable batteries. Until the tenth decade of the nineteenth century the 
electric vehicle technology was continuously improved but it success wasn’t high. 
Mainly in European countries like Great Britain and France the electric vehicle 
technology gained ground in the transportation industry. Also in the United States of 
America more and more electric vehicles were sold and at the beginning of the 20th 
century the American electric car fleet was bigger than any other fleet. This was the 
end of the steam powered vehicles. These vehicles had a very limited range because 
the water needed for the steam had to be refilled often. The personal, steam powered 
car needed a huge amount of water and coals to drive the wheels what made those 
cars very heavy. The major disadvantage of the steam powered cars was the long 
warm up time. This could exceed half an hour on a cold day. The car technology based 
on internal combustion engines had at that moment still too much drawbacks. [1], [27] 

Figure 1.1: Electric cart from Stratingh and Becker 
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Figure 1.2: Electric rail vehicle of Robert Davidson, weighted 5 tons with power less than 0,75 kW 

The first petrol car was invented and built by a German inventor Karl Benz (1844-1929) 
in 1885. The first diesel vehicle was built 37 years later in 1922. It was a pre-chamber 
combusted Diesel agricultural tractor. During the early years of the 20th century electric 
vehicles were the major car technology. They had many advantages over gasoline cars. 
The petrol internal combustion engines had the great drawback that they were noisy 
and caused annoying vibrations. Also they needed a manual start procedure and the 
exhaust gasses made those cars less preferable over the clean, silent, self starting 
electric cars. The internal combustion engines couldn’t reach high rotational speed so 
that a gearbox was needed to reach a speed that was comparable with the then 
available electric cars. Those gearboxes had a huge size and were difficult to handle. 
The electric cars also had a limited range but because there weren’t good roads 
between cities, this wasn’t an important disadvantage. Many people consider 1899 as 
the top year of the electric car. That year Camille Jenatzy (1868-1913), a Belgian 
electric taxi car manufacturer and car racer, built an electric car that reached as first 
car in history a speed of more than 100 km/h. This speed record was the outcome of a 
three and a half month struggle between Janetzy and the French car racer Gaston de 
Chasseloup-Laubat to build to fastest car. Both racers built and improved their own 
electric cars. In turn they beat each others speed records but de Chasseloup gave up 
after Janetzy reached a speed of ,88 km/h with his car ‘La Jamais Contente’ (=The 
Never Satisfied).  

Figure 1.3: Janetzy with his car ‘La Jamais Contente’ after breaking the world speed record 
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This record stood for almost three years where after a steam powered car reached a 
speed of 120,8 km/h on April 13, 1902. After that the internal combustion engine 
began to gain ground in speed cars and dominated speed racing. The construction of 
better, inter city roads and the availability of high energy containing petrol fuel lead to 
the decay of the electric vehicle. Inventions like the electric starter, the installation of 
smoke filters and the improving fuel economy ‘killed’ the electric car. In 1930 almost no 
electric cars were used anymore. From 1960 a new generation of electric cars was 
developed. This was the outcome of the negative effect of the exhaust gasses from 
combustion engines on the natural environment and human health. In October 1973 
the oil crisis accelerated the research for better electric vehicles and alternative fuels.  

 

Figure 1.4: A typical electric car of the 70’s 

The problem was again the range. Almost no electric vehicle could exceed a distance of 
80 km. This is of course more than enough to drive from home to the grocery shop but 
for driving to work and back this limited range became a problem. The range is of 
course measured with full, new batteries and with a limited speed. The batteries had to 
charge more than 9 hours and the maximum speed was limited regarding the safety. 
Several manufacturers of electric cars managed to make deals with governmental 
service companies or big companies. For instance urban postal services could use the 
clean electric vehicles in the city centres because the limited range wasn’t a problem. 
The electric vehicle never gained any success as a private vehicle. This was due to the 
range and rather high price. The overall performances weren’t as good as that of cars 
with an internal combustion engine. Only fundamental environmentalist had an electric 
car. During 1960-1970 the share of electric vehicles on the road reached its peak but 
during the last decades of the 20th century their share gradually decreased there the oil 
was again easy accessible and relative cheap. At the beginning of the 21st century the 
implementation of electric driven vehicles again gained ground with all the different 
types of hybrids. Hybrids vehicles have two or more power sources to drive the vehicle, 
often an electric motor and an internal combustion engine. The concept is almost as old 
as the gasoline motor. In 1900 Ferdinand Porsche (1875-1951) developed the first 
electric-gasoline vehicle in the Lohner Coach Factory where he at that moment was 
employed.  
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Figure 1.5: The first hybrid vehicle developed by Porsche 

The major advantage of combining electric motor and fuel engine is the extended range 
of a hybrid. [4],[5] Petrol derivates have a very high energy density, much higher than 
electric batteries. To have a same range as a normal car, an electric vehicle should be a 
van filled with batteries. To reduce the impact on the greenhouse gas problems on 
health, weather and environment the electric vehicle is now seen as the solution. 
Electric vehicles have many advantages over ICE and hybrid driven vehicles. 
[2],[3],[11] Basically this is due to the better performances of electric 
motors/generators in comparison with internal combustion engines. The first advantage 
is without doubt the higher efficiency of electric motors. There are so many numbers 
and measurements available, but it seems that a traditional car has an overall 
efficiency of circa 15% while the efficiency of a full electric car can reach almost 50%. 
[17] Other literature will give different percentages, highly depending on the 
background and conception of the writer regarding the different technologies. But even 
so, it is without doubt that an electric car’s efficiency is significant higher than that of a 
traditional car. The efficiency of a car is proportional to several factors.  

How lower the efficiency how higher the fuel costs and how higher the emission of 
exhaust gasses. [15],[22],[29] The money involved with the use of petrol derivate fuel 
isn’t only the part of refuelling cost but also the process costs of extracting the petrol, 
transporting it, cracking it in derivates and manipulating it to improve the behaviour in 
ICE’s (octane number, cetane number). Of course electricity isn’t free. But, even when 
it is produced by the burning of petrol in power plants, the efficiency is higher and the 
mass production price is much lower than the price paid at the pump. On the one hand 
there has to be much research and development on the area of energy storage 
systems, better motors and generators, new or at least improved electric infrastructure 
and overall car power electronics. On the other hand the production cost of the several 
parts of an electric car is high. Parts such as the batteries, the power control units, the 
supercapacitors and the high voltage safety measures. This high price is partly due to 
the fact that the parts are not yet mass produced. Thus, in the first faze of the 
introduction of the electric car in the transportation market, it will be more expensive to 
purchase than a traditional car. Governments have to give grants to persuade car 
buyers and car sellers. Because car sellers make much more profit on ICE-driven cars, 
they will not pay the effort and take the risk to make a fast evolution toward full 
electric cars without the help of the government or the preparedness of the customer to 
pay more for the same performances.  
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The second advantage resulting from the better efficiency is the decrease in emission of 
polluting exhaust gasses.[6] This is due to several facts. First, when the electricity is 
produced by the combustion of petrol derivates in fossil fuel electricity powerhouse 
stations, the overall efficiency of the combustion process is distinguishably better than 
the efficiency of the combustion and energy transfer process in a vehicle. This gives for 
the same amount of electric power less pollution. Because the electricity is produced 
centralized, the capture of the high polluting components of the exhaust gas is better. 
This reduces the negative impact on the natural environment. The rain will be less acid. 
Also, in urban and city centre traffic, clouds of exhaust gasses will be avoid. This makes 
the city healthier to live and buildings, statues and art aren’t covered with a black layer 
of soot. Less fuel is proportional to less greenhouse gasses, what reduces the impact of 
driving on the global warming process. All these advantages of centralized generation 
of electric power are even more achieved if the generation process is done by 
alternatives like nuclear power, wind energy, hydropower, solar power and suchlike.  

 

Figure 1.6: Negative impact of acid rain on porous stone like statues 

 

Figure 1.7: The effect of soot on the St-Vitus Cathedral in Prague, one of the most air polluted 

cities in the world.  



 

Another property of electric cars is that they are much more silent than cars with a 
combustion engine. The little amount of noise produced by the electric vehicle is partly 
the sound of the electric motor/generator and partly the noise of the
The noise of the tires overrules the noise of the engine from a speed of approximately 
40 km/h. This is for a conventional car, in an electric car this will be from a much lower 
speed. But because our society is used to noisy cars, the 
minimum noise limit for electric cars to make citizens aware of the presence of a car. 
Thus in the electric cars will a noisemaking device be placed to increase the noise of 
electric cars. In my opinion this is unnecessary.

The acceleration and top speed performances of an electric car are at least equal to 
that of a traditional car. In fact it is possible to make them far more better but safety 
and costs don’t allow such car for the consumer market. Of course if they make the 
performances less than that of a conventional car, there would not be many purchases. 
Following rule applies for all vehicles; conventional, hybrid, electric or any thing else. 
How bigger the expected acceleration and top speed how bigger the engine and/or 
motor has to be dimensioned and how less the efficiency without modifications (lower 
drag, less weight, less space, less possible passengers). One of the disadvantages of an 
ICE is the dependency of the weather. In extreme conditions the engine will no
at least give less power and lead to other devalued performances. Often the engine has 
to warm up before starting is possible and the driving with a cold engine, especially in 
the case of a Diesel engine, gives far more emission of particles and
gasses. The electric motor does not have to be warmed up and it also doesn’t give a 
garage full of unhealthy, smelling air.

Figure 1.8: Graph of the performances of an electric sports car 

Another property of electric cars is that they are much more silent than cars with a 
combustion engine. The little amount of noise produced by the electric vehicle is partly 
the sound of the electric motor/generator and partly the noise of the
The noise of the tires overrules the noise of the engine from a speed of approximately 
40 km/h. This is for a conventional car, in an electric car this will be from a much lower 
speed. But because our society is used to noisy cars, the European Union want to set a 
minimum noise limit for electric cars to make citizens aware of the presence of a car. 
Thus in the electric cars will a noisemaking device be placed to increase the noise of 
electric cars. In my opinion this is unnecessary. 

acceleration and top speed performances of an electric car are at least equal to 
that of a traditional car. In fact it is possible to make them far more better but safety 
and costs don’t allow such car for the consumer market. Of course if they make the 
erformances less than that of a conventional car, there would not be many purchases. 

Following rule applies for all vehicles; conventional, hybrid, electric or any thing else. 
How bigger the expected acceleration and top speed how bigger the engine and/or 
motor has to be dimensioned and how less the efficiency without modifications (lower 
drag, less weight, less space, less possible passengers). One of the disadvantages of an 
ICE is the dependency of the weather. In extreme conditions the engine will no
at least give less power and lead to other devalued performances. Often the engine has 
to warm up before starting is possible and the driving with a cold engine, especially in 
the case of a Diesel engine, gives far more emission of particles and
gasses. The electric motor does not have to be warmed up and it also doesn’t give a 
garage full of unhealthy, smelling air. 

: Graph of the performances of an electric sports car (Tesla Roadster)
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Another property of electric cars is that they are much more silent than cars with a 
combustion engine. The little amount of noise produced by the electric vehicle is partly 
the sound of the electric motor/generator and partly the noise of the tires on the road. 
The noise of the tires overrules the noise of the engine from a speed of approximately 
40 km/h. This is for a conventional car, in an electric car this will be from a much lower 

European Union want to set a 
minimum noise limit for electric cars to make citizens aware of the presence of a car. 
Thus in the electric cars will a noisemaking device be placed to increase the noise of 

acceleration and top speed performances of an electric car are at least equal to 
that of a traditional car. In fact it is possible to make them far more better but safety 
and costs don’t allow such car for the consumer market. Of course if they make the 
erformances less than that of a conventional car, there would not be many purchases. 

Following rule applies for all vehicles; conventional, hybrid, electric or any thing else. 
How bigger the expected acceleration and top speed how bigger the engine and/or the 
motor has to be dimensioned and how less the efficiency without modifications (lower 
drag, less weight, less space, less possible passengers). One of the disadvantages of an 
ICE is the dependency of the weather. In extreme conditions the engine will not start or 
at least give less power and lead to other devalued performances. Often the engine has 
to warm up before starting is possible and the driving with a cold engine, especially in 
the case of a Diesel engine, gives far more emission of particles and harmful exhaust 
gasses. The electric motor does not have to be warmed up and it also doesn’t give a 

 

(Tesla Roadster) 
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While driving, the motor will only spend energy during driving to overcome the friction 
or to accelerate. Of course even when the motor don’t have to deliver torque to the 
wheels (for instance during standstill in traffic jam) there is still needed a small part of 
energy for applications of luxury, safety and performance improving like the car radio, 
electronic safety control and servo steering. The behaviour of the electric devices 
(motor/generator) is better than that of an ICE vehicle. For instance the electric 
induction motor has an ideal torque-speed profile for traction. [12] This ideal profile 
contains a constant power in all speed ranges and because there is no gearbox in the 
electric car the torque will follow a hyperbolic curve. An adapted behaviour of an 
induction motor is given in Figure 9. In this profile there are two parts. The first 
segment from speed zero to the base speed is an area with constant and maximum 
torque. From the base speed or corner speed, the power is kept constant. This is the 
second segment. How lower the base speed how larger the maximum torque. A useful 
term to look at is the speed ratio x. It defines the ratio between the maximum speed 
and the base speed and gives an idea of the speed range of the car. One of the most 
important efforts that lead to a better electric car is the reduction of the power ratio 
while containing the vehicle performances.  

