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ABSTRACT

This thesis tries to determine and analyse from a technical aspect the penetration of wind energy in the
island of Crete in Greece. Crete is an island with an autonomous electric grid and high wind energy
potential. The average wind speed is more than 7m/sec while in some areas; especially in the eastern
part, the annual average speed exceeds 10m/sec. The electricity cost produced by the conventional
power plants in Crete is quite high reaching 5 to 7 times the power production on the Mainland.
Considering also the environmental benefits the use of wind energy becomes an essential factor for
the sustainable development of the area. In 2003 almost 10% of the electricity produced in Crete was
from wind turbines located in the eastern part of the island. However it is recognised that electricity
produced by wind turbines can create some technical problems in the electric grid (such as stability

problems), typically due to the unpredicted, variable and non constant form of wind energy.

In this thesis the Cretan electric grid is simulated using Matlab software, in order to analyse the power
flows in this system. The power flow solution by both Newton-Raphson and Gauss-Seidel models was
developed in order to estimate the additional wind capacity that can be added to each one of the 23
buses in the Cretan electric grid. Furthermore other technical parameters such as the thermal limits of

the high voltage transmission lines and power losses were calculated.

By the followed analysis it was estimated that additional 11.7MW of wind energy can be added to the
existing Cretan electricity grid. This increase results in a maximum wind energy penetration, which
reaches the 12.8% of the total produced energy. This value is quite satisfying in comparison to the
present one that is 11.2%. Additionally, the production of 11.7MW by wind turbines provides a further

saving of CO, emissions on the island (21,852 tonnes), due to the replacement of diesel generation.
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1 INTRODUCTION

This thesis tries to determine and analyse from a technical perspective the maximum penetration of
wind energy capable in the existing electricity grid in the remote island of Crete in Greece. In chapter 2
the main issues for the development of Renewable Energy Sources and especially Wind Energy in
Greece and Crete are reported. The electrical system in Greece is being described as well as the
Cretan one, highlighting the major differences between these two systems and pointing out the special
characteristics of the Cretan autonomous electric grid.

Chapter 3 describes the technical aspects concerning wind turbines and the considerations that should
be taken for the development of wind farms, especially in autonomous electric grids. The special
characteristics of the wind turbines as electric machines and the resulting power transmission to the
electric grid are described. Ultimately the impacts that wind turbines cause when connected to the
electric grid are highlighted.

In Chapter 4 the background and theory of the power flow analysis that was used to determine the
penetration level of wind energy in Crete is introduced. The analysis program used within the Matlab
software environment is described, pointing out the two main solver methods that were used, in order

to evaluate the penetration level of wind energy in Crete.

The whole methodology, the data preparation and the results from the power flow analyses are
presented in chapter 5. The main impact that the connection of power plants and especially wind farms

have to the electric grid of Crete are also presented.

Finally in chapter 6, the conclusions from the whole analysis are made and a determination of the
maximum wind penetration within the existing Cretan electricity grid is stated. Solutions to problems

that the development of such systems causes to the Cretan electric grid, are also given.
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2 WIND ENERGY IN GREECE

The meaning of the term “Power of the Wind” was first used by the Ancient Greeks. As all great
phenomena it was tried to be explained and determined by the wise men of those ages. Although it
was very difficult for them to give a convincing explanation, so people deified the phenomenon.
According to Mythology all winds were governed by a god named Aeolos, son of Poseidon god of the
sea. He was the one who enclosed all the unfavourable winds in a sack and gave it to Odysseus to
safeguard them during his journey back to Ithaca. Unfortunately the crew’s curiosity and greed led
them to open the sack and release all the winds, throwing the ship off its course and causing Odysseus

more difficulties.

Because of Ancient Greeks'’ interest an ancient Observatory called "Wind Tower" was built in Athens
during the 1st century BC. On its 8 sides, it brings emboss figures of the eight winds that Aristotelis had
noticed has centuries earlier.

