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Resume

This Ph.D. project “Modelling of Electric Power Meirks with Renewable Power
Source” has been started by the primary energy lguapalysis in the world. It is
necessary to have an idea about the world enemphshefore to going throw the Libyan
energy sources which one of the main parts inghigect. The project should build-up
the know-how about:

* Representation of existing energy sources in theédwo
* Energy sources in Libya and the main income fa tloiuntry.
» Electric machines and the wind power station gé¢nesa

Main subjects of the necessary work to reach wayka were to concentrated on:

* The local power network in Libya and its possiilib connect it with a large
amount of wind power according to the real datanfGECOL.

» Simulation and modelling the wind speeds data whitdwe received from
GECOL

The main goal of this project has been to answefdliowing questions:

* What would happen in the Libya’s income if they lmbther possibility to
produce the electricity other than from the oil &inel natural gas?
* What would happen with Libyan’s power grid if itrotected with a large wind

power turbine?



Résumé

Ce projet de these "Modélisation des réseaux éleeis avec une source d'énergie

renouvelable» a été commencé par une analys@desvagsionnements d’énergie

primaire dans le monde. Il est nécessaire d'avaridée sur I'approvisionnement

énergétique mondial avant d'aller a travers lescesud'énergie libyennes qui I'une des

parties principales de ce projet. Le projet devaadumuler le savoir-faire sur:

Représentation des sources d'énergie existantedalaronde.

Les sources d'énergie en Libye et le revenu prahdp ce pays.

Les machines électriques et les centraux des génésal'énergie éolienne.
Principaux sujets des travaux nécessaires poumdrte'objectif de travail avait
pour concentrer sur:

Le réseau de distribution local en Libye et sa ibd&e de le connecter a une
source d'énergie éolienne de grande dimension datonnées réelles de
GECOL.

Simulation et modélisation des données des vitaseent de que je les ai regcues
de GECOL. L'objectif principal de ce projet a cabsia répondre aux questions
suivantes:

Qu'est-ce que se passerait dans le revenu deya &iltls avaient d’autres
possibilités pour produire de I'électricité autteegle I'huile et le gaz naturel?
Qu'est-ce que se passerait avec réseau électitigea ki elle reliée a une turbine

de puissance éolienne a grande échelle?



Keywords

Modelling of electric power network, renewable powsources in Libya, wind
turbines, wind turbine regulation, Libya.
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Modélisation du réseau d'énergie électrique, lagces d'énergie renouvelables en
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The review of the present state of solved problethéeé PhD thesis

Utilisation of RES as electric power sources iswgng up very rapidly all over the
world, this fact is conditioned by:
1- The exhausting of the fossil fuels
2- Environment protection
3- Electric level consumption
Therefore it is necessary to know for the econautilsation:
1- The real potential of RES
2

3- How to deliver this electricity to the place of soimption

Possibilities how to transform them to the eledtyic

4- Performance characteristics of the transport ways

Anyway we can respect many outstanding factors lwhie also the limitations for the
utilisation of RSE:

1- Transporting possibilities of the electric powetwerks

2- Distances of the RSE from the electric consumption

3- The behaviour of the electric power network in vidwall be connected the RSE

As the example of this problem should be presemntestable power flows from the
existing offshore wind power stations in the Eurgoentries via UCTE electric power
system. The great output of these power statiavesfivia the whole system and can make
results of overloading power lines due to pargdteiver flow in the system.

The Libyan’s case it will have almost the same [@wis which is based on the replacing
of the loads from the existing networks to the rsgsstem which should be feeded by RSE
and use the old power stations just for pickingsystem.



Subjects of the PhD Thesis

The subjects are based on the problem how to dstitha best development of Libya’s
electric power network under the condition of thestbutilisation of wind power stations
connected to the systems.

It means to follow the next methodology:

1- To evaluate wind potential in the Libyan’s area

2- To find the best locations for the wind power stas

3- To calculate the present power flows in the elegadwer network

4- To find suitable power machines for these purposes

5- To find the best development of wind power stationihe system

6- To make future plane for the RSE in Libya



1 Primary energy supplying in the world



Chapter one Primary energy supplying in the world

One of the most critical problems in the world mwhto ensure supplying with power
sources all over the world with environment inpatlucing. This chapter deals with the
primary energy supplying and consumption in the l&yoand the energy substitution,

conservation and forecasting.

1.1 ThePrimary Energy Supplyingin the World

The present situation in power supplying is chamdmed by increasing of the total
consumption all over the world. Therefore, we hev&now the trends and behaviour in the
supplying to make good conclusions in the next B&&ation.

An analysis of the energy problems requires a cehgmsive presentation of basic supply
and demand data for all fuels type. This analybsukl be conducted in such a way that
allows the easy comparison of the contribution athefuel types which makes to the
economy and their interrelationships through theveosion of one fuel into another.

My analysis is based on the data base of IntemmatiBEnergy Agency (IEA).Figure 1-1
explains the development of energy sources fron3192008.

The primary energy supply in the world by regionMioe and fuel shares of total primary

energy supply.

Nuclear

6%
Comb. renew. H_vd'm Jl'

2%
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Somli e, Hydro, 1.80%
& waste, \ =4
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Geothermal/Sol ___&
arwind, 0.10% 4

12267 Mtoe
6128 Mtoe

Figure 1-1: Fuel shares of TPES from 1973 to 2008

Most of the world's energy resources are from thessrays hitting the earth. Some of that
energy has been preserved as fossil energy, somigeisly or indirectly usable (e.g. via
wind, hydro or wave power). Figure 1-2 represenésamount of the solar energy comparing

with the other sources of energy.

Zaidan Buhawa PhD Thesis



Chapter one Primary energy supplying in the world

For the whole Earth, with a cross-sectional area23,400,000 km?, the total energy rate
of the solar irradiation is approximately 174X and only half of the total rate of solar
energy which received by the planet, reaches titb'eaurface.

s o]

Geothermal 0.2% ///

Biofuels 0.2%
Solar photovoltaic 0.04%

‘ Nuclear 6%

Figure 1-2: Global energy usage in successivelyremsing detail

The estimates of remaining worldwide energy resemincary with the remaining fossil
fuels totalling an estimated 0.4¥£0 and the available nuclear fuel such as uranium
exceeding 2.5x¥3J. The fossil fuels range from 0.6%1fb 3x1G*J. If the estimation of the
methane clathrates reserve (Methane clathrate,calé®d methane hydrate or methane ice)
are accurate and become technically extractabletliylthanks to the Sun, the world also has
a renewable usable energy flux that exceeds 12wl ®r 3.8x16*J/yr, dwarfing all non-
renewable resources.

One of the most important parameters in PES ip#inameter of the energy intensity level
of the different economies in the world. The figure plots the Gross Domestic Product
(GDP) per capita and TPES for some countries wiltlyd_as an example.

Libya, 71.97 (AL 275 Ttaly, 0.11

GDP (PPP) (billion 2000 USD) TPES/GDP (PPP) (toe/thousand 2000USD)

Figure 1-3: Energy consumption per capita versuet®DP per capita
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Chapter one Primary energy supplying in the world

1.2 Power Consumption

Since the advent of the industrial revolution, warldwide energy consumption has been
growing steadily. In 1890, the consumption of fb$gels roughly equalled the amount of
biomass fuel burned by households and industry19@0, the global energy consumption
equalled 0.7x15 W.

25 600

o
(=]
(=]

20 +

-+ 400
15 +

DP in trillion Yen

Energy in Exa Joules

1300 3

10 +
-+ 200

1958 1963 1968 1973 1978 1983 1988 1993 1998

0

Figure 1-4: GDP and energy consumption in Japan fro1958 to 2000

There is a correlation between GDP and the enesgy The figure 1-4 shows the energy
consumption in Japan after oil shocks the worldveet 1973 and 1979 as a clear and visible
example for that. The energy use stagnated (re While Japan's GDP, cause they have
special, strong and fast growing economy, the gstiw continuing, (blue line) under the
influence of the rapidly increase the prices ardekpenses as well.

For that reason and for any success planner shwaud even small possibility for any
unsuspected shock appears again in the system ayloenn different face but in the same

affect.

1.3 Fossil Fudls

The twentieth century saw a rapid twenty-fold e in the use of fossil fuels. Between
1980 and 2004, the worldwide annual growth rate @#s According to the US Energy
Information Administration's, they estimated 1.5%M total energy consumption of 2008
Figure 1-5 present the world fossil fuel share #m oil has the highest percentage in the

world's energy than the gas and coal which theyrattee second stage.
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Chapter one Primary energy supplying in the world

Coal fuelled the industrial revolution in the™a&nd 19" century, with the advent of the
automobile, airplanes and the spreading use oftreligg, oil became the dominant fuel
during the twentieth century.

The growth of oil as the largest fossil fuel wagtier enabled by steadily dropping prices
from 1920 until 1973, and after the oil shocks réheas a shift away from oil to coal and
nuclear, they became the fuels of choice for @l@ttrgeneration and conservation measures
increased energy efficiency. Over the last yedes,use of fossil fuels has continued to grow
and their share of the energy supply has increasedse until know the oil has the cheapest
processes for handling and less damage in the ptreos

[EJ] [TW] :
200 & mPowerin TW
180 .
160 1 =—Energy/year
140 - :
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100 - 3
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ED - \\ B 2
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Figure 1-5: Percentage of fossil fuel share in theorld consumption in 2008

The next figures show the world shares fossil fuelsparing between the year 1973 and
2008. These graphs are changing according to thesinals countries needs which the
majority of them are oil-import. The oil price makine coal still in use even it has the highest
great for pollution and the carbon emission inwioeld.
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Figure 1-6: Shares of world coal consumption from73 to 2008

Zaidan Buhawa PhD Thesis



Chapter one Primary energy supplying in the world

Industry
9%

1973 2008

Non energy use

Mon energy use
12%

Other sectors
16%

Figure 1-7: Shares of world oil consumption from197%o 2008
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Figure 1-8: Shares of world gas consumption from1®i 2008

1.4 Nuclear Power

In 2005, 2,626 TWh of electricity was generatednbglear power, until December 2006,
442 nuclear power plants were in operation witbtaltinstalled capacity of about 370 GWe
(WNA, 2006a). Six plants were in long-term shutdoawad since 2000; the construction of 21
new reactors has begun (IAEA, 2006). The US hasatigest number of reactors and France
the highest percentage hare of total electricityegation. Many more reactors are either
planned or proposed, in whole over the world. Naiclgower capacity forecasts out to 2030
(IAEA, 2005c; WNA, 2005a; Maeda, 2005; Nuclear Nef2305) between 279 and 740 GWe
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Figure 1-9: Regional shares of nuclear productionoim 1973 to 2008
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1.5 Renewable Energy Sources

Renewable energy offers our planet a chance taceedarbon emissions, clean air, and put
our civilization on a more sustainable footingalso offers countries around the world the
chance to improve their energy security and drigenemic development. So much has
happened in the renewable energy sector duringabefive years that our perceptions lag far
behind the reality of where the industry is todsipre than 65 countries now have goals for
their own renewable energy, future, and are eng@ifar-reaching range of policies to meet
those goals. Moreover, many renewable technologiek industries have been growing at
rates of 20 to 60 percent, year after year, camjuthe interest of the largest global
companies. In 2007, more than 100 billion US dsellaere invested in renewable energy
production assets manufacturing research and dawelot a true global milestone. Growth
trends mean this figure will only continue to irmse. In the figure 1-10 we can see the

percentage of the RES.
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Figure 1-10: Renewable energy sources worldwidehet end of 2008 [GW]
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Libya is an oil exporting country located in thedalie of North Africa, with 6 million
inhabitants distributed over an area of 1 750 068. KFigure 2-1 shows the main part of
country which is located in the Sahara desert aondhaern part is situated on the
Mediterranean Sea cost. All these areas have & gogential of solar and wind energy and
the big percentage from that area is free it mdika®s Libya a very good location for the
purpose of renewable power sources.