 
 

Figure 1.9: Ideal motor curve and tractive effort and power vs. speed for different values of x 

There is much speculation on the impact of electric vehicles on the electric grid. 
[8],[9],[10],[13],[30] One of the achievements of electric cars could be the flattening 
of the grid load day curve. By recharging the cars during the night the dip will be 
flatten. In general the batteries of the vehicles could help to balance the grid load. The 
main thought is that the whole classic electric grid will have to be changed. In one way 
the use of electricity should be more durable so that the total needed electric power for 
house holding and manufacturing decreases and otherwise there has to be more 
electric power stations to meet the increase in electric power demand for electric 
vehicles. There has to be an equivalent to replace the power of all the individual 
engines. Sustainable energy like solar power, wind power and hydropower is in general 
not controllable. In Sweden they can use the lakes combined with hydro pumps to store 
the surplus of energy from solar power and especially wind power in the summer and 
use the so stored energy in the winter to fill the gab between power demand and total 
installed power in power plants. Also, electricity can become an export product. Looking 
at Belgium the potential to store energy from green sources isn’t easy. In theory the 
combination of a smart grid, a variable energy price and the use of electric vehicle 
batteries can catch the problems of a varying power supply. In that case the whole 
country is comparable with the hybrid principle of HEV. When taking al the variable 
power sources together this will give a dynamic supply power term.  
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The traditional power plants group like a static supply power term so that they can 
work at optimal conditions (highest efficiency, lowest pollution). The electric car 
batteries act as decentralized buffers between these power supply terms and the 
variable power demand. When regulated well, the pricing of energy will make the need 
of this buffer minimal. The use of these batteries as buffer is an ideal solution but will 
also include that the electric vehicles are continue plugged in. In other words, here is 
an interesting possibility to research.  

 

Figure 1.10: The most important factors for a smart grid with EV’s and renewable energy sources 

Every vehicle that is developed today has several electronic compounds to improve 
safety and performances. Features that are almost standard in every new car are for 
instance traction control, electronic stability control, brake assisting controls and anti 
block system. More over features like collision warning and avoiding devices, roll 
stability control, roll over protection systems, blind spot information means and 
adaptive cruise control are nothing new on the vehicle market. Al these electronic 
features fit well in the principle of an electric car. By means of micro processors and 
intercommunication through CAN busses all these devices and controls form together a 
smart control system that optimize the driving performance, safety and luxury of a car. 
The integration in the central control of the electric vehicle is easy done. There the 
behaviour of the electric motor/generator is perfectly modelled and regulated by a 
central control; another advantage of the electric car is the high controllability of the 
driving process. Every quantity of the features has its equivalent electronic equivalent 
signalization. When using a strong processor, al those can be interpreted to improve 
the controllability. 

Of course one of the greatest advantages, certainly in urban traffic, is the possibility to 
regain potential or kinetic energy through regenerative braking. Where the energy 
would be lost under the form of heat in the friction brakes in traditional cars, the main 
part of this energy flows back to the energy storage system. Of course the presence of 
a mechanical brake is also needed to make the deceleration at low speed high enough 
and to have a kind of safety redundancy. It is possible to recover 45% of the energy 
otherwise transferred to heat. This results in an overall efficiency improvement of 5% 
in highway traffic and up to 18% in urban traffic. At last, the absence of a gearbox in 
an electric car reduces the mechanical losses and the time before maintenance is 
needed. This is also an improvement because no gearing handling is needed to drive 
the car, increasing the driving performance and commodity while accelerating or 
decelerating. [14],[18],[19],[21],[28] 
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Figure 1.11:Power balance in the hybrid fuel cell hybrid electric vehicle 

In this days where much attention in politics go out to alternative energy sources and 
solutions for the greenhouse gas problems the key lays in the education. It is important 
that much attention is paid to terrains like hybrid vehicles, smart grid application, the 
use of alternative energy sources to load the battery of an electric vehicle and the 
further development and improvement of electric batteries and motors. This thesis is 
based on research in all these directions. The principle of the research that is done for 
this thesis lies at the level of the control of an electric motor itself. This is a good point 
to start with if one wants to know more about the technology behind the politics. The 
practical work that is done was the control of an induction motor in the electric 
laboratory of the Halmstad University. To simulate an electric vehicle the motor was 
controlled by a frequency converter with DC-link. This DC-link is important to drive the 
motor with a DC-voltage source. This simulates a battery pack.  

This thesis begins with an introduction about the two converting processes between 
alternating current voltage and direct current voltage. The easiest to convert AC to DC 
is rectifying with diodes. The other way from DC to AC can be done in many matters 
but in this thesis the approach of voltage source inverting is explained. The third part of 
this chapter is the whole of rectifier and inverter, the frequency converter. Here the 
principles of the used Danfoss converter are described. The second chapter continues 
with this converter. It gives the general specifications of the Danfoss converter. Next 
the parameterisation of the converter is exemplified. The fourth chapter explains the 
DC-link. Because the DC-link is very important in an electric vehicle and we wanted to 
simulate this in the laboratory, several options to simulate a high DC voltage source are 
given in this chapter. The fifth chapter gives a simplified theoretical approach of an 
induction motor. Because driving an electric motor in idle isn’t very instructive, the next 
chapter tells more about load processes and mechanics. 
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1 FREQUENCY CONVERTERS 

1.1 Introduction 

Because the main part of my master thesis handles about a frequency converter, it’s 
necessary to explain some of the main parts of the frequency converter. The main two 
parts of a frequency converter are the rectifier and the inverter. The first will convert 
the alternating current voltage into a direct current voltage; the second will convert this 
direct current voltage into an alternating current voltage with variable magnitude and 
frequency. So together they form an AC to AC converter tool which can be placed 
between the normal electric grid and a load with a special demand for voltage and 
frequency characteristics.  

1.2 Rectifiers 

The most common used components to rectify alternating current voltage to direct 
current voltage are ordinary semiconducting diodes. This is done for several reasons. 
First these diodes are basically just what is needed because they conduct the current in 
one direction and block it in the other direction. The alternating current voltage 
becomes positively or negatively rectified. Actually, it is the current which is rectified. 
To make the voltage also rectified capacitors are needed in addition. A second reason 
for the use of diodes as the basic components of the rectifier is the low price compared 
with other semiconducting technologies. The diode is also far more robust than other 
(steered) semiconductors. A third reason which makes the choice for diodes logic is the 
absent of control electronics to bring the diode in or out conduction. The commutation 
process happens naturally so the control is not needed. Because of the use of diodes, 
several suppositions can be made:  

• Diodes act like switches without leakage current or voltage drop 
• The switching occurs without time delay 
• Assume a perfect three phase sinusoidal input voltage 
• Assume a constant output current 

When using diodes there are still many possibilities to configure the position and 
quantity of the diodes to rectify the alternating current.   

1.2.1 One phase rectifier 

1.2.1.1 Current course 

The diode in Figure 1.1 is comparable with a switch which is closed at � � � (Figure 
1.2). The formula for the current is then: 

� � ��� �	
��� � ���� � 	
���� � �� 
With: 

� � ���� � �� � ��� 
� � ����  � �� ��!���� 

The current ���� has a course like drawn in Figure 1.3 (a). This figure gives two 
important characteristics of the diode in the circuit. Like a closing switch the current will 
show a transition phenomenon. When the voltage becomes positive the current will be 
also zero because of the inductance in the circuit.  
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Figure 1.1: One phase half wave rectifier 

 
(a) 

 
(b) 

Figure 1.2: (a) Switch as equivalent of the diode; (b) Current course switch 

The inductance will oppose the cause of the changing magnetic field, namely the 
increasing current, by inducing a voltage with opposite potential compared with the 
source voltage. This reduces the current which can flow in the circuit. So the current 
will not follow a course proportional with the voltage but will instead lag. Unlike an 
ordinary switch, the diode cannot conduct the current in the negative direction. When 
the current becomes zero, natural commutation occurs and the current becomes zero. 
The whole voltage is fixed over the diode. The current is rectified and by that, the 
voltage over the resistance also. The time that the diode conducts depends on the ratio 
between the inductive and resistive impedance. With a combination of inductance and 
resistor this time lays between fifty and hundred percent of the period of the input 
voltage source. After this period the same cycle happens again. 
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1.2.1.2 Voltage course 

The assumption is made that there is no voltage drop over the diode when it conducts. 
By this the following formula is always valid: � � �"# � �$# 
With: �$# � � � �� 
In Figure 1.3 (a) the current course is given for one period. �% � &' (� The maximal 
current �)*+ is reached at time �). From equation klk we can see that the voltage over 
the resistor �$# has the same shape. Because the load (inductance and resistor) 

receives the whole sine voltage, for every moment between � and ��next formula is 
applicable: �"# � � � �$# 
From � to �) the current increases and the voltage over the inductance is positive. From  �) to �� the current decreases to zero and the inductance induces a negative voltage. A 
pure inductance consumes no net energy during a whole period. This is valid here.  

 

Figure 1.3: Current and voltage course one phase rectifier over one period  
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From � to �) the inductance is loaded with energy: 

, � -&�� � �)*+�  

Both voltage over and current through the inductor have same sign. Between time �) 
and �� this stored energy is released back to the resistor in the circuit. The current is 
positive and the voltage over the inductance turns negative. The energy flow is again:  

, � -&�� � �)*+�  

At time �� all the energy in the inductance flowed back into the circuit. The third graph 
in Figure 1.3 gives the voltage over the inductance. When next two integrals are added, 
the sum is zero. ./0 � 1 �"#�23 4�55555555555./� � 1 �"#�6�2 4�   
This has to be because / is the magnetic flux of the inductance due to the changing 
current and the net flux after one period has to be zero. This is an important 
characteristic of an ideal inductance and is called the equal area criterion. The average 
voltage is by that also zero. The average output voltage, which is upon using the equal 
area criterion equal to the average voltage over the resistor, can be derived as a 
function of the conduction angle. 

7*8 � -&(9 �4�� � -&(9 �� � 	
��� 4�� � ��&( �- � :;	 <�=
3

=
3  

The expression 7*8 is used because it is the average value (suffix �) and it is the 
idealized situation where the rectifier is considered to have no losses (suffix �). The 
average output current becomes then: 

>? � 7?8��  
To know the value of the conduction angle < next formula can be applied: 

� � ��� @	
����� � � � 	
� � ���6� A 
This can only be solved by iteration. This is done in Figure 1.4. 

 

Figure 1.4: Curve of β for different values of Φ  
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1.2.2 Three phase half-wave rectification 

The principle of the three phase half-wave rectification is capturing the positive or 
negative peaks of the three phase voltages by means of three diodes. The phase 
voltage is the potential between the neutral point and one of the phase wires. The 
rectifying circuit is build like showed in Figure 1.5. The two graphs give the three phase 
voltages and the output voltage. Both graphs start with positive alternation of phase 
voltage �0. From time �0 the voltage �0 is the highest what gives that diode B0will 
conduct. When B0conducts, the potential at the cathodes of both the other diodes B� 
and BC will reach the same potential as �0. So they block. At time �� the voltage �� 
becomes higher and from that moment on diode B� will start conducting so that the 
cathode of B0reaches the same potential as �� and blocks. The same process happens 
with voltage �C and diode BC. When the rectifying circuit is connected (here through a 
transformer) with the electric grid, the phase order of the grid will determine when 
which diode conducts or blocks.  

 

Figure 1.5: Circuit and wave pattern of a three phase half wave rectifier 

An important process is the transition between the conducting states of the different 
diodes. This is called commutation. Because the rectifying circuits consist of simple 
diodes, the commutation will happen natural. Because there is always some kind of 
inductance in the circuit, the commutation process will never happen immediately. In 
the used example the leak inductance of the transformer prevents the sudden change 
in current through the diode, from conducting state to blocking state or vice versa. In 
Figure 1.5 at time �� the current through B0will still flow when B�starts conducting. At 
that moment phases �0and ��will be short circuited. The short circuit voltage at the 
cathodes of both diodes is given by following formula: 

�D � �0 � ��&  

After �� voltage �0 becomes less and voltage �� more positive so that �EF decreases and �E6 increases. The time to completely conduct or block is determined by the inductances 

and the difference between �G and �� respectively �0. A graph of this process is given 
below in Figure 1.6.  
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Figure 1.6: Actual waveforms in rectifier due to commutation between diodes 

The next important factor that can be derived is the average direct current component 
of the rectified voltage 7*8. This can be done by use of Figure 1.7. In this graph, the 
origin is chosen so that phase voltage �0 reaches its maximum at time zero.  

By that following formula is applicable to describe the course of the phase voltage: �0 � ��' :;	�� 
Now the average direct current voltage component can easily been derived: 

7*8 � H I -&(9 �� � :;	����4��JK CL
�K CL M � H&( �� � 	
��� N�K CLJK CL � H��( 	
� (H5 � HOH&( �� 

 

Figure 1.7: Ripple on the output rectified voltage 
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Because the input voltage is a sine wave next expression for the average value is valid: 

�� � O&7P Q 7*8 � HOR&( 7P S -T-U7P 
The output current has the same shape as the voltage so that the same expression is 
valid as in the one phase rectifier case:  

>? � 7?8��  
1.2.3 Three phase bridge rectification 

The three phase bridge rectifier uses six instead of three diodes like the three phase 
half-wave rectifier. In theory it is possible to connect the diode circuit directly on the 
grid but often a transformer is used between grid and diode bridge. This allows a 
transformation to another voltage and it gives a galvanic separation. The mounting of 
the diodes is illustrated in Figure 1.8.  