The Tower of the Winds (Horologion of Andronikos of
Kyrrhos). The building is octagonal in shape, and was
designed as an elaborate timepiece. On each of the 8
sides of the building are reliefs depicting the 8 winds.
There are also fixtures for sundials on the exterior,
below the personifications of the winds, so that you
could tell the time from several different points of view
from the outside. But inside the building was an

elaborate, water-powered device that turned to show

the passing of the hours, the days, and even the

phases of the moon. The Tower of the Winds was

The “Wind Tower” In Athens

probably built in the mind 2nd century B.C.

Analysis of the Maximum Wind Energy Penetration in the Island of Crete 10
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East Wind (Apiliotis) a young man who carries

fruits and grains in his cloak.

Westem Wind (Zephyros)

North Wind (Borias). Since Boreas brings the
cold, he wears a thick garment and blows the

howling north wind through a large shell.

South Wind (Notos)Since this wind brings rain, he

pours out a jar of water.

Figure 2.1: Wind Energy in Ancient Greece

Old wind mills in Chios Island (Greece)

A damagd windmill and a modem wind
generator. The continuity of Man's history and his
efforts to exploit the wind energy.

Figure 2.2 Examples of uses of wind energy in Greece the last centuries

Man has been exploiting the wind energy since very early in his history. The first use of the wind

energy was as a motive force for the ships. For many centuries BC the Greeks, Persians, Chinese and

Egyptians have largely used the windmills mostly for the cereals grinding. In addition windmills were

also used for water pumping. In Greece and in specific in Eastern Crete almost 6,000 water pumping

wind mills were used to pump water for agricultural purposes. During the 17th century the discovery of

the steam engines started to replace the wind mills. In 1900, the Danish produced electricity by the

wind. In 1940 in Vermond (USA) a testing wind motor with two blades was constructed. But wind

11
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energy had not been taken under serious consideration till the oil crisis in 1973-74 when Man realized

the energy and environmental problem of our planet and tried to develop the wind technologies.

2.1 The Electricity System in Greece

The Ministry of Development is the state authority that monitors all activities relating to the energy
sector. Greece has limited primary energy sources, which, apart from coal (lignite) do not contribute
significantly to the national energy balance. The oil and gas fields discovered in the early seventies
were relatively small and are being rapidly depleted, whilst the available renewable energy potential is
yet to be developed. Furthermore, Greece is highly dependant on imported petroleum, which accounts
for almost 69% of its primary energy supply. Indigenous brown coal (lignite) contributes 32% to energy

supply with the balance coming from renewable energies, mainly hydro and biomass.

Greece is an exceptionally difficult region for electric power development, with its rugged topography
and numerous islands. The mainland transmission system consists of 66, 150 and 400 kV networks.
The total length of transmission lines at 66 kV and above, including isolated island transmission
systems is more than 10,500 km. The HTSO (Hellenic Transmission System Operator) has an on-
going programme for connecting some of the closer islands directly to the mainland grid. In 1991 the
power lines in former Yugoslavia were destroyed and Greece became unable to import electricity from
the EU. In 2001 a 500 MW submarine cable connected the Greek Electric Grid to the lItalian one,
connecting Greece with the EU electric grid. Other options are being examined. Several gas-fired
retrofit projects are underway or planned at existing power plants as the government tries to offset the
use of lignite for power generation. Plans for the development of electric power include the construction
and/or completion of 3 natural gas and 4 lignite-fired power stations, a bituminous coal-fired unit, as
well as a number of wind, biomass, hydroelectric and solar energy units. Changes in support measures
for renewables are likely to increase the role of non-PPC (Public Power Corporation) generators in

renewable energy supply.

