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ABSTRACT

For over a century, the combustion of fossil fuels (coal, oil, natural gases) has been the primary
energy source for driving our vehicles, fueling our industries, and maintaining the illumination in
our residencesHowever energy production, primarily tlough the combustion of fossil fuels, is
responsible for approximately 75% of worldwide greenhouse gas emissions which is a primary
catalyst for climate change, also incurs significant health risks, resulting in a minimum of five

million fatalities annuallylue to air pollution.

In its latest Assessment Report (AR6), the UN Intergovernmental Panel on Climate Change
emphasized the importance of this decade in limiting global temperature rise to 1.5°C abeve pre
industrial levels by the end of the century. &tg scientific consensus calls for immediate action

by 2030 to halve global G@&missions from 2019 leveldhe 1.5°C pathway emphasizes
electrification and energy efficiency as key drivers of the energy transition, supported by
renewable energy, clean hyagen, and sustainable bioma3$he (COP28) also laid the framework

for a rapid, fair, and equitable transition, signaling the beginning of the end of the fossil fuel era.

Both increased funding and drastic cuts to emissions will lend credence to this shif

However, this transition in the electrical power and energy system will be gradual until we reach
to achieve 100% renewable ener@nd for this to be achieveg@lanning, optimization, and
traceability are necessary to operate a power system with high penetration of renewable energy
sources such as solar, wind, hydro, and biomass. This supports the transition to a net zero energy

system and requires new tools addjital technologies.
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The IEEE 9 bus system, which is regarded as asraldl electrical power system, was chosen as
the case study to validate the aforementionéthe system was deeply and thoroughly analyzed
by performing aper-unit analysis, powerlédw study,time domain load flowsteady state and
dynamic short circuitalculations, transienstability study,formulating asystem of differential
equations for currentaind algebraic equations fdrus voltagesvoltage stability study, harmonic
analyss, and contingency analysiéfter that a grid impact studyas been conducted for large
scalePhotovoltaid’lant and wind farmThisgridimpact study includes a pemit analysis, a power

flow study, PQ capability checks, steady state and dynamic stiocuit calculations, a transient
stability study, system of differential equations for currents, bus voltagasage stability study,
harmonic analysis. It also uses power quality dynamic shunt compensators to ensure that

PV/Wind/hydro plants are inompliance with grid code requirements.

This thesis analyzes the IEEBU system's power systemerght (8) scenariosstarting with 0%
contribution of renewable and reaching up to 100% renewable IEEE 9 bus sydterfindings
will subsequently be ap@d to our largescale power systemhereby ncreasedrenewables
penetrationandswitching in and out dinverterBasedResourcegIBR3$will negatively impact the
stability and reliability of the power system, it is no longer possible to do so withagirog a
significant impact on grid stabilitandthere are several challenges that expected to come with
more renewables such as lower short circuit power and system strength, lower syshemiia
which causescreased rate of change of frequency (RoCp&Wer imbalance results in reduced
frequency injection of more larmonics io the grid wltage dips and posfault voltage recovery

profiles

Besides, alata analysis techniques arftificial Intelligencetools to analyze the financial and
sustainabé impact ofthis gradual transitioning for electrical power and energy IEEE 9 bus system
from fossifuel based primary energy sources to fodie based primary energy sources. Then,

a comparative analysis for all the 8 scenan@sconducted.
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PARTONE




1.1 Chapter OneINTRODUCITON

1.1.1 Research Background

The United Nations Intergovernmental Panel on Climate Change, in its most recent Assessment
Report(AR6), emphasized the importance of this decade in achieving the objective of restricting
the rise in the average global temperature to 1.5°C aboveiquatastrial levels by the conclusion

of this century. There is a prevailing scientific consensus thathesipes the imperative of
promptly and expeditiously implementing measures by the year 2030 to reduce global carbon
dioxide (C@) emissions by 50% compared to the levels recorded in 2019 (IPCC, 2023). The 1.5°C
pathway emphasizes the significance of eléicition and energy efficiency as crucial catalysts

for the energy transition. This transition is facilitated by the utilization of renewable energy

sources, clean hydrogen, and sustainable biomass.

The electrical energy industry should be moving tovsaed lowcarbon pathway and aiming
towards carbon neutrality, characterized by a growing proportion of renewable energy sources.
Renewable Energy (RE) sources play a significant role in the provision of sustainable and
environmentally friendly energy, thefere contributing to the mitigation of climate change. One

of the primary objectives in the field of electricity generation is to eliminate the reliance on fossil
fuels. However, in the interim, generation station facilities have the capacity to reducsiems

by integrating energy derived from renewable sources such as wind and solar with conventional
coal or gas stationsThe objective is to attain a significant degree of energy security that aligns

with a sustainable trajectory, ensuring the continwatiof progress towards carbon neutrality.

This will be accomplished through the allocation of resources towards#ton and climate
responsive initiatives, as well as the expansion of clean energy utilization and exportation within
the domestic sphereThese efforts will drive the development of a green economy, benefiting all
individuals, including those in vulnerable communities. The principles of inclusivity and fairness
will guide these endeavors, while also contributing to the global endeavtalofizing the climate

system.



In Conferenceof Parties (COBB) that was held in November 2023, it was agretbat It is
imperative thatthe globe tomake significant changes to the manner in whicly generate and
utilize energyto swiftly reduce emissions of greenhouse gasis,International Energy Agency
(IEA) and International Renewalt@ergy Agency (IRENA) haa#led forthe followingpillars for
actionby year2023 seeFigurel.1-1 for the first 3 pillars

1. Triple global renewable capacity

2. Double the rate of energy efficiency.

3. Commitments by the fossil fuel industry, and oil agascompanies in particular, to align
activities withthe ParisAgreement, starting by cutting methane emissions from operation
by 75%.

4. EstablisHargescale financing mechanismstriple clean energy investment in emerging
and developing economies.

5. Committo measureghat ensure arorderly decline in the use of fossil fuelacluding an

end to new approvals of unabated coal fire power plants.

Renewables Intensity improvements Methane emissions
g 12 000 -o+oeecerrssserrsararasanssasasssanaas B e, — 150
=
U} —»
B000 evereeeferiinannandd TR (" J— ’—b 100 ---JEE.------......}.oooo-..
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Left: Global renewable energy capacity, gigawatts. Centre: Annual rate of improvement in the energy intensity
of the global economy - the rate of energy use per unit of GDP. Right: Global energy sector methane
emissions, million tonnes. Source: World Energy Outlook 2023.

Figurel.1-1-1EA first 3 pillars of COP28



Also,the (COP28) marked the beginning of the end of the age of fossil fuels by establishing the
groundwork for a transition that is quick, fair, and equitable. This transition will be supported by

significant reductions in emissions and increased financing.

Nevetheless, the shift towards a fully renewable energy system will occur gradually. To achieve
this goal, it is imperative to implement planning, optimization, and traceability measures. These
measures are essential for effectively operating a power systanr#élies heavily on renewable
energy sources such as solar, wind, hydro, and biomass. This facilitates the shift towards a net

zero energy system and necessitates the use of novel tools and digital technologies.

In this thesis, lte IEEB bussystemwastaken as the basis for te casestudy. This benchmark
model includes three synchronous machines that have {midutomatic voltage regulation
functionality and speed regulatorsvia load frequency contrplthree generatorstep up
transformers with two windings each, sixerhead transmissiolines with constanparameters

that interconnects between these generation stationglaghreeconstat poweroads.