 

Figure 1.8: Three phase bridge rectifier separated from the grid by a transformer 

The next important difference between the half-wave and bridge rectifier is the use of 
line voltage respectively phase voltage. In Figure 1.8 the letters �0, �� and �C give an 
indication of the three line wires. Between those wires three alternating current 
voltages are present with a phase shift of 120°. These are the line voltages. The 
indicating voltages �0�, ��C and �C0 refer to the potential between the line wire indicated 
by the first suffix number and the line wire indicated by the second suffix number. For 
instance: if �0� is positive that means that the phase voltage �0 is higher than the phase 

voltage �� and by that the potential of line wire �- is higher than the potential of line 

wire �&. Looking at the diode circuit of Figure 1.8 it is easily to see that at every 

moment the highest line voltage (positive or negative) stands over the load. Hereby we 
can define line voltages ��0, �C� and �0C by negating line voltages �0�, ��C and �C0. This 
line voltages answer also to the earlier given potential definition. In Figure 1.9 the 

sequence of the line voltages over the load is given. When �-& is the highest voltage, 

that means from the moment that �& is maximal and negative until the moment that �- 
is maximal and positive, the potential over the load is equal to �-&' To close the circuit 

diodes B-5and BR must conduct and the other diodes block. The following phase voltage 

is �-H' From the moment that �- is maximal and positive until the moment that �H is 
maximal and negative �-H is the potential over the load and diodes B-5and B& conduct. 
The following voltages over the load are found analogous. The diodes are numbered to 
make the sequence 1-2, 2-3, 3-4, 4-5, 5-6 and 6-1 where after the sequence restarts. 
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Figure 1.9: Output voltage waveform and conducting diodes sequence 

There are 6 diodes and the current has to be passed when they change from 
conducting state to blocking state or vice versa. Thus here acts the commutation 
principle. In points 1 to 6 there is commutation. In this circuit the commutation acts 
naturally. There conducts always one diode from the upper bridge half and one diode 
from the lower bridge half. If the voltage loss over diodes and during commutation is 
neglected, the output voltage is formed by the peak values of the line voltages. The 
output current follows the same course because the resistive load and Ohms law. This 
course isn’t flat. It has a ripple. The frequency and magnitude of this ripple are 
important characteristics to differentiate different rectifiers. The pulse number is 
defined as: 

V � W��X��! Y5��VVZ�W��X��! Y5[\�� � 
The before described three phase half-wave rectifier has a pulse number of three and 
the three phase bridge rectifier has one of six. This factor determines the needed 
output filter. Another important value to consider is the average rectified voltage and 
current. Based on Figure 1.9 the following formulas are founded: 

7*8 � R ] -&(9 �� � :;	����4��JK ^_
�K ^_ ` � H��(  

With: 

7�8ab � ��O& 

This becomes: 

7*8 � HO&7�8ab(  

>* � 7*8��  

And: 

>�8ab � c&H >* 
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1.3 Three phase inverters 

1.3.1 Introduction 

In the previous chapter is explained how to go from three phase alternating current 
voltage to a direct current voltage by means of a rectifying circuit. The three phase 
bridge converter with six diodes seemed a good starting point to convert AC to DC. In 
this chapter the opposite process is described. When a DC source (voltage or current) is 
available an inverter can be used to convert the energy to an AC source. When the 
source is a direct current source a current source inverter is needed, when it is a DC 
voltage source a constant or variable voltage source inverter can be used. The direct 
current source has not so many applications so it will not be described. 

1.3.2 Principle 

To invert the direct current voltage to alternating current voltage the opposite process 
of the rectifying process should be done. The problem is here that the natural 
commutations processes are not available and by that the use of passive 
semiconductors like diodes can not be used. To explain the process idealised switches 
are used. That means no switching losses, unlimited switching frequency, no switching 
delay and so on. In a real circuit several options are available, dependent on the 
needed frequency, power or other important characteristics of the load. There are 
several methods to steer the inverter bridge but here the description is narrowed to the 
180°-invertor principle. In the 180°-inverter there are at every moment three switches 
closed and three open. The principle is showed in Figure 1.10.  

 

Figure 1.10: 180° inverter, circuit and voltage waveforms 

Of course the three closed switches are never in the same bridge half. The following 
graphs, formulas and comments are in the assumption of a symmetric three phase load 
like an induction motor. To come to the graphs of Figure 1.11 several steps are made.  
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Line wire one, indicated by �0 may never be connected with both positive and negative 
potential at once because this gives obviously a short circuit. The name 180°-inverter 
indicates that the switches are in one period closed for 180° and logically open for the 
remaining 180°. With this in mind the graph of �"F can be found. It gives the potential 

from line �0 in reference to the negative pole of the direct current voltage source. The 
principle is to get a symmetric process with no short circuits or points where the three 
switches of the same bridge half are together closed. Here for the switching process of 
the other lines is similar but the course of voltage �"6 is 120° shifted and the course of 

voltage �"d is shifted 240° according to �"F. With this in mind three line voltages can be 

defined. Line voltage �"F"6 is the potential between line wire �0 and line wire �� or 

maybe more easy to see the difference between �"F and �"6. Line voltages  �"6"d and  �"d"F are defined analogue as the difference between �"6 and �"d respectively the 

difference between �"d and �"F. Like showed in the lowest graphs of Figure klklk the line 

voltages are block shaped. The numbering of the switches is standard and analogue as 
the numbering of the diodes in a rectifier. By this at every moment three consecutive 
switches are in conducting state.  

 

Figure 1.11: Voltages for a star configured motor on a 180° inverter 

1.3.3 Voltage wave shape 

A symmetric load on the three phase output of the inverter can be a star load or a delta 
load. For the delta load the phase voltages of load are identical to the line voltages of 
the inverter. But when the load is a star load the shape of the line voltages are no 
longer block shaped. It is easily to see that the line voltages than get a stepped course. 
This voltage is a better approach of an actual sinus. Further based on Figure 1.10 next 
Figure 1.11 can be made to determine the phase voltages graphically. When for 
instance situation � e � e % R_  is simplified like showed in Figure 1.12 The different 
potentials in this situation are easy to find with the Kirchhoff’s law. The load, here an 
induction motor is taken,  is symmetric so that  

�GF � -H7� 5T �G6 � �&H7� 55f�g5555�Gd � -H7�  

The different voltage levels that are possible in the coils are 

h7�H 5;i5 h &7�H  
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There the motor coils are inductive loads, the form of the current will be exponential 
when the voltage has a stepped shape. Because the connection of the two switches in 
the same phase would give a short circuit and the switches (even when they are 
electronic) are not ideal, a dead time �E between the opening of the one and the closing 
of the other is needed. 

1.3.4 Harmonics 

Because the voltage has a blocked or stepped course, the harmonic content of the 
signals is high. Based on the theorem of Fourier these signals can be found. The 
blocked course is symmetric in time (symmetry according to ordinate) and symmetric 
per half period. By that the Fourier analysis includes only cosine, odd terms. The 
further deduct the formula next steps are taken: 

5�"F"6 � jk�lJ0 � :;	m�&n � -� � opqr
ls3  

With: 

t�uJ0 � ta � &(9 W��� � :;	�!���4��K
3  

W��� � 7� 5v��w��!5�5�!45 ( HL  W��� � �5v��w��!5 (5 HL �!45 &( HL  W��� � �7� 5v��w��!5 &( HL 5�!45( 

So that: 

ta � &7�( 9 :;	�!���4��K C_
3 � &7�( 9 :;	�!���4�� � &7�(! @	
� x!(H y � 	
� �&!(H �A�K

�K C_  

The part between parentheses becomes zero for terms that are a multiple of two or 
three so that only terms with ! � Rz h - and the ground harmonic remains. For these 

terms the part between parentheses becomes hOH. This gives the end formula:  

�"F"6 � &OH{|} �:;	op � :;	 ~op~ � :;	 UopU � :;	 --op-- � �� �� 
For the stepped course an analogue approach can be made. There are also only odd 
cosine terms for the same reason. The amplitude of the different terms is as follows: 

Figure 1.12: Different potentials in an inverter when thyristors 1,3  and are closed 
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t�uJ0 � ta � &(9 W��� � :;	�!��� � 4��K
3  

W��� � &7�H 5v��w��!5�5�!45 ( RL  

W��� � 7�H 5v��w��!5 ( RL �!45 ( &L  

W��� � �7�H 5v��w��!5 ( &L �!45 ~( RL  

W��� � �&7�H 5v��w��!5 ~( RL 5�!45( 

So that: 

ta � &7�H(! @	
� x!(R y � 	
� �~!(R � � & 	
� x!(& yA 
The part between parentheses becomes zero for terms that are a multiple of two or 
three so that only terms with ! � Rz h - and the ground harmonic remains. For these 
terms the part between parentheses becomes hH. This gives the end formula:  

�GF � &{|} �:;	op � :;	 ~op~ � :;	 UopU � :;	 --op-- � �� �� �� �� 
1.3.5 Pulse width modulation 

1.3.5.1 Principle 

From previous chapter is clear that the 180° steering of the inverter bridge causes too 
many harmonics. The control of the speed of an induction motor by varying the 
frequency of a 180° steering is thus not the ideal solution. Another possibility is the 
variation of the pulse width to get a better approach of the sine wave. This technique is 
called pulse width modulation. The operation of the pulse width modulation inverter, 
often shortened to PWM, can be explained with use of Figure 1.13. In this example a 
triangle wave with frequency WE is compared with a symmetric three phase sine wave 
system. The intersections of the triangular wave, also called carrier, with the sine 
waves determines the steering of the three phase inverter bridge. In the figure the 
intersections A, C, E, G and I indicate when switch 1 has to close while switch 4 is 
open. The intersections B, D, F and H indicate when switch 1 has to open while switch 4 
has to close after a dead time �E. The same procedure is applied to the other sine 
waves and switches. The voltages �+ and �� give the line voltages at �0 and ��. The 

width of the pulses in these voltage signals follows a sine course. This is sinusoidal 
PWM. The signals � and � are called the modulators because their frequency W0 
modulates the frequency of the phase voltages. The ratio between the frequency of the 
triangular wave and the modulator sine is called the pulse number: 

� � WEW0 
The ratio between the amplitude of the sine modulator ��� and the amplitude of the 
triangular wave 7E is the modulation depth: 

� � ���7E  

The output line voltage  7"F"6 can be formulated in relation to the modulation depth as 

follows: 

57"F"6 � �OH7�&O&  
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Figure 1.13:  Example of how to determine width and start of the trigger pulses in PWM 

As long as � e � � - the effective value of the output voltage increases linear with the 
modulation depth with a maximum of OH&O&7� 5�S �TR-&7�� 
When the modulation depth exceeds 1 the signal is over modulated and will converge 
to a block wave with effective value OR( 7� 5�S �TU�7�� 
This course is illustrated in Figure 1.14. 
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Figure 1.14: Modulation amplitude in function of modulation depth  

1.3.5.2 Harmonics in PWM-wave 

From Figure 1.13 (d), which gives the line voltage �"F"6, it is clear that the output signal 

isn’t a smooth sine wave and it will thus contain also harmonics. In the example used in 
previous chapter and Figure 1.13 the maximum of the triangular wave is synchronised 
with the maxima from the three sine modulators. This is called synchronous 
modulation. Because of this the intersections of modulator and carrier are more easily 
found. This is done in Figure 1.15. With �=60% and �=9 the next intersections can be 
found: 

 

Figure 1.15: Intersections modulator and modulated wave 

According to [23] the harmonic content as a Fourier analysis becomes: 

w��� � j tu � :;	 z��usr
us0  

B1 = 0,5196 Ut B13 = 0,005 Ut B25 = - 0,176 Ut 

B3 = 0 B15 = 0 B27 = 0 

B5 = 0,002 Ut B17 = 0,320 Ut B29 = 0,179 Ut 

B7 = 0,113 Ut B19 = 0,320 Ut B31 = 0,069 Ut 

B9 = 0 B21 = 0 B33 = 0 

B11 = 0,113 Ut B23 = 0,037 Ut … 
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1.4 Frequency converter 

1.4.1 Principle 

Looking at the previous two chapters about rectifiers which transpose AC voltage in DC 
voltage and inverters which transpose DC voltage in AC voltage, we can try to combine 
both these principle to achieve an AC to AC converter where both frequency and 
voltage of the AC source can be converted to another value at the same time.  

1.4.2 Selecting a suitable frequency converter 

Before selecting a frequency converter for an (existing) electric motor, it’s important to 
know the purpose and characteristics of the different components involved in the 
process. Following paragraph gives a list of the parameters that I looked at to make my 
choice about the needed frequency converter.[26] 

1. The motor 

a. Requirements of installation 

Nameplate: 

AC ~3F 50/60Hz   IEC34 IP55 

MT90S24-4   temp.cl. F (new name AA092001ASA) 

Pm: 1,1/1,3 kW  RPM: 1410/1700 

U: 380-420/440-480 V Y  I: 2,9/2,8 A 
U: 220-240/250-280 V ∆  I: 5/4,8 A 

No. MK110020-S   cosφ: 0,73/0,79 

 

So, knowing that the startup current can be up to 9 times the nominal 

current, we take 10 times the nominal current as maximum current that the 

converter must able to deliver (50A). The nominal power is 1,5kW 

(1,1kW/efficiency of 0,75). The nominal voltage is at least 220V with three 

phases. With a higher voltage the motor can keep the same U/f until a higher 

frequency and voltage. The limitation is the heating of the wires and the 

resistance against high voltage of the insulation. Because the ventilator is 

coupled with the motor, the heating isn’t a problem for a small overvoltage. 

The maximal frequency that can be applied to the motor depends on the 

mechanical characteristics of the motor, for instance the bearings of the 

motor. Because of harmonics, the maximal power is reduced (10-20%) We 

take 10% because the non-continue cycle of the motor. This gives an active 

power of 1,7 - 1,875 kW. For the simulation of an electric vehicle drive with 

battery pack, a VSI converter with variable DC-voltage is needed or a 

common VSI and a converter on the batteries to maintain a constant voltage. 

b. Speed regulation range, cooling 

The range of the speed depends on the mechanical characteristics of the 

motor and the load power. It’s interesting to get the speed over 2*n0 because 

then the three different regions can be seen (constant torque, constant power 

and parabolic decreasing power region). Here for the frequency has to be 

higher than 150Hz (Often the limitations are 400 Hz based on mechanics) 

c. Power consumption of control and motor 

If possible the frequency converter can improve the power factor of the motor 

for instance with voltage vector control. The efficiency of most frequency 

converters is higher than 95% so the additional power load isn’t significant. 

d. Working quadrants 

It’s useful to look for a 4 quadrant converter. This way DC-braking, AC-

braking with resistor and/or maybe AC-braking with recovery can be done. 