Since 1990 the power consumption per capita in Greece has been increasing about 4% per year. In
2002, the installed electricity generation capacity in Greece was 12.236 GW, increased about 6.8 %
since 2001. In 2003, the installed capacity increased 3.6% reaching the value of 12.679 GW (Table
2.1). Out of the total installed capacity, 88% is on the mainland whereas 12 % is produced on the so
called “Non Interconnected Islands” which are islands with autonomous systems not connected to the

mainland grid. [2]

Until 1999 the electric power industry in Greece was dominated by the state owned electric utility, the
Public Power Corporation (PPC). The PPC was monopolising electricity transmission and distribution.
Although the legal framework (L 2244/94) had been modified to encourage private power production,
the PPC was generating 98% of all electricity in 1998. With huge investments in lignite mining, the

company was remaining vertically integrated to a great degree.
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Table 2.1: Installed Electric Power Generation capacity (MW)

Annual change (%)
| 2000 2001 2002 2003  p1/00 02/01 03/02

MAINLAND AND INTERCONNECTED ISLANDS

Thermal Power Plants

Coal 4908 4933 4958 5288 0,51 | 0,51 | 6,66
HFO 777 771 858 858 -0,72 | 11,20 | 0,00
Natural Gas 1100 1103 1693 1693 0,25 | 53,54 | 0,00
Total Thermal 6785 6807 7509 7839 0,33 | 10,31 | 4,39
Hydroelectric Plants

Small (1-10 MW) 24 31 35 38 29,17 | 12,90 | 8,57
Large (>10 MW) 3039 3039 3039 3039 0,00 | 0,00 | 0,00
Total Hydroelectric 3063 3070 3074 3077 0,23 | 0,13 | 0,10
Other RES 137 199 217 308 45,65 | 8,58 | 42,40
TOTAL 9985 10077 10799 11224 | 0,92 | 7,17 | 3,93

NON-INTERCONNECTED ISLANDS

Thermal Power Plants

Coal - - - - - - -
HFO & LFO 1290,0 | 1315,0 | 1365,0 | 1365,0 | 1,94 | 3,80

Natural Gas - - - - - - -
Total Thermal 1290,0 | 1315,0 | 1365,0 | 13650 | 1,94 | 3,80 | 0,00
Hydroelectric Plants

Small (1-10 MW) 0,3 0,3 0,3 0,3 0,00 | 0,00 | 0,00
Large (>10 MW) - - - - - - -
Total Hydroelectric 0,3 0,3 0,3 0,3 0,00 | 0,00 | 0,00
Other RES 76,3 78,8 83,0 1071 3,28 | 5,33 | 29,04
TOTAL 1366,6 | 1394,1 | 1448,3 | 14724 | 2,01 | 3,89 | 1,66
TOTAL 11351,5 | 11470,6 | 12247,7 | 12696,6 | 1,05 | 6,77 | 3,67

Source [2]

Greece is making intense efforts in many sectors such as engineering, funding, institutional and
regulatory, in order to meet the indicative target set by Directive 2001/77/EC. Because of the present
fluid state of liberalization of the utility market that was dominated by the single utility company in the

nation for more than a half century, the approach to the Directive 2001/77/EC is difficult.

The first step was done in 1999 with the voting of the Law 2773/99, “Liberalization of the Electricity
Market — Regulation of Energy Policy Issues and other Provisions, constitutes the basic legal
background”. According to this law, the Regulatory Authority for Energy (RAE) and the Hellenic
Transmission System Operator (HTSO), were created.

Analysis of the Maximum Wind Energy Penetration in the Island of Crete 13
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RAE is an independent, public authority that manages, suggests, and promotes the existence of equal
opportunities and fair competition. It gives operation licenses to producers, providers, and any other
related to the market. In addition, RAE formulates suggestions to the Minister of Development with
regard to the issue of power generation authorizations. Thereafter, RAE monitors the implementation
progress of the Renewable Energy Sources (RES) projects through quarterly reports and recommends
which investors should be remove from the sector due to unjustifiable delay. RAE also recommends
legislative measures for further deregulation of the electricity market within which critical RES issues
can be addressed (as is the case of hybrid plants). On a more long-term basis, RAE considers the
introduction of green certificates and the establishment of a network of large-scale, dispersed energy

production. [1]