The daily average of the solar radiation on a lmal plane in the coast region is
7.1 kWh/nf/day and in the southern region is 8.1 kWfittay. The daily average of the sun
duration is more than 3500 hours per year.

However, the present Libyan industry is based am ¢anventional energy sources — oil,

natural gas.

Mediterranean Sea  El-

Figure 2-1: Libya satellite image

2.1 The Country Energy Situation

The situation of the Libya energy industry can bseaidibed by the table 2-1 which presents
the main primary power sources used in Libya.
The electricity production, which only covers thentestic consumption, is based just

mainly on these two primary sources.
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Type Unit Production| Consumption| Export
Natural gas | [Trillion.mVyear] 12 3 9
Oll [Trillion.bbl/year] 0.6 0.1 0.5
Electricity [Trillion.W/year] 20 20 0

Table 2-1 Energy production by the 2005 in Libya

Libya is the great oil and gas supplier for the ynaeighbour countries in the North
Africa, south and middle Europe.

It had total proven oil reserve of 35 Trillion bels at the end of 2005 and 1.5 Trilliof m
proven natural gas reserves, figure 2-2 showsdhj@ms where the oil and natural gas are
produce. Libya's export revenues have increaserplgha recent years to 34 Trillion US
dollars by the end of 2006 up from only 5.3 TritlidS dollars in 2001.

. Permits Oil Fields
B Prod./Dev.area Oil&Gas field
Gas fields Gas Pipeline

Figure 2-2: Libya oil and gas basins

Oil export revenues are extremely important togbenomic development of the country
as they represent 90% of the total GDP. Due tod.iby export income, Libya experienced
strong economic growth, which shows figure 2-3hvitie real GDP of 46 billion US dollars
in 2005, which made Libya one of the highest p@itaaGDP in Africa.

Libya is hoping to reduce its dependency on oil aatural gas on the country source of
income, and to increase investment in tourismefigs and mining.
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Figure 2-3: Total income from oil and gas as perdage of GDP

However, we can realize that the main part of Libiyecome, even in the close future, will
come from power industries. It will be better tHaafore for sure in the future that the country
income since when we will use the oil and the gagmues for a good deals and active
investments and decries the dependency on thendilneake multi sources income for the
country, and open the gats to the neighbours cesnto share projects, information and

knowledge.

2.2 Power Supplying and Consumption

The TPES in Libya has increased from 9.7 Mtoe iA0L8 17.7 Mtoe in 2005 with an
average annual growth of 4.7 %. Figure 2-4 showsttie oil has the largest share of TPES
(57-66%) during 1990-2000 with a little decreasédast year's because of using natural gas

more than oil in electrical power generation.
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Figure 2-4: Share of single PES on total consumgptio
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The total energy demand of the final power consiongfTFEC) has increased from

5.4 Mtoe in 1990 to 9.1 Mtoe in 2003 with growth@if % which shows figure 2-5. This
figure also shows that the oil sector has the Hghlensumption with 61 % of total
consumption in 2003. Primary studies show thatftitere energy demand in 2015 will be
12.5 Mtoe. The share of electricity is close taelesf 10 %.
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Figure 2-5: Shares of single final power sources

2.3 Electricity in Libya

As presented in the previous part, the share ofeteetricity in TFEC is going up. The
electric energy sector has been developed duridast decade; becoming an economic and
social development. The peak load has increased 595 MW in 1990 to 3875 MW in
2005 while the total installed capacity has incegiasfom 3352 MW in 1990 to 5120 MW in
2005 and the generated electric energy from 9851hGwW1990 to 22500 GWh in 2005.
The contribution of steam power plants is 65 %.uNat gas represents 32 % of the fuel
supply for electric power plants, 33 % heavy oélfland 35 % light oil. Figure 2-6 shows the
growth of peak load during the period from 1992@86, and its forecast until 2020.

The energy consumption per capita has increased 1493 kWh/c in 1990 to 3119 kwh/c

in 2005. The national electric network is accessibl99 % of the population.
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Figure 2-6: The growth of peak load

Most of electric network is concentrated on thestoahere the most of the inhabitants are

living. Figure 2-7 shows the locations of the mayoof the electrical power plants in Libya.

Figure 2-7: Locations of the electrical power plast

The electric energy demand is expected to grow kaguidly. It is expected that electrical
energy will be double by the year 2014 and it Ww#él more than two-and-half by the end of
year 2020, as shown in figure 2-6. The total nundfezustomers in electric system in Libya
is about one million distributed among seven categoResidential sector represents 39 % of
the total consumption followed by commercial with% as shown in figure 2-8.
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Figure 2-8: Total numbers of customers in electsystem

The residential sector represents the highest shaeéectrical energy demand in Libya.
The share of residential load is about 40 % ofoerall peak load of electrical power system

in Libya.

2.4 Environment

Libya is a country under the United Nations Framdw@onvention on Climate Change
(ratified June 14, 1999) and it is a signatoryhe Kyoto Protocol. Thus, Libya currently is
eligible to the Clean Development Mechanism (CDMECOL has already started contacts
with international agencies and investors to us&G0r renewable energy development; the
Libyan government has already issued a law to eageuforeign investors for all sectors.
The main emitter of C@in 2003 in Libya, as shown in figure 2-9, are foembustion in the
power generation sector (38 %), in the transpartosg20 %) and in industry (8 %). Other
sectors represent 34 %. In total, energy-relatedssoms are responsible for almost 100 % of
CO, emissions in the country.

In 2003, petroleum accounts for more than 60 %aoban emissions in Libya and natural
gas is responsible for around 40 %. The increasdfignce on natural gas should work to
lower carbon emissions. Libya’s energy-related, @@issions increased by more than 78 %,
from less than 18.7 Mtoe in 1980 to around 50 Mto2003 the average annual growth is
8 % between 2001 to 2003, mostly due to increasecgy supply.
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Figure 2-9: CG production by sectors

2.5 Renewableenergy in Libya

Libya has, good condition for the renewable enesgurces as it was mentioned in
paragraph 2-1, mainly the solar and wind energytlaeemost useful RES in Libya. In this

part; | will discuss the potential of these sources

2.5.1 Solar Radiation

The solar radiation in Libya considered being veigh. The maximal energy received on
horizontal plan reach up to 7.1 KWH/per day as indicated in the figure 2-10, and @isr
3 KWh/n¥ during the whole year. The possible total yeaarspbwer intensity is shown on
figure 2-11 and clearly indicates the importancehaf Libyan’s location in the distribution
map of the solar energy.
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Figure 2-10: The average monthly daily global radien on the horizontal surface
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Figure 2-11: Annual global irradiations on region’surfaces

2.5.2 Wind Potential

The measurements show a high potential of windggnier Libya, figure 2-12 presents the
potential of wind energy data measured at 80 m alioe ground in the north of Libya.
The potential can be also divided in to two parts:
e Coast area, where the population is concentrated.
» Sahara desert.
Like in many other African countries, wind datalibya are limited to just an evaluation
of meteorological data.
The coastal wind speeds in Libya and identifiegehsections of the coast with different
levels of annual average wind speeds in 50 m agomend are:
» at the west coast between 4.7 to 9.1 m/s,
» at the central coast between 5.4 and 8.9 m/s,
» at the east coast between 5.6 and 10.4 m/s.
In 2003/2004 measurement of the wind speed for \pmtegntial has been conducted. The
measurements showed that there is a high potdatialind energy in Libya and the average
wind speed at a height of 40 meters is betweerd @n7s.
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Figure 2-12: Annual average wind speed at 80 m abgvound level in m/s

2.5.3 Resources Estimation for Libya

The estimated renewable energy sources in Libyaordog to the MED-CSP
(concentrating solar plants scenario) is shown abld 2-2, while the electric consumption

and its sources in year 2050 are shown in figui8.2-

Type Potential [TWh/yr]
Solar electricity 140 000
Wind electricity 15 000
Biomass 2 000
Total 157 000

Table 2-2: Renewable energy sources for Libya
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Figure 2-13: Electricity consumption in Libya andupply resources

2.6 The Possibilities of Renewable Energy Applications

Now there are already many RES applications, whabe been introduced in wide scale
due to its convenience use and being economy effed@resent RES applications and future

possibilities are discussed in this paragraph.

2.6.1 Solar Applications

Solar applications can be used mainly for the steproduction which can be connected
to the electricity grid or operate in stand-alorperation. They are two solar technologies
concentrating solar plants and photovoltaic c€llSP stations should be used as the power
generating points for the electric production. Tleeyy be combined with the high energy
consumption industry as for example the water deisol.

The photovoltaic generators are used in grid offliaptions as systems for industry
supplying and the rural use.

In industrial sector, there are possibilities tp@y a cathodic protection to protect the oil
pipe lines, in the field of communications to sypphergy to microwave repeater stations, the
use of PV systems for rural electrification andhtigg was started in 2003 which indicate in
the figure 2-14. The water pumping possibility, ggeted by figure 2-15 showing the water
pumping projects erected in the beginning of 198% role of PV application was grown in

size and type of application.
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Figure 2-15: PV Water pumping for livestock

These PV systems proved to be reliable and judtiieonomically for these types of
applications.

The electrification of rural areas and villagesoise of the problems facing electric
company in all countries, it is a known fact thaisi very costly to extend local electric
network to the places that fare away. The use $yp#'s electric generators as the diesel
generators will not be the best solution as itdaggh running cost and need special handling.

Thus it will be more practical to use other possiburces of energy, as renewable sources.

2.6.2 Wind Applications

Wind energy is now utilized especially for watempuing and electricity production. A
demonstration project of one unit of size 10 KW wesalled 1993. The use of wind energy
for electricity production has not started yet ifbyla, but a project was contracted for
installing 25 MW as a pilot project to be erectadwo years time. A project to present two
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Atlases that provide fact access to reliable satal wind data throughout Libya is also been
contracted for. The Atlases allow for accurate ysial of the available wind and solar
resources anywhere in Libya, and it is therefongy waluable for planning profitable wind
farms and solar projects.

Libyan electricity utility GECOL began seeking tbeuntry’s wind energy potential and
build the first commercial wind farm to generateagticity from a renewable energy source

on economically reasonable terms requirements tntts wind farm development.

2.7 National Renewable Energy Strategy

From the experience gained in utilizing PV systemsproposed national Renewable
Energy plan that aims toward bringing RE into tr@mstream of the national energy supply
system with a target contribution of 10% of thec&#ie energy demand by the year 2020.

A long-term plane for 2006-2020 will make use dfdssible renewable power sources;
the table 2-3 shows the contribution of each sofocthe years 2006-2020.

Technology Total

PV 10 MWp
Wind 150 MW
Thermal Water heating 20 000'm
Thermal electricity 20 MW
Thermal Desalination 20 000°m
Hydrogen 20 KW

Table2-3: proposed plan of RES 2006-2020
The objectives of implementing this strategy amasarized as follow:

« To improve energy efficiency and energy conservatio

» Capacity building.

» Electricity export to Europe.

» Save oil and gas basins.

* COyreduction.

« Coordination of national efforts towards the ackment of the strategy target for
renewable energy.

* Support of renewable energy market penetration.

* Support of renewable energy Technology transfer.
Zaidan Buhawa PhD Thesis
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e Support of research and development (R&D), educaial training in the field of

renewable energy.

2.8 Future Development and Problemswith RES

The future development and the technical problemmch should be solved in electricity
production from RES in Libya, are discussed in ghéagraph, especially problems with

interconnected technologies to the electric trassion a distribution systems.

2.8.1 Grid Connected Solar Systems

GECOL is now planning a PV project of 1 MW capadatyd connected system. The site
of the plant is already decided. This pilot PV putjis intended to accommodate know how
on PV technology and on the operation, maintenancemanagement of a large PV system,
in preparation for larger scale installations ia thture.

In future, there is a vision to transport electyicirom Middle East and North Africa
(MENA) countries to Europe figure 2-16.

