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SUMMARY 

This text as a part of the master thesis, describes the propulsion of electric vehicles. In 
the context of this thesis, there is a study made that gives an overview of the market of 
electric and hybrid electric vehicles in Europe. One of the facts of this study is that the 
most manufacturers launch their first electric vehicle in the next following years. 

Technological is there a key difference between vehicles on the market and vehicles 
that are launched in the next years. The upcoming electrical vehicles use mostly a high 
power lithium-ion battery and an induction motor. The second part of this thesis 
describes the different technologies that are used to propel an electric vehicle. 

The third and last part of this thesis are a few simulations of an electric vehicle. Here in 
is a power simulation based on a drive cycle. The power curve is calculated with several 
losses of an electric vehicle. Based on this power curve is it possible to simulate the 
maximum range of an electric vehicle on one battery cycle. 
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SAMENVATTING 

Deze thesis als onderdeel van de masterproef behandelt de aandrijving van elektrische 
voertuigen. In het kader hiervan is een onderzoek uitgevoerd naar de beschikbaarheid 
van zuiver elektrische en hybride voertuigen op de Europese markt. Uit dit onderzoek is 
gebleken dat de meeste producenten hun eerste elektrische wagen in de loop van de 
volgende jaren zullen lanceren. 

Op technologisch vlak is er een duidelijk onderscheid tussen reeds beschikbare 
voertuigen en voertuigen die de komende jaren op de markt verschijnen. De 
toekomstige voertuigen zullen veelal gebruik maken van hoog vermogen lithium-ion 
batterijen en inductie motoren. Het tweede deel van deze thesis geeft een theoretisch 
overzicht van de gebruikte technologieën met betrekking op de aandrijving van 
elektrische voertuigen. 

Het derde en laatste deel van deze thesis behandelt enkele simulaties van een 
elektrische wagen. Hierin is het vermogen gebruik nagegaan gebaseerd op een 
snelheidscyclus. De vermogen curve houdt hierbij rekening met tal van verliezen die 
optreden bij een elektrische wagen. Op basis van deze vermogen curve kan er 
nagegaan worden hoe ver een elektrische wagen kan rijden op één laadbeurt van de 
batterij. 
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INTRODUCTION 

“Drive the change”, the slogan from car manufacturer Renault to promote its electric 
vehicles. It says something over the next step in the automobile history. The 
automotive industry is evolving from cars with a large pollution to zero emission 
vehicles. The electric vehicle is seen as a part of the solution to maintain the natural 
balance. But is the electric vehicle the next step in the automobile evolution? 
Philosophically it is, but the electric vehicle is just a part of the automobile history. 

The invention of the first electric vehicle can be attributed to more than one person. In 
1828, a Hungarian inventor, Ányos Jedlik, created a small electric car powered by the 
electric motor that he invented. Blacksmith Thomas Davenport, the inventor of the first 
American DC motor, installed his motor on a small model car. He operated this car on a 
small circular electrified track in 1834. In 1835, the Dutch professor Sibrandus 
Stratingh and his instrument maker Christopher Becker constructed a electric cart. This 
scale model was based on calculations of Michael Faraday and still exist today. The 
Scotsman Robert Davidson built in 1838, an electric locomotive that attained a speed of 
6.4 km/h. Between 1832 and 1839, another Scotsman, Robert Anderson invented a 
crude electrical carriage. All those cars can be seen as one of the first electric vehicles. 

 

Figure I.1 Electric cart from Stratingh 

 
It happened until the 1840s before rechargeable batteries were used in electric 
vehicles. This batteries provided viable means to store electricity on board. The 
improvement of this technology paved the road for the electric car market in Europe. 
France and the United Kingdom were the first countries to support the widespread 
development of electric vehicles. The English inventor Thomas Parker claimed to 
perfected an electric car in 1884. He was also responsible for several innovations such 
as the electrification of the London Underground and the overhead tramways in 
Birmingham and Liverpool.  

(HISTORY OF THE ELECTRIC VEHICLE, S.A.; RIJKSUNIVERSITEIT GRONINGEN, 2008) 
 
With the improved battery technology, the electric vehicle was a valuable option for the 
automotive industry for more than a century. The Belgian race car driver Camille 
Jenatzy reached in 1899 the land speed record with the electric car “La Jamais 
Contente” (“The Never Satisfied”). With a speed of 105.88 km/h, it was the first car in 
history that reached the 100 km/h barrier. It was a tough competition between electric 
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vehicles and vehicles with another concept like gasoline, steam or compressed air at 
the end of the 19th century. 

 

Figure I.2 La Jamais Contente 

 
The electric car dominated the vehicle registration with 3:1 comparing with gasoline 
vehicles in the late 1920s to 1930s. The improved technology for internal combustion 
engines, the higher specific energy of gasoil and the possibility for mass production, 
decreased the cost for gasoline driven vehicles. With the production of the Model T of 
Ford, vehicles became available to general public. In the third decade of the 20th 
century was the leadership of the electric car overtaken by cars with an internal 
combustion engine. The electric car never reclaimed the leadership for several reasons. 
The improved infrastructure and the demand of intercity traffic required a longer travel 
distance than was possible with electric vehicles. The gasoline vehicle outclassed the 
electric car in performance and cost and the electric vehicle was no longer demanded. 

The oil crises from the 1970s, forced the industrialized countries to have energy saving 
programs. Some governments and environmentalists introduced stronger energy 
regulations for the industry and reintroduced the idée of the electric car. A few 
manufacturers followed the idée and introduced a car, but there was no take-off for the 
market of electric vehicles.  

(BEAUME & MIDLER, 2010; LA JAMAIS CONTENTE, S.A.; SITU, 2009) 
 
“Harmony between Man, Nature and Machine” is the slogan for the Toyota Prius. 
Mankind is now becoming concerned over the damage that it is causing to the 
environment. Due to environmental reasons is it necessary that there is a decreased 
emission of greenhouse gasses. Because traffic is responsible for a part of those 
emissions, the idée raised to search a solution in the automotive industry. This solution 
can be found in the electric car. Another reason to develop electric cars, is the rising 
price of fossil fuels and the declining global natural reserves of oil. We also decrease or 
dependency of foreign nations for our energy supply. 

It must be said that the emission of green house gasses is not only dependent from 
traffic. Another source is the production of electricity. A large part of the electricity is 
produced with thermal power plants which use coal, oil or gas as fuel. A comparison 
made by Bauen and Hart (2003) gives the emission from well to wheel for a few 
different types of vehicles. The conclusion based on that comparison is that an electric 
vehicle can only be zero emission if the electricity is produced with renewable methods 
like wind energy.  
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On the other hand, the decreasing emissions in large building area’s such as towns and 
cities has a positive effect on the health of the inhabitants. The emissions of an internal 
combustion engine causes long problems including shortage of breath, worsens 
cardiovascular disease, damages long tissue and causes cancer. This local decreasing of 
the emissions, gives a decreasing risk on long time problems.  

Table I.1 Emissions and energy of different vehicle types (Bauen & Hart, 2003) 

Vehicle type NOx SOx CO PM CO2 Energy 

 g/km g/km g/km g/km g/km MJ/km 

Gasoline ICE 0.26 0.20 2.3 0.01 209 3.16 

Diesel ICE 0.57 0.13 0.65 0.05 154 2.36 

CNG ICE 0.10 0.01 0.05 <0.0001 158 2.74 

Hydrogen ICE 0.11 0.03 0.04 0.0001 220 4.44 

Gasoline fuelled hybrid 0.182 0.14 1.61 0.007 146.3 2.212 

MeOH fuel cell 0.04 0.006 0.014 0.0015 130 2.63 

Hydrogen fuel cell 0.04 0.01 0.02 <0.0001 87.6 1.77 

Battery, British electricity 0.54 0.74 0.09 0.05 104 1.98 

Battery, CCGT 0.17 0.06 0.08 0.0001 88.1 1.71 

 
Bauen and Hart used in their research the electricity production of the United Kingdom. 
The emissions for the gasoline and diesel internal combustion engine (ICE) are those 
from the EURO III standard. The car fuelled on compressed natural gas (CNG) has the 
same energy use as the gasoline vehicle, but with an 10% higher efficiency (16.5% 
instead of 15%). The hydrogen for the hydrogen fuel cell vehicle is assumed to be 
generated using medium-scale steam reforming plant based at refilling stations with 
natural gas as the feedstock. Because there are different forms of hybridization, they 
set the emission of the hybrid vehicle on 70% of the gasoline vehicle. 

(LARMINIE & LOWRY, 2003) 
 
In the 90’s of last century, some car manufacturers developed a prototype of an 
electric car and around this time, they begin with the production of electric and hybrid 
vehicles for the general public. Because of the low range of an electric vehicle, they 
started with small cars or hybrid vehicles. Thanks to improved battery technology is it 
also possible to develop larger cars in the next few years. 

The key problem for the electric car is still the lack of infrastructure to recharge the 
batteries. This limited the range that an electric vehicle can achieve. In some countries, 
there is also an administrative difficulty to register an electric car. The registration can 
only completed with specifications that are typical for a car with an internal combustion 
engine. 

(ELEKTRISCHE AUTO INSCHRIJVEN GEEN SINECURE, 2010) 
 
The large car manufactures reintroduced the concept of a hybrid vehicle to overcome 
the limited range of an electric vehicle. A hybrid electric vehicle is a vehicle that 
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combines an electric motor with an internal combustion engine. The advantage of a 
hybrid electric car is the extended range that you can become with the internal 
combustion engine. But also the hybrid vehicle is not a new development. In 1899, 
Ferdinand Porsche developed the first hybrid vehicle. His Lohner-Porsche Mixte Hybrid 
was using wheel hub motors, mounted in every wheel powered by a 1.8 tonnes heavy 
battery and an electric generator. NASA studied the Lohner-Porsche’s design for his 
Luna Rover of the Apollo program and many of its design principles are used in the 
Rover.  

(LOHNER-PORSCHE MIXTE HYBRID, S.A.) 
 

 

Figure I.3 Lohner-Porsche Mixte Hybrid 

 
Today, we are on the beginning of a new time period in the automotive history: the 
revival of the electric vehicle. The future of the automotive industry is founded in the 
zero emission vehicles. The used technology in electric vehicles is a renewed 
technology based on electric motors and modern drives. This thesis gives an overview 
of the used technologies in modern electric cars. Therefore is it necessary to do a study 
of the electric vehicle market. On base of this study is it possible to describe the used 
technologies. 

A second part of this thesis is a computer simulation of an electric vehicle. The goal of 
this simulations is the power curve of an electric vehicle. With this curve is it possible to 
calculate the range of an electric car. 
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1 DIFFERENT ELECTRIC VEHICLES 

1.1 Battery driven electric vehicle 

A battery driven electric vehicle or BEV is a pure electric car. The battery delivers power 
for the electric motor. This electric motor propels the wheels via the mechanical 
transmission. The motor is used as generator to store the energy from regenerative 
breaking in the battery. The battery is charged directly from the electric grid or can be 
recharged with regenerative breaking. 

 

Figure 1.1 Architecture of a BEV 

 

1.2 Hybrid electric vehicle 

A hybrid electric vehicle or HEV is a vehicle with an internal combustion engine (ICE), 
next to its electric motor. The connection between both power sources, can be done on 
several different ways. The hybrid concept can be used in more than one way. It can be 
used to have an extended range of an electric vehicle. Another possibility is use to the 
electric motor to decrease the consumption and emission of the internal combustion 
engine and deliver extra power to the car. 

We can classify the hybrid electric vehicle based on the architecture or on the motor 
power. Next to this two classifications, there is also the difference between a hybrid 
with only refuelling at a gas station and a plug-in hybrid. The battery of a plug-in 
hybrid can also be recharged from the electric grid. 