HTSO is the company that handles the Hellenic Transmission System of Electric Energy and has a
double role. Its task is to set in balance between production and consumption and to ensure that
quality electric energy is provided reliably and safely. This role had been being played by the Public
Power Corporation (PPC). Additionally according to Law 3175/2003 HTSO has to settle the market — in
other words, to act like an energy “stock market” that arranges on a daily basis who owes to whom.
HTSO does not provide electricity, and whatever basic exchanging relations exist are bilateral between

producers/providers and their customers. [1]

2.2 Electricity System in Greek Islands

Greek islands have every characteristic of the so called “remote areas”. Today there are more than 25
islands of different size in Greece that are not connected to the mainland’s electric grid and possess
small autonomous grids. Those grids are usually powered by diesel generators which are neither the
cleanest nor the most efficient generators. Diesel fuel should also be transferred on site, and this
poses other problems. During the winter months ship link is sometimes difficult to be established due to
bad weather. In addition the cost of transporting diesel to the islands is quite high and this means that
the cost of producing electricity is also high. People in the islands actually buy the electricity cheaper
than it is produced, since there is a common price for the whole country. The cost of producing
electricity in the islands is 5 to 7 times higher than that of producing it in the mainland. In the recent
years some Renewable Energy Sources have been integrated to the small island grids but without —

most of the times- exploiting a great deal of the Renewable Energy potential available. [22], [23]

The Renewable Energy potential of those islands is quite high, one of the highest in the country. Wind
speed potential is quite high in most islands varying from 7 to 12m/sec while the mean wind speed is
up to 8m/sec [24]. It is also well known that even in the ancient years people were exploiting this
potential by using numerous windmills. A bright example is that of the 10,000 windmills in Lasithi

tableland in the eastern part of the island of Crete.
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Figure 2.3: The tableland in Lasithi with 10,000 windmills

2.3 The Development of Renewable Energy Sources in Greece

The Centre for Renewable Energy Sources (CRES) is the state institution that is responsible for the
promotion of Renewable Energy Sources (RES), the Rational Use of Energy (RUE) and Energy Saving
(ES) in Greece.

To date, the PPC is the basic owner of Renewable Energy Systems in Greece. It owns exclusively all
the large hydro power stations, 97% of the small hydro capacity and 72% of photovoltaic capacity.
Since the voting of Law 2244/94 “Production of Electricity from Renewable Energy Sources” in 1994
and Law 2702/99 “Liberalization of the Electricity Market”, individuals were encouraged to develop
Renewable Energy Systems and especially wind farms. The wind energy exploitation has been a part
of a larger policy since 1998, concerning the development of Renewable Energy Sources that Greek
Government supports. The major strategic goals of the national policy for the development of the

renewable energy sources are the following [1]:

Increase the efficiency of the energy system.

Protect the environment by decreasing the emission of atmospheric pollutants.
Improvement of the safety of the energy system by diversifying energy supplies.
Reduce CO, emissions by 2000 to the levels of 1990.

Decentralize energy production.

Actively involve Greek industry in creating new jobs.

N o g bk wDdhd =

Develop new technology.

Analysis of the Maximum Wind Energy Penetration in the Island of Crete 15
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Table 2.2: Installed and forecasted installed until 2010 Renewable Energy Systems in Greece

Installed . Forecasted
Forecasted Electricity " Percentage Percentage
Power : Electricity o L
. : Installed  Generation : Electricity Electricity
in April P : . Generation : :
2003 ower in in 2003 in 2010 .Generatloon _Generatloon
(MW) 2010 (MW) (TWh) (TWh) in 2003 (%) in 2010 (%)
| 420 2,170 6.08 8.45
| 66 475 1.66 2.31
| 3,060 3,680 5.47 7.59
B 125 0.99 1.37
0 8 0.06 0.09
0 5 0.01 0.01
| 3461 6463 14.27 19.82
2" National Report for Renewable Energy Sources Penetration in Greece — Ministry of Development