There are problems which can be solved and based on

* How to interconnect these huge power generatingesys to the local electric
systems?

* What are the problems with the regulation?

« How to transport of this energy to Europe overstatice of e.g. 3000 km?

There is in principle possibilities to transportstorage this energy into another form.

The technical options of solar electricity transfieem MENA to Europe via hydrogen,
through the conventional alternating current (A@y gaind by a possible future high voltage
direct current (HVDC) infrastructure. The transtapacities of the conventional AC grid are
rather limited, and even considering that the MEdoAINtries would empower their regional
electricity grid to Central European standards wodld create additional interconnections all
around the Mediterranean Sea, the transfer wouldbst limited to about 3.5 % of the
European electricity demand. Over a distance oD308, about 45 % of the generated solar
electricity would be lost by such a transfer. HV@éthnology is becoming increasingly
important for the stabilization of large electnycigrids, especially if more and more
fluctuating resources are incorporated. HYDC owegldistances contributes considerably to
increase the compensational effects between distadtlocal energy sources and allows
compensating blackouts of large power stationsutjinodistant backup capacity. It can be
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expected that in the long term, a HVDC backbone Wwé established to support the
conventional European electricity grid and incretieredundancy and stability of the future
power supply system technology as “Electricity Higlys” to complement the conventional
AC electricity grid.

T Wind

@ Geothermal
® Hydropower
© Biomass

< Solar

Figure 2-16: Vision of a EUMENA backbone grid usingVDC power transmission

2.8.2 Grid Connected Wind Systems

Under the GECOL’s provided data about the grid eotion nodes, which were used to
calculate key figures indicating the stability betgrid and its potential of integrating wind
generated electricity. It was found that at aksithe capability of the grid is sufficient from a
network operator’s point of view. Though, at sontessthe capacity is limited to take the
wind power.

The values of wind velocity range from 6.4 m/s t8 ®/s in 50 m above ground level,
meaning good to excellent wind conditions and tloeecthe possibilities of power outputs
from wind farms should be 5 MW, 15 MW and 25 MW hviind three wind turbine sizes
(< 1,000 kW, < 1,500 kw, > 1,500 kW).
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The entire project aims to prepare and create @isable development of utilizing wind
energy in Libya. This success promising stratedgwa Libya to gather experience in
planning and operating in a safe environment arithiéu develop the potential of wind energy
in Libya. A calculated net capacity factor of 35@@ans approximately 80.000.000 kwWh for
a 25 MW winds farm and a corresponding saving 0680 tons of C®emission per year,
the wind farm and its potential extension can digantly contribute to Libya’s measures to

fulfil its Kyoto goals.
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Chapter three Ways of Wind Transformation to Eleity

Wind is a form of solar energy. Winds are causethlyuneven heating of the atmosphere
by the sun, the irregularities of the earth's si@faand rotation of the earth. Wind flow
patterns are modified by the earth's terrain, I®dfewater, and vegetation. Humans use this
wind flow, or motion energy, for many purposeshistchapter and these are the problems of
the RES conversion to electricity will be discussé&hch of single RES has its own
possibilities for transmission to electricity. Theain important transformation chains of RES
to electricity are presented.

The terms wind energy or wind power describes tloegss by which the wind is used to
generate power to electricity — the upper parthef figure 3-1, the transformations process
goes indirectly ways via mechanical power troughdmMurbines. This mechanical power is

converted into electricity — as shown in the lowart of the figure 3-1.

RES Trans. Electricity
" Process |
Wind Mechanical .
flow Wind ower Electricity
> ; P » Generator ——»
Turbine

Figure 3-1: Block diagram how is produce the elecity by wind turbine

The wind turbine captures the wind’s kinetic eneng\a rotor consisting of two or more
blades mechanically coupled to an electrical ge¢oerdhe turbine is mounted on a tall tower
to enhance the energy capture. Numerous wind tesbame installed at one site to build a
wind farm of the desired power production capaddpviously, sites with steady high wind
produce more energy over the year.

The wind farms effect the landscape values Whiéeghysical characteristics and design
constraints of a wind energy facility which potaiiyr impact on a landscape can be clearly
documented, how a wind farm affects what is valineal landscape is less easily defined.

There is positive impacts can wind farms have tandscape and negative impacts as well
according to the people mentality, cultures andadge about this type of power plants and

how friendly to the nature are .
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3.1 Wind Power

The most important part of each energy transfolnaslystem is the efficiency therefore
we are able to evaluate it and also necessarydw kine power possibility of inputting power
sources, it means to evaluate wind energy or pavpert to the system

The kinetic energy in air can be described by bagiation of kinetic energy:

E, :; mv;, [J]- (3-1)

Where:

m — Mass flow [kg/s]
Vi — Wind velocity [m/s]

Then kinetic wind power is:

=5 (W] @2
Where:
t — Time of the flow [s]
Mass flow which goes through, Awept area is:
m=Ayv,p,. [m/s] (3-3)
Where:
A - Area swept by the rotor bladesqm
Pair — Air density [kg/nf]
Two potential wind sites are compared in termshef $pecific wind power expressed in
watts per square meter of area swept by the rgtaledes. It is also referred to as the power

density of the site, and is given for (input-adnue} by the following expression:

pA :i :;pair'vw3 |:\/v2j| (3-4)

A m
This is the power in the upstream wind. It varigeeadrly with the density of the air

sweeping the blades, and with the cube of the wpekd. All of the upstream wind power
cannot be extracted by the blades, as some powkaftisn the downstream air which
continues to move with reduced speed.

Therefore there is necessary to know wind velogityhe place of transformation which

the most important parameter for every power eveoa
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3.2 Power Extracted from the Wind

The actual power extracted by the rotor bladebesdifference between the upstream and
the downstream wind powers. Figure 3-2 presentdntipact of the wind direction on the
rotation of the wind turbine. The equation 3-5 shae relation between the mechanical

power and the different between upstream and doaarstwind speed:

Figure 3-2: Impact on the rotation direction of theviind turbine

P = ; mlv.*-v?] [w]. (35)

Where:

Va - Upstream wind velocity at the entrance of therbdlades [m/s]
Ve - Downstream wind velocity at the exit of the mobtades.[m/s]

The air velocity is discontinuous from, o Ve at the “plane” of the rotor blades in the
macroscopic sense. The mass flow rate of air thralkg rotating blades is, therefore, derived
by multiplying the density with the average velggiequation 3-6 presents the mass flow
value.

V. +tV,

m=p_.A . [kg /5] (3-6)
Where:
A - value of the rotor swept areajm

The mechanical power extracted by the rotor, wigdlriving the electrical generator, is:

1 V. +V 2 2
Pm - _[pair'Ar'( : e)]'(Va _Ve ) [W] (3_7)
2 2
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The above expression can be algebraically reardange

@+ Vo) 1_(\/9)2

Va

a

1
I:)m - E[pair'Ar'Vz' 2 ] [W] (3-8)
The power extracted by the blades is usually espikas a fraction of the upstream wind

power as follows:

1 3
I:)m - E pair 'A r 'Va 'Cp [W] (3-9)
Where:
Cp - The fraction of the upstream wind power, whicleaptured by the rotor blades
This coefficient is:
V, V,
L+ 21— ()]
- Va Va
P 2 (3-10)
The remaining power is discharged or wasted indinenstream wind. The factor,Gs

C

called thepower coefficientof the rotor or theotor efficiency -7
0.7
i
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Figure 3-3: Rotor efficiency versusyv ratio has single maximum.

For a given upstream wind speed, the value pli€pends on the ratio of the downstream
to the upstream wind speeds, that ig\y. The plot of power coefficient versus/) shows
that G is a single, maximum-value function Figure 3-2hdts the maximum value of 0.59
when the (¥vy) is one-third. The maximum power is extracted fribra wind at that speed

ratio, when the downstream wind speed equals are-th the upstream speed. Under this
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condition rotor efficiency is the fraction of avatle wind power extracted by the rotor and

fed to the electrical generator.

P_= ;pa".A,.vj 059[W] [3-11)

The theoretical maximum value of,Gs 0.59. In practical designs, the maximum
achievable gis below 0.5 for high-speed, highest efficiency4lade turbines, and between
0.2 and 0.4 for slow speed turbines with more tdaBmgure 3-3. If we take 0.5 as the
practical maximum rotor efficiency, the maximum moveutput of the wind turbine becomes

a simple expression:

P - %'pair 'Va3 |:ﬂ:| ’ (3_12)

max m2
{a) (b} {c)
772 o 7=3 =4

D,=550% P,=8 % ©,=22%

0.4
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Figure 3-4: Efficiency versus tip speed ratio footors with different numbers of blades.

3.3 Typeof Wind Turbine

The equation for the maximum available power isyvienportant since it tells us that
power increases with the cube of the wind speedoahgdlinearly with density and area. The
available wind speed at a given site is therefdtenofirst measured over a period of time
before a project is initiated.

In practice one cannot reduce the wind speed t sera power coefficient Cp is defined

as the ratio between the actual power obtainedl@daximum available power as given by
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the equation 3-12. A theoretical maximum for Cpsti Gma=16/27 = 0.593. Modern wind
turbines operate close to this limit, with Cp u®t6, and are therefore optimized

Techniques capable of capturing the large amountsired energy will be investigated
with emphasis on costs and safety factors. Thetaheof an ideal location for a wind turbine
installation is very important and the process nuastsider factors such as wind speed and
direction, desirable terrain features, nearby esdidl areas, and annual energy capture. Note
that the ratio for actual energy captured by a wurine to that which could be captured is
very critical. Furthermore, the wind speeds muswiibin the optimum range throughout the
year at the designated location to enable the rtarltdo operate at its maximum power
coefficient.

To meet this operational criterion, wind speedsnfi20 to 30 m/min are recommended by

installers this is the most important site selectiequirement.

Turbine Pressure Power Power
Mass flow drop at . ..
blade area rate m [kg/s] | turbine delivered coefficient

Ar[m? Pr [W -
r[m?] A L\l Cp [
Small High Small Low <0.59

Large Low Large Low <0.59
Optimum Optimum Optimum Optimum 0.59

Table 3-1: Impact of wind turbine performs on,C

Other

characteristics, and aerodynamic requirements; #deyplay important roles in efficient

selection parameters include installation gligi blade parameters, airfoil
capture of wind energy by a wind turbine Power fioeit is dependent on several factors
such as installation site features, rotor bladasrangle of attack, flow rate, pressure drop at
turbine, and other issues. Impact on power coefficand power delivered due to rotor blade
area, flow rate, and pressure drop at the turbamebe seen in the table 3-1.

Note that large blade areas vyield both greater powdputs and improved power
coefficients but over a narrow range of tip spestibs as illustrated in Figure 3-4. Turbine
blades with smaller areas provide lower power ¢ciefits over a wider range of tip speed

ratios.
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N, 28m’
2 5 =
Total blade area = 93~ Som

Power Coefhicient, Cp

Ratio of Blade Tip Speed-to-Wind Speed

Figure 3-5: Power coefficient as functionof totaldde area tip speed

Sailors discovered very early on that it is morcieint to use the lift force than simple
drag as the main source of propulsion. Lift andgdese the components of the force
perpendicular and parallel to the direction of thlative wind respectively. It is easy to show
theoretically that it is much more efficient to Ugerather than drag when extracting power
from the wind. All modern wind turbines thereforensist of a number of rotating blades
looking like propeller blades. If the blades aremmected to a vertical shaft, the turbine is
called a vertical-axis machine,

* Vertical VAWT
* Horizontal HAWT

For commercial wind turbines the mainstream mostigsists of HAWTS; the following
text therefore focuses on this type of machinekascked in figure 3-5 is described in terms
of the rotor diameter(D) the number of blades(#) tihwer height(H), the rated power and the
control strategy.