Regenerative braking is also used in an electric vehicle so if an inert load is 

used this can be implemented in an experiment. The possibility of 

regenerative braking is not a major point to make the choice, more an 

interesting bonus. 



 31 

e. Torque course, run-up torque, acceleration torque 

 
Figure 1.16: Torque course of the ABB motor. 

The starting torque is 2,5*nominal torque, the breakdown torque is 

3*nominal torque. The acceleration torque depends on the load. Most of the 

loads have a linear or square course. Another possibility is the unloaded 

acceleration where the actual load is put in when the motor is at its highest 

speed, this limits the start current. 

f. Slip compensation 

Slip compensation is useful to have an automatic control of a constant speed. 

Here the frequency change can be measured. This is an interesting 

experiment although we have to be cautious for the different automatic settle 

processes present in the converter control. 

g. Needed run-up and run-off characteristics 

It’s of course very interesting to have a large scale of preprogrammed run-up 

and run-off cycles and/or the possibility to program such cycles.  

• constant current 

• constant U/f 

• parabolic U/f 

• low speed resistance compensation (IR-compensation) 

• torque strengthening 

• programmable course 

h. Needed brake times 

If possible, the application of AC and DC braking is interesting and can help to 

do more measurements. Of course we have to adjust the brake times to limit 

the heat dissipation and overvoltage in the interstage. When such overvoltage 

is reached, the converter should be decoupled so the motor runs off free. 

i. Mass moment of inertia 

De mass moment of inertia depends on the load. If we want to simulate an 

electric vehicle, the mass moment of inertia is rather high what includes slow 

acceleration and deceleration and high transition currents. Also the first law of 

thermodynamics is valid: the kinetic energy of the load and motor has to be 

equal to the energy on the capacitor of the interstage: 

 �u � ���)& � , � �7�&  
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j. Operation duration 

There are several modes of driving the motor which leads to an adjustment of 

the permitted maximum current and power. This has everything to do with 

the acceleration and deceleration stages in the operation and the equivalent 

heat dissipation. For every operation cycle next formula gives the permitted 

load: 

 

�P � �)�HR�� � ���� x>�>�yHR�� � ���  

 �P: the permitted power load �): the rated output power of the motor �: #starts, brakes or reversals ��: start or brake time >� >�_ : start current/braking current �: constant term; 1: starting, 3: braking, 4: reversals 

 

 

 

 
 

              Figure 1.17: A few of the possible operation cycles (S1-S4) 
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k. Safety 

Short-circuit, overload and earth fault safety measures should be present in 

the converter. There has to be also an electronic safety switch for the DC-

voltage interstage. A converter with internal voltage circuit is needed when 

we want to work with batteries connected to the interstage. I think the safety 

measures for the laboratory are already high but high safety standards for 

the converter are still needed and very useful for protection of machine and 

persons. 

2. Environment 

a. Installation altitude, influence of ambient temperature 

The motor (and by that the converter) is installed at an altitude of 1,5m 

above ground ~ sea level. The ambient temperature is 15-25°C. Like listed at 

the nameplate, the motor has insulation class F. 

 

                 Figure 1.18: Different temperature classes 

b. Need of air cooling, cooling possibilities 

There is ventilation of the room and by that of the air around the motor. There 

is a ventilator mounted at the axle of the motor. Maybe it is needed to reduce 

maximal allowed current (and torque) of motor at low frequencies. An 

independent ventilator isn’t an option. The cooling of the converter may not be 

a problem in the laboratory. If we chose an IP protection level that isn’t very 

high than the cooling will be no problem. Eventually an additional ventilator 

can be mounted. The converter has a low degree of utility.  High IP protection 

level is not needed because users are well educated and there is no presence 

of water. Although the interstage has a very high and thus dangerous voltage. 

c. Requirements for water, pollution, dust, gasses 

There is no need for special requirements. There is no water source nearby, 

the working area is a normal university electric laboratory (no pollution or 

gasses) and the room is frequently cleaned. (No significant dust level) 

d. Noise 

We are working in an electric laboratory so there is no special need for 

reduction of the noise level. 

3. Supply mains 

a. Mains voltage 

127/220V or 220/380V 

b. Mains capacity 

13 kW 

c. Mains frequency variation 

Connected with grid 

d. Mains losses 

Connected to grid and emergency stop so frequent losses 
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4. Maintenance, users 

a. Education degree 

The users of the motor-converter combination are students and teachers. They 

are well educated on the field of electric machines. There is always supervision 

by a teacher or other students. 

b. Maintenance need 

The motors aren’t frequently used so maintenance degree is very low. If 

maintenance is needed, this will be done by a well educated teacher or 

technical personnel. 

c. Spare parts 

There is no need for spare parts.  

5. Economic 

a. Purchasing cost 

Has to be less than 10000 SEK. 

b. Needed space, kind of construction 

The needed space is limited to approximately (80*80*80) which is more than 

enough. It has to be moveable (chariot or portable) eventually construction on 

a wooden plate with additional devices has to be possible. 

c. Installation cost 

Installation will be done by teachers and students so there will be no 

significant additional cost. 

d. Use of system 

The system is needed for teaching. It will be frequently used by students with 

a low level of knowledge of the system. The characteristics have to be easy 

adjustable, manual or PC-interface and user friendly. 

e. Efficiency whole system 

The whole system has to be as efficient as possible but this is not a major 

point of consideration. 

f. Need of reactive power 

The motor has a cosφ of 0,73 

6. Safety measures (All those measures can be included in the converter but can 

also be placed outside, additional by technicians or teachers of university) 

a. Galvanic separation 

Preferable 

b. Electronic temperature guard (PTC-resistor) 

Preferable 

c. Limitation for over- and undervoltage, voltage increase degree 

Preferable 

7. Normalization 

a. IEC, CE (international) 

b. SIS (national) 

1.4.3 Danfoss VLT-BE 

The frequency converter that I selected and ordered for the control of a standard 
1,1kW induction motor in the electric laboratory of the Halmstad University is from the 
manufacturer Danfoss. Out of a whole list of frequency converters this one seemed the 
best for future experiments in a practical course about control of electric motors and 
the simulation of an electric vehicle. The frequency converter, Danfoss automation 
drive VLT-BE FC302, is a standard but modern frequency converter with a lot of 
opportunities to explore. The converter is developed to control induction motors in an 
automated environment. This includes that many of the possibilities of the converter 
cannot be discovered without additional automation tools to deliver feedback to the 
converter. In this chapter the connection is made with the theory about frequency 
converters.  
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A first note that can be made is the Danfoss VVC principle to get a better approach of 
output alternating current sine voltage waves. It can be seen as the combination of 
pulse width modulation and 180°-steering. The term VVC stands for voltage vector 
control. In this control method each switch of the inverter bridge is kept closed for 
approximately 60° while the width of the pulses of the other two switches which work 
at the same time are modulated according a sine wave. In Figure 1.19 the potential at 
point X according to the negative pole is given in time. In the second part the phase 
voltages �+, �� and �� are given together with the line voltages �"F"6, �"6"d and �"d"F. By 

using this control approach the full amplitude of the grid input voltage is available at 
the output of the frequency converter while the course of the average output voltage 
follows a sine function. Because the switch for 60° per 180° doesn’t work, the switching 
losses are decreased.  

 

Figure 1.19: Ground waves of PWM-converter with Danfoss VVC-principle 

Like shown the converter uses a three phase bridge rectifier to convert the input three 
phase alternating current voltage (3*400V) to a direct current voltage of 565V. After 
the diode bridge the DC-voltage link is made where after a low pass filter (an 
inductance in series and a capacitor in parallel) further flatten the rectified voltage. 
Then the IGBT bridge inverter converts this direct current voltage to alternating current 
voltage with the wanted amplitude and frequency. Different control principles for the 
inverter are possible but the default value is VVC, the earlier discussed special Danfoss 
control method.  



 

2 GENERAL SPECIFICATION

This part is literally copied from the VLT 
Instructions. [7] It gives a very short and accurate view at the most important 
specifications of the converter.

ENERAL SPECIFICATIONS 

This part is literally copied from the VLT Automation Drive FC 300 Operating 
It gives a very short and accurate view at the most important 

specifications of the converter. The used converter is FC 302: 380-500V
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FC 300 Operating 
It gives a very short and accurate view at the most important 

500V 
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3 DESCRIPTION OF PARAMETERISATION PROCESS 

In this chapter a description is given how to set op the parameters for use the motor 
with a standard induction motor. Lot of this is based on the operating instructions 
manual that is available for the Danfoss VLT AutomationDrive FC 300. This guide gives 
an explanation of how to set up the converter for any induction motor. The slide 
adaptations that are made in this parameterisation description are because at the 
Halmstad University the converter is used for a specific motor and this made it possible 
to narrow and/or specify the original manual where the information to vague and 
include extra notes based on the problems that occurred during the installation of the 
converter to the motor at the university. The first part of the description handles about 
the hardware configuration, first the fixed hardware and second the set up of the motor 
and control items. Where needed pictures are included to explain the process. The 
second part of this description gives a look on the different parameters in the 
converter; what they mean, how to adapt them and what the possibilities are. This 
description doesn’t include actual experiments, just how the configurations are made 
before beginning the experiments. It should be an additional help when doing 
experiments later. 

3.1 Hardware 

3.1.1 Fixed hardware 

The converter is mounted on a wooden plate with several hardware elements. This 
ensures an easier and safer handling of the converter-motor combination. From mains 
coupling to motor coupling there are following elements: 

 

Figure 3.1: Wooden plate with fixed components 
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3.1.1.1 Mains coupling 

The mains coupling is a three phase plug: 16A 5 pin 230/400V phase inverter plug. This 
means 3 phase pins, 1 neutral pin (6h) and 1 earth pin. It has an IP 44 safety degree. 
On the plug a cable 5G2,5 is connected.  

 

Figure 3.2: Mains plug and USB-cable 

3.1.1.2 Main switch 

The main switch ensures a secure switch between the mains and the downstream 
components. It is a switch covered in a Telemecanique box with IP55 safety degree. It 
is a three pole switch. The earth is linked through to the other end and the neutral isn’t 
connected. Inside the cover the neutral connection is terminated safely. From the 
switch a cable 4G1,5 leads to the next components, the automatic fuses. 

 

Figure 3.3: Main switch 

3.1.1.3 Automatic fuse 

The automatic fuses are two double pole automatic fuses G10A 220/380V AC. One of 
the three phase wires is connected through both automatic switches. This gives not the 
same result as a three pole automatic fuse but it guarantees a higher safety than the 
one pole automatic fuses. The earth is of course linked directly to the converter. From 
the automatic fuses a cable 3G1,5 leads to the mains connection of the frequency 
converter.  

 

Figure 3.4: Automatic fuses  
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3.1.1.4 Frequency converter 

The frequency has several power connections and control connections. The power 
inputs consist of the 3G1,5 cable which is connected to a plug: ‘L1L2L3’. The power out 
has different functions. Of course there is the three phase output plug for the induction 
motor: ‘UVW’. Besides that there is a connection for the brake resistor and for the DC-
link/interstage: plug ‘-DC+DC-R+R’. There is the possibility to connect two relays which 
can switch 220V but they are not connected in our set-up. There are 18 thin, red wires 
connected for the analogue and digital inputs. The whole converter is connected with 
the earth through the non interruptible mains earth. On top of the converter there is a 
digital screen for setting up parameters or control values. The display can be removed 
but that isn’t useful here. Furthermore there is a cover to shield the analogue and 
digital inputs. This cover can also be removed but because all possible connections are 
brought outside the converter this can stay fixed. Figure In the cover there is a hole for 
the USB cable.  

 
(a) 

 
(b)  

(c) 

Figure 3.5: (a) Top converter; (b) power connections; (c) inputs 

3.1.1.5 Digital and analogue inputs (Figure 3.5 a) 

The digital and analogue inputs are connected through the red wires with 16 green 
plugs. These are numbered like the internal numbering that also can be found in the 
design guide. The numbering is done on paper labels which are fixed with tape.  
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3.1.1.6 Safety stop (Figure 3.5 b) 

The safety stop is actually one of the digital inputs. This is a normally closed safety 
button. Whatever is set up in the parameter list, if this button is pushed, the connection 
between motor and converter is interrupted and the motor bells. After pushing the 
button has to be turned to reach the closed state. After that the detected interruption 
has to be reset on the converter. There is also a connection on the green plugs to 
install an additional safety stop. This should be connected in series but isn’t. This is 
important to know because if a bridge is made between plug 12 and 37 the safety stop 
is disabled.  

 
(a) 

 
(b)  

(c) 

Figure 3.6: (a) inputs; (b) safety stop; (c) pulsed start/stop buttons 

3.1.1.7 Push buttons (Figure 3.5 c) 

There are two push buttons with a light mounted on the plate. This is done because 
often the pulsed start-stop is used to start and stop the motor. The light can be 
connected to indicate a state of the buttons. 

3.1.1.8 USB cable 

The USB cable has normally not to be disconnected from the converter. It is a standard 
USB-A to USB-B cable, male to male where the B connection fits the converter USB 
input and the A connection a standard 2.0 computer USB gate. 

3.1.1.9 Output plugs 

There are 8 output plugs mounted on an aluminium bar on the plate. The row of three 
red plugs are the power outputs for the motor. The yellow plug is an earth connection 
via the converter and is uninterruptible. The blue connections are for an external brake 
resistor and the black and red plugs on the side or for a DC-coupling with the DC 
interstage. 