(CHAN, 2007) 

1.2.1 Architecture of HEV 

1.2.1.1 Series HEV 

In a series HEV, the mechanical energy of the internal combustion engine is first 
converted to electric energy with a generator. This electric energy charges the battery 
or can bypass the battery and deliver the energy immediately to the electric motor. 
This electric motor is used to propel the wheels via the mechanical transmission. The 
electric motor is also used to deliver the energy from regenerative breaking to the 
battery. In this concept, the internal combustion engine is used to have an extended 
range of an electric vehicle. 
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Figure 1.2 Architecture of a series HEV 

 
The advantage of a series hybrid electric vehicle is that the internal combustion engine 
and generator set, can be placed independent from the electric motor. This gives a 
higher flexibility for the car design. The disadvantage of series HEV is that you need 
three propulsion systems: ICE, generator and motor, which results in lower efficiency. 
Another disadvantage is that the three propulsion systems must be designed for the 
maximum sustained power. This makes the series HEV more expensive.  

A series hybrid electric vehicle can operate in six different operation modes: 

• Battery alone mode: ICE is off 
• Engine alone mode: power from ICE 
• Combined mode: battery and ICE provides power 
• Power split mode: ICE power split to drive the vehicle and charge the battery 
• Stationary charging mode 
• Regenerative breaking mode. 

1.2.1.2 Parallel HEV 

The most important difference with the series HEV is that the parallel hybrid electric 
vehicle allows both, the internal combustion engine and the electric motor, to deliver 
power in parallel to the wheels. Both propulsion systems are coupled to the drive shaft 
of the wheels via two clutches. In this concept the electric motor is used to assist the 
internal combustion engine. With this, a lower emission and fuel consumption is 
achieved. 

 

Figure 1.3 Architecture of a parallel HEV 
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The electric motor is used as generator to deliver energy to the battery by regenerative 
breaking or absorbing power from the ICE when its output is greater than the power 
that is required by the wheels. An advantage of the parallel hybrid electric vehicle is 
that they have two propulsion systems which makes a parallel HEV cheaper than a 
series HEV. It is also only the internal combustion engine what must be designed for 
the maximum sustainable power while the electric motor may still be about a half. 

A parallel hybrid electric vehicle can operate in the following operating modes: 

• Motor alone mode 
• Engine alone mode 
• Combined mode 
• Power spit mode: ICE power is split to drive the vehicle and charge the battery 
• Stationary charging mode 
• Regenerative breaking mode 

1.2.1.3 Series-parallel HEV 

The series-parallel HEV incorporates the features of both, series and parallel HEVs. 
There is an additional mechanical link compared with a series HEV and an additional 
generator link compared with a parallel HEV. The series-parallel HEV has the 
advantages of the both systems, but is more complicate and costly. Nevertheless, some 
manufacturers prefer to adopt this system. 

 

Figure 1.4 Architecture of series-parallel HEV 

 

1.2.1.4 Complex HEV 

This system compromises of a more complex configuration than the three systems 
above. The biggest difference with the complex HEV is due to the bidirectional power 
flow of the electric generator/motor and the unidirectional power flow of the generator 
in the series-parallel HEV. This bidirectional power flow can allow for versatile operating 
modes, especially the three propulsion power operating mode (ICE and two electric 
motors), which cannot be offered by the series-parallel configuration. The power flow is 
illustrated in Figure 1.6. 
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Figure 1.5 Architecture of a complex HEV 

 
Similar to the series-parallel HEV is the more complex configuration and cost. But also 
this system is adopt by some manufacturers for a few new hybrid electric vehicles. 

 

Figure 1.6 Power flow of a series-parallel & complex HEV 

 
(CHAN, 2007) 

1.2.2 Classification of HEV based on motor power 

1.2.2.1 Micro hybrid 

Another way to classify a hybrid electric vehicle is based on the power of the electric 
motor and the first category is the micro hybrid. This type haves a typical motor power 
for a sedan of 2.5 kW at 12 V. Essential, it is the integration of the starter and the 
alternator in the conventional ICE car. The main function of the electric motor is for 
start and stop. With a micro hybrid can you save 5-10% of energy in the city. The cost 
of a micro hybrid is only a few percent higher than a conventional car. 

1.2.2.2 Mild hybrid 

The typical motor power of a mild hybrid is 10-20 kW at 100-200 V for a sedan. The 
motor is directly coupled to the engine and the high ratio of diameter to length of the 
motor enables the motor to have a high inertia moment such that the flywheel of the 
engine can be removed. For city driving, you can save 20-30% of energy, but the cost 
is also 20-30% higher. 

1.2.2.3 Full hybrid 

A full hybrid sedan haves a typical motor power of 50 kW at 200-300 V. The motor, 
generator and engine adopted normally a series-parallel or complex architecture. The 
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propulsion can by delivered by the engine only, the motor only or a combination of 
both. A full hybrid in city driving can save 30-50% of energy and the cost is about 30-
40% higher. 

(CHAN, 2007) 

1.3 Fuel cell electric vehicle 

A fuel cell electric vehicle is a electric vehicle with a fuel cell as power supply instead of 
a main battery. The fuel cell vehicle is not further considered in this thesis because 
there are no fuel cell vehicles on the market at this moment or in the next coming 
years. 

1.4 Solar electric vehicle 

A solar electric vehicle is a battery driven electric vehicle what recharge the batteries 
with solar power from photovoltaic cells. The solar electric vehicle is not further 
considered in this thesis, because the technology of photovoltaic cells is not improved 
enough to recharge a normal car. On this moment there are only ultra light test 
vehicles. 

 

Figure 1.7 Solar vehicle from the Umicore Solar Team (Groep-T, Leuven) 

 
However, some car manufactures install photovoltaic cells on the roof of their cars to 
deliver energy for climate control in the car, when it is parked in the sun. 
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2 AVAILABILITY OF ELECTRIC VEHICLES 

Appendix A gives a list of battery driven electric vehicles and appendix B of hybrid 
electric vehicles, that are available on the market in Europe on this moment or in the 
next years.  

We can see that there are a significant number of battery driven electric cars and 
hybrid electric cars on the market on this moment. The key difference is the size from 
the car. The BEVs are mostly small cars with a small range, while the HEVs have larger 
models like sedans and SUVs. In the next years there will be a few hatchbacks on the 
market in the BEV segment, an exceptional sedan and no SUV. On the other hand, we 
can conclude that many car manufactures launch their first BEV or HEV in the next 
years and announce more electric vehicles in the years thereafter. 

Technologically, there is a difference in used batteries between HEVs and BEVs and cars 
on the market and upcoming cars. The hybrid electric vehicles that are available on the 
market use mostly a NiMH-battery. The battery driven electric vehicles and the 
upcoming HEVs use a Lithium-ion battery. We can also see that the range of BEVs with 
an lithium-ion battery is larger than with a classic lead-acid car battery. There is also a 
similar difference in electric motors, hybrid electric vehicles use a permanent magnet 
synchronous motor and battery driven electric vehicles an induction motor. 

A look on the registration numbers of electric vehicles learns us that the market of EV’s 
is very small compared with cars with an internal combustion engine. But the numbers 
of electric vehicle are rising slowly. 

Table 2.1 Vehicle registrations in Belgium (FOD mobiliteit en vervoer, 2003-2010) 

 Total Gasoil Diesel Electricity Percentage 
BEV’s 

2003 1,413,293 593,638 767,897 62 0.0044 % 

2004 1,472,164 593,241 825,310 71 0.0048 % 

2005 1,465,525 558,786 853,469 132 0.0090 % 

2006 1,501,964 541,795 907,821 158 0.0105 % 

2007 1,497,438 513,667 928,206 115 0.0077 % 

2008 1,532,806 499,935 976,644 215 0.0140 % 

2009 1,476,409 493,308 935,902 215 0.0146 % 

2010 * 1,307,147 423,020 842,381 183 0.0140 % 

* From January until October 2010 

 
In the market study is there a rising of number of BEV’s from 11 to 33 and the number 
of HEV from 11 to 25 in approximately the next 3 years. This and the fact that many 
car manufacturers announce more electric vehicles, is a sign that the market of electric 
vehicle shall grow fast in the future. A variety of vehicles, improved technology, 
decreasing price and a stricter environmental policy, will increase the demand of 
electric vehicles. 
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3 BATTERIES AND RECHARGING 

3.1 Battery 

The battery is a key component in an electric vehicle. It is the only power source in an 
pure electric vehicle and an important part of a hybrid vehicle as energy buffer. A 
battery consist of two or more cells that convert chemical energy into electric energy. 
They use therefore a positive and negative electrode joined by an electrolyte. The 
chemical reaction in the cell generates a direct current (DC). In secondary cells or 
rechargeable cells is the chemical reaction reversible by reversing the current. 

There are a few types of batteries used in electric vehicles. All of them are 
rechargeable. The lifetime of a rechargeable battery is pronounced in cycles. Each 
charge and discharge is one cycle. The voltage of a battery is dependent of the 
chemical reaction and number of cells that are joined in the battery. It is possible to 
compare the different batteries on base of specifications such as the specific energy, 
specific power and energy density.  

The specific energy is the amount of electric energy that is stored for every kilogram of 
the battery mass. The specific energy in Wh/kg is only a guide, because the energy in a 
battery varies with factors such as the temperature and the discharge rate. 

The specific power is the amount of power obtained for every kilogram of the battery 
mass. It is just such as the specific energy a highly variable parameter. Some batteries 
have a good specific energy, but a low specific power. This means that they can store a 
lot of energy, but they can only give it out slowly. The difference between the specific 
power and the specific energy is a helpful parameter to compare different types of 
batteries. This often done with a plot. An example is shown in Figure 3.1. 

 

Figure 3.1 Plot for traction batteries (IEA, 2009) 

 
The energy density is the amount of electric energy that is stored for every volume unit 
such as the litre of the battery volume. The energy density is expressed in Wh/L or in 
Wh/m³. It is an important parameter to show the required volume of the battery for a 
given energy capacity.  
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The table below gives the specifications of the different batteries that are used in 
electric vehicles. 

Table 3.1 Specifications of different battery types 

 Specific 
energy 

Specific 
power 

Energy 
density 

Self 
discharge 

Cycles Cell 
voltage 

 Wh/kg W/kg Wh/L   V 

Lead-acid 20-50 75-300 60-75 3-20% / 
month 

500-800 2.105 

NiMH 30-80 150-1000 140-300 30% / 
month 

500-1000 1.2 

Lithium-ion 100-250 100-150 270 8% / 
month 

400-1200 3.6 

Lithium-ion 
polymer 

130-200 7100 300 5% / 
month 

>1000 3.7 

Molten salt 90 150 160 18% / 
day 

3000 2.58 

EDLC 5-20 15000 5 30% / 
month 

Not 
applicable 

2.5 

 

 

Figure 3.2 Plot of batteries, supercapacitors and flywheels (Larmine & Lowry,2003) 

 
 
The battery is still the limited factor of an electric vehicle because of his limited range, 
high mass and price. 

(LARMINIE & LOWRY, 2003) 
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3.1.1 Lead acid  

A lead-acid battery is the classic car battery that provides the energy to start the 
internal combustion engine of a vehicle. This battery is the oldest of rechargeable 
battery types and is invented by the French physicist Gaston Planté in 1859. 

In the charged state, each cell contains electrodes of elemental lead (Pb) and lead (IV) 
oxide (PbO2). The electrolyte is 37% v/v sulphuric acid (H2SO4). In the discharged 
state, both electrodes turn into lead (II) sulphate (PbSO4). The electrolyte loses its 
dissolved sulphuric acid and becomes water (H2O). 