This thesigperformsa detailedpower system analysisnd gridimpact studyfor this IEEE Bus
systemwith two options:non-renewable and renewable energy source in eighs(@narios.

1. Option No.1l: Fossilfuel (nonrenewable) based primary energy sources drivinthe
synchronous machinashich aredriven by steanurbines.

2. Option No.2FossiFree(renewablebased primary energy sourterough partial and full
transition towards a 100%enewableand sustainable primary energy sourckiee solar,
wind, hydroelectric power plantsonnected tolEEE 9 bus systeams areplacement of the
original synchronous machines driven by fossil fuel soureesl this was conducted by

having eight (8) scenarios.

However,renewable energy generation installations have noted several different design and
performance issues that have not always been properly addressed during the development of the

projects. These issues include harmonic problems, transient -wl&ages, transirmer



saturation, lower short circuit power and system strength, lower system inertia which causes
increased rate of change of frequency (RoCp&yer imbalance results in reduced frequency
injection of more larmonics in the gridwltage dips and podftault voltage recovery profilesnd
NBI OGA @GS L2 g S Nadri¢ inpabt Etduysiolld bé peifornied thatovers the per

unit analysispower flow study,P-Q capability checkssteady state and dynamic short circuit
calculation, transient stability study,voltage stability studyharmonic analysisyoltage drop
calculations,and system of differential equations for currents, sending and receieing bus
voltages and faultoltageat Point of Common Couplin@¢CQ Also, itheckghe PVWind/hydro
plants compliance with the grid code requirementssing the power quality dynamic shunt

compensators

The case study that was selected to verify the previously mentioned&#s 9 bus systenhich
is considered amallscale electrical powesystem and the results that will be obtained will be
implemented to thelarge-scalepower systemsThe actual system has been simulated using ETAP

software.

1.1.2 Research Problem

For over a century, the combustion of fossil fu@eal, oil, naturajaseshas been the primary
energy source fodriving our vehicles, fueling our industries, and maintaining the illumination in
our residences. According to the U.S. Energy Information Administration, oil, coal, and gas
continue to meetapproximately 8@o0of our energy requirements in the present daks a result,
Energy production, primarily through the combustion of fossil fuels, is responsible for
approximately 75% of worldwide greenhouse gas emissidrich is gprimary catalyst for climate
change, also incuggnificant health risks, resulting in a minimum of five million fatalities annually

due to airpollution.

The combustion of fossil fuels in power plants results in the release of various pollutants, including
sulfur dioxide (Sg), nitrogen oxides (NOXparticulate matter (PM), carbon dioxide (0O

mercury (Hg), and other similar particles. The emissions of NOX araté&(@sponsible for the



creation of groundevel ozone and fine particulate matter (PM), which can result in respiratory
and cardiovasdar ailments. Additionally, exposure to mercury can heighten the likelihood of
health problems, including cancer and immune system impairmEme. presented charEigure
1.1-2illustrates the progression of worldwide emissions from theith century to the present
day.Prior to the Industrial Revolution, emissions were significantly minimal. The rate of increase
in emissions remained relatively sluggish until the middle of the 20th century. The global carbon
dioxide (C@ emissions in 1950 amounted to 6 billion metric tons. By 1990, the quantity had
nearly quadrupled, surpassing 20 billions. The rate of emissns has exhibited a persistent
upward trend, with current annual emissions surpassing 35 bithiors. The rate of emissions

growth has decelerated in recent years; however, it has not yet attained its zenith.

5 B} jogl | 1
Annual CO, cmissions
Carbon dioxide (CO,) emissions from fossil fuels and industry’. Land-use change is not included.

World
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Figurel.1-2: Carbon dioxide (COZ2) emissions from fossil fuels and industry from 1750 to 2022

Climate change encompasses substantial changes in the climate system occurring across temporal
scales ranging from decades to millions of yeditse primary catalyst for climate change is the
escalation in greenhouse gas emissions (effect), which subsequently induces global warming.
Global warming refers to the sustained rise in the temperature of Earth's surface over an extended

period, startirg from the preindustrial era (specifically, the time frame between 1850 and 1900).



This phenomenon may be attributed to human activity, mostly the combustion of fossil fuels,
which leads to elevated amounts of greenhouse gases in the Earth's atmosplesree h
intensifying the retention of heat. The earth receives solar radiation in various forms, including
visible light, radiation, infrared emissions, and others. When this solar radiation/sun's energy
reaches the earth's atmosphere, a portion of it iseefed back into space, while the remainder

is absorbed and readiated by greenhouse gases. Approximately 70% of the radiation is retained,
while 30% is reflected. The ingested energy warms the Earth's atmosphere and surface. This
process keeps the Earthtesmperature approximately 33°C above what it would be otherwise,

allowing life to exist on Earth.

Step 4: Step 5:
Some of this heat Human activities such
is trapped by as burning fossil fuels,
Step 3: greenhouse gases agriculture and land
s 4 Heat radiates in the atmosphere, clearing are increasing
Stoelgr . 1 from Earth 3 keeping the Earth the amount of
radiation towards space. warm enough to greenhouse gases
sustain life. released into the

Step 6:

This is trapping
extra heat, and
causing the Earth’s
temperature to rise.

reaches the
Earth’s )
atmosphere - il
some of this . | |
is reflected ;

back into

space.

atmosphere.

Figurel.1-3: Solar Radiation Journey

Figurel.1-3 shows the solar radiation journey starting from Step 1 where solar radiation reaches
the Earth's atmosphere, then a portion of it is reflected back into space. Then, In Step 2: The
remainderof the sun's energy is absorbed by the land and oceans, warming the planet. Afte this,
Step 3: The Earth emits heat into space. Then in Step 4: Greenhouse gases in the atmosphere
capture a portion of this heat, keeping the planet temperate enough to supiifer Step 5:

Human activities such as the combustion of fossil fuels, agriculture, and land clearance increase
the quantity of greenhouse gases emitted into the atmosphere where the global emissions of
greenhouse gases have seen a significant rise.rdicgpto recent statistics, the atmospheric

concentration of carbon dioxide G@ above the threshold of 400 parts per million. Finally, Step



6: This is capturing extra heat and causing the Earth's temperature to rise, and these
anthropogenic factors conbute to the acceleration of global warming and subsequent climate

change. However, increased concentrations of greenhouse gases in the Earth's atmosphere leads

to an intensification of the natural greenhouse effect, resulting in a rise in global tempesat

CtKA&a LKSy2YSy2y A&a OFftftSR a9yKIYyOSR DNBSYyK?2dz
whereby the Earth's temperature rises as a result of an increase in the concentration of
greenhouse gase$he phenomenon of enhanced greenhouse effect (GHE) may be attributed to
anthropogenic activities, However, a concern arises as human activities have begun to disrupt this
natural equilibrium, leading to an intensified greenhouse effect, primarily attridtvethe advent

of industrialization, such as the unregulated combustion of fossil fuels (including coal, oil, and

natural gas), as well as agricultural practices and land clearanc€&igieel.1-4

Natural Human Enhanced
Greenhouse Effect Greenhouse Effect

More heat escapes Less heat escapes

into space’ ’a into space

Figurel.1-4: Natural Greenhouse Effect vs Human Enhanced Greenhouse Effect
Greenhouse gases may be classified into two categatiesct emissionand indirect emissions
Direct emissions refer to the emissions generated by the operational activities that are owned or
controlled by the reporting organization and are categorized under Scope 1. Indirect emissions
may be further classified into two distincategories, namely Scope 2 and Scope 3,Fsgere
1.1-5 ; Scope 2 encompasses the emissions resulting from the production or procurement of

purchagd power, steam, heating, and cooling that are used by the reporting organization. All



residual indirect emissions that transpire inside the value chain of the reporting entity are

categorized as Scope 3 emissigiedmann, 2021).