2.4 Wind Energy Development in Greece

Wind energy is now firmly established as a mature technology for electricity generation and over
13,900 MW of capacity is now installed worldwide. Greece is one of the European countries
possessing high wind energy potential and it is among the aims of the government to encourage
developers to exploit this potential, aiming at the largest possible replacement of the existing diesel

and coal generators, which are currently used for producing electricity.

Prior to 1 February 2003, RAE had approved a number of applications for power production from wind
energy — 304 WTs with a total installed capacity of 3,533.9 MW.

Table 2.3: Approved Wind projects in Greece prior February 2003

Approved projects prior February 2003
Capacity ~_ Number of WTs

2,967.25 195
166.7 31
229.36 70
70.6 8
Source: Regulatory Authority for Energy

In 2003, the installed capacity of WTs reached 424.4 MW (from 772 WTs). The current national target
for wind energy is now 2,000 MW for the year 2010, following EU directives. The new Law 2773/99,
introducing electricity market liberalization, maintains energy support from renewable sources in the
framework of the competitive market, yet the effect of liberalization on the development of wind energy

is not obvious. [6]
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Development of Wind Energy in Greece
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An optimistic estimation of wind-energy penetration up to the year 2010 is 2,170 MW. This estimation
takes into account the 30% restriction on penetration of wind energy into the electric network. More
specifically, 700 MW will be developed in Central Greece and especially in Evia and the connected
with the main grid islands of Andros, Tinos islands. In addition 350 MW will be developed in Thraki in
the north-east Greece; 280 MW in Lakonia and East Arkadia in Peloponnesus; 240 MW in Crete,

Rhodes and other non-interconnected islands; and finally 600 MW in the rest of the country.

According to Law 2773/99, HTSO uses wind energy as first priority during generation unit dispatching.
The price paid to the producer is a percentage of the tariff paid by the medium and low-voltage
consumers. An important point of that law is that the Minister of Development is allowed to ask the

RES producers for a discount on price.

2.5 The Case Study of Crete

Crete is the fourth largest island in the Mediterranean Sea and the biggest in the Aegean Sea in
Greece. lts area is 8,335Km? (6.3% of the area that Greece covers). Crete has a population of 594,368
resident inhabitants (2001) most of whom live in the 5 biggest Cretan cities Heraklion (142,112), Hania
(55,838), Rethimno (32,694), lerapetra {23,729) and Agio Nikolao (19,593). Population in Crete

increases during summer time due to tourists who in 2003 reached the number of 3 million. [21]
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The rate of increase in electricity demand is the highest nationwide reaching up to double as much as
the national average. This increase causes power problems that require expensive and non

sustainable solutions in coping with the peak power loads from seasonal variations.

As it is mentioned in paragraph 2.1 Greece has implemented several policies for the development of
Renewable Energy Sources and especially wind energy. The most important one is the
“Implementation Plan for Renewable Energy Sources in Crete”. This policy was planned to last for the
period of 1998-2010 and it is mainly focused on the large scale deployment of Renewable Energy
Sources for electricity production. This policy is formulated on the basis of the available Renewable
Energy potential, the technical constrains for the Renewables penetration and the existing legislative

framework.

Actions taken so far in Crete included the exploitation of Renewable Energy potential and its use in
systems such as wind farms, biomass plants and solar hot water systems. Further plans included
energy savings measures such as the replacement of incandescent bulbs in the residential sector and
in street lighting, as well as the use of passive and hybrid systems for cooling and heating of dwellings
and hotels. Thirdly actions were applied for smoothing of the daily average hourly load curve, such as
time zone pricing systems. Nowadays 10% of the electricity production of the island is being produced
by the wind farms placed in the eastern part of the island near Lasithi and central Crete near the

biggest city, Heraklio.