The chemical reaction for the anode from charged to discharged is: 

������� + 3
������ + 
������� + 2��  ↔ �������� + 5
����� 
The chemical reaction for the cathode from charged to discharged is: 

����� + 
������� + 
�0���  ↔ �������� + 
������ + 2�� 

 

Figure 3.3 Lead acid battery 

 
The advantages of lead acid batteries are there simplicity, the possibility to deliver high 
electric currents and they are cheap to produce. The disadvantage is its low specific 
energy of 30 Wh/kg. A cell of a lead acid battery has a voltage of 2.1V. Most cars 
contains a lead acid battery to deliver the start current for the internal combustion 
engine. These batteries are 6 cell batteries with a total voltage of 12V. Some 
manufacturers of electric vehicles use lead acid batteries because it is a well know and 
proven technology. 

The most lead acid batteries are wet batteries with a liquid electrolyte. There is also a 
variant with a gel electrolyte. They have the advantages that they are maintenances 
free and have a lower self-discharge. The disadvantages are that a gel battery is more 
expensive, can deliver less current and have a lower capacity. 

(LEAD-ACID BATTERY, S.A.) 

3.1.2 Nickel metal hydride 

The first consumer grade nickel metal hydride (NiMH) battery is introduced on the 
market in 1989. It is a variation of the 1970s nickel hydrogen battery and the nickel 
cadmium battery. The battery is invented and patented by Stanford R. Ovshinsky and 
he founded the Ovonic Battery Company in 1982. The patent is purchased in 1994 from 
Ovonic to General Motors. They introduced the NiMH battery successful in many electric 
vehicles such as the General Motors EV1. General Motors sold the patent to Texaco in 
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2000, what is now a part of oil company Chevron. Chevron’s Cobasys subsidiary will 
only provide the NiMH battery to large OEM orders. Some manufacturers shut down 
their production line because the lack of availability of NiMH batteries was one of their 
chief obstacles. 

 

Figure 3.4 High power NiMH battery of a Toyota Prius 

 
The NiMH battery uses a hydrogen absorbing alloy for the negative electrode and the 
positive electrode is made from nickel oxyhydroxide (NiOOH). The electrolyte is usually 
potassium hydroxide (KOH).  

The chemical reaction of the negative electrode or cathode is from charged to 
discharged: 


�� + � + ��  ↔ �
� + �
 

The reaction for the positive electrode or anode is: 

����
�� + �
�  ↔ �����
� + 
�� + �� 

The metal M in the cathode is an intermetallic compound. The most common compound 
is AB5, where A is a rare earth mixture of lanthanum, cerium, neodymium, 
praseodymium and B is nickel, cobalt, manganese and/or aluminium. A few NiMH 
battery use higher capacity cathode material electrodes based on AB2 compounds. A is 
titanium and/or vanadium and B is zirconium or nickel, modified with chromium, cobalt, 
iron and/or manganese. 

The reaction in which hydrogen is bonded to the metal in the negative electrode is 
strongly exothermic. This makes the cooling system for the battery an important 
feature for the NiMH battery. 

The specific energy of a nickel metal hydride battery is higher than a lead acid battery, 
but lower than a lithium-ion battery. The cost of NiMH battery is also lower than the 
cost of lithium-ion battery. A disadvantage of the NiMH battery is the higher self 
discharge comparing with a lithium-ion battery. 

(LARMINIE & LOWRY, 2003; NICKEL-METAL HYDRIDE BATTERY, S.A.) 

3.1.3 Lithium-ion 

The Lithium-ion battery or Li-ion battery is a common battery for consumer products 
such as laptops and mobile phones. The battery is invented by M.S. Whittingham at 
Binghamton University in the 1970s. He used titanium (II) sulphide as cathode and 
lithium metal as anode. Modern lithium-ion cells use an intercalated lithium compound 
instead of metallic lithium. A workable graphite anode containing lithium ions is 
developed by Bell Labs in 1981. In 1991, Sony introduced the first commercial lithium-
ion battery.  
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Both, the anode and cathode, are materials into which, and from which, lithium can 
migrate. When a lithium-ion cell is charging, the lithium is extracted to the cathode and 
inserted into the anode. When the cell is discharging, the opposite occurs. The cathode 
material is generally a layered oxide such as lithium cobalt oxide, a polyanion such as 
lithium iron phosphate, or a spinel such as lithium manganese oxide. The electrolyte is 
either a liquid organic solution such as ethylene carbonate or diethyl carbonate. 

The chemical half-reaction for the anode from charged to discharged is: 

������  ↔ ���� ���� + !��� + !�� 

The half-reaction for the cathode or negative electrode is: 

!��� + !�� + 6�  ↔ �� �# 
The overall reaction has its limits. Overdischarge supersaturates lithium cobalt oxide, 
leading to the production of lithium oxide. 

��� + ������  → ���� + ��� 

Overcharge up to 5.2 V leads to the synthesis of cobalt (IV) oxide, as evidenced by x-
ray diffraction. 

������  → ��� + ���� 

 

Figure 3.5 Lithium-ion battery 

 
The advantages of the lithium-ion batteries are the high open circuit voltage comparing 
with the NiMH and the lead acid batteries. No memory effect and a low self-discharge of 
8% each month by 21°C, compared with 30% for a nickel metal hydride battery. The 
lithium-ion battery has a considerable weight advantage comparing with other 
batteries. This makes it an attractive battery for electric vehicles. The specific energy 
for example is about three times of that of lead acid battery. 

The lithium-ion battery has also a few disadvantages. High temperatures from charging 
or ambient air led to capacity loses. A unit that is full at most of the time by 25°C, loses 
approximately 20% capacity per year. Poor ventilation may increase the temperature 
and led to more capacity loses. Another disadvantage is the high internal resistance of 
the lithium-ion battery. The internal resistance increase with both cycles and age. This 
reduces the maximum current and eventually, the battery cannot operate for an 
adequate period. Connecting many small batteries in parallel circuits is more efficient 
than a single large lithium-ion battery for large devices such as an electric vehicle. The 
last advantage of the lithium-ion battery is that its design is not as durable as a NiMH 
battery. They may suffer thermal runaway and cell rupture if the battery is overcharged 
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or overheated. In extreme cases, they can explode. To reduce this risk, the batteries 
contains a shut down circuit that reacts outside the save range of 3-4.2 V. 

(LARMINIE & LOWRY, 2003; LITHIUM-ION BATTERY, S.A.) 

3.1.4 Lithium-ion polymer 

The lithium-ion polymer battery or lithium polymer (Li-pol) battery is involved from the 
lithium-ion battery. The key difference is that the electrolyte is not held in an organic 
solvent, but in a solid polymer composite such as polyethylene oxide or polyacrilonitrile. 
The chemical reactions are the same for the lithium-ion polymer battery and the 
lithium-ion battery.  

The most important advantage of the lithium polymer battery over the lithium-ion 
battery is the lower manufacturing cost. In December 2007, Toshiba announced a new 
design offering a faster rate of charge (90% in 5 minutes). They are expected to have a 
dramatic effect on the electric vehicle industry. This new design is released on the 
market in March 2008. 

(LITHIUM-ION POLYMER BATTERY, S.A.) 

3.1.5 Molten salt 

A molten salt battery is a type of high temperature electric battery that uses molten 
salt as electrolyte and is developed since mid 1960s. They are used for applications 
where high energy density and high power density are required, what makes them a 
promising technology for electric vehicles. 

A molten salt battery uses sodium (Na) as negative electrode, sodium is attractive 
because its high reduction potential of -2.71 V, its low weight, it is non-toxic and low 
cost. In order to produce practical batteries, the sodium must be in a liquid form. The 
melting temperature of sodium is 98°C, this means that molten salt batteries operate 
at high temperature like 270°C. Two of the more advanced  systems of molten salt 
batteries are the sodium-sulfer battery (NaS) and the lithium-sulfer battery. The NaS-
battery has reached a more advanced developmental stage than its lithium counterpart. 
The sodium-sulfer battery is also more attractive because it use a cheaper electrode 
material. The first commercial produced molten salt battery was a sodium-sulfer 
battery which used liquid sulfer for the positive electrode and a ceramic tube of beta-
aluminia solid electrolyte (BASE) for the electrolyte. A few practical problems like 
corrosion of the insulators, led to the development of the ZEBRA battery or, with its 
technical name, Na-NiCl2 battery. This battery was invented in 1985 by the Zeolite 
Battery Research Africa Project group (ZEBRA) led by Johan Coetzer at the Council for 
Scientific and Industrial Research (CSIR) in Pretoria, South Africa.  
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Figure 3.6 Na-NiCl2 battery 

 
The ZEBRA battery utilizes molten sodium aluminiumcholride (NaAlCl2) as electrolyte, 
NaAlCl2 has a melting point of 157°C. The positive electrode is from nickel in the 
discharged state and nickel-chloride in the charged state, the negative electrode is 
molten sodium. Because both NaAlCl2 and Na are liquid at the operating temperature of 
275°C, a sodium-conducting β-alumina ceramic is used to separate the liquid sodium 
from the molten sodium aluminiumcholride. The primary elements of a commercial 
ZEBRA battery, Na, Al and Cl, haves much more worldwide reserves and annual 
production than lithium, that is used in the lithium-ion battery. Lifetimes of over 3000 
cycles  and eight years with 10-cell and 20-cell modules have been demonstrated. 

 

Figure 3.7 Structure of a molten salt battery (Turconi, s.a.) 

 
When not in use, the molten salt batteries are left under charge so that they will remain 
molten and be ready for use. If it is allowed to solidify by a shutdown, a reheating 
process must be initiated that may require up to two days. 
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(MOLTEN SALT BATTERY, S.A. ; TURCONI, S.A.) 

3.1.6 Electric double layer capacitor 

The electric double layer capacitor (EDLC) or supercapacitor is a total different way to 
store energy than with a battery. A capacitor stores the energy directly in the electric 
field. The EDLC has a high capacitance thanks to the adoption of active carbon 
electrodes with a large surface (>2000m²/kg). When a voltage is applied, the ions in 
the electrolyte moves to the boundary interfaces between the electrolyte and the 
electrodes. The energy is stored in the electric field of the two electrochemical double 
layers. Those layers are responsible for the high capacitance due to their extended 
surface and small thickness in the order of the molecular dimension of the ions. The 
advantage of the EDLC is its fast reaction and large temperature range. Electric double 
layer capacitors have not been used as main energy supply in electric vehicles today. 
They are implemented as assistant energy supply for heavy loads. 

(CONTE, 2006; LARMINIE & LOWRY, 2003) 

3.2 Recharging 

An important issue by using a battery is the recharging procedure. Many manufactures 
and research institute developed a way to recharge the battery. In the most electric 
vehicles is the battery is connected with the grid with a standardized connector when 
the vehicle stands still. In a hybrid electric vehicle is it possible to recharge the battery 
with an internal combustion engine and a generator. There also new development in 
the recharging sector. A Belgian group of researchers developed a way to recharge the 
battery wireless. They use therefore the induction principle with a loop below the road 
surface. The vehicle can be recharged when it is moving and when it stands still. 

(FLANDERS’ DRIVE, 2010) 

3.2.1 Recharging levels 

The International Electrotechnical Commission (IEC) made standard about recharging 
an electric vehicle. Part 1 of IEC 62196 is applicable on plugs, sockets, connecters, 
inlets and cables for electric vehicles. The standard definite 4 recharging levels. 

• Mode 1: A current up to 16A with a single or three phase voltage. Various plugs and 
adapters may be employed. 

• Mode 2: A current up to 32A with a single or three phase voltage. A pilot contact in 
the plug should be used which works as a switch in the socket to enable the 
charging current. 

• Mode 3: Targeting a fast charging with a current up  to 250A with a single or three 
phase configuration. In this mode, a pilot contact in the plug  must match with a 
pilot sense function in the socket to enable the charging current. Mode 2 plugs may 
be used in mode 3 sockets, but with a limited current of 32A. 

• Mode 4: Targeting a fast charging with a current up to 400A with a DC voltage. In 
this mode, a pilot contact in the plug  must match with a pilot sense function in the 
socket to enable the charging current. 