SCOPES OF EMISSIONS

SFe CH, NFCs .
O3 PFCs

NF=

SCOPE 2 SCOPE 1 SCOPE 3
INDIRECT DIRECT INDIRECT
EMISSIONS FROM EMISSIONS FROM EMISSIONS OF THE
ENERGY / UTILITIES SOURCES (ON SITE) CHAIN SUPPLY OR SERVICE

Figurel.1-5: Scope of Emissions

Thusiit is imperative that we transition completely away from fossil fuels and exclusively rely on
pollution-free, 100% clean energy to power our entire socaaty energy industry utilities should

gradually reduce their dependability on fossil fuel primary energy source, slow global warming,
and accelerate the energy transition towards sustainability transition to renewable generation

that is entirely fossifree in the long term such as solar, wind , and hydro.

However, critics ithe energy sectofespecially those whaork in fossil fuel plants for long time)

have doubt on energy transition to fossil free sustainable resources. For example, some of them
raise these questions: what about the impact on thbaleconomy? will renewable energy
subsidies replace or eliminate higlaying employment in the fossil fuel industry specially that no
indigenous energy sources available in most of the middle east desfitcan the intermittent of

the renewable energy sources meet the base load in each country especially with the high growth
of electricity demand? can renewable energy provide-tmst power even without government
handouts? All these issues should bendérest to citizens and governments alike. But continuing

business as normal at any cost would be disastrous for our world
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The utilities claim that the switch to 100% of renewable energy presents a dilemma since, unless
you live in an environmentally Vide nation (hilly or sunny or geologically active), fossi
energy or electricity will likely start to depend on the weather. For example, in wind energy, In the
gust wind, if the wind speed is too high (more than around 25m/s) wind turbines mudiuie s
down to prevent damage or if the wind speed is too low (less than about 2.5m/s) it is not viable
to switch on the TurbinedAs for the solar PV, the utilities justification is that after sunset, solar
panels cannot produce electricity, and they areslesficient in cloudy conditions, also in high

temperature or dusty weather, the efficiency of the solar panel goes stapin.

Obviously; utilities globally need to modify their energy generation and consumption patterns if
they are targeting to redce their dependability on fossil fuel, slow global warming, and accelerate
the energy transition toward sustainability which have changed dramatically over the last twenty
to thirty years, from initial rejection to the elevation of sustainability as a majwategic
organization objective due to the awareness that it is not only beneficial for the environment but

financially lucrative.

Electric power energy systems (EPESS) structured into generation, transmission, and distribution
(T&D), as well as the consumption is categorized into residential, commercial, and industrial loads.
Electric power energy systems (EPESs) are now encountesayeral restrictions, challenges,

and limitations. These limitations include the need to effectively balance the fuel mix due to
growing amount of grid integrated renewable energy sources such as solar and wind, electricity
transmission losses, lack pmoviding reliable power supply with high power quality which leads

to frequent power outages, power system instability problems, electromobility integrations,
enhance asset level visibility and management, grid modernization, -@tseks threats, devejo

new sources of revenue, address the challenges posed by an aging workforce and knowledge
capture, and integrate emerging technologies. For example, the diversity of primary energy
sources and fuel mix used for power generation stations is becoming moexhand adaptable,
including centralized (bulk) generation sources such as fossil fuels (coal, oil, natural gases), nuclear

power plants, distributed renewables generating resources like (solar photovoltaic, wind), as well
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as the integration of energy @tage systems that further enhances the flexibility of the fuel mix.
Achieving a proper optimized balance of this fuel mixture; by optimizing the flow of electric power
throughout minimizing the amount of power drawn and absorbed from the fossil fuel based
conventional power generations while simultaneously maximizing the amount of power
generated from distributed renewable energy sources and energy storage systems is of utmost
importance; to optimize the costffectiveness and energy yield of the Electiower Energy

System (EPES)

1.1.3 Research Aim

Theaim of this study is to analyze the effeaad challengef transitioningfor electrical power

and energy systenfrom fossitfuel primary energy sourcseto fossitfree (renewableenergy)
sourceson the stability, security, and interoperabiliby takingas a smalscale sample electrical
power systemthe IEEE 9 busystem first; conduct a comprehensive power system analgsid
studies, andthen model verification using ETAP and MATL&Bcond;the examination of
transition for IEEE 9 bufrom fossil fuelbased conventionalsynchronous machines to grid
integrated and interconnected sustainable electric power energy systems (EPES) through the
gradualutilization towards 100% renewable primary engy sources, including solar, wind, and
hydro, along with the implementation of a power quality solution that optimizes stability, security,
and interoperability Third, conduct a grid impact study if all fossil fuel power plants (synchronous
machines) witin the IEEB® Bus system are substituted with renewable energy sources (solar,
wind, and hydro) thahaveidentical capacitiesf each replacementourth, examine the power
system analysjsstability, securityjnteroperability, and performance for the 100% renewable
energy scenarioFifth, perform a financial analysis and life cycle assessrnfmntomplete one
month and use the data analysisethods,tools,and techniques to analyze and visualize the data
Finally,conducta diagnostic analysis for the dynamic short aitcand transient stabilityfor the
IEEE 9 buyshen performcomparative analysi®r all the 8 scenarios in terms of power flow, short

circuit, harmonic analysis, transient and voltage stability studies
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1.1.4 Research Objectives

1.1.4.1 Toperform steady state and dynampgower systemanalysisor the original IEEES Bus
system with fossil fuel based primary energy soué@gen synchronous machines

1.1.4.2 To replace thdossil fuel based primary energy sources driggnchronous machindsy
equivalentfossil free primary energy sourcésolar/wind/hydro) in the IEEE 9 bus system
andthen perform the necessary grid impact studies

1.1.4.3 To identify thechallenge®f partially andfully transitioning to 100% renewable electrical
power and energysystem forlEEE 9 Bus system terms of stability, seaity, and
interoperability.

1.1.4.4 Toperform afinancial analysis and sustainabildgsessmentor the 8" scenario100%
renewable energy system

1.1.5 Research Question

1.1.5.1 What are steadystate and dynamistability limitsfor the IEE® Bus system with fossil
fuel based primary energy sources driven synchromoashines?

1.1.5.2 Whatarethe optimum and visible fossil free primary energy sources: solar/wind/hydro
that couldreplace the fossil fuel based primary energy synchromoashines?

1.1.5.3 What arethe challenges gpartially andfully transitioning to 100% renewable electrical
power ard energy system for IEEE 9 Bystem?

1.1.5.4 What arethe LCOE, LRCG&hdprofit for each scenario, angerformlife cycle assessment
for allthe scenarios, and specificatlye 100% renewable energgenarid?