 

Figure 3.7: Output plugs  
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3.1.2 Adjustable hardware 

In the most experiments the same adjustable hardware components are used. These 
are not mounted on the plate because their size or use. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.8: Adjustable hardware: (a) potentiometer; (b) resistor; (c) push buttons 

3.1.2.1 Potentiometer (Figure 3.7 a) 

The potentiometer is used to control the speed of the motor analogous. The standard 
value of the potentiometer maximum resistance is 1 kΩ but other values can be used 
when parameters in the converter are changed.  

3.1.2.2 Resistors (Figure 3.7 b) 

External resistors can be connected to dissipated energy that is regained from the 
motor when braking. The standard resistor value is 273 ohm. Other values of the 
resistance can be used when other brake times are needed. If the deceleration has to 
be fast, the resistance will be low and the current high. This is important to know when 
selecting a brake resistor. 

3.1.2.3 Push buttons (Figure 3.7 c) 

Two normal open push buttons can be used to create a digital speed regulation. One 
button will increase the speed of the motor as long as it is pushed; the other button will 
decrease the speed.  

3.2 Software 

The software that is used to control the frequency converter via a PC is the program 
MCT 10 (Motion Control Tool). This is a common control program for all Danfoss drives 
and can be downloaded free on there site. When using the free version of Danfoss, one 
has several limitations but this isn’t a real drawback for use in the electric laboratory of 
the Halmstad University. In the software all the adjustable parameters can be changed 
and the nonadjustable can be seen. Also there is the possibility to make two 
measurements in time of any parameter. This measurement is showed real time on a 
graph in the program and can be exported to external programs such as Excel to make 
own analysis.  
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Figure 3.9: Start page MCT 10 

3.3 Motor and converter set up 

3.3.1 Motor 

The motor is a standard induction motor with following nameplate: 

AC ~3F 50/60 Hz   IEC34 IP55 
MT90S24-4    temp.cl. F 
(new name AA092001ASA) 
Pm: 1,1/1,3 kW   RPM: 1410/1700 
U: 380-420/440-480 V Y  I: 2,9/2,8 A 
U: 220-240/250-280 V ∆  I: 5/4,8 A 
No. MK110020-S   cosφ: 0,73/0,79 

The motor is best connected in star configuration.[7] 

 

Figure 3.10: Power connection motor 
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4 DC-LINK AND BATTERY SIMULATION 

4.1 DC-link 

In the VLT-BE FC302 frequency converter is a DC-link present. This has several 
advantages. With the DC-link it is possible to couple different motors on the same DC-
link which allows the use of regenerative braking. Also it is possible to connect the 
converter directly on a UPS system. In our opinion the DC-link was needed to fully 
simulate an electric car drive system. This makes it possible to plug the converter into 
the three phase grid to recharge batteries where after the batteries act as the power 
supply for the motor. In that case an additional DC to DC tool is needed to recharge the 
batteries following a specific charging pattern. This is given in Figure klk. Figure klo 
gives the actual situation of how the DC-link is integrated in the Danfoss converter.  

4.2 Battery simulation 

Consider the use of a three phase diode bridge rectifier to convert AC voltage to DC 
voltage. Then the average DC voltage under idealized conditions is given as:  

7*8 � HO&7�8ab(  

Applied to the Danfoss frequency converter used at the Halmstad University this 
becomes:  

7*8 � HO& � ����( � ~��� 

This is the value which will be used as the reference value of the DC-link voltage. The 
converter has limits for the highest and lowest average voltage where in between 
operation of a coupled induction motor is possible. Figure 4.1 gives this table 

 

Figure 4.1: List with limit values for DC voltage on DC-link 

To get a simulation of the battery that can be connected to the interstage there are 
many solutions. The one here discussed are the AC-DC controlled rectifier, the AC-DC 
Cockcroft-Walton voltage multiplier, the variable AC-DC rectifier, the DC-DC boost 
converter and finally the DC-AC-AC-DC shopper-transformer-rectifier combination. In a 
previous chapter the operation of an AC-DC three phase diode rectifier is already 
discussed. This is the step that is present in the frequency converter itself. The grid is 
directly coupled to this rectifier so that the magnitude of the DC-voltage is constant. 
The three AC-DC simulations that are explained here use two principles to get a 
variable DC voltage. The first has a controlled rectifier bridge so that with a constant 
magnitude AC voltage it is possible to get a variable DC voltage. The two other systems 
need a variable AC voltage source.  
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4.2.1 AC-DC controlled rectifier 

The AC-DC controlled rectifier uses the same principle as the three phase bridge 
rectifier. The six diodes are replaced by six thyristors. This kind of semiconductors also 
conducts only in one direction but unlike a simple diode the thyristor needs a steering 
pulse to reach its conducting state when the voltage over the thyristor is high enough. 
The commutation also happens naturally. In the following figures the effect of a 
delayed steer pulse is explained. In Figures 4.2, 4.3, 4.4 and 4.5 the zero of the 
abscissa falls together with the zero point of voltage �0C or in other words the moment 
that voltage �0� is the highest potential. This moment is called the reference point for 
the ignition of the thyristor. When the thyristors are numbered like the diodes, 
thyristors 1 and 6 conduct voltage �0�. When the delay angle � � �� the thyristor bridge 
acts like an ordinary diode bridge. Like the diodes in the diode bridge the thyristors 
should conduct for 120°. This 120° consists of two different voltage paths. With ignition 
delay 0° the paths follow each other continuously so that only to start two pulses has to 
be given (in Figure 4.2 Th1 and Th6). When the delay isn’t 0° the pulse has to be 
repeated after 60°. This is illustrated in Figure 4.3 and Figure 4.4 where the ignition 
delay is respectively 30° and 60°. When the delay is greater than 60° there are 
moments where no thyristor conducts due to natural commutation. This is illustrated in 
figure 4.5 where an ignition delay of 90° is illustrated. When the delay is greater than 
120° there is no conduction at all. 

  

Figure 4.2: Controllable thyristor bridge with delay angle 0°  
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Figure 4.3: Controllable thyristor bridge with delay angle 30° 

 

Figure 4.4: Controllable thyristor bridge with delay angle 60° 
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Figure 4.5: Controllable thyristor bridge with delay angle 90° 

In all the previous figures the assumption is made that the load is resistive. Than the 
current path has the same course as the voltage path. With every load the average 
output voltage remains the same in relation to input line voltage �: 

7?8� � H' ��( :;	 � � �� e � � R��5
7?8� � H' ��( �- � :;	 �& � OH& 	
� �� � R�� e � � -&��5

Remark: With the use of a controlled thyristor bridge it is possible to let the energy flow 
in the other direction when the load acts as source (e.g. decelerating motor). 

4.2.2 Variable AC-DC Cockcroft-Walton voltage multiplier 

The AC-DC Cockcroft-Walton voltage multiplier transforms an AC voltage in a DC 
voltage with a magnitude that is a multiply of the AC voltage amplitude. The voltage 
multiplier couples several voltage doublers to get a higher output voltage. There for it is 
needed to take a short look on the voltage doubler circuit like shown in Figure 4.6. In 
this voltage doubler circuit the first diode rectifies the signal. The output of this diode is 
equal to the peak voltage from the transformer rectified as a half wave rectifier.  

 

Figure 4.6 AC-DC voltage doubler 
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Through the capacitor an AC signal also reaches the second diode. The first capacitor 
holds the peak voltage so that this causes the output from the second diode to 
superimpose on its output voltage. In this way the output voltage from the circuit is 
twice the peak voltage of the transformer. The voltage drop over the diodes can be 
neglected if the AC voltage is high enough. Applying the same principle of putting one 
rectifier on top of another with capacitive coupling enables a form of ladder network. In 
this ladder network, the voltage is built up. This is called the voltage multiplier circuits. 
Actually the principle is normally suitable only for low current applications. The 
Cockcroft-Walton circuit becomes like shown in Figure 4.7.  

 

Figure 4.7: Cockcroft-Walton circuit with 8 stages 

If the current becomes too high, the ripple and voltage drop is significantly. The ripple 
can be calculated as: 

�� � >�W� 

Here �� is the voltage ripple amplitude, >� is the current through the load,W is the AC 
voltage frequency and � is the capacitance from stage !. This suits for capacitance 
values �0 � �� � ! � �� 55�C � �� � �! � -� � �� � and the multiplier consist of ! stages. The 
voltage drop can be founded as: 

�� � &>�!CHW�  

If the frequency is increased, the voltage drop and ripple will be significantly reduced 
but that’s another system of course. This principle is maybe not so good for a continue 
power source but can help to catch voltage dips and regenerative braking. Also a three 
phase circuit is possible like shown in Figure 4.8. 
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Figure 4.8: Three phase voltage multiplier 

4.2.3 Variable AC-DC diode rectifier 

This is the same principle as explained before in the chapter of rectifiers. The three 
phase bridge rectifier is in this case not connected to the electrical grid but to a variable 
AC voltage source. This can be done by connecting an adjustable transformer between 
grid and bridge or by the use of a variable AC voltage source. What we have done in 
the electric laboratory was the connection of a 0-230V AC voltage source with a 
transformer with z � R so that with the variable AC voltage source on ~40% the output 
voltage of the rectifier bridge was comparable with the interstage voltage of the 
frequency converter. In first instance we wanted to test the output waveform of the 
rectifier with capacitor. We took a resistor so that an comparable current as in the 
motor would flow. The result was satisfying where after we connected the rectifier with 
the interstage. We forgot to remove the resistor what resulted in a higher current. 
Because of the transformer (at that moment we just used one instead of two) had to 
work far in saturation, one of the primary automate fuses switched of. We weren’t 
aware of the presence of these buttons. Because of the inequality which resulted in a 
voltage drop, we increased the primary voltage. The current lowered but one of the 
diodes was damaged by the higher voltage (between 540 and 580 V). With this 
mounting we worked at the limit of the equipment in the electric laboratory of Halmstad 
University so that together with safety considerations (~540V DC is rather high voltage 
and the DC character made it even more dangerous) we abandoned this experiment.  

 

Figure 4.9: Diodes in series so that voltage over one diode remains under limit of 600V 
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Figure 4.10: Combination of two transformers to get the required output voltage 

 

Figure 4.11: First transformer; primary and secondary in star configuration 



 

Figure 4.12: Second transformer: primary in star, secondary in series with first transformer

Figure 4.13: Construction with four capacitors in series to limit the voltage over one capacitor.

: Second transformer: primary in star, secondary in series with first transformer

 

Construction with four capacitors in series to limit the voltage over one capacitor.
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: Second transformer: primary in star, secondary in series with first transformer 

Construction with four capacitors in series to limit the voltage over one capacitor. 



 

Figure 4.14: Scheme of parallel transformers and series diodes and capacitors

4.2.4 DC-DC boost converter

With a boost converter the resonance character of a LC
higher output voltage than the input voltage. This explains the name ‘boost’. Th
is shown in Figure 4.15 (a)
begins when the switch (in this case a transistor) is closed at time 
moment the input current rises because the resistance of the followed path, through 
inductance and transistor, is lower than the load. The inductance 
discontinue current course. At time 
part starts. The current in the inductance cannot fall suddenly. In other words the 
energy captured in the inductance will flow through the diode 
load. The current decreases until the transistor is closed again. There is no net energy 
consumption in capacitor and inductance so the energy captured in both elements will 
partly resonate between the 
operational parts can be simplified by equivalent circu
(b). 

: Scheme of parallel transformers and series diodes and capacitors

DC boost converter 

converter the resonance character of a LC-circuit is used to receive a 
higher output voltage than the input voltage. This explains the name ‘boost’. Th

(a). The operation can be divided in two parts. The first part 
hen the switch (in this case a transistor) is closed at time �

moment the input current rises because the resistance of the followed path, through 
inductance and transistor, is lower than the load. The inductance � 

t course. At time � � �0 the transistor is switched off and the second 
The current in the inductance cannot fall suddenly. In other words the 

energy captured in the inductance will flow through the diode B), capacitor 
load. The current decreases until the transistor is closed again. There is no net energy 
consumption in capacitor and inductance so the energy captured in both elements will 
partly resonate between the � and � and partly be dissipated in the loa
operational parts can be simplified by equivalent circuits. This is shown in Figure 4.15
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: Scheme of parallel transformers and series diodes and capacitors 

circuit is used to receive a 
higher output voltage than the input voltage. This explains the name ‘boost’. The circuit 

. The operation can be divided in two parts. The first part � � �. At that 
moment the input current rises because the resistance of the followed path, through 

 prevent a 
the transistor is switched off and the second 

The current in the inductance cannot fall suddenly. In other words the 
, capacitor � and the 

load. The current decreases until the transistor is closed again. There is no net energy 
consumption in capacitor and inductance so the energy captured in both elements will 

and partly be dissipated in the load. The both 
its. This is shown in Figure 4.15 
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Figure 4.15: Electronic circuit, equivalent circuits and waveforms of DC boost converter 

From these equivalent circuits the waveforms shown in Figure 4.15 (c) are found. The 
linearization of current change gives a linear voltage change there the load is resistive.  
From this linear character the following formula’s can be found: 

�0 � z% � .>��8  

�� � �- � z�% � .>��� � �8 �� � �8- � z 

>� � >8�- � z� 
This confirms the power equilibrium because: 

�� � ��>� � �8>8 - � z- � z � �8 
Following [25] the expressions for critical capacitance and inductance values to keep 
continuous voltage and current are given by: 
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�G � z&W� 

And 

�G � z�- � z��&W  

The efficiency of this voltage multiplying circuit is very high. The voltage output is very 
sensitive to changes in the duty cycle z. The average output current is less than the 
average input current. The ratio between them is �- � z� like earlier derived. This circuit 
is not made for power supply. By this, the major application is regenerative braking and 
short energy supply when a voltage dip appears in the interstage. 