The tower height is important since wind speeddases with height above the ground and
the rotor diameter is important since this gives éinea (A) in the formula for the available
power. The ratio between the rotor diameter andhtiie height is often approximately one.
The rated power is the maximum power allowed fer ithstalled generator and the control

system must ensure that this power is not exceedaidh winds.
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H

Figure 3-6: Horizontal-axis wind turbines (HAWT)

The number of blades is usually two or three. Twamled wind turbines are cheaper since
they have one blade fewer, but they rotate faster appear more flickering to the eyes,
whereas three-bladed wind turbines seem calmetheandfore less disturbing in a landscape.
The aerodynamic efficiency is (the difference betwethe upstream wind speed and
downstream wind speed) which shown in the previtgse 3-2 is lower on a two bladed
than on a three-bladed wind turbine. a two-blad@adwurbine is often, but not always, a
downwind machine; in other words the rotor is dowrdvof the tower. Furthermore, the
connection to the shatft is flexible, the rotor lgemounted on the shaft through a hinge. This
is called a teeter mechanism and the effect isrtbabending moments are transferred from
the rotor to the mechanical shaft. Such a constnuas more flexible than the stiff three-
bladed rotor and some components can be builtdighmd smaller, which thus reduces the
price of the wind turbine. The stability of the radtexible rotor must, however, be ensured.
Downwind turbines are noisier than upstream turhirstnce the once-per-revolution tower
passage of each blade is heard as a low frequemisg.nThe rotational speed of a wind
turbine rotor is approximately 20 to 50 rpm and tb&tional speed of most generator shafts
is approximately 1000 to 3000 rpm. Therefore a lg@amust be placed between the low-
speed rotor shaft and the high-speed generatat. Stref layout of a typical wind turbine can
be seen in Figure 3-5, showing a Siemens windrierdesigned for offshore use. The main
shaft has two bearings to facilitate a possibléament of the gearbox. This layout is by no
means the only option; for example, some turbimeseguipped with multiple generators,
which rotate so slowly that no gearbox is needéeally a wind turbine rotor should always
be perpendicular to the wind. On most wind turbi@esvind vane is therefore mounted
somewhere on the turbine to measure the direcfidheowind. This signal is coupled with a
yaw motor, which continuously turns the nacell®@itite wind. The rotor is the wind turbine

component that has undergone the greatest develdpmescent years. The aerofoil’'s used
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on the first modern wind turbine blades were degwetbfor aircraft and were not optimized

for the much higher angles of attack frequently lxygd by a wind turbine blade.

3.4 Rotor Swept Area

As seen in the power equation, the output powehefwind turbine varies linearly with
the rotor swept area. For the horizontal axis hebthe rotor swept area is given by :

T
==D’ [m’] (3-13)
4
Where:
D, - The rotor diameter [m]
For the Darrieus vertical axis machine, determoratf the swept area is complex, as it

involves elliptical integrals. However, approxinmgtithe blade shape as a parabola leads to
the following simple expression for the swept area:

A :§DxH [m?]. (3-14)

The wind turbine efficiently intercepts the windeegy flowing through the entire swept
area even though it has only two or three thin égadith solidity between to 5 to 10 percent.
The solidity is defined as the ratio of the soli@ato the swept area of the blades. The
modern tow-blades turbine has low solidity rati@nide, it requires little blade material sweep

large areas.

3.5 Air Density

The wind power varies linearly with the air denstyeeping the blades. The air dengity

varies with pressure and temperature in accordaitbethe gas law:

__b 3 3-15
p., = [ka/m’] (3-15)

Where:
p - Air pressure [Pa]
T - Temperature on the absolute scale [K]
R - Gas constant.[287.05J/(kg.K)]
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The air density at sea level, one atmospheric presd4.7 psi) and 15.5556°C is 1.225
kg/m®. Using this as the referencp,is corrected for the site specific temperature and
pressure. The temperature and the pressure batmiwvary with the altitude. Their combined
effect on the air density is given by the followieguation, which is valid up to 6,000 meters

of site elevation above the sea level:

0297Hm,

p=p,e * [kg/m®] (3-16)

Where:
Hm - The site elevation [m]

P, - Air density on 0 level [kg/rf}

Equation (3-16) is often written in a simple form:
p=p,-1.19410"H_[kg/m]. (3-17)

The air density correction at high elevations carsignificant. For example, the air density
at 2,000-meter elevation would be 0.986 kij/&0 percent lower than the 1.225 kdalue
at sea level. For ready reference, the temperatures with the elevation:
1983H
o K]

304¢

T=155- (3-18)

3.6 Wind speed distribution

Having the cubic relation with the power, the wapked is the most critical data needed to
appraise the power potential of a candidate sike Wind is never steady at any site. It is
influenced by the weather system, the local landhite, and the height above the ground
surface. The wind speed varies by the minute, hday, season, and year. Therefore, the
annual mean speed needs to be averaged over 10rery@ars. Such a long term average
raises the confidence in assessing the energy+eaptiential of a site. However, long-term
measurements are expensive, and most projects tcamrtahat long. In such situations, the
short term, say one year, data is compared witsaahy site having a long term data to expect
the long term annual wind speed at the site undesideration. This is known as the

“measure, correlate and predict (MCP)” technique.
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Introduction

Before addressing more technical aspects of wintkigd¢ors technology, an attempt is
made to give a short general introduction to thieggral of the electric generators which are
transforming the mechanical energy of wind turbioethe electricity according to the
parameters and the specifications of the elecyrstesn and the power networks standard.
Basically the electric generators selection depamdthe level of the power output from the
wind turbine and interconnections to the electgtnorks, they produce:

* Alternate current — AC generators.
» Direct current — DC generator.

Each of these from two basic groups has many vamst AC generator can be divided
into:

» Asynchronous generator.
* Synchronous generator.

Asynchronous generators, called induction genesatbey don’t need their own exciting
system; they are very simple and cheap. The mablgm for this type how to insure in
transformation system the same mechanical rotatiadhe generator (frequency) as the wind
turbine as the power network has.

This can be done in the side of the wind turbinemaeically by the gear box or in the
electric side of the generator by the electricaldiioner.

Synchronous generators need an exciting systeneftinerthey are more complicated
regarding to the electric side of the transfornmatjrocess of the wind energy to the
electricity.

Direct current generators must always have anredextinditioner.

Basically the transformation system wind turbinenggators (WTG) must have two
subsystems:

» System for wind transformation to the mechanicalgo- wind turbine (WT).
» System of transformation of mechanical power toelleetricity.
The figure 4-1 presents clearly the parametershe$d two subsystems, the mechanical

parameters of WT and the electric parameters ofdneitioning.
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WTG
CWT
Nwr ne Ng
mechanica GEN Electrical Elect
A contro \ control § Network
1 power 1
Excitatior condationer
system
nwr
contro

Figure 4-1: Possibility of wind transformation tde electric parameters

4.1 AsynchronousWind Turbine Generator

From the main principle of this group of AWTG, lgsent the characteristics of chosen
four types from them, regarding to their charastess it is suitable to choose the generator

for the wind turbine as an electric machine tramafo

4.1.1 Direct connected asynchronous

The asynchronous wind turbine generator generétsating current with a synchronous
frequency against supplying power system. The iegistystem of the generator goes from
the electric power system seen in the figure 4a2oyder to eliminate inductive power goes to
the existing system there is necessary to corrdntgmbwer flow corrector (PF)- capacitor.

The characteristics of the induction generator egted direct to the line are:

* The fixed speed is (1-2%) above synchronous.

* They don’t need power converter.

» Voltage control capability in this type of wind bine is affected by voltage,
frequency disturbances and absorbs VAr while géimgra real power.

» The PF correction is through low voltage capacitors

* This is the typical of the older style generators.
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Plant
Feeders

Generator

PF control |

capacitors T

Figure 4-2: Direct connected synchronous turbine

4.1.2 Direct connected AWTG with Variable Resistance Rotor

These types of the generator also generate aliegnaturrent with asynchronous
frequency, but this frequency can be change wittialbe resistance control of the rotor
winding seen in the figure 4-3.

The characteristics of this type of turbine are:

» Variable slip with speed = (0-10%) above synchranons=(0.9-1) g
» Slip power converter.

* No voltage control capability just PF control.

* Improved voltage and frequency disturbances.

* Absorbs VARs while generating real power.

* PF correction is through low voltage capacitorblacelle.

Plant
Feeders

Generator

slip \|; ac PF coptrol 1
power as to 2 capacitors T
heat loss dc

#

Figure 4-3: Direct connected variable resistancet@o
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4.1.3 AWTG with Power Conditioner

The connection of the generator to the power sysgeemia power conditioner which
correct asynchronous rotation to a synchronousAa=DC=AC convertor. Therefore this
type of generator does not need power factor ctmrec

The characteristics of this type are:

» Variable speed is up to 100% of synchronous.

* Full rated back-to back four quadrant power corersrt

* Reactive control through inverters is independéméal power.

* Requires full sized inverters as all power passesugh both inverters.
* Mechanical drive train isolated from electricaldyri

» Good voltage and frequency disturbance ride thraagiability.

* Full voltage regulating capability without use ot capacitor.

* PF control also available.

The figure 4-4 below represents the equivalenudiaf this type of turbine.

Plant
Feeders
' lac| |dc
Generator | | to [ | tc
— dc — ac

Figure 4-4: AC-DC-AC convertor connected

4.1.4 Double-fed induction generator (DFIG)

The part of the existing voltage can go acrossrdter windings supplied by the PF
conditioner which transform AC power of power netkto DC and back to AC seen in the
figure 4-5.

The characteristics of this type of turbines are:

* Induction Generator connected across the line vatiable frequency and voltage
control of rotor windings.

» Variable speed is (x30%) of synchronous.

» Partially rated power converters with reactive colthrough converters.
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* Requires smallerB0% rated) converters but adds slip rings to geaera
» Good voltage and frequency disturbance ride thraagiability.

» Full voltage regulating capability without use biusit capacitors.

Plant
Feeders
Generator
& ac | | dc
to to
Partial L d¢] Lcc
Power ) >

Figure 4-5: Double fed induction generator

4.2 Synchronous Wind Turbine Gener ator

This kind of the generators need it is own excisyggtem which has to have possibility to
control it. The rotation of the generator has thens rotation as power network, it means

Ng = ns. The figure 4-6 shows the Synchronous Generataivalgnt circuit.

Hydraulic
control
Grid

| SuperGear
| Main Synchronous

Gear Generator

Pitch Excitation

contro contro|

Figure 4-6: Synchronous generator

The characteristics of this type of turbines are:
* No power electronics.
» Good voltage and frequency disturbance ride thraagiability.
* Reactive control by changing the field voltage.

* Full voltage regulating capability without use biusit capacitors.

Zaidan Buhawa PhD Thesis

40



Chapter four Wind Generators

4.3 AWTG Modelling

For modelling of the transformation process froma wind side to the electricity network
via WTG there is necessary to know mathematicaygcdption of this process this
description usually respect energy ratio in theesys Then each type of subsystems in the
whole system of WTG is possible to express it asaBgn systems with necessary inputting
parameters in order to calculate outputting valga@sg to the fallowing subsystem see the

figure 4-7.

inputting Mechanical outputting
data » Model > data

Figure 4-7: Basic principle of WTG modelling

We can make a mathematical model like close box#s pvedefined inputs and outputs |

would to present two mathematical models of WATG:

4.3.1 Squirrel Cage Induction Generator (SCIG)

The electrical machine in the wind turbine is mdetklas close boxes with predefined
inputs and outputs. This illustrated in the Figdt® which symbolize as blocks, with the most

relevant input and output signals for squirrel cengliction generator (SCIG).

Squirrel Cage Induction

Generatior
Turbine power P
m xspeed Speed
Additional
Rotor
Resistance madd Pgt Active power

Figure 4-8: Squirrel cage induction generator (SC)G

Squirrel cage induction generator model has thehamdcal power of the wind turbine as
prime mover input. An additional rotor resistan@n de inserted if it is necessary. The
outputs are the generator speed and the eleghaeedr. In the load flow calculation, used in
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the initialization process of the system, the infation on the generators active power has to
be specified.