1.1.6 Thesis Structure

Thisthesisis based orthree parts, Frst part containsof three chaptes: introduction, literature
review,and methodologyand philosophysecond part containgf four chapters Grid Connected
PV/Wind main components;ase study & architecture plant, Power system analysis for EEEE 9
Bus systemgrid impact studies for 100% renewables grid integrated to IEEE 9 bus syisitein

part contains: Data collectiortonclusion, recommendation and Future warks
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The firstpart, serving as both an introduction and background part, provides an overview of the
research topic, elucidates the study's purpose and goals. Additionally, the literature review
chapterprovidestwo distinct frameworks, namely empirical and theoretical feamorks, for the
analysis of the research issue. In the third chapter, the application of the approach and methods
for gathering the necessary information is undertaken, accompanied by a rationale for the
decisionmaking process. The outcome section hasngglted the insights acquired from the used
research methodology. The last chapter of this research has conducted a comparative analysis
between the study's results and the existing literature in order to derive pertinent findings and

draw conclusions fathe wholestudy:.
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1.2  Chapter Twoliterature Review

1.2.1 Renewable Energy
Since thandustrialrevolution, fossil fuelg¢coal,oil, natural gases) which are basically called-non

renewableprimaryenergy sourcehave dominated the energy mix mostcountriesworldwide.

This hasremendous consequencdsr both the global climate and human health. Thrgearters

of worldwide greenhouse gas emissions come from the use of fossil fuels for energy. Fossil fuels
contribute significantly to local air pollutiony rdeasing C& which causes at least 5 million
premature deaths each yediRenewable energy sources are clean sources of energy that have a
much lower environmental impact than conventional energy technologibikh are based on
fossil fuels primary energy sourcklence, they become as attractive topic for thigstainable
energy solutionsdevelopers, planners, authors, and researchers and many references and
textbooks explored them in detail like ] - [4]. Renewable energy serves as a viable substitute
for conventionalenergy sources which heavily depend on fossil fuels (oil, gas, coal), and have a
significantly reduced environmental impaigtK I i Q & obgkedt impdrtandedor sustainable
developmentconsequentlythe use and consumption of renewable enewggridwideisregularly

increasing|[5].

Renewable technologies are considered as clean sources of energy and optimal use of these
resources minimize environmental impacts, produce minimum secondary wastes and are
sustainable based on current and future economic and social societal fieBenewable energy
refers to a clean, renewable, sustainable, or green kind of energy derived from naturally occurring
resources that are neither limited or depletable other words that are regenerated at a rate
eqgual to or greater than their use, such as wind, solar, hydro, etc. The phchessa$ ‘renewable,
'sustainablg or 'green energy' are often used interchangeably, despite their distinct meanings.
Beloware concise explanations outlining the distinguishing characteristics of various energy type
descriptions.

1 Green energy refers to energy derived from natural sources.

1 Clean energy refers to energy derived from sources that do not emit air pollutants.
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1 Renewable energy refers to energy derived from sources that possess the inherent
capability for natural replenishment.
Besidesthere are 6 maintypes of sustainable renewablerimary energy sourceswhich are

depicted inFigurel.2-1 and described in summary below

SOLAR HYDRO WIND

TIDAL GEOTHERMAL BIOMASS

Figurel.2-1: Renewable Energy Sources

1.2.1.1 Solar Energy
Solar energy is a renewable source of power derived from the sun's radiation through harnessing

radiant energy emitted by the sun and then transforming it into thermal energy, electrical energy,
or heated water. One notable advantage associated with seteargy is the almost limitless
availability of sunshine. The availability of solar energy, facilitated by advanced technological
capabilities, has the potential to surpass the finite nature of fossil fuel resources, hence rendering
the latter obsolete. Theise of solar energy in lieu of fossil fuels contributes to the enhancement
of public health and environmental circumstances. Solar energy has the potential to eliminate
energy expenditures over an extended period of time, while also offering the immeukauefit

of reducing energy bills. Numerous governmental entities at the federal, state, and municipal

levels provide incentives such as rebates and tax credits to encourage investments in solar energy.

15



Figurel.2-2: Solar Panels for Photovoltaic (\gnt.

1.2.1.2 Wind Energy
Wind energy is the natural movement of air streams, caused by the uneven heating of the Earth's

surface whereby wind farms harness the kinetic energy of wind currents via the use of turbines,
subsequently transforming it into electrical energy. The ocenge often referred to as "wind"

may be attributed to the variances in atmospheric temperature, the rotational motion of the
Earth, and the geographical characteristics of the planet. The advantages or positive outcomes
that can be derived from a particulaituation, action, or decision that a wind energy is classified

as a sustainable and environmentally friendly energy source due to its inherent characteristic of
producing little air pollution compared to other energy sources. Wind energy is charadiéyze

its lack of carbon dioxide emissions and absence of toxic byproducts that might contribute to
environmental deterioration or have adverse effects on human health, such as smog, acid rain,

and other heattrapping gases.

Figurel.2-3: Wind Turbine Generators (WTG) in Wind Farm
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1.2.1.3 Hydroelectric Energy
Hydroelectric energy is often associated with the use of dams. Pussioedge hydropower

involves the use of water passing through the turbines of a daondar to generate energy. Run
of-river hydropower is a method that involves the use of a water channel to direct the flow of
water, as opposed to relying on a dam for its generation. The advantages or positive outcomes
that can be derived from a particulaituation, action, or decision is that hydroelectric power
exhibits remarkable versatility, since it may be harnessed via many means, including both huge
undertakings such as the Hoover Dam, as well as more modest initiatives like underwater turbines
and smaller dams situated along minor rivers and streams. Hydroelectric power is characterized
by its lack of pollutant emissions, making it a very ecologically sustainable energy alternative for

our natural surroundings.

Figurel.2-4: Hydroelectric Power Plant Dam

1.2.1.4 Geothermal energy
Geothermal refers to the utilization of heat derived from the Earth's internal sources for various.

Geothermal heat refers to the thermal energy that is contained under #réhEs crust, resulting

from the Earth's creation around 4.5 billion years ago and subsequent radioactive decay
processes. Occasionally, substantial quantities of thermal energy are spontaneously released,
although in a sudden manner, leading to recogniggdhenomena, such as volcanic eruptions and
geysers. The thermal energy present in the form of heat may be harnessed and used for the
generation of geothermal energy. This can be achieved by using steam derived from the heated
water reservoirs located urat the Earth's surface. The steam then ascends to the surface and can

be effectively employed to drive a turbine, therefore facilitating the production of geothermal
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energy. The advantages or positive outcomes that can be derived from a particular sifuatio
action, or decision is that geothermal energy, although less prevalent compared to other forms of
renewable energy, has substantial potential for meeting energy demands. Due of its potential for
subterranean construction, this technology exhibits littend impact. Geothermal energy is
inherently renewable and so does not pose a danger of depletion during the timeframe relevant

to human activities.

Figurel.2-5: GecThermal Power Plant

1.2.1.5 Ocean Energy
Ocean has the capacity to generate two distinct forms of energy, namely thermal and mechanical.

Ocean thermal energy is a method of harnessing energy that is contingent upon the presence of
warm sea surface temperatures. This energy is generated via thefusarious technologies.
Ocean thermal energy conversion (OTEC) refers to a technique or technological approach that
enables the generation of energy by capitalizing on the thermal gradients existing between the
surface waters and the deeper regions bétocean.