4.2.5 DC-AC-AC-DC converter with transformer interstage 

This is a power solution of the previous DC-DC converter. The idea is to chop the DC 
voltage to get a varying electric field in the primary inductance of a transformer. This 
changing electric field is an alternating field so that the transformer works. The energy 
is transformed to the secondary of the transformer. The transformer gives a galvanic 
separation and if the transformer ratio differs from unity, the voltages or current is 
increased. In our application it was necessary to get a higher voltage at the secondary. 
To get again a DC voltage at the output of the secondary circuit, a rectifier and low 
pass filter is placed after the secondary coil. Different circuits are given in next figures.  

 

Figure 4.16: Flyback converter  
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Figure 4.17: Forward converter 

 

Figure 4.18: Half-bridge converter  

 

Figure 4.19: Full-bridge converter 
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5 INDUCTION MOTOR 

Induction motors or asynchronous motors are often called the workhorses of the 
industry. This is the outcome of lot of advantages of the induction motor over other 
technologies. The motor has a low maintenance need. The only parts that can fray are 
the bearings. If the motor isn’t used excessively (to high voltage, current or mechanical 
impact) the bearings determine the life cycle of the motor. There is unlike a DC-motor 
no need for carbon brushes to commute the current. The induction motor can be made 
easily and with that the price is rather low compared with other technologies. The 
motor doesn’t use a combustion process to deliver power so there is no need to (re)fuel 
or air. The cooling can be integrated so that the motor can work in a hermetically 
sealed environment for instance under water. The motor has a high power to weight 
ratio. Another advantage is the high start torque so that starting under load is possible. 
Since the development of frequency converters and vector control systems, this motor 
is also easy to control in speed and torque. This gave a lot of opportunities in 
automation processes. In the following chapters the principle, characteristics and 
control of the induction are explained. 

5.1 Principle of an induction motor 

The principle of an induction motor is to make a rotating magnetic field in a stator and 
induce a current in a rotor so that both elements together give a power on the rotor 
what leads to a circular motion with certain speed and torque. 

5.1.1 Stator 

The stator is in theory a three phase winding divided over a cylindrical surface so that 
when a three phase voltage is applied, a rotating magnetic field is induced. The 
windings are bedded in a metal cylindrical structure to guide the magnetic field lines 
and to prevent the movement of the windings. This structure is made of laminated, 
punched plates. This prevents the circulation of high eddy currents in the stator. The 
ideal situation is a sinusoidal magnetic field but to explain the principles in the stator 
one winding per phase is sufficient. This is showed in Figure 5.1.  

 
Figure 5.1: Theoretical construction stator with one winding per phase  



 

Figure 5.2: Three phase current i

 Here the three windings are shifted over 120° so that it is symmetrical. The wind
are often called per phase; 
poles per phase. The three w
This is often done through bridge joints outside the motor because dependent on the 
configuration the characteristics like current, voltage and direction of rotation vary. 

Figure 5.3: Star and delta configuration with bridge joints

Figure 5.4: Induction motor in star configuration

: Three phase current is1, is2 and is3 that will be connected with coils U, V and W

Here the three windings are shifted over 120° so that it is symmetrical. The wind
are often called per phase; 70 � 7�, �0 � �� and ,0 �,�. In this figure there are two 
poles per phase. The three windings can be connected in star or delta configuration. 
This is often done through bridge joints outside the motor because dependent on the 
configuration the characteristics like current, voltage and direction of rotation vary. 

: Star and delta configuration with bridge joints 

 

: Induction motor in star configuration 
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that will be connected with coils U, V and W 

Here the three windings are shifted over 120° so that it is symmetrical. The windings 
. In this figure there are two 

indings can be connected in star or delta configuration. 
This is often done through bridge joints outside the motor because dependent on the 
configuration the characteristics like current, voltage and direction of rotation vary.  
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On the three windings a three phase, symmetric, sinusoidal voltage is applied. The 
windings have certain admittance so that there flows a three phase, symmetric, 
sinusoidal current through the windings. The currents give varying magnetic fields 
around them. Figure 5.5 shows the evolution over one period of these magnetic fields. 

 

Figure 5.5: Magnetic situation on point of time 1 till 7 (Figure 5.2) 
 

The current is positive when it flows from side 1 to side 2 (70 Q 7�, �0 Q �� and ,0 Q,�). The different magnetic fields per phase lead to an overall magnetic field indicated 
in Figure mkl. This magnetic field rotates, in this example clockwise. Every period of the 
voltage sine, the magnetic field makes a 360° rotation through the whole stator. If 
more windings per phase are placed, so that 2*p poles per phase are created, the 
magnetic fields makes a rotation of HR�� V_  per period of the voltage. If the frequency of 
the voltage system is W�, the frequency of the magnetic field is W� V_  or the amount of 
revolutions per minute is !� � �R�W�� V_  

Like mentioned before the previous situation of one winding per phase per pole is a 
simplified model. The actual distribution contains more windings per slit in the stator. 
Per phase this distribution is done like a sine wave. If the line from north to south 
according to the induced magnetic field from a phase is called the stator reference line, 
then the optimal distribution of �� wires for one phase coil is given by the expression: 

!� � ��& 	
� � 

From this expression, according to the derivation in [24] the magnetic induction in the 
air gab between stator and rotor is given by: 

t �F��� � ¡3����F :;	 �&¢  

Also from [24] it is possible to write next formula for the effective value of the 
magnetic field in the air gab: 

t£¤  � H��b¡3>¤¥�¢  

 



 62 

To find the stator flux, the magnetising inductance and induced EMF the previous 
formulas and the expression for the flux in one winding. So, assume one turn of coil 70 � 7�. This turn makes a certain angle � with the stator reference line. Let the stator 
have following characteristics: radius � and axial length Z. Then the flux in one turn is 
given by following formula: �¦�a � &t§ Z� 	
� � 

From this expression the maximum of the whole induced flux from coil 70 � 7� can be 
found by integrating it over the whole distribution of windings of this phase: 

§�F � 9 !�F�¦�a4�JK �_
�K �_ � 9 ��b& 	
� � �&t§ Z� 	
� ��4�JK �_

�K �_ 5
§�F � (��b& t§ Z� Q £¤�F � H(� ��b� ¡3>¤¥¢ Z�5

The induced flux £¤�F is proportional with the magnetising current >¤¥. This includes that 

flux and current are in phase. From this the magnetising inductance can be defined as: 

�3 � £¤�F>¤¥ � H(� ��b� ¡3Z�¢  

The induced EMF in one coil is by that: �£¤�F � ¨��£¤�F � ¨���3>¤¥ 
5.1.2 Rotor 

The rotor consists of different parts. There are basically two types of rotors. Wound-
rotor induction motors have a rotor that contains conventional three phase windings of 
insulated wire. The other type that further in this thesis will be used is the squirrel-cage 
induction motor. It has a squirrel cage rotor. For both types the rotor mantle is 
composed of punched laminations. They contain slits for the three phase windings or 
squirrel-cage. The squirrel-cage is made of metal (usually cupper or aluminium) bars 
with at both ends a connection with a short circuit metal ring. Variations are common 
but the principle remains the same. The torque delivering process in the rotor is based 
on Faraday’s law and the Lorentz force. To explain the process that happens in the 
rotor, the same example as in [32] is used. Imagine a conducting ladder made of long 
metal sides and conducting steps like Figure 5.6. 

 

Figure 5.6: The ladder equivalent of the rotor 

The steps have length Z. Perpendicular above the plane made by the steps and the 
conducting side a permanent magnet is placed. Then the magnet moves parallel with 
the sides over the steps of the ladder without touching them. The magnet has a certain 
magnetic field t and velocity � according to the ladder. If this imaginary experiment is 
done fast enough, the several events can be noticed. Based on Faraday’s law an EMF 
will be induced leading to a voltage over a conductor right under the magnet. 
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� � t' Z' � 

This is because the conductor cuts the flux. This conductor forms together with the 
sides of the ladder and the nearby conducting steps a closed loop. Due to the voltage 
over the central step a current will flow true this loop. The direction of the voltage and 
current is so that the change in magnetic field is counteracted. In this example, if the 
magnet is moving to the right and its negative pole is above the ladder, the current will 
flow in the central conductor towards the front and in the nearby steps towards the 
back. 

> � �� 

Where � is the impedance seen by the potential over the central conductor. Because 
there is a magnetic field t cutting the step and an electric current flowing through the 
step, a Lorentz force will act on the ladder. © � tZ> 

 

Figure 5.7: Squirrel cage rotor 
 

This force acts in the same direction as the movement of the magnet because it is an 
induced force that counteracts its source. If the ladder can move freely, it will start to 
accelerate to reduce the speed difference between ladder and magnet. When the speed 
difference decreases the EMF will reduce, leading to lower current, force and 
acceleration. If the ladder and magnet reach the same speed, the force will be zero. To 
make the step to the squirrel-cage induction motor, the squirrel cage rotor is equivalent 
to the ladder which is bent to a cylinder and the moving magnet is replaced with the 
rotating magnetic field due to the three phase windings. Such cylinder is shown in 
Figure 5.7. Based on this example the principle of an induction motor is explained. 
Starting from the formula of the EMF in one coil the analogy can be made.  �£¤�0 � ¨��£¤�0 � ¨���3>¤¥ 
If the inductive and resistive voltage drop over the coil is neglected, the EMF equals the 
installed voltage 7GF. The rotary field induces an EMF ��F��b�� in the rotor winding. When 

the motor doesn’t rotate, the stator and rotor act as the primary and secondary of a 
transformer. Both the frequencies are equal: W� � W� 
The windings are coupled by the magnetic flux which acts as a rotary field. Like with an 
actual transformer, a transformation ratio can be defined for the motor in this not 
rotating situation. 

z � ��F��F��b�� 
The major difference between the motor in this situation and an actual transformer is 
the zero load current. Because the much higher reluctance of the motor due to the air 
gab, the magnetising current and by that also the zero load current are significantly 
higher. In an induction motor this current is 20-50% of the full load current where in an 
actual transformer this is only a few percents of the full load current. The Lorentz force 
on the rotor gives a certain torque at the shaft.  
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This torque is maximal when the rotor current is in phase with the stator flux. The rotor 
current has a big lag on the rotor EMF because of its high self inductance. 

pf�ª � �����  

This is the situation where the rotor stands still for instance when the motor stands 
still. The generated torque on the rotor will cause an acceleration. As the speed of the 
rotor increases towards the rotational speed of the magnetic field, also called 
synchronous speed, the EMF ��F decreases just like the rotor voltage frequency W�. If the 

motor would reach the synchronous speed, no more force will act on the rotor so this is 
never possible. This is why the induction motor is also called the asynchronous motor. 
When the load increases, the speed decreases and the torque increases. In a loaded 
situation, for instance when the nominal load is applied, the speed of the motor is 
indicated by the letter !. 

5.2 Characteristics 

5.2.1 Slip 

From previous chapter it is clear that the rotor never can reach the same rotational 
speed as the rotational magnetic field of the stator. Recapitulating: the synchronous 
speed of the stator flux !� depends on the frequency W� of the applied voltage and the 
number of pole couples V: !� � �R�W�� V_  

Because the rotor never reaches this speed, a factor is defined to indicate the relative 
difference between both speeds. This factor, the slip «, is defined as follows: « � !� � !!�  

The slip is often listed as a percentage. When put on a system of coordinates, the slip 
will have the opposite direction of the rotor speed. The slip will be zero when the rotor 
speed equals the synchronous speed, will be one if the motor stands still, will be 
negative during generation and will be larger than one when a rotating magnetic field is 
applied in the opposite direction of the rotational direction of the rotor. This is the 
electric braking.  

5.2.2 Rotor characteristics 

5.2.2.1 Rotor frequency 

The frequency of the EMF in the rotor depends on the difference between the speed of 
the rotor and the speed of the magnetic field in the stator: W� � VR� �!� � !� � V!�R� « � W�« 

5.2.2.2 EMF of the rotor 

When the rotor stood still, the difference in speed of the rotor and the magnetic field of 
the stator equals the synchronous speed. In that situation the EMF ��F��b�� is given by: � � tZ�� 
When the rotor rotates at a certain speed !, the EMF which depends on the speed 
difference will be lower: � � tZ��� � ��� � «tZ�� 
Thus, when given a certain slip « the EMF in the rotor is given by: �� � «' ��F��b�� 
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5.2.2.3 Speed of the rotor magnetic field 

In the rotor flows a current due to the induced voltage. This current gives, following the 
Hopkinson’s law, a magneto motive force. This force sets up a magnetic field that, due 
to the rotating character of the current system also will rotate. Earlier was shown that 
the frequency of the rotor voltage system W� is proportional with the frequency of the 
stator frequency W� with the slip factor «: W� � «W� 
So the rotational speed of the rotor magnetic field �� is given by next formulas: �� � «�� � &(W� 
The rotor itself rotates with speed 

� � &(!R� ��4¬[ 
Hereby � is given by � � �- � «��� 
So when the rotational speed of the rotor and its field are combined the result is a rotor 
magnetic field that rotates with the same synchronous speed according to the stator 
reference line. �� � � � �� 
5.2.3 Power and torque 

5.2.3.1 Active power flow 

To understand the electrical processes in an induction motor better, it is useful to 
consider an equivalent circuit of the motor like shown in Figure 5.8. The galvanic 
separated processes of stator and rotor are hereby combined to one electric equivalent 
circuit of one phase. Index [ indicates a stator quantity, index � a rotor quantity. The 
accents are used where the rotor quantity is referred to the stator.  

 

Figure 5.8: Equivalent circuit of an induction motor  
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Besides all the electric parameters of an induction motor, the basic intention is to 
deliver a certain torque to the shaft at a certain angular speed. With the electrical 
characteristic in mind, a flow diagram like showed in Figure 5.9 can be considered. The 
voltage 7 applied to the windings is known. In simple, non-controlled applications this 
is the grid voltage. In frequency controlled processes this is the voltage supplied by the 
inverter. The motor asks a certain current >. The motor has an inductive character 
because of the use of the different coils. This means that current and voltage through 
and over the windings are not in phase. Although it is important to know what the 
applied voltage is to know the impact on the isolation of the windings, the voltage is for 
further power derivations not so important.  