3.2.2 Connectors 

Standard IEC 62196 contains also categorizations of plug types for charging processes. 
Some manufactures have made plugs beyond the existing IEC 60309 connectors 
(CEEform). The CEEform industry connectors are used in many areas while the IEC 
62196 connectors are used in the automotive sector. There is though competition 
between different manufacturers to choose their plug as standard plug for public 
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charging stations. This is possible because IEC 62196 didn’t give technical specifications 
for the construction of a plug. The Formula E-Team from the Netherlands predict that 
the next IEC 62196-2 edition will probably refer to three designs for mode 3 plugs. 

The plug standardization in Europe is part of process including smart grid technology. 
The ETSI and CEN-CENELEC are mandated by the European Commission to develop a 
European standard for electric vehicle recharging. The commission expects that the 
standard shall be completed mid 2011 including recommendations on the plug types 
from IEC 62196-2. 

The German manufacturer Mennekes developed a derivate of its IEC 60309 connector 
based on requirements of RWE and Daimler. Other car manufacturers accepted this 
connector as standard for their field test in Europe. This connector is proposed for 
inclusion in the next IEC 62196-2 standard. The plug is smaller than a standard 
industry plug for the same current (diameter 55mm against 68mm) to ensure easier 
handling. The plug is flattened at one side as physical protection against polarity 
reversal. Because the IEC standardization track is a long process, the German DKE/VDE 
published the handling details of the automotive charging system and its designated 
plug in standard VDE-AR-E-2623-2-2. This plug is developed for 16A single phase to 
63A three phase. This means that it does not cover the entire mode 3 range. This plug 
is shown in Figure 3.8 (a). 

 

Figure 3.8 Standardized plugs 

 
The EV plug Alliance was formed by Schneider Electric, Legrand and SCAME in March 
2010. Other companys joined the alliance on a later moment. Within the IEC 62196 
framework, they propose a plug derived from the earlier SCAME plug (Libera series). 
This new connector is able to provide up to 32A with 3 phase voltage. Schneider 
Electric emphasises that this plug uses shutters over the socket side pins which is 
required in 12 European countries and that none of the other proposed plugs is 
featuring. The limited current of 32A  allows for cheaper plugs and installation costs. 

Figure 3.8 (b) shows the North American SAE J1772 standard socket. This connector is 
based on a round design of Yazaki and is constructed for a power up to 16.8 kW 
delivered by a single phase voltage of 120-240V AC with a current up to 70A. This plus 
is just like the EV plug and the Mennekes plug, one of the three plug that are proposed 
for the IEC 62196-2 standard. 

The CHΛdeMO plug is developed by the CHAdeMO association in Japan. This association 
is formed by the Tokyo Electric Power Company, Nissan, Mitsubishi and Fuji Heavy 
Industries. Toyota later joined the association. This plug is designed for fast DC 
charging with a high voltage up to 500V DC and a 125A current. The plug is based on 
patented technology of the Tokyo Electric Power Company. The plug is standardized by 
the JEVS in standard G105-1993 from the Japan Automobile Research Institute. Figure 
3.8 (c) shows the CHAdeMO socket. 
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3.3 Electric grid 

By a large introduction of rechargeable vehicles is it likely that the most vehicles are 
connected to the grid around the same time. The grid and the electricity producing 
facilities are not designed for this artificial power peak. A possible solution to solve this 
problem is the implementation of a smart grid. The grid decide when the battery is 
charged depending on the availability of electric power. With the introduction of a smart 
grid is it not necessary to build extra power plants to provide the power peak and a 
enlargement of the grid infrastructure is not required. Some different manufacturers 
and electrical distribution companies are researching the possibilities of a smart grid. 

At the same time, they can implement the vehicle-to-grid system. In this system is the 
coupled battery of the electric vehicle used as energy buffer for power peaks on the 
grid. If there is an overproduction of electric energy, the battery is charged. If there is 
not enough energy production from the power plants, and domestic power sources such 
as photovoltaic solar panels, the battery is discharged to deliver energy to the grid. 
This principle use the idée that the battery has a too large capacity and that the rest 
capacity can be used to provide energy to the grid. On this way is a enlargement of the 
power production unnecessary.  

The vehicle-to-grid systems needs extra charge cycles from the battery. This has a 
negative effect on the batteries life cycles. The economical influence of this shorter life 
cycle is not researched. It is not know of the cost to replace the batteries of a large 
number of electric vehicles is lower, the same or higher than an enlargement of the 
power production facilities. 

 (CREG, 2010A & 2010B) 
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4 DRIVE 

The driving speed of an electric vehicle is dependent of the rotations of the rotor from 
the electric motor. This speed can be controlled with a frequency drive. The rotations 
per minute are given by the following equation. 

% = 60 '( 

Here in are p the pole pairs of the motor, n the rotations per minute (rpm) and f the 
frequency. The speed of the electric motor is ... with the frequency. A frequency 
convertor has two main parts: the rectifier and the inverter. The rectifier converts the 
alternating current voltage in to a direct current voltage. The inverter converts this 
direct current voltage in to a alternating current voltage with the right magnitude and 
frequency. Together, they form a AC to AC convertor that can be placed between the 
electric grid and a device with a special demand for voltage and frequency 
characteristics. 

 

Figure 4.1 Scheme of a drive in an electric vehicle 

 
The energy source of an electric vehicle is the battery. This battery is connected on the 
DC link between the rectifier and the inverter. The battery is charged by the grid via 
the rectifier or with regenerative breaking via the inverter. The battery is discharged via 
the inverter.  

4.1 PWM 

Many frequency convertors in the industry use the puls width modulation (PWM) 
principle. With electronic components such as thyristors, IGBTs, ... is it possible to 
convert the DC voltage from the DC link to an AC voltage. This converted AC voltage 
must approach a sinus wave. Puls width modulation can be explained on base of Figure 
4.3. In this example, a triangular wave, also called carrier, with frequency fd is 
compared with a three phase sine wave system. The intersections of the triangular 
wave and the three phase sine wave determines the steering of the three phase 
inverter bridge. Intersections A, C, E, G and I indicate when component 1 starts to 
conduct and component 4 stops with conducting. Intersections B, D, F and H indicate 
when component 1 stops with conducting and component 4 start after a death time Td. 
The same procedure is applied to the other sine wave and components. The voltages uX 
and uY gives the line voltage for L1 and L2. Signals X and Y are called the modulators 
because their frequency f1 modulates the frequency of the phase voltages. This 
principle is called a sinusoidal PWM because the pulse width is dependent of the sinus 
wave from the carrier. The output signal is given in Figure 4.3 (d). This line voltage 
uL1L2 is not a smooth sine wave. This means that the output signal contains harmonics. 

(POLLEFLIET, 2009) 
 

Grid Rectifier Battery Inverter Motor
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Figure 4.2 Example of a three phase inverter

 

Figure 4.3 Example of sinusoidal 
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Example of a three phase inverter bridge 

Example of sinusoidal PWM principle (Pollefliet, 2009) 
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4.2 Field oriented control 

Field oriented control (FOC) or vector control is developed to bring the dynamic 
advantages of a DC drive to the three phase AC motor. This can be done with power 
electronics and a good motor model. Field oriented control is based on three major 
points: the machine current and voltage space vector, the transformation of a three 
phase speed and time dependent system into a two coordinate time invariant system 
and Puls Width Modulation.  

 

Figure 4.4 Block scheme of field oriented control 

 
The three phase system exists of three windings that are turned over 120° between 
each other. The three phase systems is a difficult system to calculate. Therefore is it 
easier to work with the two phase equivalent. The two phase equivalent is a two phase 
machine with the same flux, torque and power as the three phase machine. The 
following equations are for the three phase system. 

)*�++++, + )*�++++, + )*�++++, = 0 

-*�++++++, + -*�++++++, + -*�++++++, = 0 

The transformation from the three phase system to a two phase time variant system is 
called the Clarke transformation and is illustrated in Figure 4.5. The comparison 
between the three phase machine and the two phase equivalent is given by: 

)*++, = )*�++++, + )*�++++, + )*�++++, = ).+++, + )/+++, 
�. = �*� − �*� cos�60°� − �*�cos �60°� 
�/ = −�*� sin�60°� + �*�sin�60°� 
This can be reformed to: 

�. = 32 �*� 

�/ = − √32 �*� − √3�*� 
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This transformation is power variant and must be changed to a power invariant 
transformation. 

 

Figure 4.5 Vector diagram of the Clarke transformation (Texas Instruments, 1998) 
 
It is possible to prove that the power of the two phase systems is equal to the power of 
the three phase system multiplied with one and a half. 

��~ = -.�. + -/�/ = 32 �-*��*� + -*��*� + -*��*�� 
��~ = 32 ��~ 

3 29  is symmetric divided over the : and the ; component. The Clarke transformation is 
then: 

�. = <32  �*� 

�/ = − √22 �*� − √2 �*� 

The flux is now also =3 29  smaller, therefore is a change of the winding ratio necessary. 

��~��~ = √32  

This time variant systems must be transformed to a time invariant system. The 
transformation to become the d-q coordinates is called the Park transformation. The d-
q coordinate systems is a system that rotates together with the rotor flux. The vector 
diagram of the Park transformation is show in Figure 4.6. 
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Figure 4.6 Vector diagram of the Park transformation (Texas Instruments, 1998) 

 
The d-axe is aligned with the rotor flux ΨR and is parallel to the rotor flux vector. The 
q-axe is aligned with the torque and has an angle of 90° with the rotor flux vector. 

The Park transformation is given by the following equations. 

�*> = �.?��@ + �/��%@ 

�*A = −�.��%@ + �/?��@ 

The results of the Park transformation are compared with a reference frame from the 
motor model. This comparison is the input of a control system. The output of the 
control system is the input of the inverse Park and Clarke transformation. The steering 
of the PWM frequency converter is based on the output of the inverse Clarke 
transformation. 

The AC motor has the disadvantage that its flux and torque are coupled to each other. 
Because of this advantage is it impossible to control the torque and flux independent 
from each other. Field oriented control solved this problem. It made it possible to 
control the torque and flux, direct and independently, of any AC machine. 

(POLLEFLIET, 2009) 

4.3 Direct torque control 

Direct torque control (DTC) is a principle to control the flux and torque of an induction 
motor without a feedback of the rotor speed or rotor position. DTC is based on 
calculations with an advanced mathematical motor model. Figure 4.7 shows the block 
diagram of direct torque control. This scheme exist out two parts, the speed control 
loop and the torque control loop. The motor current and DC bus voltage are measured 
and are the input information for the motor model. There is no feed back of the rotor 
speed or rotor passion necessary for speed accuracies over 0.5%. The calculations of 
the motor model are the input information of the torque and flux comparator. The 
steering of the switching position of the inverter is controlled by this comparators. The 
calculations of the adaptive motor model are also input information of the speed 
controller. The output from the speed controller is based on a comparison between the 
calculated speed and a speed reference. It is also the input of the torque reference 
controller. This controller limits the output of the speed controller and is the input 
signal of the torque comparator. 

(ABB, 2002) 
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Figure 4.7 Block scheme of direct torque control (ABB, 2002) 
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5 MOTOR 

5.1 Induction motor 

The induction motor (IM) or asynchronous motor (ASM) is considered as the workhorse 
of the industry. It is a motor with a low need of maintenance. There are unlike with a 
dc motor no brushes to commutate the rotor current. The only parts that need 
maintenance are the bearings. If the motor is not used excessively, the bearings 
determine the life cycle of the motor. The induction motor can be easily produced in 
mass production what results in a lower price compared with other motor types. 