Solar radiation warms the surface water of the ocean. In tropical climates, it is observed that the
temperature of surface water tends to be much higher compared to that of deep water. The
temperature differential may be used for the purpose @ngrating power and facilitating the
desalination of seawater. Ocean Thermal Energy Conversion (OTEC) systems harness the thermal
gradient between different water temperatures, typically with a minimum difference of 20°
Celsius or 36° Fahrenheit, in orderdrive a turbine and generate electrical energy. The process

involves the circulation of heated surface water through an evaporator that contains a working
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fluid. The fluid in a vaporized state is used to propel a turbine/generator. The process irthelves
recondensation of the vaporized fluid, which is achieved by using a condenser that is cooled by
the circulation of cold ocean water sourced from the deeper regions of the ocean. Ocean Thermal
Energy Conversion (OTEC) systems that use seawater asitterypmorking fluid have the

capability to utilize the condensed water byproduct for the production of desalinated water.

Cold
seawater
in (5%

Figurel.2-6: Ocean Thermal Energy Plant
Ocean mechanical energy harnesses theicgiclmovements of tides to produce power, a
phenomenon resulting from the gravitational forces exerted by the moon and the rotational
motion of the Earth. The advantages or positive outcomes that can be derived from a particular
situation, action, or decien is that wave energy which exhibits a high degree of predictability,
enabling accurate estimation of the energy output. Wave energy has a higher degree of
consistency compared to other renewable energy sources, such as solar and wind power, which

are sibject to fluctuations caused by diverse variables.

B v

Figurel.2-7:0cean Mechanical Energy Plant
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1.2.1.6 Biomass
Biomass is a source of sustainable energy that is obtained from organic matter, known as

bioenergy. Biomass refers to the organic material derived from recently deceased plants and
creatures. The use of wood as a fuel source in residential fireplacessses\avell-recognized
illustration of biomass. A range of techniques are used for the production of energy from biomass
resources. The use of biomass combustion or the capture of methane gas generated via the
organic decay process in bodies of water ardfdls are potential methods for achieving this
objective. The advantages or positive outcomes that can be derived from a particular situation,
action, or decision the use of biomass for energy generation results in the emission of carbon
dioxide into the atmosphere. However, the subsequent regrowth of plants facilitates the
absorption of an equivalent quantity of carbon dioxide, so establishing an equilibrium within the
atmospheric composition. Biomass has many applications in both personal and commercial
contexts, therefore contributing significantly to several aspects of our everyday routines. The
sources of this energy include wood, biofuels such as ethanol, and energy derived from methane

obtained by landfill capture or the incineration of municipagh.

Figurel.2-8: Biomass Power Plant

1.2.2 Renewable and NotRenewable Energy Mix
Even thoughQ 2 dzy (miMiJis§ransition towards sustainable fodsée primary energysources

and toreduce reliance on fossil fublhsed primary energy sources, as these sources are major

contributors to the significant increase in greenhouse gas emisdioss| fuels havéhe highest
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share in primary energy consumptioGoal remained the dominant fluér power generation in

2022, reaching38% of global electricity production, 10% points ahead of renewa28% = 15%
Hydropower + 8% wind +5% Sotar) / 2 I f Q&4 &AKIFNB 2F LJ2 6 SNJ LINB RdzOG A
40% since thenid-2000s before startingo slide in 2015 as renewables began to grow strongly.
wSYySglof SAaQ aKINBE 2F St SOOUNROAGE LINPRAzOGAZ2Y 2¢
kept growing. In 2019, renewables provided almo8¥of global electricitygight points more

than natural gas (®6). The share of nuclear has plateaued around 10% for eight years

GENERATION OF ELECTRICITY WORLDWIDE 2022, BY ENERGY SWH)RCE (IN T
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Figurel.2-9: Generation of electricity worldwide 2022, by enesgurce.
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Source: Energy Institute, Statistical Review of World Energy 2023 (June 2023) (downloaded 27 June
2023).
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As per ihternational RenewableEnergy Agency (IRENASlobal renewable generatiotapacityas of

year 2022s 3,372GW, seeFigurel.2-10 below.

Global renewable generation capacity (GW)
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Figurel.2-10: Global renewable generation capacity (GWMém 20142022

Below ighe distribution ofglobal installed renewable energy capacity by technology in GW for year 2022

Global installed renewable energy capacity by technology in GW for year 2022

149GW,4% 15GW,0%

899GW,26%

1393GW,40%
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Figurel.2-11:Global installed renewable energy capacity by technology in GW for year 2022
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Under existing policies and market conditions, global renewable capacity is forecast t&18a@iG\Wby
2028. This growth trajectory would see global capacity increase to 2.5 times its current level by 2030,

falling short of thetriple goal.

25x capa(l:ily in 2022

2022 total installed 2023-2030 global renewable 2030
renewable capacity capacity growth tripling gap

]
3 x capacity in 2022

0 1000 2000 3000 4000 5000 6000 7000 8 000 9000 10 000 11 000
GwW

Figurel.2-12:Renewable capacity growth from 2022 to 2030 and the gap to global tripling
renewables.

Besides, as per International Energy Agency in their annual réRertewable2023 Analysis and
forecast to 208¢ Global annual renewable capacity additions increased by almost 50@&atty
510 gigawatts (GW) in 2023, the fastest growth rate in the pastdeaades.

Over the coming five years, several renewable energy milestones are expected to
be achieved:

U In2024, wind and solar PV together generate more electricity than hydropower.

U In 2025, renewables surpass coal to become the largest source of electricity generation.

0 Wind and solar PV each surpass nuclear electricity generation in 2025 and 2026
respectively.

0 In 2028, renewable energy sources account for over 42% of global electricity generation,
with the share of wind and solar PV doubling to 25%.
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Figurel.2-13:Electricity generation btechnology, 20022028
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1.2.3 Carbon Neutrality and CO2 emissions reduction
To minimize Cg&emissions and local air pollution, the world has to swiftly transition todawbon

energy sources such as renewable techn@sdsolar, wind, hydro, biomass, geotherpadean,

etc). In the next decades, renewable energy sources will be crucial in the effort to reduce carbon
emissionsand achieve the carbon neutralifyom our energy systems.

Carbon neutrality refers to the goal of reducing net carbon dioxide (@é®&sions to zero by
effectively balancing the release of CO2 with its removal. This is achieved by reaching a state of
equilibrium between carbon emissions and carbon absorption in atmospheric carbon sinks. By
preventing the accumulation of CO2 in the atsphere, carbon neutrality helps mitigate the

adverse effects of global warming and limits it to a maximum increase of 1.5°C.

N
" \ MOTEL
=00
I
CO2 NET CO2
produced CARBON reduced by

AL UEY FOOTPRINT offsetting

Figurel.2-14: CarborNeutrality Concept

As a result of integration of more rewable energy sources, in article that was published on Sep
2016 byNidal Hussein, his research demonstrated that the solar and wind initiative would lead to
a substantial decrease in the anticipated greenhouse gas (GHG) emissions cjuttitey,
estimatedto range from 1.93 to 3.21 mega tons of €@er yearMoreover, Nidal in his papg7]
Various kinds of gases are released into the atmosphere, and the envirwahegfect of each
method of power generation per kilowattour generated is assessed by measuring the equivalent
quantity of carbon dioxide emissions (expressed in gd&-h). In this paper, there is a table
presenting GHG emissions for the differengéctticity generation technology and how much of
(gCQel/kw-h) from each type of primary energy source will be emitted and the table clearly shows
that the highest emissions come from the fossil fuel sources (oil, diesel, natural gases), while the

lowest emssions comé&rom the renewable energy sources (solar, wind) and nuclear.
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Figurel.2-15: Average Greenhouse Gas emissionlgehnology.

The introduction of additional energy generation capacity deriyeamm a renewable and
environmentally friendly source is expected to lead to a reduction in greenhouse gas (GHG)

emissions as compared to the existing state of affairs.