Squirrel-cage generators for wind turbines are edggeliable, require little maintenance,
are efficient, quiet and have a long lifetime. Hugiivalent circuits which illustrated in

Figure 4-9 defines the parameters in the indugjemerator model; it consists of a general
model for the stator, which can be combined witlee¢hdifferent rotor models, depending on
the type of thgenerator
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Figure 4-9: Squirrel cage induction generator diagm with the different definition for
the rotor impedance Zr
Where:
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Rs - Stator winding resistanc@]|
Xs - Stator leakage reactan€¥®.[
Xm - Magnetizing reactanc€]

Zr - Rotor impedance(]]
The dynamic model of the induction generator ubessteady state parameters defined in

the equivalent circuit diagram which characterizethe previous figure.

Us = Rsis + jwsynl'l'ls +% (4_1)
dt
O=Rj, +](@W, —w)WY, + d;':S : (4-2)
Where:

u, i, andy - Are space vectors for the voltage, current dunxi fespectively.

W, - The synchronous speed, [rad/s]

sy
GJ. - The rotor angular speed.[rad/s]

The voltage equations in per unit are:

w
u, =R, +] SV”LPJideS- (4-3)
W, w, dt
W, —W
Oerir+quJr+i%' (4-4)
W, w, dt
Where:

W, - The nominal electrical frequency of the netwjped/s]

The generator inertia is modelled inside the huailinduction machine model. The

generator inertia is specified in the form of amederation time constant in the induction

generator type.
The dynamic model of the induction generator is pl@ted by the mechanical equation:

Jw =T, -T,. (4-5)
Where:
J - The generator inertia.[kg’m

Te - The electrical torque.[N/m]

Tm - The mechanical torque.[N/m]

The nominal torque equation related to the nomialles parameters is:
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T=
- [w,@-s)]

And as a result the acceleration time constgntan be expressed as:

= 7SI Ny m). (4-7)

[N/m]. (4-6)

T

ag
n

Where:

S, - The nominal slip.

4.3.2 Double-Fed Induction Generator (DFIG)

The doubly-fed induction generator (DFIG) symbokzeblock shown in the figure 4-10.

Doubly-fed
Induction generator

Turbine power P i xspeec Speec
PWMR'ZzplEg? tior mc e Pt Active power
PWM Amplificatior p g Ird Irq Rotor currents
Imaginary Parl Y.y Rea /Imaginary stator flux
Adgi;i;zz:nr\;ztor rradc T gm Mechanical angle

Figure 4-10: Doubly-fed induction generator (DFIGhlocks

Doubly-fed induction generator model has as inghés mechanical power of the wind
turbine, the pulse width modulation factorg.PPnq and the additional rotor resistance. As
outputs, besides the speed and the active powenotor currents, the stator flux and the
mechanical angle of the rotor can be deliveredhénload flow calculation, the active power
for the stator, the reactive power and the slipehdw be specified. Internally, the
corresponding modulation factors of the converter @alculated and together with power

balance between the AC and DC side of the conveherDFIG equivalent circuit illustrated
in this figure 4-11.

Zaidan Buhawa PhD Thesis
44



Chapter four Wind Generators

Xs Zr

jor U,

7& Loc

(_
Xm
~
al

-
3

U.

L—

Figure 4-11: Doubly-fed induction machine with rotcside converter.

The PWM converter inserted in the rotor circuibel$ for a flexible and fast control of the
machine by modifying the magnitude and phase aoftbe generator's AC voltage output
Uac on the rotor side.

This is done by modifying the modulation factor P\WWBased on the power balance and

relationship between the AC and DC side of the Ped¥verter is:

_ 3

er 22

/3

U, == PWM.U__[V 4-9)
Co0 V]

(Note: The AC voltage is expressed as line-to-liakage)

Where:
PWMr and PWMi - The real and imaginary componerftshe modulation factor

U PWM .U_[V] (4-8)

respectively
PAC = Re(LJACIAC) - UDCIDC = PDC[W] (4-10)
Note: The relationship between AC and DC curreais loe found by assuming that the

PWM converter is loss free.
The model equations of the doubly-fed machine eaddyived from the normal induction

machine equations by modifying the rotor-voltageatmpns:

S n d
u—R|+J i q"[] (4-11)
(s (e, —w 1d
Ure j(wsyn—wr )t :err +J( syn r) LIJr +_— l'IJr [_] (4_12)
Per unit rotor voltage that appears in the abowaon is related to the DC-voltage as:
V3 U
u, =—=PWM,—= [pu.]. (4-13)
2\/5 Urnom
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J3 U
u =——PWM .— [pu.]. (4-14)
A 2\/5 i Urnom [p ]
Where:

U - The nominal rotor voltage.[V]

rno

4.4 Power Converter

The rectifier/inverter model is used to create D@wer links, or for building power
electronic devices such as variable speed drives

The power convertors used in wind turbines are llystealized by self commutated pulse
width modulated circuits as illustrated in the figu4-13

These circuits are built by six valves with turri-o&pability and six anti-parallel diodes.
The valves are typically realized by IGBTs (insathtgate bipolar transistors) because they

allow for higher switching frequencies.

Figure 4-12: Generic PWM converter model

The general model of the PWM converter, that uguaferated as a voltage source

converter is shown in the figure 4-14.

\U de Uac

Figure 4-13: PWM converter-general model

The model equations are expressed as follows:

U, =K,.PWM_.U_ [V] (4-15)
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(4-16)

U, =K,PWM U_ [V].

positive and negative sequence component, PWMriMPWefined as follows:

For a sinusoidal PWM is:

V3

K =—— (4-17)
"2J2

For a rectangular PWM or for no modulation is:
2+/3

V243 . (4-18)
n

Note: Assuming the PWM to be loss-less

K, =

ACj
The Uxcr and Ui are the real and imaginary of the AC voltage, esponding to the

PhD Thesis
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Chapter 5 Simulation of WT with DFIG by Matlab

This chapter deal with simulation of wind speedsl avind turbine with double fed
induction generator connected to the local netwaskin example the wind simulation has
been chosen according to the data which | havevestédrom GECOL and it was measured
during 2003 to 2004 and it is about a project hesnbsupported strongly by GECOL, the
reason behind this project is, to concentrate éfigld of renewable power sources instead of
the conventional energy sources.

In the begging of 2000 the renewable power souwlepsartment was created in Tripoli for
the reason of researching and improving the ensegyor in Libya, and to find alternative
source of energy instead of the conventional fgel,they had proposal of wind power
meteorology, which has evolved as an applied seiefionly founded on boundary-layer
meteorology, but with strong links to climatologydageography. It concerns itself with three
main areas: sitting of wind turbines, regional wirgkource assessment, and short-term
prediction of the wind resource. The history, statand perspectives of wind power
meteorology are presented, with emphasis on pHysmasiderations and on its practical
application. Following a global view of the windsoairce, the elements of boundary-layer
meteorology which are most important for wind eneeage reviewed: wind pro les, shear
turbulence, gust, and extreme winds The data usednd power meteorology stem mainly
from three sources: onsite wind measurements, yhepsic networks, and the reanalysis
projects. Wind climate analysis, wind resourceneation and sitting further require a detailed
description of the topography of the terrain wigspect to the roughness of the surface, near-
by obstacles, and aerographical features. Findhg, meteorological models used for
estimation and prediction of the wind are descrildbdir classifications, inputs, limitations
and requirements. A comprehensive modeling conogpto-scale modeling is introduced
and a procedure for short-term prediction of thedaiesource is described.

* The following study evaluates classified wind spdath from selected cities in Libya to
determine the usable wind energy
* In 2002 - 2003, a measurement campaign at prospesind park sites was launched in

Libya, charged by the national utility company (GHJ.In the coastal wind speeds in

Libya identified three sections of the coast witfiedent levels of annual average wind

speeds in 50 m above ground:

* At the west coast between 4.7 to 9.1 m/s.
* At the central coast between 5.4 and 8.9 m/s, and.

* At the east coast between 5.6 and 10.4 m/s.
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Naturally, the indication of wind speed ranges doesallow a useful assessment of energy
output. However, the comparison of these predistiaith a map derived from the World
Wind Atlas (WWA) agrees well with the quantitatisetement, that the Eastern Libyan cost

experiences higher wind speeds than the Westetrs@athe figure below.
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Figure 5-1: Chosen wind site locations on the Libyaoast

The GECOL project has measured five coastal sitee 40 m measuring towers and
anemometers in 10, 20 and 40 m above ground tlagidmcof which is given in the previous
figure.5-1

The cities have been chosen according to theittitota and the measuring of the metro
speed per seconds are; Misratah , Sirt, Al Magf@hmetha and Dernah from the west to the
east respectively

These locations with their average wind speeddvaseatah (6.6 m/s), Sirt (6.4 m/s), Al-
Maqgrun (7.2 m/s), Tolmetha (6.2 m/s) and Dernalhm{8). In remaining areas of Libya,
GECOL evaluated other locations for possible wiaans (e.g. Al-Bayda, Aziziyah, Asaaba,
Murzug, Ghat, Ubari and Sabha). Various wind farres (5 MW, 15 MW and 25 MW) and
wind turbine types (< 1 MW, < 1.5 MW and > 1.5 MWave been considered. Based on
excellent measured conditions in Dernah locatidep alue to logistical and operational
reasons (especially transport of material to thepee of Dernah), pilot project of 60 MW
was declared with estimated construction start 0082 However, this concept has been
thoroughly reviewed resulting in a more elaborgikzh for the following decade concerning
the wind power plants in Libya.

For the verification data professional programmiagl Matlab has been employed this

software package enables broad variety of dataysisand simulations Matlab is a tool for
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doing numerical computations with matrices and mectlt can also display information

graphically the program was my chosen software narogor this purpose.

5.1 Obtain the Data

To collocate an accurate and real data about theempametwork in Libya or any
information about new researches for any new ptafea case of a government think about
these information are one of the state secretehwimcone can go throw these information or
they didn’t even have these data in their monthlgrmually reports in the GECOL'’s reports
which more than logic for any company to have thientheir websites, as same as any
electric company in the world has the same respditgifor generation, transmission and
distribution electric power or even as a documeortatin their offices for a public to go
throw specially for students researches, that ig ivtake from me a long time to collect these
data which | have used for these research from smrsonal contacts.

The data which | have it was in the documents forix® when | received and it was huge
amounts of random data and it was about five gitregach city four units and in each unit
three values (maximum, minimum and average valees)y ten minutes for the whole year ,
these data was saved in memory cards fixed in eeasurement unit and they change them
once per month and they collate these data in guatanin their department that is all what
they did ,and the figure 5-2 it is just a shortrapée about how it look like the data when |

receive it .

File_ L¥_Magrun_03.01l_EKO.txt

*ERO-20% serdial number @ 220213
Identification text :Al Magrun B
Start date : 01.01.2003
start time @ 0Q:00:00
rRecord interval @ 00:10:00
sample interwval : 00:00:03
Mo, channels : 11
Readings :
ChamneT 5pec1f1catwuns H
o33 O 0p 0p 0 Ap 13 Ay 13 27 25 20 25 3; 3; 3 3343 3; &) 7p 8 95 10
M1m1mum;;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;—;0;762 5;-;0
Maximum; ;51,15551,15;51,15;51,15;51,15;51,15;51,15; 51,15, 51,15;51,15;51,15;51,15;51,15;51,15;51,15;51,15;360;360; 360; 100; 1137,5; 360; 15
Units,,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,m.s,de deg;C;%; hPa;s ;v
Quantity; ;windspeed liwindspead 1;windspeed 1iwindspead 1iwindspeed 2 w1ngspeed 21 w1ndspeed Ziwindspead 2;windspeed 3;windspead 3;windspeed 3;windspeac
date;time;max O;min 0;avg Ojdev O;max 1;min 1;awg 1;dev 1;max 2;min 2;avg 2;dev Z;max 3;min 3;avyg 3;dev 3;p01 4;pol 5;7og 6;Tog 7;7og 8;log 9;Tog 10
010103 00000066547556603781562570603710107408990479407108460462627289117057481014316812 903
01 Ol 03 00 10 00 7 05 4 45 5 61 0 41 B 25 6 05 6 98 0 42 9 90 7 95 8 90 0 36 9 20 7 45 8 36 0 35 262 0 288 3 17 2 58 36 1014 3 16 6 12 90

Figure 5-2: Data in document format

So | had to check and filter the data and estirsatae values if there is some missing
numbers or irrational numbers as well so | haddaadform the data to an excel format to be
easier even for the simulink program as the nesfi.dtused Matlab for this propose and the
figure 5-3 shows the data in the excel format aftertransformation.