5.1.1 Construction 

The principle of an induction motor is to create a rotating magnetic field in the stator 
and induce a current in the rotor. Both elements together create a power on the rotor 
what results in a rotating motion with a certain speed. The stator is three phase 
winding divided over a cylindrical surface. When a three phase voltage is applied is a 
rotating magnetic field induced. Figure 5.1 shows a simplified construction of an 
induction motor with one winding per phase. Figure 5.3 shows the magnetic field for 
point 1 till 7 of Figure 5.2. 

 

Figure 5.1 Simplified construction of an IM stator (Pollefliet, 2009) 

 

 

Figure 5.2 Three phase system (Pollefliet, 2009) 
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Figure 5.3 Rotating magnetic field from the stator (Pollefliet, 2009) 

 
The three phase windings are symmetrical divided over the surface so that they are 
shifted over 120°. The windings are called U1-U2, V1-V2 and W1-W2. In this figure are 
there two poles or one pole pair. The windings can be connected in a star or delta 
configuration. This can be done with bridges outside of the motor. On this way is it 
possible to change the configuration and the voltage, current and the rotation direction. 

 

 

Figure 5.4 Configuration of the three phase windings (Pollefliet, 2009) 

 



Electric vehicles: Market study and simulations 39 

 

In the figure above is the current positive when it flows from point 1 to point 2. This is 
illustrated with a cross at point 1 and a dot at point 2. The magnetic field induced by 
the three phase windings rotates clockwise in this example. The magnetic field rotates 
over 360° in one period of the sine wave. If there are more pole pairs, the magnetic 
field rotates p times 360°. The rotations per minute of the magnetic field is given by 
next equation. Here in is f the frequency, p the number of pole pairs and ns the 
rotations per minute (rpm) of the magnetic field. It is also called the synchronous 
speed. 

%* = 60 '(  

There are basically two types of rotors, the squirrel cage rotor and the wound rotor. 
The wound rotor is constructed with a three phase winding of isolated wire. The three 
windings are external reachable via carbon brushes. This brushes are sensitive for 
maintenance, because of this disadvantage is the wound rotor induction motor not 
applied in electric vehicles. The squirrel cage rotor is made of metal bars that are 
connected at both ends with a short circuit metal ring. When the rotating magnetic field 
of the stator pas a bar, an electromagnetic force (EMF) is induced. The force can 
calculated with Faraday’s law. 

B = C. �. E 

Here in is B the magnetic field of the stator, l the length of a rotor bar and v the 
velocity of the rotation of the magnetic field. E is the induced EMF. A current will be 
flow in the bar of the rotor and is given by Ohms law. Z is the impedance of a rotor bar. 

F = BG 

Because the magnetic field B is cutting the bar and a current I is flowing, a Lorentz 
force is generated. 

H = C. �. F 
This force acts in the same direction as the rotation of the magnetic field because it 
counteracts its source. Because the rotor can move freely, it shall start to accelerate to 
reduce the speed difference between the rotor and the magnetic field. The EMF reduces 
when the speed difference decreased. This led to a lower acceleration, current and 
force. When the rotor reach the speed of the magnetic field, the force will be zero. The 
following figure shows a simplified construction of a squirrel cage rotor induction motor 
with one winding per phase for the stator and one winding in the rotor. Here in is ns the 
rotation speed of the magnetic field, n the speed of the rotor, F the Lorentz Force and 
Φ the flux. 
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Figure 5.5 Simplified construction of a squirrel cage induction motor 

 
Because it is impossible for the rotor to reach the synchronous speed, a factor is 
defined to indicated this difference. This factor is the slip g.  

I = %* − %%*  

When the slip is put on a coordinate system, the direction is opposite to that of the 
rotor speed. The slip is zero when the rotor reach the synchronous speed, is one when 
the rotor stands still, is negative during generation and is larger than one by electric 
breaking. In this case is a magnetic field applied in the opposite direction of the 
rotational direction of the rotor. 

The distribution of windings is simplified in the figures above. The actual distribution 
contains more windings per slit in the stator. They are distributed per phase like a sine 
wave. The optimal distribution of N2 wires is for one phase coil is given by next 
equation: 

%*� = ��2 ��%: 

 

Figure 5.6 Distribution of stator windings of an induction motor (Pollefliet, 2009) 
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5.1.2 Power 

The main intention of an induction motor is deliver a certain torque to the shaft with a 
certain angular velocity. Figure 5.7Figure 5.7 Power flow of an induction motor gives 
the power flow from an induction motor. The voltage U is known and is delivered by the 
inverter or directly by the grid. The current I is dependent of the motor characteristics. 
The motor has an inductive character because of the use of the different coils. This has 
the result that the voltage and current are not in phase. The applied power is the power 
that feeds the motor. 

 

Figure 5.7 Power flow of an induction motor 

 

 

Figure 5.8 Equivalent circuit of an induction motor 

 �J = √3KLFL?��M = 3KNFN?��M 

Here in is φ the angle between the voltage and the current. The indices L and p indicate 
of it is a line or a phase value. Because the flowing current in the stator winding, a part 
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of the power is lost in the form of heat. This losses are called the stator cupper losses 
and are dependent of the stator current and the resistance of the stator windings. 

�O* = 3F*�P* 
A second part the power is dissipated in the form of heat in the stator core. This losses 
are called the iron losses due to the eddy currents in the core. 

�Q = 3KR�PR ≈ 3K*�PR  

The remaining power is the gap power Pr, this is the power that passes the air gap from 
the stator to the rotor. 

�T = 3FTU� PTUI  

The next power losses are lost in the form of heat in the rotor. This losses are called 
the rotor cupper losses. 

�OT = 3FTU�PTU = �TI 

The remaining power is called the mechanical power. 

�R = �1 − I��T 
A part of this mechanical power is lost due to friction with the rotating parts and the air 
and stationary parts. This part Pv is equal to the no load power. The overall efficiency is 
given by: 

W = �XYZ�[\ = �R − �]�J = �R − �]�R + �Q + �O* + �OT 

5.1.3 Torque 

The relation between the torque and the speed is given in the characteristic of Figure 
5.9.  

When the torque is calculated from the gap power and the synchronous angular speed, 
the overall expression of the torque is then: 

^ = 3�T_* (9 = 3(_*
PTUI FTU� = 3(_*

PTU _*_T FTU� = 3(PTU_T
B*��

`PTU _*_T a� + �_*bTU�c�� 

Where 

dTU = _*bTU�c 
dTU is the leakage inductance from rotor to the stator. From this moment, all the 
referred terms −TU  are replaced by terms −T. With 

K*� ≈ B*� = e*�_* 
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Figure 5.9 Torque-speed characteristic of an IM (Pollefliet, 2009) 

 
The torque equation is then: 

^ = 3(PT_T
e*��

`PTU_Ta� + �bT�c�� 

The maximum torque is reached when 

f^f_T = 0 

This happens as 

_T = PTbT�c 

The speed depends of the rotor resistance. When the rotor reach a higher speed than 
the synchronous , the value of ωr becomes negative. The energy flow is now from rotor 
to stator. This happens when the motor is used as generator. 

(POLLEFLIET, 2009) 
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5.2 Permanent magnet synchronous motor 

The permanent magnet synchronous motor (PMSM), permanent magnet brushless 
motor or brushless DC motor is a motor/generator of the synchronous type. The speed 
of this machine is given by the next equation. With n the rotations per minute, f the 
frequency and p the number of pole pairs. 

% = 60 '(  

The stator of the PMSM is similar to that of an induction motor. It exist of a three phase 
winding that is divided over a cylindrical surface. If a three phase voltage is applied on 
the winding, a rotating magnetic field is created. Figure 5.11 shows the different steps 
of the magnetic field for one period of the voltage. The field is rotating clockwise. The 
key difference between the induction motor and the PMSM is the rotor. In an induction 
motor a current is induced in the rotor winding to generate a force what results in a 
movement. The rotor of a permanent magnet synchronous motor is constructed with a 
permanent magnet. The field of this magnet is attracted by the rotating magnetic field 
of the stator. Because it is not necessary to cut the flux with a rotor winding to induce a 
current, the rotor can reach the synchronous speed. Because of the high weight of the 
rotor is it impossible to start at the maximum speed, synchronous speed. The rotor 
cannot accelerate fast enough to follow the stator field. Therefore is an extra start 
motor of frequency converter necessary to start the PMSM. The figure below shows the 
simplified principle of a PMSM. 

 

Figure 5.10 Three phase voltage 
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Figure 5.11 Simplified construction of a PMSM with 2 poles 

 
The rotor position shown in Figure 5.11 b & c is for time t2 and t3 in Figure 5.10. The 
rotor is turning clockwise for this following order of phases.  

The difference between a permanent magnet synchronous motor (PMSM) and the 
brushless DC motor (BLDC) is the form of the voltage that is applied to the motor. The 
PMSM is supplied with an sinus wave and the BLDC with an block wave. Both waves are 
alternating current. The windings of PMSM are distributed on the same way as with an 
induction motor and is showed in Figure 5.6. The distribution of a BLDC motor is not a 
sinusoidal distribution, but a more uniform distribution such as shown in the next 
figure. Both motors have the same torque-speed curve. 

 

Figure 5.12 Distribution of the windings of a BLDC motor (Pollefliet, 2009) 

 

This type of motor needs a strong permanent magnet for its rotor. The advantage of 
this magnet is that there a no currents induced in the rotor unlike by an induction 
motor. This makes them somewhat more efficient and gives them a slightly bigger 
specific energy. The diffenrences in specific energy between a PMSM (BLDC) and an 
induction motor is showed in the next plot. 
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Figure 5.13 Plot of the specific energy of electric motors (Larminie & Lowry, 2003) 

 
The switched reluctance motor (SR) is not considered in this thesis because there are 
no vehicle on the market with this type of motor. In the “Technology Roadmap” of the 
International Energy Agency (IEA, 2009) is expected that the SR motor is used in 
electric vehicles from 2020. 
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6 SIMULATION SOFTWARE 

The program that is used for the simulations is Scilab version 5.2.2. This is a 
mathematical simulation program similar to Mathlab. Scilab is a free and open source 
program that is distributed with is source code under the Cecill license. 

 

Figure 6.1 Scilab logo 

 
The programming language of Scilab is an interpreted language. This means that it 
allows to manipulate variables in a dynamic way. It is associated with al large collection 
of numerical algorithms to cover a large number of scientific computing problems. 
Scilab provides a few graphic features which allow to create 2D and 3D plots. 

(BAUDIN, 2010) 

6.1 Basic mathematics 

When the program is opened, the console screen is visible. In this console screen is it 
possible to type commando’s. The table below is an overview of the basic commando’s. 
To execute a line is it necessary to use the enter button on the keyboard.  

For example: 

 

Table 6.1 Basic commando's 

Commando  Explanation Example 

+ Addition  5 + 3 = 8 

- Subtraction  7 – 4 = 3 

* Multiplication  2 * 5 = 10 

/ Division  16 / 4 = 4 

^ Power  3 ^ 2 = 9 

 

6.2 Variables 

In Scilab is it possible to declare real variables. The name of the variables may be as 
long as the user wants, but only the first 24 characters are taken into account by 

--> 1+2  (enter) 
 ans =  

     3. 
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Scilab. All ASCII letters from “a” to “z”, from “A” to “Z” and from “0” to “9” are allowed, 
inclusive the additional characters “%”, “_”, “#”, “!”, “$”, “?”. Variable names beginning 
with “%” are not allowed because they have a special meaning in Scilab. Variable 
names are case sensitive what means that the upper and lower case letter are 
considered  to be different by Scilab. 

A variable can exist out of one or more numbers. For example: 

 

 

 

The variable names which begins with “%” are predefined variable in Scilab.  

Table 6.2 Predefined variable names in Scilab 

Predefined variable name Explanation  

%i The imaginary number � 
%e Euler’s constant � 

%pi The mathematical constant g 

 

The commando’s for multiplication and division from Table 6.1 are not valid for a 
multiplication or division of two variables with each two or more numbers. The 
commando here for is slightly different. 