1.2.4 Stability, Security and Interoperabilitpf Renewable EPES
Power systems are transitiorg towards a future that is low in carbon emissions or completely

carbonneutral, with a significant increase in the use of renewable energy sources. The
replacement of traditional fossfueled synchronous generators in the transmission network with
highly dispersed renewable energy production is giving rise to new issues in controlling and
maintaining stability in largecale power networks. Power systems need new analysis and control
approaches in order to effectively manage the continuous revoldion

In [8] six prominent specialists were asked to offer keynote talks at the CSEE JPES event. The
attending scholars and professionals engaged in comprehensive exchanges and debates about the
control and stability of power systems. The presentation focused on thsilpleschanges and
problems that arise when power systems have a significant amount of renewable energy

production. It also presented and described sophisticated control approaches that may be used
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to increase the transient stability of power gridshe exerts' main perspectives are summarized

as followsb

1-

In power systems with highlgenetration renewable energy production, there will be a
need for more coordination between the transmission and distribution networks, as well
as greater automation of the posv system contrap

There is a need to create new theories and approaches to assess the dependability of
power systems in order to handle the variability in demand and the widespread use of
renewable energy sources in transmission and distribution netwbrks

Power electronic interfaces in renewable energy production offer significant potential to
improve power system transient stability by enabling quick active power control. During
the planning phase, it is preferable to provide sufficient space for inv&rter

Power systems with strong renewable energy production would see significant changes in
their operating characteristics. Power systems must face several operational obstacles,
including stability issues.

Load damping control offers significant potentimd enhance the main frequency
regulation capabilities of power systems, which is becoming more necessary for future
low-carbon or carbomeutral scenarios.

It is necessary to create new techniques for controlling energy balance and coordinated
control frameworks in order to protect future power systems from the risks to transitory

stability. Anticipate the emergence of novel distributed stability control frameworks.

Power systen dability analysig9] and[10] is a method that evaluatesystemstability, which is

the ability of thepower system toremain insynchronism andegain its state oéquilibriumatfter

being subjected t@omekind of disturbanceStability analysis uses the results of state estimation

and contingency analysis to determine the stability margin, which is the difference between the

actual operating valuesand the critical values of system variables, such as affrglguency

(speed, or power, and voltage Stability analysis helps to monitor the system dynamics, identify

the stability problems, and proposgabilityimprovement measures.
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AsConverterinterfacedGeneration (CIG¥become more prevalent in power generation, additional

stability issues arise. CIGs have different dynamic behavior than traditional synchronous
generators, causing several issuAsthors in[11] introducedtwo new stability classes, namely

G/ 2y OBNKIBSY adGlFoAfAGRE YR awSazyltyO0S aidl oAt
motivated by the increased use of Cikg®Figurel.2-16:Classification of power system stability

with CIG's
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Figurel.2-16:Classification of power system stability W&hG's

The work in[12] discussed that thentelligent renewable energyncorporateshighly efficient,
bidirectional, intelligent, automated, robust, flexible, cybsvabled, grid integrated and
interconnected suminable electricand computational intelligence across the whole energy
system, spanning from generation to the consumption ends. Although there are many advantages,
this approach exposes renewable energy to security risks, providing hackers with a new
opportunity to exploit weaknesses in smart renewable energy systems. In addition, wrongdoers
specifically focus on smart renewable energy systems because to their dependence on public
solutions and Internebased protocols for monitoring and administrationhese assaults have

the potential to inflict both physical and financieffects resulting in the disruption of the
electrical system's functions. These factors hpligsicaland economicimpacts on the operation

of the electricabower and energy system

Based on above, gecurity assessmemhust be conducted in whicbystem securitys evaluated,

by examiningability of the system to maintain itsteady stateoperating limits and standards
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under normal and abnormal conditions. Security assessment uses the resutstifigency
analysisand state estimationto determine the security margin, which is the difference between
the actual and the maximum allowable values of system variables,asuebltage, frequency, or
power. Security assessment helps to monitor the system performance, identify the security

violations, and propossecurityenhancement measures.

In order for smart, digital grids to become a reality, it is essential to provsidfizient degree of
interoperability. This means that alevices components, and applications involved in the smart

grid must be able to operate together by sharing data and information.

Moreover,Bedi, G., Venayagamoorthy, G.K., Singh, R., Brooks, R.R. and Wang, K.C., in their article
GwSPASE 2F LYGSNYySid 2F ¢KAy3Ia [H3weich waspublisited S O G N
in 2018 focused on enhancing operational efficiency and reliability of Electric Power and Energy
Systems EPESs, promoting energy conservation, facilitating the use of renewable sources for

distributed power productin, and mitigating carbon emissions.

In contrast to the existing collection of scholarly literature, which often concentrates on a single
subsector within the energy business or certain Internet of Things (IoT) technology, this research
examines the imgmentation of 10T in the energy sector comprehensively in Jordan, including
energy generation, transmission and distribution (T&D), as well as the best proposed renewable
energy basket and their impact on enhancing the energy efficiency and reductiorstafgea and

their impact on the carbon footprint reduction, and ultimately achieving carbon neutrality in the
country. Authors stated that electrical power energy systems are now undergoing a revolution in
order to supply clean distributed energy for envirnentally responsible economic expansion
worldwide, the IoT is at the vanguard of this transition, which is imparting new possibilities. The
primary contributions of this review work were: emphasizing the constraints inherent in the
present electric poweand energy systems, analysing the impact of the Internet of Things (IoT)
on the evolution of conventional electric power networks into intelligent power networks,
conducting a comprehensive examination of the various applications and serviceshzsied

electric power and energy systems, this study aims to conduct a comprehensive survey and
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technical evaluation of 0T sensors used in smart home applications, the research emphasized on
the economic, societal, and environmental implications of implemenrbiign electric power and
energy systems, extensive analysis have been provided on the topics of communications,
networking, and security as they pertain to ibased electric power and energy systems, the
study identified and discussed the limitationsasiated with deploying loT in electric power and
energy systems, and propose potential solutions to address these challenges. This work concluded
that digitizing the electric power ecosystem using 10T helps to better account for distributed
energy resoures (DER) integration; reduce energy wastage; generate savings; and improve the
efficiency, reliability, resiliency, security, and sustainability of the electric power networks. Also,
this work ensures that the implementation of Internet of Things (loTthécontext of Electric

Power and Energy Systems (EPESSs) is a highly promising domain that fosters novel advancements
and exhibits substantial implications on various facets such as the economy, society, and
environment. This integration of IoT in EPESsd&monstrated noteworthy outcomes including
augmented revenue generation, decreased carbon dioxide 2)(C&nissions, enhanced
convenience in daily life, improved public safety, efficient energy utilization, reduced expenses,
and the promotion of a sustaifde and healthy living environmenthere are also several
obstacles that are closely linked to it. These issues include sensing, connection, power

management, big data, computing, complexity, and security.