 

Figure 5.9: Power flow in an induction motor 

 

Figure 5.9 starts with the active applied power to the stator 

�b � OH7�>� :;	ª � H7P>P :;	 ª 

Where ª is the angle between voltage and current vector in the phasor representation. 
Indices l and p indicate whether the used quantity is a line or phase quantity. Further 
the phase quantities are used because they agree with the stator quantities. From the 
active power that flows into the motor, a first part is lost in heat in the stator windings. 
This part, called the stator copper losses ��, depends on the stator resistance and 

current: �� � H>���� 
Another part is dissipated under the form of heat in the stator core. These losses are 
the iron losses due to the eddy currents in the core: 

�® � H�)��) S H����)  

The remaining part of the power is the gap power �� that is passed from the stator to 
the rotor through the air gap: 

�� � H�>�̄�� ��̄«  

From the gap power, a part is dissipated under the form of heat in the rotor windings, 
called the rotor copper losses: �� � H�>�̄����̄ � «�� 
What now remains is the mechanical power of the motor: �) � �- � «��� 
A part of the mechanical power is lost due to friction of the rotating and moving parts 
with air and especially stationary motor parts. This part, indicated as �°, equals the no 
load power: �° � �a�5��*E 
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From all this powers the overall efficiency of the motor can be expressed as: 

± � ��¦��8a � �) � �°�) � �® � �� � �� � ���*E�b  

Table 5.1 gives an indication of absolute and relative values of several quantities of 
induction motors. Small motors have a power under 11kW, big motors above 1100kW. 

Table 5.1: Typical quantities induction motor 

Load      
↓ 

Current 
relative 

Torque 
relative 

Slip     
relative 

Efficiency 
absolute 

Power factor 
absolute 

Motor 
size → 

Small Big Small Big Small Big Small Big Small Big 

Full 
load 

1 1 1 1 0,03 0,004 0,7-
0,9 

0,96-
0,98 

0,8-
0,85 

0,87-
0,9 

No 
load 

0,5 0,3 0 0 ~0 ~0 0 0 0,2 0,05 

Locked 
rotor 

5-9 4-6 1,5-3 0,5-1 1 1 0 0 0,4 0,1 

5.2.3.2 Torque versus speed curve 

When the torque is calculated out of the gap power �� and the synchronous angular 
speed �� the next steps can be taken to find an overall expression for the torque versus 
speed: 

% � H�®²�� VL ³ � HV�� ���̄« � � �>�̄�� � HV�� ���̄���� � � �>�̄�� � HV��̄�� � ��0�x��̄���� y� � ��� �́̄�3�� 
Where ��̄ � �� �́̄�3 
is the leakage inductance of the rotor referred to the stator. From this moment on all 
the referred terms ��̄ are replaced by terms �$ to keep the clarity. With 7�0 S ��0 � �0�� 
The torque becomes: 

% � HV�$�� � �0�x�$��y� � �´$�3�� 
The maximum of the torque is reached when 4%4�� � �55 �%µ�[5µ�VV�![5wµ�!5�� � �$´$�3� 
When this is filled in the torque formula, it gives an expression of the maximum torque 
or breakdown torque: 

%� � HV�0�&´$�3 
A good representation of the torque versus speed curve is given in Figure 5.10. 
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Figure 5.10: Torque versus speed curve of an induction motor 

 

Figure 5.10 also gives an expression for the speed when the torque is maximal. Like 
proven before the breakdown torque is reached when the rotor speed 

�� � �$´$�3 
The rotor speed gives the difference between the synchronous speed and the actual 
speed. So the breakdown torque is reached at a speed 

� � �� � -V � �$´$�3 
or given in rotations per minute RPM: 

!� � !� � H�(V � �$´$�3 
The speed depends on the rotor resistance. The value of the breakdown torque itself is 
independent of the rotor resistance. When the speed of the rotor according to the stator 
reference line is higher than the synchronous speed, the value of the rotor speed �� 
becomes negative. The energy flow will be from the rotor to the stator. This happens 
when the rotor is driven or the induction machine works as generator instead of motor. 
A consideration that has to be made is that the torque given by the previous 
expressions is the gab torque so the rotor losses, friction losses and ventilation losses 
are not yet taken into account. In theory the motor can deliver the maximum torque to 
a load. Mostly the nominal torque is a factor 1,75-3 times smaller. This gives several 
effects. The nominal current will be lower, the working point will be probably far more 
stable, the nominal speed is almost the synchronous speed and the motor keeps a 
great acceleration torque. In Figure 5.11 the concept of the acceleration torque is 
visualised.  
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Figure 5.11: Graphical example of the acceleration torque 

From rest a load with counteracting torque %G0 will accelerate to point P where at every 
moment 

% � %G0 � %* � �) 4�4�  

The actual reason of this last expression will be further explained in the chapter about 
mechanics. If the counteracting torque of the load follows course %G� the motor cannot 
accelerate the load on its own. To get a higher start- and acceleration torque without 
the use of an overrated motor, the solution is to have a higher rotor resistance.  

This can be done outside the motor in the case of a wound rotor induction motor or 
inside the motor with the use of a double cage induction motor or higher resistance 
rotor bars. The wound rotor and higher resistance rotor bar principle influences directly 
the resistance of the rotor. The effect on the torque versus speed curve is shown in 
Figure 5.12. 

  

Figure 5.12: Torque versus speed for different rotor resistance values 
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The breakdown torque isn’t affected like said before, only when the resistance is really 
high. In a wound rotor with external resistance clamps the resistance can be adjusted 
when the motor is at a higher speed to reduce the slip. In a double cage motor two 
squirrel cages are mounted concentric. This is shown in Figure 5.13. The inner cage 
contains thick bars and is almost completely surrounded by the iron core.  

It has a high inductance and a low resistance. The outer cage is made of thinner bars 
that are placed close to the air gab between rotor and stator. The resistance is higher 
than in the inner cage. The flux around the outer bars closes its way partly in the air 
gab. By this it has a lower inductance. When the motor is started, the rotor speed �� is 
maximal.  

 

Figure 5.13: Principle double cage rotor 

The reactance of the rotor is important. The rotor current will be high in the outer cage 
and low in the inner cage. This is the cage with the higher resistance what means a 
higher acceleration torque. When the motor gains speed, the rotor speed decreases and 
reaches a small value (W�¶-5p;5�5·¸). The reactance isn’t that important anymore and the 
current will mainly flow in the inner cage because its resistance is much lower than the 
outer cage. The rotor resistance adapts fully electrical. Mainly there are three possible 
situations like showed in Figure 5.14.  The first curve gives an induction motor with low 
rotor resistance, lower starting torque but better efficiency. The second curve illustrates 
the most common induction motor with an increased start torque. The third curve is 
called the saddle curve and is used when a really high start torque is needed, here the 
start torque can even be higher than the breakdown torque. 

 

Figure 5.14: Torque courses double cage rotor  
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5.2.4 Start current 

When the motor is started by a direct connection with the grid, a high start current will 
be asked from the grid. Also a high current rush will be superposed on the normal 
periodic sine like wave current. The grid voltage is putted over the stator while the 
rotor stands still. This is equivalent to the principle of a transformer with short circuited 
secondary coil. When the motor accelerates, the difference between rotor and stator 
decreases and the induced EMF in the rotor (secondary coil of an equivalent 
transformer) is reduced. Like the principle of a transformer the secondary current and 
by that the primary current is reduced. The ratio between start current rush and 
nominal current lays somewhere between 3 and 7. This is done to limit the impact on 
the grid and to make it easier to secure the motor with fuses. 

5.2.5 Simplified mathematical motor model 

Table 5.2 gives a collection of simplified mathematical relations between several 
characteristic quantities of an induction motor. This makes it easy to evaluate the 
behaviour of an induction motor under different conditions. 

 Table 5.2: Mathematical model induction motor 

� � ±OH7> :;	ª ! � �- � «�!� ¹� � ¹)*+ � zC �7�W� �� !� � R�V W� ¹ � ¹� � ¹° � ¹° � �) 4�4�  � � �a¹a � &' (R� !a¹a 
« � - � !!�  � z0 7�W�   

W� � «W� ¹a � z�a>a  
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6 MECHANICS 

This chapter is an easy one and includes mostly just ‘copy’-work of formulas. When 
working with an electric motor to drive a load or process it’s to my opinion important to 
understand both the mechanical and electrical part of it. This is done in the first part of 
this chapter. Some of the formulas listed in this chapter are not directly related with the 
circular movement of a motor but can be handy when describing a more complicated 
process. In the second part of this chapter I mentioned briefly the heating behaviour of 
a motor because this can be handy when cooling is needed or to understand the need 
of rerating the motor when working under special temperature conditions. 

6.1 Dynamics 

The basics of dynamics are of course Newton’s laws of motion. The first law says that 
the centre of mass of a body will remain at rest or keeps moving linear with the same 
speed if there are no external forces acting on the body. The second law is a more 
concrete formula: 

j©¤ � 9�¤4� 

In words this means that when forces º©¤ act on a body with mass � it will accelerate 

with acceleration �¤. The third law of Newton tells that when a body exerts a force ©¤ on 

another body this second body will exert a reaction force �©¤ on the first body. Both 
forces are equal in magnitude and have opposite directions. So when for instance a 
force ©* acts on a body with mass � and there is a counteracting force ©G the movement 
of the body is described as follows: 

j©¤ � ©* � ©G � �� � �4�4� � �4�»4�� 
This is often called the first basic equation of dynamics. A system where this equation 
can be used, is given in Figure 6.1. 

 

Figure 6.1: System according first basic equation of dynamics 

It defines the inertia force. The second basic equation of dynamics gives a formula for 
momentum: 

¹££¤j© � ¹££¤ 9�54� 

When using a motor this gives a description of the rotation around the motor axle: 

¹ � ¹G � 9��54� � 9� 4�4� 4� � 4�4� 9 ��4� 

The integral 1 ��' 4� is called the mass inertia momentum �, analogous with the inertia 
force in the first basic equation.  
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6.1.1 Mass inertia moment cylinder (Figure 6.2) 

6.1.1.1 Full cylinder 

A homogenous cylinder with radius r, height µ and mass density ¼ has following mass 
inertia momentum: 

� � 9 ��4��
� � 9 ��¼&(µ(�54� � ¼(��µ ��& � ��

� ��&  

6.1.1.2 Hollow cylinder 

� � 9 �C¼&(µ54��&�- � ¼(µ& ���� � �0�� � �& ���� � �0�� 
When the cylinder is more a thin mantle this formula can be simplified to  � � ���� 

 

Figure 6.2: Mass inertia momentum for cylinders and thin ring 

6.1.2 Mass inertia momentum of combined processes  

Most processes are a combination of different translations and rotations. To deduct 
those different processes to the rotational movement, speed and torque of the motor 
shaft an equivalent mass inertia momentum can be derived. 

6.1.2.1 A translation referred to a rotation 

Consider Figure 6.3 where a motor drives a belt which moves a mass � over a linear 
path. From the first basic equation it is possible to write: 

©* � ©G � �4�4�  ��©* � ©G� � ��4�4� � ��4��4� � ��� 4�4�  

This is equivalent with the second basic equation: 

¹ � ¹G � 4�4� ��� 
Although mass � translates instead of rotating is the effect on the motor shaft like a 
rotation with equivalent mass inertia momentum  
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�b½ � ��� Q ¹ � ¹G � �b½ 4�4�  

A consideration that can be made here is the equivalence with kinetic and potential 
electric energy: 

, � -&��� � -&����� � -& �b½��5
, � -&���5��!4� ��! ��55555, � -&�7�5� �V� ���! �� 

 

Figure 6.3: Translation referred to the rotation of electric motor 

6.1.2.2 Pulley (Figure 6.4) 

A load with mass �0 acts exerts a force on the circumference of a cylinder with radius �. From previous paragraph it is than possible to describe an equivalent mass inertia 
momentum �0b½ � �0�� 
Now the cylinder, with mass ��, has also a mass inertia momentum: 

� � ����&  

 

Figure 6.4: Pulley  



 

With these two inert components a combined equivalent mass inertia momentum can 
be formulated as: 

�Db½ � �0�� � ����&
The second basic equation in this case 

¹ � ¹G � 4�4� �Db½ 
Here the torque or momentum 
momentum ¹G is the momentum of mass�0 Q ¹G � ©� � �0
6.1.2.3 Gear transmission

Consider two gears with radii 
torque ¹* on the transmission. The third law of Newton says that the action and 
reaction forces between both wheels are equal so that: 
equivalent mass inertia momentum here, the following steps can be taken:

¹* � 4�04� �0 � �0© 

��© � 4��4� �� Q �0©
Call the ratio �0�� � � 

¹* � ��� 4��4� � �0 4�4�

Figure 6.5: Gear transmission

Than the expression for the equivalent mass inertia momentum with gear ratio

� � ��¹8a��¹�¦� � -� 
becomes: 

��X � �&�& � �- 

With these two inert components a combined equivalent mass inertia momentum can 

�
 

The second basic equation in this case becomes: 

Here the torque or momentum ¹is delivered by the motor and the counteracting 
is the momentum of mass 

0«� 

Gear transmission 

Consider two gears with radii �0 and �� like in Figure 6.5. The smallest gear delivers a 
transmission. The third law of Newton says that the action and 

reaction forces between both wheels are equal so that: ©0 � ©� � ©. To find the 
valent mass inertia momentum here, the following steps can be taken:

 

© � �0�� �� 4��4�  

�04� � ��� 4���0�4� � �0 4�04� � ����� � �0� 4�04�  

 

: Gear transmission 

Than the expression for the equivalent mass inertia momentum with gear ratio
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With these two inert components a combined equivalent mass inertia momentum can 

is delivered by the motor and the counteracting 

. The smallest gear delivers a 
transmission. The third law of Newton says that the action and 