(Note: All the data are included with this projectthe software format).
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A B c D E F G H | J K L M N 0 P Q R
1 1 2003 0 0 06,65 4,75 5,66 B.15 6.25 7,06 10,10 740 5.99 940 7.10 B.46
1 1 2003 0 10 UIT.US !4.415 561 B.25 6.05 6.98 9.90 7.95 8.90 9.20 745 B.36
1 1 2003 0 2 0730 4,80 5,68 840 6,00 7,08 9,95 7.80 9,07 945 750 8,58
1 1 2003 0 30 0745 4,90 592 8,60 6,30 729 9,90 795 8,98 940 745 8,57
1 1 2003 0 40 0760 4,90 6,05 8,70 6,15 742 10,25 790 9,14 9,70 730 8,67
1 1 2003 0 50 0755 4,90 598 8,50 6,20 738 10,00 750 8,88 955 720 8,38
1 1 2003 1 0 0590 440 508 770 530 6,35 9,10 715 813 845 6,70 763
1 1 2003 1 10 006,60 435 532 795 570 6,66 9,10 730 6,26 8,60 6,75 7
1 1 2003 1 20 0550 390 4,76 6,90 525 597 820 6,60 748 7,65 6,05 6,99
1 1 2003 1 30 0510 355 4,26 6,15 475 551 8,15 6,70 737 750 6,20 6,86
1 1 1

2003 40 0495 3,60 420 6,00 4,65 539 740 6,20 6,81 6,95 575 6,31

Figure 5-3: Data in excel format

5.2 Checking the Data

| created a software program to calculate and dhendata to be visible and comparable,
by Matlab software program and simulate it. Accogdio the output; | could choose which
city is suitable for the first project as wind fapower plant. | used one software program for
the all units and cities; the change was only far input data for each city individually and

together.

wind speed [m/s]

days
Figure 5-4a: The maximum wind speed values
The first proposal was to run this software forteaait per year and see the maximum,
minimum and average values respectively. The regatt 48 figures for each unit and the

figures 5-4 is just a sample of the results fromtest units in Dernah city.
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35

wind speed [rm/s]

days

Figure 5-4b: The minimum wind speed values

wind speed [mis]

days
Figure 5-4c: The average wind speed values

From the previous figures | can’'t see more optimnsompare, but it was visible how the

different between the values in the same units iavdas necessary as well to know the

minimum values and how long it takes when it waznd the minimum and maximum

values in the day time or night times, for the oxed under-speed protections.

Zaidan Buhawa PhD Thesis
53



Chapter 5 Simulation of WT with DFIG by Matlab

[}
T

wind speed [m/fg]
=

days

Figure5-4d: The comparison of wind speeds threeusd

Then | have chosen the four units in the sameanity see the result so maybe it will be
possible to compare the locations by comparingaverage, maximum and the minimum
values together the figure 5-5 present the valfi#iseofour units together and the results were
almost the same and | just present the simulatidpud in December as sample and in the
same city Dernah .

30
24

N

wind speed [m/s]

days

Figure 5-5a: The maximum values for Dernah four uts
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wind speed [m/s]
=

days

Figure 5-5b: The minimum values for Dernah four uts

16+

14+

wind speed [mn/s]

days

Figure 5-4c: The average values for the four units

These values were for one month and | even contpare together for the whole year in

each city, the same results were with the otheddla give almost the same outputs. °
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30

wind speed [m/s]

days

Figure 5-5d: The comparison speed values for Dernf@r units

The next step was in the same city and same daa esample but | just have chosen only
the maximum values from the maximums data in theatad the minimum value from the
minimum data in the day and the average from therames data in the day. It was for
checking the data for protection reasons, the &gbi6 below present the output of that

process.
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Figure 5-6a: The max values per day
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wind speed [mis]

days

Figure 5-6b: The min values per day

131
12+
11

10+

wind speed [rmis)
(m]

days

Figure 5-6¢: The average values per day.

As it seen in the figures 5-6, the values are tg@itsame as on the figures before. It means
that the wind speeds are almost stable in eachandiin each city, therefore | made the same
procedure with the all cities for the whole data.

After that it was the time to compare the all Gtiegether to choose the first city for the
first wind farm. Figure 5-7 presents the simulatautput of average values for the all cities
together.
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The conclusion of the sensitivity analysis, whicaswmade, is that the Dernah site in
Libya’s east which was mentioned (the blue colee)j is the most suitable place for the first
wind farm. And it is most feasible from both an eocmical and technical point of view and
can present to most important which should be epgein the wind power station
interconnection to the grid network:

» Excellent wind conditions.

» Good accessibility.

» Easy terrain.

* Good grid connection possibilities.

* Manageable logistical problems.

* Crane availability for installation and repair mbstsecured.

* High extension potential (100 — 150 MW).

* Low additional foundation requirements in a homagensoil environment.

* Dernah itis an industrial, agriculture city

* The people mentality cause to have new project fike it is necessary to be

accepted from the local people.

15

16

— —
b E=Y

wind speed [m/fs]
=

days

Figure 5-7: Average of the average wind speed valf@r whole cities
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5.3 Case Study (Der nah)

According to the new concept, a wind farm of 60 MWIét stage) has been put into
construction process in Fattaih area, Dernah in R240. Another 60 MW (2nd stage) are
scheduled to be finished until the end of 2012obal, this power plant should consist of 37
turbines of 1.65 MW each with total installationst® of 103 million Euros. Second wind
farm project in Benghazi region (also to be reaize?2 stages) is in Al-Maqgrun location with
planned total of 240 MW, first half (80 Siemensbines, 1.5 MW/each) being constructed
since 2011. Other projects are the installationss@f MW wind farms (25 turbines, 2
MW/each) in Misratah and Tarhona. Moreover, fedisitstudies for building 120 MW wind
farms are currently under way in the west (Asaaipahe south (Jallo, Almasarra, Tazerbo)
and in the south-west (Aljofra, Sabha, Ghat andwhstef) regions. These projects will be
started during the next three-year term.

All these projects are strongly supported by Libygovernment, GECOL and by
government organization Renewable Energy Authaitiibya (REAOL) which is carrying
out all planning and building operations relatiogrénewable power sources. By these huge
projects, REAOL tries to reach the strategy taajetO percent of electric power generation
from renewable power sources until 2020 with edtthiacapacity of 800 MW (CSPs), 150
MW (PVs), 300 MW (solar water heaters) and 1500 Kvind).

5.3.1 Simulation results

Since when | have chosen a location for the firgtdnfarm in Dernah city, in this
paragraph the simulation via Matlab software prograill be presented with the basic
operation of DFIG and its controls using AC/DC/A@hgerter connected to the grid.

First | simulated a wind turbine driven isolateat(ltonnected to grid) induction generator.
But for best efficiency the DFIG system is usedakhis connected to grid side and has better
control. The rotor side converter (RSC) usuallyes active and reactive power control of
the machine while the grid-side converter (GSC)pkethe voltage of the DC-link constant.
So finally | simulated grid side and wind turbiniles parameters and the corresponding
results have been displayed

The DFIG is able to provide a considerable contrivuto grid voltage support during
short circuit periods. Considering the resultsai be said that doubly fed induction generator
proved to be more reliable and stable system wioemected to grid side with the proper

converter control systems.
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As an example for the modeling and simulation Ipange the Dernah farm has 9MW
capacity and it is consist of (6 of 1.5 MW eachihavturbines connected to 30KV distribution
system exports power to a 220 KV grid through a&K8Q 30 KV feeder as a maximum
length.

A 2300V, 2 MVA plant consisting of a motor load§& MW induction motor at 0.93 PF)
and of a 200 kW resistive load is connected onstree feeder at bus B25. Both the wind
turbine and the motor load have a protection systemitoring voltage, current and machine
speed. The DC link voltage of the DFIG is also naneid.

The DFIG is controlled in order to follow the redree and the turbine speed optimization

is obtained between point B and point C on the saumee in the figure 5-8 below.

Turhine Power Characteristics (Pitch angle beta = 0 deg)

15E T T T T T 162 miz3

of norninal mechanical power)

Turbine output power (pu

1 1 1
0.6 0.7 0.8 0.9 1 1.1 1.2 13
Turbine speed (pu of generatar synchronous speed)

Figure 5-8: The realtion between turbine speed apolwer output

Another advantage of the DFIG technology is thditgldor power electronic converters to
generate or absorb reactive power, thus eliminahiegneed for installing capacitor banks as
in the case of squirrel-cage induction generators.

The Simulink diagram for a doubly fed induction geator wind farm connected to grid
side with protection schemes involved for protatticom single phase faults and ground
faults.The grid volateg level is 220 KV, the figuse® presents the wind farm connected to the
grid .
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Figure 5-9: Wind farm connected to the grid model

5.3.2 Wind Turbine Protection

This is the block for wind turbine protection in mh the positive sequence voltage and
current and DC voltage are given as input andHeir tcorresponding values trip data is used
to see whether it should be tripped or not.

The different reasons for tripping may be AC ovettage, under voltage, over current,
undercurrent, DC overvoltage, over speed and usjksed.

Depending on the reasons stated above the triplsggiven to trip the circuit within the

trip time. The figure 5-10 present the wind turbpretection.
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51 power_wind_dfig_v2/Wind Turbine Protection *

File Edit view Simulation Format Tools Help

= = =] B om [TE. & RE®E

d Instantaneous AG Overcurrent
- L] AC Overcurrent (positive-sequence)
PE;;Z‘,':” E AC Current Unhalance
[ 1] AC Undetvoltage (positive-sequence)
| AC Overvoltage (positive-sequence)
[ 0] AC Voltage Unbalance (Negative-sequence)
[0 ACWoltage Unbalance (Zero-sequence)
[T DC Overvoltage
[0 Under Speed
C 00 | overspeen
3 =
TripData v
Running 100%: T=3.256 odeZ3th

Figure 5-10: Wind turbine protection

5.3.3 Wind turbine data acquisition

This is the Block diagram for generator data adgtjars In this the input signal are voltage
and current which are passed through gains antlyfith@ outputs provided are positive

sequence current, voltage and active and reactwepmean values. The figure 5-11

presents the data acquisition and the gain is (

)

@ power_wind_dfig_v2/Grid Data acquisition *

File Edit View Simulation Format Tools Help

O S hin now [ &

Wabo_B120
Wabc_B25

labe_B2300 abc HM_Plant
g

Sequence Analyzer
(Phasor Type)!

Running 100°% T=336,965 odeZ3th
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Figure 5-11: Grid data acquisition

5.3.4 Grid data acquisition

This is the block diagram for Grid data acquisitidhe voltage, current, and speed are
input to various blocks giving p.u. active and teacpower outputs along with motor speed,

the figure 5-12 presents the Grid data acquisition

£l power_wind_dfig v2/Wind turbine Data acquisition *

File Edit Wiew Simulation Format Tools Help

D=E&ES < n w67 | =] 2 1=

|Vabc_95?5

labe_B57S

abe_to_posi positive seq.