Abdul Salam in his articte L Yy 0 SNY SG 2F ¢KAy3a A3 duoishédindy | 6f S
1-2020, tried to implement the 10T to get a sustainable energy system whereby he brougét so
important points such as our planet has abundant renewable energy sources and conventional
energy resources, but technological capability and capacity gaps coupled withevetieyy needs

limit the benefits of these resources to citizens. Through I&hrielogy solutions and statef-

the-art 10T sensing and communications approaches, sustainable ersdeggd research and

innovation can bring a revolution in this a®a

Additionally, authors Ramiz Salama, Sinem Alturjman, and Fadirfsan publishedni their
I NGAOES aLb¢9wb9¢ hC ¢ LbD{ ! b[@5 droughtiayhice{ a! w¢
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terminology whereby they said that the implementatiaf I0T technology, referred to as the
Power Internet of Things (PIoT) in the energy industry, results in enhanced operational
effectiveness. They also discussed the future Massive Internet of Things (MIoT) which is
considered a fundamental element withihg framework of the 5G/6G network infrastructure.
They also examined the architectural aspects and associated difficulties pertaining to the next
generation of intelligent power grids, specifically focusing ordrMen smart grids and the

incorporation ofAl, 10T, and 5G technologies to enhance the functionality of smartd@rids

Similarly authors Ying Wu, Yanpeng Wu, Josep M. Guerrero, and Juan C. Vasquez in their article
[16] published in 2021 brought another concept for the IoT applied in energy sector which is
Energy Internet (EI) which entails the development of a future energy system that prioritizes
sustainability, efficiency, economics, and environmental consideratidnis.i§ achieved by the
establishment of a flexible physical space that integrates many energy sources, the digitalization
of datadriven cyber space, and the creation of a customaesrre social space that encourages

interaction.

Almost 80% of the world'ultimate energy comes from fossil fuels, which the energy industry is
heavily reliant on today. Because of air pollution and climate change, excessive fossil fuel
extraction and burning has a negative effect on the environment, human health, and the
ecoromy. However, climate change mitigation and sustainable energy transitions are largely
made possible by the integration of renewable energy, energy usage optimization, building a
robust, intelligent, and flexible transmission network, and integration oflera intelligent power
quality solutions. It is evident from the energy and sustainability discourse that global energy
access cannot be achieved without technology adoption. Using technology, robust solutions for
reliable, lowcost energy access have beggveloped. There are innovations that can improve the
functionality and efficacy of the existing power infrastructuassisting enterprises in enhancing
client value, minimizing costs, and finally augmenting profit margins. Hence, with the use of
advance sensing and communication technologies, it is possible to address the want for

accessible energy within the community, and it is evident that a vast majority of progressive
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organizations have now adopted Internet of Things (IoT) techniques which aretampdo
effectively and affordably cater to the fundamental human need of energy services and foster
commercial development. There are several uses for contemporary technology like the Internet
of Things (1oT) in the energy industry, including energy igeiog, transmission, and distribution,

as well as utilization (consumption). Using IoT may help increase energy efficiency boosting the
proportion of renewable energy and minimizing the effects of energy consumption on the

environment.
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Figurel.2-17: IoT in Energy and Industry

The elements of sustainability Internet of Things (IoT) are delineated as follows:

0 Smart meters, net zero energy houses, green energy, and smart industry are all related to
the use of advanced technology and sustainable practices in many sectors.

U The generation of energy may be achieved by several means such as natural gas, coal, and
renewable sources like solar, wind, and water.

U Transmission, phasor measuring unit, and transmission SCADA (Supervisory Control and
Data Acquisition) is a system used for controlling and monitoring many aspects of power

distribution, including smart gridsnicrogrids, and voltage control. It also encompasses
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functions like as billing, SAP integration, CRM (Customer Relationship Management), and
work order management.

0 The entities involved include customers, markets, retail energy providers, wholesale
providers, and service providers.

U The areas of focus are plant management, electric cars, and distributed intelligence.

U Management of loading, bulk operations, and power outages.

SeeFigurel.2-18: Smart Grid
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Figurel.2-18: Smart Grid

The Internet of Things (loT) is a growing technological field that leverages the power of the

internet to establish communication among tangible objects, sometimes referred to as "things".
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Figurel.2-19: Electrical Power System Structure and Energy Streams

Electric power and energy systems (EPESs) are now undergoing a revolution in order to supply
clean distributed energy for sustainable economic development on a worldwide scale. The
Internet of Things (I®) is at the forefront of this transformation, providing capabilities such as
reaktime monitoring, situational awareness and intelligencentrol, cyber security, improved

asset visibility, optimal management of distributed generation, elimination ofggnevaste, and

cost savings through the digitization of the electric power ecosystem usirgdafansforming the

SEAZGAY I dzy ARANBOGAZ2Y It 9t %ehabéd elkcificalpon@rinEioNSviichh 2 v | £ =
are automated, intelligent, amptable, resilient, and custom@entric systems that facilitate the

bidirectional movement of both energy and data.

1.2.5 IEEE 9 Bus Systeower System Analysis

In the field of power system analysis and research, the IEEE 9 bus system is a test tiatinerk
usedto perform several power system studids is a simplified model of a pow&ansmission
network that is made up 08 synchronous machines and their generator stgptransformers

each 100MVAnine buseq one slack bus, 2 PG buses, artienload buses}hat are linked to
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one another viaoverheadtransmission linegsand three constant power loads as illustrated in

Figurel.2-20.
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Figurel.2-20: IEEE Bus System Single Line Diagram

The system is often used for the purpose of conducting research on a varedgnunts of power

systems, including fault detection and classification, the effect of integrating renewable energy

sources, system stability analysis, optimization of power flow, and load flow analysis. For the

purpose of developing and testing new aldlonms, methodologies, and technologies for power

system analysis and control, researchers utilize the IEEE 9 bus system as a benchmark.

In this context, by the analysi®enducted byNallagalva, S.K., Kirar, M.K. and Agnihio{l7], the

IEEE 9 bus system has been modeled using ETAP software, artd thdre disturbance rotor

angle stabilitg or dTransient stability analysis for various faults on the test systeuas examined

to check about thdast fault clearingand load shed to bring back the system to #iability. The

rate of change of frequenc{df/dt) is used as indicator of the transient stability of the syste
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because it gives aindicator of overloadsit is directly related to the real powend this (df/dt)

usedto calculate the amount of load to be shed by adaptive load shedding and measures taken
to maintain stability and frequency of the systefiso, in this paperonventional under frequency

load shedding (ULFS) and adaptive load shedding methods are studied through IEEE 9 bus test

system simulated on ETAP

In the article that was published by authof$8] in 2015, Contingency analysiwas used to
calculate parameters violatiortd the WesternSystem Coordinating Council 3 Machine, 9 Bus test
system Furthermore,the maximum loadingparameterwas calculated,and contingency status
was done usingPower System Analysis Toolbox (PSAdlox in MATLABY Step by Step
remomMng each transmission line argimulate for the Power Flow and Continuation Power Flow
for finding maximum loading grameter for each transmissioline. PSATis an open-source

MATLAB toolbox used in simulation and analysssvadll and medium sized electric power system.

Of equal importancegauthors iM19)A Y { K S AShuit Einddit Ar@lfsB & @ver current Relaying
Coordination of IEEE-Bus Systemthat was published in 20&, short circuit analysis and
protection relying coordination of IEEEB@IS systemwvasanalyzed and designing of overcurrent
relaying scheme to operate the relay quickly and disconnect the faulty section from healthy
section Load flow has been performed tmbtain the electricalpower systems steadgtat
voltages at fundamentdtequency besides, sveral threephase faultsandunbalancedypes of
faults suchas kG, L and EL-G have been placenhdividually on Bu§ and results have been
recorded alsoFurthermore, short circuit angsis of system is also includéd this paper to
determine the positive (+ve), negativeé)and zerq0)-sequence impedance of faujffhenmain

task oftheir work wason the sequence of operation tiie protectionrelaysconnected on bu§

andcontrolling on the relay havingninimal effect should run first and so on.
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Of equalimportance of the work done ifiL7], authors in[20] has performed a transient stability

of IEEBD bus system that is comprised of three generatditse software utilized to conduct the
simulations was Powaiorld Simulator (PWS).l6ad flow analysis is performed to ascertain the
pre-fault conditions. In the second step, fault analysis was conducted to determine the stability of
the system by examining pe#ult conditions such as load switching and ra@dlff clearance
time. In order to analyze the fluctuations of a system under various fault conditions, the frequency
and rotor angle of the systemere utilized to compare and contrast the Euler and Runga methods

for transient stability analysis.