In 2001, the Region of Crete and the Cretan Regional Agency received from the European
Commission the first Award for the Best Regional Renewable Energy Partnership, in the framework of
2001 Campaign for the Take-off Awards, for the existing Renewable plants in Crete and their
successful integrated programme “Large Scale Deployment of Renewable Energy Sources in Crete”.
[24]

Almost 99% of Electricity in Crete is being produced from 2 Diesel Plants in Hania (Ksilokamara) and
Heraklio (Linoperamata) and 8 Wind farms that are located at the eastern part of the island especially

at Lasithi, Agio Nikolao and central Crete near Heraklio city. [22]
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Installed Power in Crete (MW) (Sept. 2003)
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2.6 Wind Energy Development in Crete

In the following diagram the electricity production from Wind Turbines and the percentage of this

production the whole Electricity system is presented.
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Electricity Production from Wind Farms in Crete
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As it can be observed more than 10% of the electricity consumed in the island of Crete was produced
from the Wind Farms. This wind penetration has not presented any serious technical problems yet
through the system’s energy production and supply. Additionally many are the benefits, specially
economical and environmental from such a wind energy penetration. However here comes the

question of how much more wind energy can be produced and supplied to the Electric Grid of Crete.
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3 WIND TURBINES - TECHNICAL ISSUES

Wind Turbines (WT) are the machines that can exploit some of the wind’s kinetic energy and convert it
into electricity. WTs are usually located in rural or upland areas, where the electrical connection to the
nearest electricity substation can be weak, and where local demand for electricity may be much less
than the wind generation capacity. WTs are possible to be connected to the supply grid to the low
voltage, medium voltage, and high voltage as well as to the extra high voltage system. Nowadays most
of the onshore turbines are connected to the medium voltage system of the grid but large offshore wind

farms will be connected to the high and extra high voltage level.[9]

3.1  Wind Turbine’s Components and Electricity Generation

The common three-blade turbines are placed upwind so that the blades face the wind. They are
usually set up on over 30 meters off the ground exploiting the wind velocity which increases as altitude
increases, leading to greater turbine performance. The wind causes the blades to rotate through a "lift"
force. The rotation tums that wind energy into rotational shaft energy, which causes the generator to

generate an electric current.

As the wind tums the blades, the low speed shaft in the nacelle spins, running usually at about 50
rotations per minute. That power is transmitted through the gearbox, which spins the high-speed shaft,
increasing the speed to about 1800 rotations per minute. In the end, the gearbox makes the high-
speed shaft rotate about fifty times faster than the low-speed shaft. The high-speed shaft tums the

connected generator, producing electricity.

As it is shown in figure 3.1 a WT consists of four main parts: the base, the tower, the nacelle, and the
blades. The blades capture the wind's energy, spinning a generator in the nacelle. The tower contains
the electrical conduits, supports the nacelle, and provides access to the nacelle for maintenance. The

base, made of concrete and steel, supports the whole structure. [8]

The three main components for energy conversion in WTs are the rotor, the gear box and the
generator. The rotor is the driving device in the conversion system that converts the fluctuating wind
energy into mechanical energy. The generator and gearbox are in the nacelle. The gear box adapts
rotor to generator speed. The gears increase the rotational speed of the blades to the generator speed
of over 1,500 RPM. As the generator spins, electricity is produced. The generator and possibly an
electronic inverter convert the mechanical power into electrical energy, supplying the electric grid.
Generators can be either variable or fixed speed. Variable speed generators produce electricity at a
varying frequency, which must be corrected to 50 cycles per second (Hz) before it is fed onto the grid.
Fixed speed generators don't need to be corrected, but aren't as able to take advantage of fluctuations
in wind speed. [7], [8]
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3.2 Considerations for Wind Turbines Development

Energy production from Wind Turbines (WT) differs
in several respects from the “conventional” way of
electricity generation. Key differences are the small
sizes of individual units, the variable nature of the

wind and the type of electrical generator.