“abc

PO

pu-=y
e 0
i an
—pD_’ labe F_mean
n

[InEE ] 3-Fhase
Active & Reactive Power Q_mean
(Fhasar Type) ean Value -

JRunning 100%: T=503.766 odez23th

Figure 5-12: Wind turbine data acquisition

5.3.5 Turbine Responseto a Changein Wind Speed

To measure the response of the wind turbine andytidewhich connected to the wind
farm | have to run the program in the figure 5-@@athanging all the parameters according to
the standard parameters (i.e. line to line voltageed power and the frequency), | will find
the results are presented in the figures 5-13 igdef 5-14.

In the "Wind Speed" step block the wind speed ecBping. Initially, the wind speed is
set at the initial value 8 m/s, then at t = 5 sydvspeed increases suddenly at 14 m/s. Start
simulation and observe the signals on the "Windoihg" scope monitoring the wind turbine
voltage, current, generated Active and ReactivegeeyDC bus voltage and turbine speed.

At t =5 s, the generated active power starts asirg) smoothly (together with the turbine
speed) to reach its rated value of 9 MW in appratety 20 s. Over that time frame the

turbine speed will have increased from 0.8 p.ul.&l p.u.. Initially, the pitch angle of the

Zaidan Buhawa PhD Thesis
63



Chapter 5 Simulation of WT with DFIG by Matlab

turbine blades is zero degree and the turbine tpgraoint follows the red curve of the
turbine power characteristics up to point D showihie previous figure 5-8. Then the pitch
angle is increased from O deg to 0.76 deg in otddimit the mechanical power. We also
observed the voltage and the generated reactivempow

The reactive power is controlled to maintain theeleof 1 p.u. voltage. At nominal power,
the wind turbine absorbs 0.68 MVar to control voéat 1p u.

If we change the mode of operation and the parasete will get many different types of
the out puts and each output presents the waynifaiting the system according to the our

demand output for the wind farm till it will be $aible to connected to the power network.
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Figure 5-13: Wind farm output
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Figure 5-14: The gird output
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Chapter 6. The National Transmission Power Systebibga and its analyzing

This chapter deals with the transmission poweresysof Libya and its capacity to
incorporate renewable power sources, especialh laind power farms.
First, the initial load flow case of the eastermtfmd the Libyan transmission network has
been performed.
Second, another load flow study has been analypedlemonstrate the steady-state
behavior (especially voltage and power conditiookthe network when incorporating
planned wind power farms for year 2010.
Final load flow problem has been strictly definedaa optimization problem to examine
maximum possible power generations from prospectwed power farms in selected
locations of the eastern network part in 2015 (wedtimated loading situations) for
maintaining all bus voltages and branch power flovithin their permitted limits. Based

on these simulations, further research activitiethis area will continue.

6.1 National power system of Libya

Unlike the rest of the African countries, whereslésan 10 percent of population has an
access to the electricity, Libya is a fully elefodd country with current electricity
consumption of 4360 kWh the transmission systemwardkt shows in the figure 6-1.

In Tripoli in 1984, the General Electric CompanylLifya (GECOL) has been
established for providing distribution servicestdctrical energy to the entire population
of Libya and securing declared inter-tie flows ba transmission level to all electric power
utilities in neighbouring countries with particulacus on reliability, sustainability and

economy of the power system operation and cortoteover, it is state-owned
; / e /.:v W e ./

MEDITERRANEAN SEA

Figure 6-1: Libyan grid contacting with East and Vgeneighbors utilities
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GECOL is responsible for the entire power sectothi country, from the generation,
transmission and distribution of electrical enetdpypugh the oil and gas industry up to the
branch of water desalination.

For covering the load-growth rate of 8 percent year on average, the transmission
network with all main electric power plants remaihe most important part of the Libyan
power sector. The transmission power system of dibgnsists of six geographically
dispersed, sparsely interconnected island areast(\Wapoli, Central, Benghazi, Eastern
and Southern regions). In a simplified form, thérertransmission power system Fig. 6-2.
Shows the single line diagram of the national pom&twork of Libya which consists of
approximately. 75 substations on 400KV (442Km) 220 kV (13,677 km) and 132 kV
(1,208 km) voltage levels with connections to stm$mission networks of 66 kV (13,973
km) and distribution systems of 30 kV (8,583 km)dahl kV. Connections in the
transmission network of Libya are realised as osadhlines (14,747 km) and cables (138
km).

Tripoli Central &
West a8 - T LT 08 & e Bengam @; |@
Ta Tunks — T rell == IE T ==
: wll £ el e g
L8 —— 1 o E 1k 2!
|__- [ —— | ] . _T -y
e S S o i@ r??_% 2
! 1 ] e = as
':’%a o South "I‘_l _‘I_ i
= e e 3

Figure 6-2: Transmission power system of Libya

Since being constructed in a broad time intervagiehvariety of technological solutions
performed by distinct power utilities and compangzs be seen in the transmission
network. This can be taken mostly as an advantag&é operation of the entire system,
because this technological diversity prevent theuoence of massive faults caused by
possible hidden defect in the appliances providedrty one manufacturer.

For covering the power consumption, over 62 gemggatinits are connected to the
transmission network of Libya. These are mainhastgas-turbine and combined cycle
power plants along with several smaller diesel geoes located in rural areas of the

Sahara Desert.
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Natural gas, residual fuel oil (heavy/light oil) caulistillate are used as prime fuels.
When comparing the volumes of individual prime fugbent during each year, both heavy
and light oils are used only complementarily (mpstle greater amounts of emissions
released during the burning process). During easdr,yalmost 40 percent of electric
energy is produced by combined-cycle power plamtsle 35 and 25 percents supplied by
gas and steam power plants, respectively.

Libya is fully self-reliant in terms of electricityproduction. In 2008, total power
generation was 28,666 GWh, while transferred etsdtrenergy from neighboring
countries was only 66 GWh.

The statistic and collate the information it wa® af the difficulty during this research
the GECOL and even the department of energy thest tave enough information in the
public where it is possible for anyone to find thasformation and data in their webpage
so | have to collocate these information personalihese tables below are some
information about the Libyan’s grid in the last y@according to the last data which | get
from the GECOI

70

Unit to compare 2007 2008 %
Electric power generation 25415 (GW/h) 28666 (GW/h) 13
Power from neighbors country 77 (GW/h) 66(GW/h) -10
Maximum load 4420 (MW) 4756 (MW) 8
Minimum load 1807(MW) 1973(MW) 9
Electricity consumption per capitg  4158(KW/h) 4360//n) 5
Heavy oil (nf) 1563178 1802846 15
Light oil (m°) 2966136 3363604 13
Natural gas (1) 3479442721 | 3323188774 -4
SPS(400kv) 2400 (MVA) | 2400 (MVA) 0
SPS(220kv) 13058(MVA) | 13308(MVA) 2
SPS(66kv) 3559(MVA) 3679(MVA) 3
SPS(30kv) 9980(MVA) | 10404(MVA) 4
Table 6-1 Libya’s Grid in the last years
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Power Fuel used Units Unit capacity | Capacity Operation
plant (MW) (MW) date
Homs p/s| Heavy oil/Gas4 120 480 1982
Tripoli Heavy oll 4 65 260 1976
west P/S | Heavy oil 2 120 240 1980
Derna Heavy oil 2 65 130 1985
Tobruk Heavy oll 2 65 130 1985
Table 6-2: Steam power plants
Power plants Fuel used Units  Unit capacit¢€apacity | Operation
(MW) (MW) date
Abu Kamash Light oll 3 15 45 1982
Homs Gasl/light oll 4 150 600 1995
Tripoli South Light oll 5 100 500 1994
Zwitina P/S Gasl/light oil 4 50 200 1994
Kufra-132 Light oll 2 25 50 1982
Nahr p/s Light oil/Gas 5 15 75 1990
Misurata Steel| Heavy oil/Gas 6 84.5 507 1990
west mountain| Gas/light oil 2 156 312 2005
2 156 312 2006
Table 6-3: Gas power plants
Power plant Fuel | Units & fuel | Unit capacity| Capacity | Operation date
used (MW) (MW)
Zawia power Gas 4 165 660 2000
2 165 660 2005
Steam
3 150 450 2007
Bengazi Gas 3 150 450 1996
North 1 165 165 2002
Steam
2 150 300 2007
Table 6-4: Combined cycle power plants:
Fuel Power production (MW/h’)  Fuel consumed (m3) od®ction %
Gas 10541915 3323188774 36
Light oil | 8851515 3363604 31
Heavy oil | 5670738 1802846 20
Co.cycle | 3601973 13
Total 28666141 100

Table 6-5: The power productions and the fuel congptions in 2008
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The load in the last years was growing rapidly eanfschanging the futures plane in the
country and focus to the industries sectors andagneultures as well. The graphs below
explain the increasing the loads in the last yparsyears and per month as well.
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Figure 6-3: The load per years
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Figure 6-4: The maximum and minimum load per montirs 2008

6.2 Load Flow Analysisof the Transmission Power System of
Libya

In this paragraph | decided to examine the powdwaork and the possibilities to
connect new wind power farms into the Eastern péarhe Libyan transmission power
system.

Load flow analysis of the Libyan transmission natwis relatively challenging due to

several reasons:
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First, the transmission network is only sparselykdid interconnecting individual
consumption points at long distances (quite oftezr @00 kilometres).

Second, the entire system is rather over-dimendiaree markedly lower loadings than
transfer capacities of transmission lines/transéstan be found in the network leading
to the Ferranti's phenomenon in some parts of ysem. Therefore, large number of
reactive power compensators (shunt inductors) &sduslmost at every substation to
compensate capacitive currents in long lightly Edhdircuits. Because of an insufficient
capability for transmitting reactive power for londjstances, however, bus voltage
conditions can be strongly affected by these faréif loads’. Then, it is almost impossible
to model the network without exact loading valuesach bus of the system.

Third, approx. 61 percent of total electric poweigenerated on the 220 kV level when
compared to 30 percent of power produced on the ld00®evel. Along with working
interconnection to Egypt via a 220 kV circuit, & more difficult to choose appropriate
slack bus in the entire network for intended Idagfcalculations.

Fourth, in total, this network contains two 400 kWenty-two 220 kV and three 132 kV
buses. From the 400 kV network, only Sirt and BexzgiNorth substations with fully
operational gas power plant in the latter one Hman included.

According to the result situation | could made acdssion about connecting of wind
farms to the system and inputting data for caloutet of the operation states:

The 220 kV Benghazi North Power substation has lobesen as the slack bus for all
simulations. Each PV bus in the network has beedetied with limited reactive power
generations. Moreover, power injection from the 4@0network to Sirt substation along
with the inter-tie flows from Sirt to Zamzam in thest part from the local power network
and from Tobruk to Salum it is in the east parinfra neighbour network from Egypt
power network both injections have been includedfoddunately, power flows in these
circuits for a certain time interval were unknown.

Therefore, their active and reactive power valuestnbe reasonably optimized for
preserving full active power generation in the klaas and voltage profiles within their
permissible limits (5% in 400 kV, £10% otherwis@) preserve the maximum supply
system independency on surrounding networks, thectie function minimizing the total
area interchange has been used.

Fifth, With power factor of 0.9, the maximum actigewer(MW) for year 2010 have

been used in the GECOL annual report for the Iadag with estimated power self-
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consumption (10 and 6 percent) in each of consititmee steam and six gas power plants,
respectively. Network topology with branches andrélcompensation data have been also
provided by the annual report as well.

For the optimization process, one particular nomuoercial software package for
optimization purposes — the NEOS Server [7] — hesnbused. The NEOS (Network
Enabled Optimization System) Server contains a dneariety of solvers, divided into
several groups according to the type of optimizatesk and capable to deal with a large
number of problems including binary variables arahlmearities. For each examined
problem, the user needs to choose appropriatersatekformulate the problem in the input
data file using a specific text format (e.g. GAMSJPL, MPS or others). Then, this input
data file must be submitted to the NEOS Server,timdbrough the e-mail or web
interface. Next, the problem is sent from NEOS 8etw a remote solver station, where the
entire optimization process will be performed bg #olver. Finally, when optimizing the
objective function value, the solution is sent bazkhe NEOS Server and either it can be
seen on the NEOS webpage or it is delivered taiiese’s e-mail address, if required. For
more information about the definition of the lodow problem as an optimization task -
see [9].