. To find the 
valent mass inertia momentum here, the following steps can be taken: 

Than the expression for the equivalent mass inertia momentum with gear ratio 



 

This can be generalized for a general reduct

��X � �Z�& � �� 
With � � ���� 

Figure 6.6: Equivalent angular speed and mass inertia momentum in transmission

6.1.2.4 Transmission with belt or chain

Like Figure 6.7 shows this is a combination of the gear transmission and referred 
translation. The equivalent mass inertia momentum becomes:

5�b½ � ��0 � ���& �0�
With an additional load mass inertia momentum on the second gear this becomes:

�b½ � ��0 ����& �0� �

Figure 6.7: Belt transmission

6.1.2.5 Lead screw transmission

The lead screw transmission is in the most basis version con
Figure 6.8. To find the equivalent mass inert
consider that when the shaft rotates 
equivalent mass inertia momentum of this mass becomes

��X- � �-�& � �- �&
Because the shaft itself has also a certain ma
momentum referred to the motor becomes:

��X- � �&�&& � �- �&

This can be generalized for a general reduction transmission like Figure 6.6

 

: Equivalent angular speed and mass inertia momentum in transmission

Transmission with belt or chain 

shows this is a combination of the gear transmission and referred 
translation. The equivalent mass inertia momentum becomes: 

���0� 
With an additional load mass inertia momentum on the second gear this becomes:

� ��0� � ���� 5� � � �0�� 

 

: Belt transmission 

Lead screw transmission 

The lead screw transmission is in the most basis version conceivable like shown in 
. To find the equivalent mass inertia momentum of this mechanical process, 

consider that when the shaft rotates HR�� � &(� mass �0 translates a distance 
equivalent mass inertia momentum of this mass becomes: 

� Z&(�&
 

Because the shaft itself has also a certain mass inertia, the final equivalent mass inertia 
momentum referred to the motor becomes: 

� Z&(�&
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mission like Figure 6.6: 

: Equivalent angular speed and mass inertia momentum in transmission 

shows this is a combination of the gear transmission and referred 

With an additional load mass inertia momentum on the second gear this becomes: 

ceivable like shown in 
ia momentum of this mechanical process, 

translates a distance Z. So the 

ss inertia, the final equivalent mass inertia 



 

Figure 6.8: Lead screw transmission

6.1.3 Torque and power of motor

The needed torque of the motor d
momentum and the needed angular acceleration

¹ � ¹G � 4�4� �) 

To find the power that is needed at the shaft, the torque expression has to be 
multiplied by the angular speed:

�) � �¹ � �¹G ��
6.2 Thermodynamics

When a current is flowing through a resistance, electric energy is transformed to 
thermal energy what leads to the dissipation of heat. When a certain amount of heat is 
dissipated in a material, its temperature will chan¾ � � .� 
In this formula ¾ is the heat, 
of the material and .� is the change in temperature. Everything transfers heat 
proportional to its temperature. When th
environment heat will be transferred by radiation, conduction and/or convection. 

6.2.1 Heat transfer by conduction

The temperature of a certain body depends on the degree of vibration of its atoms. 
When a material is heated, its atoms will increase vibrating. This vibration can be 
transferred between atoms that are close to each other. This is the principal of 
conduction. When the vibration is transferred from one atom to another the kinetic 
energy of the first atom will decrease and that of the second will increase. 
comes at a thermal equilibrium when all the atoms have the same kinetic energy and 
by that the temperature is everywhere the same. The atomic kinetic energy is called 
heat and by that the transfer is called a heat transfer because it results in a change of 
temperatures. The rate of the heat transfer depends on the contact between the 
different atoms. This is called the 
heat transfer. The two sides of the body are placed in contact with two fluids with 
different constant temperature. Because energy is transferred, a power can be defined 
as: 

� � ¿ÀÁ�4  

In this formula � is the power or transferred heat, 
body, À is the surface that is in contact with the fluids,
temperature between the both sides of the body and 

: Lead screw transmission 

Torque and power of motor 

The needed torque of the motor depends on the load, the referred mass inertia 
momentum and the needed angular acceleration: 

To find the power that is needed at the shaft, the torque expression has to be 
multiplied by the angular speed: 

� 4�4� �) � �G � �4�4� �) 

Thermodynamics 

When a current is flowing through a resistance, electric energy is transformed to 
thermal energy what leads to the dissipation of heat. When a certain amount of heat is 
dissipated in a material, its temperature will change following next relationship:

is the heat, � is the mass of the body,   is the specific heat capacity 
is the change in temperature. Everything transfers heat 

proportional to its temperature. When the temperature of a body is different of its 
environment heat will be transferred by radiation, conduction and/or convection. 

Heat transfer by conduction 

The temperature of a certain body depends on the degree of vibration of its atoms. 
When a material is heated, its atoms will increase vibrating. This vibration can be 
transferred between atoms that are close to each other. This is the principal of 

on. When the vibration is transferred from one atom to another the kinetic 
energy of the first atom will decrease and that of the second will increase. 
comes at a thermal equilibrium when all the atoms have the same kinetic energy and 

temperature is everywhere the same. The atomic kinetic energy is called 
heat and by that the transfer is called a heat transfer because it results in a change of 
temperatures. The rate of the heat transfer depends on the contact between the 

. This is called the thermal conductivity. Figure 6.9 gives an example of 
heat transfer. The two sides of the body are placed in contact with two fluids with 
different constant temperature. Because energy is transferred, a power can be defined 

is the power or transferred heat, ¿ is the thermal conductivity of the 
is the surface that is in contact with the fluids, Á� � �0 � �� is the difference in 

temperature between the both sides of the body and 4 is the thickn
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epends on the load, the referred mass inertia 

To find the power that is needed at the shaft, the torque expression has to be 

When a current is flowing through a resistance, electric energy is transformed to 
thermal energy what leads to the dissipation of heat. When a certain amount of heat is 

ge following next relationship: 

is the specific heat capacity 
is the change in temperature. Everything transfers heat 

e temperature of a body is different of its 
environment heat will be transferred by radiation, conduction and/or convection.  

The temperature of a certain body depends on the degree of vibration of its atoms. 
When a material is heated, its atoms will increase vibrating. This vibration can be 
transferred between atoms that are close to each other. This is the principal of 

on. When the vibration is transferred from one atom to another the kinetic 
energy of the first atom will decrease and that of the second will increase. A system 
comes at a thermal equilibrium when all the atoms have the same kinetic energy and 

temperature is everywhere the same. The atomic kinetic energy is called 
heat and by that the transfer is called a heat transfer because it results in a change of 
temperatures. The rate of the heat transfer depends on the contact between the 

gives an example of 
heat transfer. The two sides of the body are placed in contact with two fluids with 
different constant temperature. Because energy is transferred, a power can be defined 

is the thermal conductivity of the 
is the difference in 

is the thickness of the body.  



 

Figure 6.9: Conduction trough object

6.2.2 Heat transfer by convection

The most general definition of convection is the process where a moving fluid at a 
certain temperature changes heat with 
the heat isn’t considered to transfer between the atoms of the fluid but only between 
the body and the fluid. To keep the heat transfer keep going the fluid around the body 
has to be refreshed. Because the fl
two types of convection, natural and forced. Natural convection occurs when a fluid 
comes in contact with a body at a different temperature. At the surface of the body 
heat will be transferred and this res
the consideration is made that the fluid atoms aren’
other, the local temperature change will result in a changing density. This 
Charles’s law for fluids. When
proportional to the change in temperature. There the mass remains the same, the 
density will change.  

Figure 6.10: Example of natural convection in oi

This results in a flow of the fluid, resulting in a heat transfer. 
for the natural convection process in air is: 

� � HÀ��0 � ���0T�Â 
Figure 6.10 shows an example of heat transfer by natural convection. With for
convection the fluid is forced to move by an external source, for instance a ventilator. 
An approximately equation is:� � -&���*��� � �0� 

 

: Conduction trough object 

Heat transfer by convection 

The most general definition of convection is the process where a moving fluid at a 
certain temperature changes heat with bodies that are in contact with the fluid. Here 
the heat isn’t considered to transfer between the atoms of the fluid but only between 
the body and the fluid. To keep the heat transfer keep going the fluid around the body 
has to be refreshed. Because the fluid is moving this can happen. There are basically 
two types of convection, natural and forced. Natural convection occurs when a fluid 
comes in contact with a body at a different temperature. At the surface of the body 
heat will be transferred and this results in a changing temperature of the fluid. Because 
the consideration is made that the fluid atoms aren’t transferring heat between each 

, the local temperature change will result in a changing density. This 
Charles’s law for fluids. When the pressure remains the same, the change in volume is 
proportional to the change in temperature. There the mass remains the same, the 

 

: Example of natural convection in oil due to warm body 

This results in a flow of the fluid, resulting in a heat transfer. An approximate equation 
vection process in air is: [32] 

 

shows an example of heat transfer by natural convection. With for
convection the fluid is forced to move by an external source, for instance a ventilator. 

approximately equation is: � 
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The most general definition of convection is the process where a moving fluid at a 
bodies that are in contact with the fluid. Here 

the heat isn’t considered to transfer between the atoms of the fluid but only between 
the body and the fluid. To keep the heat transfer keep going the fluid around the body 

uid is moving this can happen. There are basically 
two types of convection, natural and forced. Natural convection occurs when a fluid 
comes in contact with a body at a different temperature. At the surface of the body 

ults in a changing temperature of the fluid. Because 
t transferring heat between each 

, the local temperature change will result in a changing density. This is based on 
the pressure remains the same, the change in volume is 

proportional to the change in temperature. There the mass remains the same, the 

approximate equation 

shows an example of heat transfer by natural convection. With forced 
convection the fluid is forced to move by an external source, for instance a ventilator. 
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6.2.3 Heat transfer by radiation 

The third form of heat transfer that can occur when there is a temperature difference 
between two substances is radiation. In contrast with the previous two heat transfer 
processes needs radiation no substance between the two substances. Radiation has the 
same character as light, actually it is the way around because light is a type of 
radiation. At a certain temperature a body radiates a certain kind of rays where the 
energy that lies in the ray increases when the temperature of the body increases. When 
the ray is absorbed by a second body, the ray releases its energy in the atoms of the 
second body and this gives the heat transfer. The second body itself will also radiate. 
Because the energy of the rays coming from the warmer body is higher than those from 
the colder body, a net energy transfer or heat transfer occurs. The heat transferred by 
radiation is given by next expression: � � zÀ��0� � ���� 
Where � is again the transferred heat, À is the surface of the body, �0 is the 
temperature of the body, �� is the ambient temperature and z is a factor that depends 
on the nature of the material of the body. 

6.2.4 Heat transfer in a motor 

When a current is flowing through the wires, the resistance of each wire leads to a 
dissipation of heat. This heat has to be abducted because if the temperature of the 
wires rises to much, the characteristics of the electric device changes. In a motor the 
windings of the coil are very thin and insulated. If the insulation melts, the amount of 
windings changes. With that the resistance and inductance of the coil changes what 
leads to asymmetry. This is dangerous. The heat transfer in the motor happens by the 
three processes. The cooling van will abduct the heat at the surface by means of forced 
convection, the heat in the coil will be transferred to the surface by conduction and 
natural convection and radiation will occur at every surface. The cooling ribs at the 
outside of a motor make the area À of all the heat transfer formulas bigger so that the 
heat transfer (formally by radiation and natural convection) is higher. 
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7 CONCLUSION 

Electric vehicles can have many kinds of drives but an induction motor has with the 
development of voltage vector control and field weakening a good advantage. The 
control is more difficult but this is solved by the constant improvement of the speed 
and calculating power of modern processors. This is why the purchase and installation 
of the frequency converter to control an induction motor in the Halmstad University was 
a good idea. It gives the possibility to teach future students about the control of an 
induction motor and the step towards electric cars is easily made. In the converter itself 
are the most basic components present. Because of the DC-link it is possible to look at 
these parts separately and do experiments on them. There is a whole gamma of 
experiments that can be done; measurement of harmonics for different load situations, 
voltages and frequencies; measurement of load curves; DC powering; looking at the 
impact of different parameters in the converter; regenerative braking; … 

For me this thesis work was a very good opportunity to work quasi alone at a task. By 
means of this thesis and the preliminary literature project I received a good idea what 
it is to do research. The fact that I could work together with a Swedish student with a 
different background made it an unique experience. Here I could find out what it was to 
explain and ‘teach’ somebody else about the field of my interest, electrotechnics. The 
biggest problem we had, was the time. We ordered a frequency converter for 130/230V 
but it would take too long to get this one. Therefore the people of Danfoss in Sweden 
gave us a converter for 230/400V with a good discount. This made that we could start 
experimenting the next day after ordering. But because of the high voltage it wasn’t 
save and/or smart to work alone at the practical experiments. Christer, my colleague 
student, had only time at Thursday and Friday so this became a problem. That’s why 
we hadn’t the chance to do many experiments. We were pretty excited about a DC-
connection we established. We actually drove the motor on DC voltage. But after a 
while it became clear that this wasn’t ideal. To protect all the components, everything 
had to be in series and/or parallel. Even when building this up perfectly, the danger for 
us as persons was to high. For instance if the DC-link was connected with the opposite 
polarity a voltage of 1080 V was present. We abandoned this experiment and looked for 
possibilities of a flying wheel. This took time to derive and find a right implementation 
in the work house. Because of the limited time we cancelled this project. After that we 
had problems to read the graphs of the fluke power meter in a printer or computer. The 
last week of my stay in Halmstad I tried to do the experiments again and just fotograph 
the diagrams but unfortunately I hadn’t access to the cupboards with meters. Actual 
measurement data is missing. This thesis is by that in the first place a theoretic report 
about the control of an induction motor by a frequency converter. 
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