Table 6.3 Additinal commando's for variables with two or more numbers 

Commando Explanation Example 

.* Multiplication [1,2,3] .* [4,5,6] = [4,10,18] 

./ Division [25,16,12] ./ [5,4,3] = [5,4,4] 

For example: 

--> b=[1,2,3.5] (enter) 
 b =  

     1.    2.     3.5 

--> a=7-5  (enter) 
 a =  

     2. 

--> A=3  (enter) 
 A =  

     3. 
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For addition and subtraction and for multiplication or division with a constant are the 
basic commando’s required. 

 

6.3 Graphics 

Another possibility of scilab is the plot function. This is the commando to draw a 2D 
plot. There are two possibilities to use this function. The first possibility is to declare 
only the y-axe, the x-axe is numerical from “1” to the number of points that are 
drawed.  The second way is to declare the x- and the y-axe. For example: 

 

 

After this commando, the plot is shown in an additional screen such as shown in the 
next figure. 

--> plot(x,y)  (enter) 
 

--> plot(b)  (enter) 
 

-->a * 3  (enter) 
 ans= 

     3.    6.    9. 

--> a + b  (enter) 
 ans =  

     8.    10.     12. 

--> a=[1,2,3]  (enter) 
 a =  

     1.    2.     3. 

--> b=[7,8,9]  (enter) 
 b =  

     7.    8.     9. 

--> a .* b  (enter) 
 ans =  

     7.    16.     27. 



Electric vehicles: Market study and simulations 50 

 

 

Figure 6.2 Scilab console screen and 2D plot 

 
In the menu “Edit”- “Axes properties” from the plot screen is it possible to change the 
colour of the graph, the begin and end point of the axes or the titles of the axes and 
entire graph. The graph can be saved as PNG-image under Windows via the menu 
“File”-“Export to...”. 

 

Figure 6.3 Axes properties 
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7 SIMULATIONS 

7.1 The simulated vehicle 

The vehicle that is simulated in the following simulations has the specifications from 
Table 7.1. 

Table 7.1 Specifications of the proposed vehicle 

Parameter Symbol Value Unit 

Mass of the vehicle m 1365 kg 

Coefficient of rolling resistance Crr 0.008  

Coefficient of drag CD 0.29  

Frontal surface of the vehicle A 2.04 m² 

Rolling radius rr 0.285 m 

Transmission ratio of the differential Rtrans 3.42  

 
Table 7.2 General specifications 

Density of the ambient air ρ 1.2 kg/m³ 

Acceleration of gravity g 9.81 m/s² 

 

The vehicle is simulated without a gearbox, but with a differential with a transmission 
ratio of 3.42. 

 

Figure 7.1 Block scheme of the proposed vehicle 

 
(MARKEL & WIPKE, 2001; SENGER, 1997) 

7.2 Drive cycle 

The drive cycle that is used in the following simulations is a combination of the UN/ECE 
Elementary Urban Cycle (part1) and the UN/ECE Extra-Urban Driving Cycle (part 2) 
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from the United Nations Economic Commission for Europe. The total drive cycle has a 
distance of 7.949 km in 595 seconds

Figure 7.2 Drive cycle 

 

7.3 Basic formulas

The main calculations are based on the flow chart below.

Figure 7.3 Flow chart of the main simulations

 

The input of the simulation model is a 
cycle. With this profile is it possible to calculate the required force, torque, angular 
velocity and power. 

(SENGER, 1997) 

7.3.1 Force 

Every vehicle simulation is derived from Newton’s second law, the basic equat
solid-body motion. 

H = h 

This equation can be modified with the specific forces which are typically for vehicles. 
The equation for the force that is required at the wheels of the vehicle is

H = hI�TT + 1

2
i�jkE� � h
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from the United Nations Economic Commission for Europe. The total drive cycle has a 
distance of 7.949 km in 595 seconds with an average speed of 47.9 km/h.

Basic formulas 

The main calculations are based on the flow chart below. 

Flow chart of the main simulations 

The input of the simulation model is a velocity profile, this is often a standard speed 
cycle. With this profile is it possible to calculate the required force, torque, angular 

Every vehicle simulation is derived from Newton’s second law, the basic equat

This equation can be modified with the specific forces which are typically for vehicles. 
The equation for the force that is required at the wheels of the vehicle is

h � hI��%@ 
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from the United Nations Economic Commission for Europe. The total drive cycle has a 
47.9 km/h. 

 

 

velocity profile, this is often a standard speed 
cycle. With this profile is it possible to calculate the required force, torque, angular 

Every vehicle simulation is derived from Newton’s second law, the basic equation of 

This equation can be modified with the specific forces which are typically for vehicles. 
The equation for the force that is required at the wheels of the vehicle is 
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The first term represents the force that is required to overcome the rolling resistance. 
Note that this force is constant regardless of the vehicle speed and that it dominates at 
relatively slow speeds. The second term indicates the drag force which the vehicle must 
overcome at a certain speed. This 
Because of the square relation is this term small at low speeds and increases it rapidly 
with the velocity. The third term shows the mass inertia of the vehicle. The force 
required to propel the vehicle on a 

The drag coefficient is a common metric in automotive design. Constructers strive to 
achieve a low coefficient of drag to improve the fuel efficiency. About 60% of the pow
to cruise at highway speed is used to overcome air drag. Modern cars achieve a drag 
coefficient between 0.25 and 0.45.

The rolling resistance is the force that 
on a flat surface. It is depending of the 
the surface, or both. The rolling resistance or rolling drag is also depending of the 
wheel radius, forward speed, surface adhesion and relative micro
object and the surface. The material of
will give a bigger rolling resistance than steel and also sand gives a bigger rolling 
resistance than concrete. The rolling resistance is calculated on base of a dimensionless 
coefficient of rolling resistance
of rolling resistance between 0.00

Figure 7.4 Plot of the simulated force

 
Figure 7.4 shows the force that is required at the wheels of the 
on the drive cycle of Figure 

7.3.2 Output torque

X̂YZ = H. lT 

The required torque at the wheels can be calculated with the equation above.
is shown in Figure 7.5. 
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erm represents the force that is required to overcome the rolling resistance. 
Note that this force is constant regardless of the vehicle speed and that it dominates at 
relatively slow speeds. The second term indicates the drag force which the vehicle must 
overcome at a certain speed. This term is proportional to the square of the speed. 
Because of the square relation is this term small at low speeds and increases it rapidly 
with the velocity. The third term shows the mass inertia of the vehicle. The force 
equired to propel the vehicle on a slope with the angle θ is shown in the last term.

a common metric in automotive design. Constructers strive to 
achieve a low coefficient of drag to improve the fuel efficiency. About 60% of the pow
to cruise at highway speed is used to overcome air drag. Modern cars achieve a drag 
coefficient between 0.25 and 0.45. 

olling resistance is the force that occurs when a round object, such as a tire, rolls 
on a flat surface. It is depending of the deformation of the object, the deformation of 
the surface, or both. The rolling resistance or rolling drag is also depending of the 
wheel radius, forward speed, surface adhesion and relative micro-sliding between the 
object and the surface. The material of object and surface are very important. Rubber 
will give a bigger rolling resistance than steel and also sand gives a bigger rolling 
resistance than concrete. The rolling resistance is calculated on base of a dimensionless 
coefficient of rolling resistance that is given by ISO 8768. A normal car has a coefficient 
of rolling resistance between 0.0062 and 0.015. 

Plot of the simulated force 

shows the force that is required at the wheels of the simulate
Figure 7.2. 

Output torque 

The required torque at the wheels can be calculated with the equation above.
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erm represents the force that is required to overcome the rolling resistance. 
Note that this force is constant regardless of the vehicle speed and that it dominates at 
relatively slow speeds. The second term indicates the drag force which the vehicle must 

term is proportional to the square of the speed. 
Because of the square relation is this term small at low speeds and increases it rapidly 
with the velocity. The third term shows the mass inertia of the vehicle. The force 

is shown in the last term. 

a common metric in automotive design. Constructers strive to 
achieve a low coefficient of drag to improve the fuel efficiency. About 60% of the power 
to cruise at highway speed is used to overcome air drag. Modern cars achieve a drag 

ccurs when a round object, such as a tire, rolls 
deformation of the object, the deformation of 

the surface, or both. The rolling resistance or rolling drag is also depending of the 
sliding between the 

object and surface are very important. Rubber 
will give a bigger rolling resistance than steel and also sand gives a bigger rolling 
resistance than concrete. The rolling resistance is calculated on base of a dimensionless 

that is given by ISO 8768. A normal car has a coefficient 

 

simulated vehicle based 

The required torque at the wheels can be calculated with the equation above. The result 
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Figure 7.5 Plot of the simulated output torque

 
From this curve can be concluded that there is a large demand of torque when the 
vehicle is accelerating and less torque when the vehicle runs at constant speed.

7.3.3 Output angular velocity

_XYZ = ElT 

The angular velocity is calculated by the speed divided with the rolling radius.
 

Figure 7.6 Plot of the simulated output angular velocity
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Plot of the simulated output torque 

From this curve can be concluded that there is a large demand of torque when the 
accelerating and less torque when the vehicle runs at constant speed.

Output angular velocity 

The angular velocity is calculated by the speed divided with the rolling radius.

t of the simulated output angular velocity 
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From this curve can be concluded that there is a large demand of torque when the 
accelerating and less torque when the vehicle runs at constant speed. 

The angular velocity is calculated by the speed divided with the rolling radius. 
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7.3.4 Input torque

The input torque is the torque at the input of the transmission. In the proposed vehicle 
is there only a differential with a transmission ratio of 3.42. The input torque is 
proportional with the output torque and the transmission represented by the 
transmission ratio and efficiency. The result of the calculations is shown in the plot 
below. 

[̂\ = X̂YZPZTm\* WZTm\* 

Figure 7.7 Plot of the simulated input Torque

 
The input torque is smaller than the output torque. The reason here for is the torque 
conversion of the transmission, in this case the 
dependent of the torque that it must produce. Here f
torque is lower. On this way is it possible to use a smaller motor. 

7.3.5 Input angular velocity

_[\ = _XYZ  PZTm\* 

Unlike the input torque, is the input angular velocity bigger than the output angular 
velocity. This is also a result of the differential. A higher angular velocity is also 
interesting because a motor has more rotations per minute than the wheels of a vehicle 
in most cases. 
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Input torque   

The input torque is the torque at the input of the transmission. In the proposed vehicle 
is there only a differential with a transmission ratio of 3.42. The input torque is 

output torque and the transmission represented by the 
transmission ratio and efficiency. The result of the calculations is shown in the plot 

Plot of the simulated input Torque 

The input torque is smaller than the output torque. The reason here for is the torque 
conversion of the transmission, in this case the differential. The motor size is 
dependent of the torque that it must produce. Here for is it an advantage that the input 
torque is lower. On this way is it possible to use a smaller motor.  

Input angular velocity 

Unlike the input torque, is the input angular velocity bigger than the output angular 
is is also a result of the differential. A higher angular velocity is also 

interesting because a motor has more rotations per minute than the wheels of a vehicle 
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The input torque is the torque at the input of the transmission. In the proposed vehicle 
is there only a differential with a transmission ratio of 3.42. The input torque is 

output torque and the transmission represented by the 
transmission ratio and efficiency. The result of the calculations is shown in the plot 

 

The input torque is smaller than the output torque. The reason here for is the torque 
differential. The motor size is 

or is it an advantage that the input 
 

Unlike the input torque, is the input angular velocity bigger than the output angular 
is is also a result of the differential. A higher angular velocity is also 

interesting because a motor has more rotations per minute than the wheels of a vehicle 
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Figure 7.8 Plot of the simulated input angular velocity

 

7.3.6 Power 

� = X̂YZ_XYZWRXZW[\] 

Figure 7.9 Plot of the simulated power

 
A connection between torque and power can be given by the equati
7.9 gives a graphical image of the power that is delivered by the battery. The efficiency 
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Plot of the simulated input angular velocity 

Plot of the simulated power in one cycle 

A connection between torque and power can be given by the equati
gives a graphical image of the power that is delivered by the battery. The efficiency 
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A connection between torque and power can be given by the equation above. Figure 
gives a graphical image of the power that is delivered by the battery. The efficiency 
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of the electric motor and power converter is in this simulation a constant. The motor 
efficiency ηmot is 0.95 and the converter efficiency ηinv is 0.9. 