For the verification of results obtained from theE®S Server, professional
programming tool PowerWorld 13 GSO version [8] e®n employed. This software
package enables broad variety of electric netwankulations, such as the load flow
analysis, optimal power flow (OPF), sensitivity @adhtions, AGC modelling, and others.
Particularly, this software is useful for its eaggeration and its ability for providing
transparent visualisation of all outputs for eavlestigated problem.

In the first study, the load flow analysis of tmeeinded part of the Libyan transmission
power system has been performed without any windiepoplant considered. The
PowerWorld results can be seen in the Figure @dnbe

All bus voltages are inside their permitted limateng with majority of branch loadings
below 30 percent. The maximum branch loading o# G¥ercent was located on the

overhead line between substations Bu Atni and Bazrighouth.
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Figure 6-5: Load flow solution of the first studyRowerWorld)

In the second study, planned wind power plant ofMB (application factor of 40
percent) has been connected to Dernah, i.e. theegmwer in bus 10 has been increased
from 1.3 pu to 1.54 pu. Cable lines connectingwived farm to the transmission network
have been neglected.

The PowerWorld solution verifying the results fraime NEOS Server is shown in

Figure 6-6 below.
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Figure 6-6: Load flow solution of the second stu@@owerWorld)

In the third study, the estimation of the loadimanditions in Eastern part of the Libyan
transmission network for year 2015 (with constamtuml load increase of 8 percent) for
maximizing the power generation from prospectivexdvpower farms in Dernah, Sirt,

Gmines (Al-Magrun) and Tazerbo. Possible new cotiweal power plants, buses and bus
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connections through new transmission lines andstoamers constructed have been
neglected. As the objective function, the sum divacpower generations from all these
four wind power farms had to be maximized. Activever dependent var limits in new PV
buses (Sirt, Gmines and Tazerbo) have been used. PidwerWorld solution with
maximum generation from all four wind power farrmshown in Figure 6-7.

In remaining two simulations, the maximum branadding of 67.0 percent was located
on each of both parallelly connected transformessvben Benghazi North Power and
Benghazi North Power 400K.V.
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Figure 6-7: Load flow solution of the third studyRowerWorld)

In the Table 6-6, final comparison of planned wifadm generation capacities in
individual four locations to relevant theoreticalpacity limits computed using the NEOS
Server is clearly stated.

For all wind power plants except Dernah, applicafactor of 30 percent has been
employed.

Wind power farm| Planned [MW]Theoretical [MW]
Dernah 120 1794
Al-Magrun 240 1681
Sirt N/A 638
Tazerbo 120 100

Table 6-6: Planned and theoretical wind farms

As it was seen in Table 6-6, theoretical capacitbe®ach proposed wind farm location

are more than enormous. However, the theoreticdd for Tazerbo location is less than the
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planned generation. Understandably, more praclicais should be evaluated using the

transient power system analysis since it will m&ireulate the dynamics of the wind power

generation and related network responds to thepadts. Nevertheless, the steady-state
analysis clearly specifies the ceiling of the efeity generation because the limits

obtained from the transient analysis will be alwiyger.

Similarly as in another countries lying in subtgdior tropical regions, electric power
consumption in Libya is significantly higher in somar months than during the winter.
This is caused especially by massive use of aiditiomers and ventilators in large
consumption centres in the country. In 2008, theimam/minimum load in Libya was
4,756 and 1,973 MW measured in July and March, edsgely. In comparison, the
maximum load in 2008 is more than 62 percent higien in 2001.

Unfortunately, many problems are typical for theeigion of the Libyan transmission
system in respect to rather adverse operating tongdiof the system. First, the majority of
electric power installations (especially the ovewhg@ower lines) are located close to the
sea. Therefore, all insulation parts on the line$ia substations suffer from salt sediments
which may eventually cause numerous faults or deeal blackouts. Second, similar
problems can be found in areas in the Sahara Desbére the wind containing large
volume of very soft sand may result in scratcheshenoutdoor insulators or even chokes
of important power appliances inside the substatimading again to the fault. Third,
relatively large number of illegal power consumpsooccurs in the Libyan distribution
network. Therefore, proper investigations must éeied out not only for reducing power
losses created by these ‘black consumptions’ [sd fdr increasing the reliability of the
power system operation. Moreover, load flow stude@mining current and future
operational/failure state conditions of the systemuld correspond better to the real
network behaviour.

Currently, electric power system of Libya undergtes period of significant upgrades
and developments corresponding to new global tremdke area of power engineering.
Reasons for these changes are especially increagndency of electric power
consumption not only in present large consumptientres in the north but also in
developed localities outside the seacoast. To tlusd#lenges especially belongs the
construction of the superior 400 kV power systetanped interconnections to foreign
national grids, infrastructure reinforcements aagacities for incorporation of renewable

power sources (especially photovoltaic systemdlange wind power farms).
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Summary and Conclusion

In Libya, the energy sector plays a very importaé in achieving social and economic
development through satisfying the energy needghef different economic sectors, in
addition to the sector’s effective contributionrtpaularly the oil and gas sector, to the GDP.

In spite of such vital role, the sector has sevialures that can affect its contribution to
the achievement of sustainable development thismainly due to unsustainable energy
production and consumption patterns, particulamhthe end use sectors, the sector has its
adverse environmental impacts on air, water andesources.

Libya is experiencing strong economic during lasarg which made Libya one of highest
per capita GDP in Africa.

Oil export revenues are extremely important togbenomic development of the country
as they represent 90% of the total revenue.

Libya has continues increasing in total primaryrggesupply with average annual growth
of about 5 % and the oil has the largest shardewviheé total energy demand reached 9.1 Mtoe
in 2003 with highest consumption in oil sector.

The electricity is covering more than 99% of pofiol® PV systems are used to supply
electricity to about 2,000 inhabitants in ruralese

The electric energy demand is expected to grow xegoidly in the next few years; water
desalination plants will be the major drive for Ejyedemand as Libya planned to install
desalination plants with amount of one million metgb per day in the next five years.

The share of renewable energy technologies in Libyato now holds only a small
contribution in meeting the basic energy needsisitused to electrify rural areas for
sustainable development, supply microwave repestgion, and in cathodic protection. A
setup plane was planned for implementing renewabérgy sources is to contribute a 10 %
off the electric demand by the year 2020. The shlame for renewable energy is to invest
500 million euro in the next five years.

During the past three decades, photovoltaic isrthst technology which has been used in
rural applications, particularly for small- and med-sized remote applications with proven
economic feasibility, several constraints and kastiincluding costs exist. The experience
raised from PV applications indicates that thera lgh potential of building a large scale of
PV plants in the required of the Mediterranean.

There is a great potential for utilizing, home gddnnected photovoltaic systems, and

large scale grid connected electricity generatismgi wind farms and solar thermal for
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electricity generation, with capacities of sevenalusands of MW. The high potential of solar
energy in Libya may be considered as a future soaf@lectricity for the northern countries
of Mediterranean.

Solar energy resources in particular can be oftg@arce of energy for Libya after oil and
natural gas. Renewable energy resources offer gppdrtunities for technology transfer and
international cooperation. The modularity and déedized nature of renewable energy
technologies make them particularly well suitedrianal energy development. In this aspect,
use can be made of the Clean Development Mecha@fi) adopted by Kyoto Protocol in
renewable energy applications that would reducerdgreuse gases. Libya is located in a place
which can be considered as a good place for redeveadergy technology and applications
development. It is also has great a resourcesHotopoltaic basic industry and a solar cell
technology which can be built with the share o&inational investors. The usual practice in
Libya showed low efficiencies in energy productiand consumption, there is a real
challenge to develop an efficient energy use intrsestors, with several barriers including:
lack of access to technology, capacity buildingl eastitutional issues.

Energy efficiency can be implemented in both enargysumption and production sides.
Almost in all energy end-uses, sectors, the fosumiimproving the efficiency of equipment
that provides the services, such as heating andcanditioning equipment, appliances,
lighting and motors. In contrast, supply-side egemganagement focuses on performance-
based improvements resulting in more-efficient gmegeneration, improved industrial
processes, co- generation and energy recoverynsys@n the production side there is a great
importance in increasing efficiency in large- scafeergy production. Energy efficiency can
help reducing cost, preserving natural resources @otecting the environment. Energy
efficiency can also be enhanced through accesppmpriate technology, capacity-building,
and institutional issues. Libya is non annex countrder the UN FCCC, and is signatory to
the Kyoto protocol, thus Libya currently is eligthio the CDM. The main emitters of gD
2003 are fuel combustion in the power generatioctose Libya's energy related GO
emissions increased by more than 78 % in one daovaddy due to increased energy supply.
The analysis of the present energy situation inyailelearly indicates that there are no
programs toward rational use of energy. This siuatelated to many factors summarized as
follow:

» Low electricity tariff especially for residentiadstor.

» Cheap oil prices for transportation.
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* Lack of national policy toward the conservatioreaérgy.
» Lack of specialized national institution which death the rational use of energy.
» Lack of detailed and deep studies related to thena use of energy (RUE).

Many studies have indicated that the country's gghetemand generation could be
significant reduced if improved energy utilizatiefficiency by the major energy sectors is
achieved.

To develop and support, technically, financiallgdanstitutionally, the national research
and application institutions concerned with issuegevant to energy for sustainable
development.

To develop national energy policies and regulatoagneworks that will help to create the
necessary economic, social and institutional caovbtin the energy sector to improve access
to reliable, affordable, economically viable solgighcceptable and environmentally sound
energy services for sustainable development.

Developing and implementing policies and programaschange the current energy
production and consumption patterns, through imipigp\energy efficiencies in all sectors,
particularly the highest energy consuming sectassyell as promoting the use of cleaner
fuels and renewable energy resources.

The objective of my thesis is to study the windrggeand the connection of wind farms to
the local electric networks in order to find thesbsolution of renewable power sources
utilization under the Libyan’s condition.

| have chosen Dernah city as the wind farm for inggect base on; among other reasons;
the result of the first Matlab simulation. The wisgeed for this area makes it ideal to be the
first farm and the other cities will follow on.

| used also Power World program to construct maltde the Libyan electric network at
the actual and proposed situations. | calculatedidad flow and the results show that the
network could easily accept new power sources adiomes. These sources could be wind

farms or any another renewable power source of Beemneighbour’s power networks.
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Appendix

Due to the huge amount of data the appendix wilabalable only in the attached CD
which includes:

* Raw data it is in text documents (txt) for the foiBes (Almqgrun monthly data —
Dernah monthly data — Misrate monthly data — Swhthly data — Tolmeth
monthly data)

» Folder for transformed data from raw data (txtMiorosoft Office Excel format
for the five cities

* Math work the constructed mathlab programs foffitrecities.

* Math output folder in this folder is the samplestad out put

* Dernah Model case of study

* Transmission line data folder:

= Single line diagram of the existing 220 kv Libyagtwork year 2007-
2008sSingle line in Adobe Acrobat Document.

= Libyan’s electric network connects to the countirethe west side in
Adobe Acrobat Document.

= Libyan's electric networks connect to eight cowsiin the east side in
Adobe Acrobat Document.

= GECOL 220-400Kv network in Adobe Acrobat Document.

= Year 2015 220KV substations for regions in Micragoffice Excel format

= Loads of 220kv substations divided by region westerddle and south
Microsoft Office Excel format

= Load of 220KV in Benghazi and Green Mountain ara@erbéoft Office
Excel format

=  Transmission lines data Microsoft Office Word fotma
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