3.2.1  Small unit sizes

The small unit sizes mean that both wind farms and
individual WTs are usually connected into low
voltage distribution networks rather than the high
voltage transmission systems and this means that a
number of issues related to power flows and
protection systems need to be addressed. Electrical

safety is an important issue under this heading.[7]

3.2.2 Wind Variability

The wind speed fluctuation is depending both on the
weather and on local surface conditions and
obstacles. Also in most locations around the globe it
is windier during the daytime than at night. The wind
is also more turbulent and tends to change direction
more frequently during the day than at night. The
energy content of the wind is always changing
because of the continuous wind speed fluctuation;
although to some point the most rapid variations can

be compensated by the inertia of the WT rotor. [10]

The variable nature of wind is often perceived as a

difficulty, but in fact poses few problems. The

Figure 3.1: The main WT’s components

variations in output do not cause any difficulty in operating electricity systems, as they are not usually

detectable above the normal variations in supply and demand. With significant amounts of wind power

— roughly 30 % or more of demand - low cost solutions can be found and some island systems operate

with high proportions of wind energy. Variability also needs to be taken into account at the local level,

to ensure consumers are not affected by “flicker”. However appropriate care in electrical design can

eliminate this problem. [7]

From the point of view of WT electricity producers, it is an advantage that most of the wind energy is

produced during the daytime, since electricity consumption is higher then than at night.
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3.2.3 Electrical properties

Early WT followed steam turbine practice with synchronous generators, but many modem WT have
induction generators. These draw reactive power from the electricity network, necessitating careful
thought to electrical power flows. Other machines, however, are capable of conditioning the electrical
output and providing a controllable power factor. This is an asset, especially in rural areas, where it
may be undesirable to draw reactive power from the network.

Advances in wind-turbine technology and the results of nearly two decades of research mean that the
integration of WT and wind farms into electricity networks generally poses few problems. The
characteristics of the network and of the turbines do nevertheless need to be evaluated but there is
now a wealth of experience upon which to draw. The fact that Denmark is planning to supply 30
percent of its electricity needs from wind energy is testimony to the fact that its potential is

considerable.[7]

3.3 Electrical Machines

Electrical machines can operate as a generator, for instance driven by WT, or as a motor. In the first
case electric power is fed into the grid, in the second case the grid supplies power to the machine.
Most electrical machines are able to operate in either way. Only rotating machines are considered,

which are connected to a three phase AC grid.

Figure 3.2: A primitive electro-mechanical converter (from Freris)

Electro-mechanical energy conversion is realized through the forces exerted by rotating magnetic
fields, in combination with the Electro Motive Force (EMF) induced in conductors in changing magnetic
fields.
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In figure 3.2 a primitive electro-mechanical machine is shown. A single-tum coil is rotating in a
stationary magnetic field of strength Ws The rotation induces an EMF in the winding and when the
winding is closed, this produces a current |. Due to this current a second magnetic field W, is produced,
with its main direction perpendicular to the coil. The interaction between the two magnetic fields results
in a clockwise electromagnetic torque aiming to align the two fields. The torque magnitude is

proportional to the misalignment angle d and the magnetic field strenghts W5 and W,
T,,=K-W,-¥ -sind (3.1)

The electromagnetic torque T, opposes the extemal torque T, which caused the winding to rotate in

the shown direction.

If the coil was stationary and connected to a current source, this would also give a current | and a
magnetic field W,. Again there is a force between the two fields, which tries to align them. The force is
constant if the angle between the two fields remains constant. This situation also occurs in 3-phase AC
generators and motors. An example is the synchronous machine. [11]

3.3.1  Synchronous machine

Synchronous is a Greek word which means “contemporary”. The reason why it is called synchronous
motor, is that the magnet in the centre will rotate at a constant speed whi