7.4 Motor & converter 

The efficiency of the electric motor and the power converter is in a real situation not 
constant. The efficiency is dependent of the power losses in the motor and the 
frequency. The simulated electric motor is a three phase squirrel cage induction motor 
of 50kW and 1 pole pair. 

 

Figure 7.10 Efficiency curve of an induction motor as a function of the load 

 
The figure above shows the efficiency of an induction motor as a function of its load. 
The curve can be described with the next mathematical function: 

WnXm> = 8 ∙ 10�q ∙ �nXm>� − 7 ∙ 10�s ∙ �nXm>� − 4 ∙ 10�u ∙ �nXm>� + 0.005 ∙ �nXm> + 0.8368 

The result of this function is showed in Figure 7.11 where 

 �nXm> = X̂YZ ∙ _XYZ  
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Figure 7.11 Plot of the efficiency curve based on the load efficiency

 
The same process can also be done
the PWM signal. The figure below shows the efficiency curve of an induction motor in 
function of the frequency for 100% load.

Figure 7.12 Efficiency curve of an induction motor in function of the frequency

 
The mathematical function for this curve is

WQTJA = −0.0001 ∙ '� � 0.0035

The frequency is calculated with the next equation:

' &
_[\

2g
 

The result of the mathemat
following plot. 
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fficiency curve based on the load efficiency 

The same process can also be done for the efficiency losses based on the frequency of 
the PWM signal. The figure below shows the efficiency curve of an induction motor in 
function of the frequency for 100% load. 

Efficiency curve of an induction motor in function of the frequency

The mathematical function for this curve is 

0035 ∙ '� � 0.4675 ∙ ' � 76.235 

The frequency is calculated with the next equation: 

The result of the mathematical function of the frequency efficiency is showed in the 
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for the efficiency losses based on the frequency of 
the PWM signal. The figure below shows the efficiency curve of an induction motor in 

 

Efficiency curve of an induction motor in function of the frequency 

ical function of the frequency efficiency is showed in the 
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Figure 7.13 Plot of the efficiency curve based on the frequency efficiency

 
Based on this efficiencies is it possible to simulate t

�RXZ�[\] = X̂YZ_XYZWnXm>WQTJA 

Figure 7.14 Plot of the simulated power in one cycle

 
This power plot is almost the same compared with the earlier power plot. A comparison 
of the two power simulations is given by the next figure. 
difference between the first power simulation and the second.

�>[QQ = � − �RXZ�[\] 
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Plot of the efficiency curve based on the frequency efficiency 

Based on this efficiencies is it possible to simulate the required power from the battery. 

Plot of the simulated power in one cycle 

This power plot is almost the same compared with the earlier power plot. A comparison 
of the two power simulations is given by the next figure. Figure 7.15
difference between the first power simulation and the second. 
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he required power from the battery.  

 

This power plot is almost the same compared with the earlier power plot. A comparison 
15 gives the 
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Figure 7.15 Comparison of the two simul

 

7.5 Battery 

A lithium-ion battery of 16 kWh is considered for the following simulations. The voltage 
of this battery is 300V if it is full charged.
ion cell, with a voltage of 3.6V,
discharge. The total voltage drop for a 300V battery is approximately 40V. The depth of 
discharge for a lithium-ion battery is mostly limited on 90% discharge or 10% charge. 
The reason here for is the large voltage drop below a c
simulated battery has an efficiency of 80%.

Figure 7.16 Voltage curve of a lithium
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Comparison of the two simulated powers 

ion battery of 16 kWh is considered for the following simulations. The voltage 
of this battery is 300V if it is full charged. The total battery weight is 240kg.

, with a voltage of 3.6V, has a voltage drop of 3 to 5 mV per percent of 
discharge. The total voltage drop for a 300V battery is approximately 40V. The depth of 

ion battery is mostly limited on 90% discharge or 10% charge. 
The reason here for is the large voltage drop below a charge level of 10%.
simulated battery has an efficiency of 80%. 

 

Voltage curve of a lithium-ion cell (Zimmer, 2009) 
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ion battery of 16 kWh is considered for the following simulations. The voltage 
The total battery weight is 240kg. A lithium-

3 to 5 mV per percent of 
discharge. The total voltage drop for a 300V battery is approximately 40V. The depth of 

ion battery is mostly limited on 90% discharge or 10% charge. 
harge level of 10%. The 
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7.5.1 Energy consumption to the battery

The power that must be delivered by the
from the motor and inverter and with the efficiency of the battery.

�vmZ = �RXZ�[\]WvmZ  

Figure 7.17 Plot of the battery power in 1 cycle

 
The total energy consumption of the simulated drive cycle is 6,634,918.4  J or 1.843 
kWh. A limited depth of discharge of 90% for a 16 kWh battery is equal to 14.4 kWh of 
available energy or 51,840,000 J. The simulated car can drive this drive cycle more 
than 7.8 times. Figure 7
of 90% of the 16 kWh battery.
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Energy consumption to the battery 

The power that must be delivered by the battery is calculated with the power request 
from the motor and inverter and with the efficiency of the battery. 

Plot of the battery power in 1 cycle 

The total energy consumption of the simulated drive cycle is 6,634,918.4  J or 1.843 
kWh. A limited depth of discharge of 90% for a 16 kWh battery is equal to 14.4 kWh of 
available energy or 51,840,000 J. The simulated car can drive this drive cycle more 

7.18 shows the simulated power curve for the maximum range 
of 90% of the 16 kWh battery. 
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battery is calculated with the power request 
 

 

The total energy consumption of the simulated drive cycle is 6,634,918.4  J or 1.843 
kWh. A limited depth of discharge of 90% for a 16 kWh battery is equal to 14.4 kWh of 
available energy or 51,840,000 J. The simulated car can drive this drive cycle more 

shows the simulated power curve for the maximum range 
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Figure 7.18 Plot of the simulated power for a discharge of 90%

 

7.5.2 Battery voltage

The figure below shows the battery voltage during the 
corresponded with a charge level of 100% and 
related to a charge level of approximately 10%

Figure 7.19 Plot of the simulated battery voltage

 
The battery voltage is simulated with the next equation. Here in is U
battery voltage of 300V. P
sum. 

KvmZ = KRm − fK ∙ ?-h�-h

The voltage step dU is based on the next calculation.
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Plot of the simulated power for a discharge of 90% 

Battery voltage 

The figure below shows the battery voltage during the 7.8 cycles. 0 seconds 
corresponded with a charge level of 100% and a voltage of 300 V. 

vel of approximately 10% and 263.13 V.  

Plot of the simulated battery voltage 

The battery voltage is simulated with the next equation. Here in is U
battery voltage of 300V. Psimul is the power from Figure 7.18 and is added as cumulative 

?-h�-h��*[RYn� 

is based on the next calculation. 
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cycles. 0 seconds 
a voltage of 300 V. 4,684 seconds is 

 

The battery voltage is simulated with the next equation. Here in is Umax the maximum 
and is added as cumulative 
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fK = KZXZ >TXN

wvmZ

&
40x

16yz{
& 7

 

7.5.3 Battery current

With the power that is consumed out of the battery and the battery voltage is it 
possible to calculate the battery current. 
current is rising because of the decreasing voltage and the constant power.

FvmZ &
�*[RYn

KvmZ

 

Figure 7.20 Plot of the simulated battery current

 

7.6 Range 

The average distance that is traveled with a car 
of the driver and his/here education. 
day is 38.23 km. A few other examples of an average distance is given in 

The total energy consumption of 
result was an energy consumption of  6,634,918.4 J or 1.843 kWh for one cycle. A 
limited depth of discharge of 90% for a 16 kWh battery is 14.4 kWh. There was also 
calculated that the simulated car c
equal to a distance of 62.00 km in 1 h 18 min 4 s. 

With this drive cycle and 
218.27 km in 4 h 34 min 45 s
reached with a battery of 22.97 kWh in 2 h 6 min 35 s.
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7 ∙ 10�s x/} 

Battery current 

With the power that is consumed out of the battery and the battery voltage is it 
possible to calculate the battery current. Figure 7.20 shows the battery current. 
current is rising because of the decreasing voltage and the constant power.

Plot of the simulated battery current 

The average distance that is traveled with a car in one day is dependent of the gender
of the driver and his/here education. The main average distance that is traveled in one 
day is 38.23 km. A few other examples of an average distance is given in 

The total energy consumption of the simulated drive cycle is given 
result was an energy consumption of  6,634,918.4 J or 1.843 kWh for one cycle. A 
limited depth of discharge of 90% for a 16 kWh battery is 14.4 kWh. There was also 
calculated that the simulated car can drive this cycle for more than 7.8 times.
equal to a distance of 62.00 km in 1 h 18 min 4 s.  

this drive cycle and a 450 kg battery of 56 kWh is it possible to drive a distance of 
218.27 km in 4 h 34 min 45 s with the simulated car. A distance of 100 km can be 
reached with a battery of 22.97 kWh in 2 h 6 min 35 s. 
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With the power that is consumed out of the battery and the battery voltage is it 
shows the battery current. The 

current is rising because of the decreasing voltage and the constant power. 

 

in one day is dependent of the gender 
The main average distance that is traveled in one 

day is 38.23 km. A few other examples of an average distance is given in Table 7.3. 

 in chapter 7.5.1. The 
result was an energy consumption of  6,634,918.4 J or 1.843 kWh for one cycle. A 
limited depth of discharge of 90% for a 16 kWh battery is 14.4 kWh. There was also 

an drive this cycle for more than 7.8 times. This is 

a 450 kg battery of 56 kWh is it possible to drive a distance of 
nce of 100 km can be 
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Table 7.3 Average distance with a car in one day (Mobielvlaanderen, s.a.) 

Group Distance (km) 

Main average 38.23 

Male 47.06 

Female 30.21 

No diploma 6.18 

Basic school 15.90 

General secondary school (ASO) not finished  34.36 

Not general secondary school (TSO-BSO) not finished  27.71 

General secondary school (ASO) finished 30.52 

Not general secondary school (TSO-BSO) finished 53.60 

University-college 52.03 

University 56.89 

   

With this numbers can we conclude that a 16 kWh battery is enough for the most days 
that people drive an average distance. In some particular circumstances where it is 
necessary to drive a longer distance, is a 16 kWh battery probably too small. Possible 
solutions to overcome this limited range is a larger battery, a hybrid electric vehicle or 
fast charge stations. 

In case of a larger battery must be asked of it is a good solution to buy a larger, more 
expensive battery for the few times that it is necessary. It is at most times an over 
dimension.  

Recharging the battery with a fast charge station is probably a cheaper solution than a 
large battery. In this case is it necessary to calculate the extra time to recharge in your 
driving scheme. But the charge stations are depended from private companies or the 
government. On this moment are there almost no charge stations, what makes it an 
unreliable solution on this moment. When they are installed, is it a good alternative for 
a large battery. 

Another realistic alternative is the hybrid electric vehicle and especially the plug-in HEV. 
The average distance can be driven electric on the battery and the extra range can be 
done with the internal combustion engine. This solution is not exactly zero emission, 
what means that a possible CO2 tax must be paid. 
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CONCLUSION 

From the market study can be concluded that the most electric vehicles will be 
launched in the next years. The market is on this moment very small, but shall expand 
in the next decennia.  

The electric vehicles are produced with various technologies that evolutes continuous. 
The most manufacturers choose for an lithium-ion battery because of its higher specific 
energy and longer life time. The motor is mostly the well known induction motor. 

Out of the simulations can be concluded that an electric vehicle is a realistic alternative 
for a vehicle with an internal combustion engine for average distances. For larger 
distances is a hybrid vehicle the best solution on this moment. This because of the lack 
of charging infrastructure and the high cost of a large battery. 
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APPENDIX 

Appendix A: List of available BEVs 

Appendix B: List of available HEVs 
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APPENDIX A 

List of battery driven electric vehicles that are available on this moment or come on the 
market in the next years. This list is made in September 2010 with information from 
several websites of car manufacturers, car magazines and automobile organizations. 
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Appendix A: 
List of battery driven electric vehicles

Manufacturer Model Variant Type

1 Aixam-Mega e-City City vehicle

2 Audi e-tron Sportcar

3 Buddy City vehicle

4 Citroën Berlingo First Electrique Van

5 Citroën C-Zero Hatchback

6 Detroit Electric e46 Freedom pack Sedan

7 Detroit Electric e46 City pack Sedan

8 Detroit Electric e63 Freedom pack Sedan

9 Detroit Electric e63 City pack Sedan

10 Elettrica City vehicle

11 Ford Focus Electric Hatchback

12 Ford Transit Connect Electric Van

13 Maranello 4Cycle SCE City vehicle

14 Miles ZX 40S City vehicle

15 Mitsibushi i-Miev Hatchback

16 NICE Mega City E-City pro City vehicle

17 Nissan Leaf Hatchback

18 Peugeot ion Hatchback

19 Renault Fluence Z.E. Sedan

20 Renault Kangoo Z.E. Van

21 Renault Zoe Z.E. Hatchback

22 Reva i City vehicle

23 Reva L-ion City vehicle

24 Smart ForTwo ED Hatchback

25 Spirra E Sportcar

26 Stevens ZeCar City vehicle

27 Stevens ZeCar City vehicle

28 Tazzari Zero City vehicle

29 Tesla Roadster Sportcar

30 Tesla S Sportcar

31 Think City City vehicle

32 Think City City vehicle

33 Volvo C30 Electric Hatchback
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Appendix A: 
List of battery driven electric vehicles

Motor Torque Propulsion Max speed

kW hp Nm axe km/h

1 4 5 Front Wheel 64

2 IM 233 317 4500 All Wheel 200

3 13 18 80

4 IM 53 72 180 100

5 PMSM 47 64 180 Rear Wheel 130

6 75 102 350

7 75 102 350

8 75 102 350

9 75 102 350

10 72

11

12 IM 158 120

13 4 5 Front Wheel 45

14 25 34 45

15 PMSM 47 64 180 Rear Wheel 130

16 64

17 PMSM 80 109 Front Wheel 160

18 PMSM 47 64 180 Rear Wheel 130

19 70 95 226

20

21 70 95 226

22 IM 80

23 IM 85

24 20 27 100

25 200 272 305

26 IM 27 37 217 90

27 IM 52 71 180 90

28 IM 150 Rear Wheel 90

29 IM 215 292 370 212

30 192

31 IM 30 41 Front Wheel 110

32 IM 30 41 Front Wheel 110

33 130

IM: Induction Motor

PMSM: Permanent Magnet Synchronous Motor

Power
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Appendix A: 
List of battery driven electric vehicles

Range

s (0-100) s (0-50) km h fast

1 80

2 4.8 250 6-8 2,5

3 7 80 6-8

4 100 8

5 15 130 6 0.5 (80%)

6 8 320 12.5 30 min (90%)

7 8 241 8 20 min (90%)

8 8 320 12.5 30 min (90%)

9 8 241 8 20 min (90%)

10 110

11

12 12 130 6-8

13 50-70

14 80

15 15 130 6 0,5 (80%)

16 58 5-8

17 160 7 0,5 (80%)

18 15 130 6 0,5 (80%)

19 160 20

20

21 20

22 80 8 2,5 (80%)

23 120 6 1 (90%)

24 135 8 4 (80%)

25 4 365

26 160

27 160

28 5 140 10 1 (80%)

29 3.9 340 3.5

30 5.6 480 0.75

31 8,4 160 8

32 8,4 160 13 7 (80%)

33 11 150

Acceleration Recharging time
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Appendix A: 
List of battery driven electric vehicles

Battery kwh Voltage EU

V

1 Lead acid 10 12 A

2 Lithium-ion

3 NiMH 14,4 2010

4 2011

5 Lithium-ion 16 330 dec/10

6 Lithium-ion 40 2012

7 Lithium-ion 25 2012

8 Lithium-ion 40 2012 736

9 Lithium-ion 25 2012

10 A

11 2012

12 Lithium-ion 3,3 300 2011

13 Lead acid

14 Lead acid 11.5 72 A

15 Lithium-ion 16 330 dec/10

16 Lead acid A

17 Lithium-ion 24 2011

18 Lithium-ion 16 330 dec/10

19 Lithium-ion 2011

20 2011

21 2012

22 Lead acid 13 6 A

23 Lithium-ion 13 50 A

24 Lithium-ion 2012

25 Lithium-ion 56

26 Lead acid 48 A

27 Lithium-ion 72 A

28 Lithium-ion

29 Lithium-ion 56 A

30 2012

31 Lithium-ion 22 A

32 ZEBRA 23 A

33 Lithium-ion

EU: introduction in Europe, A= available
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APPENDIX B 

List of hybrid electric vehicles that are available on this moment or come on the market 

in the next years. This list is made in September 2010 with information from several 

websites of car manufacturers, car magazines and automobile organizations. 
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Appendix B: 
List of hybrid electric vehicles

Manufacturer Model Variant Fuel Car

1 Audi A1 e-tron Gasoil Hatchback

2 Audi A8 Hybrid Gasoil Limosine

3 Audi Q5 Hybrid Gasoil SUV

4 BMW Active hybrid 7 Gasoil Limosine

5 BMW Active hybrid X6 Gasoil SUV

6 Chevrolet Volt Gasoil Sedan

7 Citroën DS5 Diesel Sedan

8 Honda Civic Hybrid Comfort Gasoil Sedan

9 Honda Civic Hybrid Elegance Gasoil Sedan

10 Honda Insight Gasoil Sedan

11 Imperia GP Gasoil Sportcar

12 Jeep Patriot EV Gasoil SUV

13 Lexus GS Gasoil Limosine

14 Lexus LS Gasoil Limosine

15 Lexus RX 450h AWD Gasoil SUV

16 Lexus RX 450h FWD Gasoil SUV

17 Maranello 4Cycle SCB Gasoil City vehicle

18 Mercedes-Benz S 400 hybrid Gasoil Limosine

19 Opel Ampera Gasoil Sedan

20 Peugeot 3008 Hybrid 4 Diesel Hatchback

21 Porsche Cayene S Hybrid Gasoil SUV

22 Toyota Auris Full Hybrid Gasoil Hatchback

23 Toyota Prius Gasoil Sedan

24 Toyota Prius Plug-in Gasoil Sedan

25 Volvo V70 Hybrid Diesel Break

Some models have more variants, but with the same technical details
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Appendix B: 
List of hybrid electric vehicles

Engine

Plug-in kW hp

1 Full Series Wankel

2 Full Parallel 2.0 TFSI 155 211

3 Full Parallel

4 no Mild 4.4l V8 324 440

5 no Full V8 300 408

6 yes Series 4 cilinder 55 75

7

8 no MiId Parallel 1.3i-DSI i-VTEC IMA 69 95

9 no Mild Parallel 1.3i-DSI i-VTEC IMA 70 95

10 no Mild Parallel 1.3i-DSI VTEC IMA 65 88

11 yes 1.6        4 cilinder 156 212

12 no 2.4 150 200

13 no Full Series/parallel V6 218 296

14 no Full Series/parallel V8 VVT-i 290 394

15 no Full
Series/parallel

V6 VVT-i 183 249

16 no Full Series/parallel V6 VVT-i 184 249

17 505cc 15 20

18 no Mild Parallel 3.5 V6 205 279

19 yes Series 4 cilinder 55 75

20 * 2 125 170

21 no Full Parallel V6 246 333

22 no Full Series/parallel 1.8 VVT-i 73 98

23 no Full Series/parallel 1.8VVT-i Multidrive S 73 98

24 yes Full Series/parallel 1.8VVT-i Multidrive S 73 98

25 yes 5 cilinder 184 250

Power of internal combustion engine

* No connection between motor and engine

   Motor/generator is propeled by the wheels during recharge

PowerType of hybrid
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Appendix B: 
List of hybrid electric vehicles

Torque Consumption CO2 Motor

Nm L / 100 km g / km kW hp

1 1.9 45 102

2 6.2 144 33 45

3 115

4 644 9.4 219 15 20

5 9.9 231 2x67 2x91

6 1.6 111 151

7

8 123 4.6 109 PMSM 15 20

9 123 4.6 109 PMSM 15 20

10 4.4 101 10 14

11 260 45 IM 100 136

12 45 61

13 7.7 180

14 520 3.3 218 PMSM 165 224

15 317 6.3 145 PMSM
123 front

50 rear

167

68

16 317 7.3 140 PMSM 123 167

17 4 5

18 7.9 186-189 PMSM 15 20

19 1.6 111 151

20 300 99 30 41

21 440 8.2 193 34 46

22 3.8 89-93 PMSM 60 82

23 142 3.9 89-92 PMSM 60 82

24 142 3.9 PMSM 60 82

25 3.7 49 74 101

Torque of internal combustion engine

Consumption: fuel consumption of the internal combustion engine

Power of electric motor

CO2: emmission from carbon dioxide of internal combustion engine

IM: Induction Motor

PMSM: Permanent Magnet Synchronous Motor

Power
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Appendix B: 
List of hybrid electric vehicles

Torque Propulsion Max speed Acceleration Range

Nm axe s (0-100) km

1 130 10.2

2 480 235 7.6

3

4 210 200 4.7

5 780 250 / 60 5.6 2.5

6 370 Front Wheel 160 3 64

7

8 104 Front Wheel 85 12.1

9 104 Front Wheel 185 12.1

10 92 Front Wheel 182 12.4

11 300 70

12 200 Front Wheel 161 8 60

13 250 5.9

14 300 All Wheel 250 6.3

15
335

139
All Wheel 200 7.9

16 335 Front Wheel 200 7.9

17 Front Wheel 80 / 55

18 385 Rear Wheel 250 7.2

19 370 Front Wheel 160 9 64

20 200
ICE front

Electric rear

21 300 242 6.5

22 207 Front Wheel 180 11.4

23 207 Front Wheel 180 10.4

24 207 Front Wheel 180 10.4 26

25
ICE front

Electric rear
220 / 130 8.9 / 15 50

Torque of electric motor

Max speed: second speed is with the electric motor only

Acceleration: second time is with the electric motor only

ICE: Internal Combustion Engine



Appendix B: 
List of hybrid electric vehicles

Battery kwh Voltage EU

h fast V

1 2012

2

3 2011

4 Lithium-ion

5 NiMH 2010

6 10 4 Lithium-ion 16 2011 736

7 2011

8 A

9 A

10 NiMH 100,8 A

11 5 Li-polymer 355 2011

12 Lithium-ion

13 A

14 NiMH 288 A

15 NiMH 288 A

16 NiMH 288 A

17 Lead

18 Lithium-ion 210 A

19 4 Lithium-ion 16 A

20 2011

21 NiMH A

22 NiMH

23 NiMH 201,6 A

24 1,5 Lithium-ion

25 4-6 Lithium-ion 12

EU: introduction in Europe, A= available

Recharging time