S. AlJdout in [21]-[27] presented an overview for several electrical power systems and how to
mathematically model them using differential equations, also he has presented both transient and
steadystate conditions, fault simulation, load ignorance, immittance matrix partition b
hypothetical capacitorThe same methodology of buildingsgstem differential equationvill be

used for thecase studyEEED Bus system

1.2.6 Grid Impact ofRenewableEnergy Sources integratetd IEEE Bussystem.

If utility-scale solar PV and wind farms do not use a specific control system for grid support, they
will simply be disconnected when there is a grid disruption, with catastrophic consequences when
the solar/wind farm is enormous. Hence Several studieshseen undertaken to address the
varied wind and solar powagyeneration Therefore,in light of [28] Kumar, A. K., M. P. Selvan, and

K. Rajapandiyawho havestudied and analysed the impact of the large scale penetratifnom

0% to 100% penetration with 10% step of penetratiasf P43MW solar PV power into grid by
simulating the IEEEIus system into ETAP and grid integrate a solar PV planeatf the system
buses( Bus No.pthen Bus No.6, then Bus N§.&hey have also investigated the impact of large
penetration of solar PV systems on steady state performdno#tageprofile at the busesactive

and reactive power losses for the lines gds well as transient stabilitfor several types of

37



disturbanceq bus fault, load rejection, and transmission line fauylénd the relative rotor angle
for generator G2 has been plotted feeveral penetrationsTwo major observations were taken
on the PV plant model; firsthe output form the solar inverteshouldbe at the LV voltage level
not MV (11kV) besidesecond for such rgescalePV plant, the P¥rraysand their associated
solarinverters withtheir associated_V/MV step up transformer and ring main unit should form

PV plant building block.
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Figurel.2-21: Solar PV 243MW integrated at IEEE 9 Bus system

Moreover,the work done irf29] examined the stability of a power network when a wind turbine

is integrated. The study utilized aopensource software to simulate the system. The
OpenModelica program was used to mimic the IEEE 9 bus system. The system'sstteady
stability analysis was conducted both with and without the use of Automatic Voltage Regulator
(AVR) and Speed Govern@OV) controllers. An analysis was conducted to examine the long
term effects of incorporating a wind turbine. Furthermore, an analysis was conducted on the

correlation between the power output of the wind turbine and the voltage.
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In article [30] that was published in 202@& 100MW wind turbinegenerator (WTG) is integrated
at the point of connections (P9@hich isBus No4 of IEEE 9 Bus systend transient stability is
assessed through the threephase fault inserted at bus 8 at a period of 1 second in ETAP and
there was no fault clearan¢candit was found thatat time t= 3 sec, the generators come to a

halted position losing all three geneoasis synchronism

l 2
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(PoC)
T1

WTGS
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100 MR
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Figurel.2-22: 100MW WEF grid integrated with Bus No.4 of IEEE 9 bus system

First, the transient study of the generators is conducted without the presence of WTG (wind
turbine generatorand no¥ | dzft & Of SF NAy3Id ¢KS adgAy3a +y3atsS 27
+180° and then stops after a time period of 3 seconds. The increase in the maximum and minimum
values of current may be attributed to the significant flow of current insidedbnerators. G1, a

slack bus generator, supplies reactive power to the system, but is unable to maintain stable
voltage levels across the buses. The wind turbine generator (WTG) maintains its connection to the
power grid at the point of connection (PoGjed when a thregphase fault occurs at bus 8. During

this fault, the WTG continues to produce a steady supply of reactive power to the power grid.
Once the problem is resolved at 1.114s, the terminal voltage increases to 98% with minor
fluctuations causedby the lingering transient currents inside the Point of Connection (PoC). The
active power output stabilizes at 2.0 per unit (pu), which meets the parameters set after the fault
operation, namely a 10% decrease from the -faglt level. WTG effectively pvalded reactive

power injection to provide voltage stability throughout the Low Voltage Ride Through (LVRT)

procedure, especially for threphase breakdowngdowever, the wind farm model is no accurate,
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where authors should have buii complete 100MW windF F NY FNRBY | O2ftf SOG

connected in parallel

Similarly, a grid integrated 60MW wind farm was studiesoading to the work done if2920] by
Ramlochun, B., Vaithilingam, C.A., Alsakati, A.A. and Alnasseir, J., in their artigbesthablished

in 2021,a Wind Turbine (WT) is simulated using two distinct kinds of induction generators (IGs),
the DoublyFed Induction Generator (DFIG) and the Squid@&je Induction Generator (SCIG).
These models are then applied to the IEEEIS systm in order to evaluate its transient stability.

The DC1A excitation system was used for both Synchronous Generators (SGs) and Power System
Stabilizers (PSS). The transmission l#ewas discovered to have a very high peak value of the
relative power antg, measuring roughly 130 degrees. Regarding the settling time, the settling
time was 20.69 seconds without the Power System Stabilizer (PSS) and decreased to 6.23 seconds
with the PSS. The system used a wind farm with a rated capacity of 60 MW. The aionbaf

wind turbine (WT) combined with doubfed induction generator (DFIG) has the lowest peak
value of 127 degrees at Bus locations 4 and 5. In contrast, for squirrel cage induction generator
(SCIG), the peak value is somewhat higher at Bus 5, megd86 degrees. Therefore, it may be
promoted as the ideal destination. Furthermore, this is attributed to the occurrence of a-three
phase fault at transmission line5] which is situated at a considerable distance from Buses 4 and

5. Ultimately, the intgration of the Wind Turbine (WT) with Doubly Fed Induction Generator
(DFIG) results in a decreased peak value of relative power angle compared to the Squirrel Cage
Induction Generator (SCIG). However, the converse is true for the settlingAltleors inthis

paper only considered type 1 and 3 of WTG types while they could have considered the other 2
types; type 2 WRIG and Type 4 PMSG as well.

The work[32] Alsakati, A.A., Vaithilingam, C.A. and Alnasseir, J., 2021. Transient stability
assessment of IEEEbAs system integrated wind farm. MATEC Web of Conferenc@él. 335,

p. 02006). EDP i8aces.The use of wind energy in electrical networks may affect load flow and
power system stability. The transient stability of the IEEEIS system with DFIG is examined in

this study. Wind farm penetration levels are also examined. With 5% wind epergtration,
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the synchronous generator's maximum power angle is’1Rientical to the current technology.
More wind turbines with 15% wind farm penetration raise the power angle td 1%be system

loses stability after 25% wind energy penetration. Tihdihgs show that substantial wind energy
penetration destabilizes the network. Wind farm site also influences transient stability. This study
will evaluate power system integrated DFIG stability. Thus, this research will promote wind energy
in power systens over traditional power plants and assess the stability of alternative energy

sources in the grid to improve grid dependability.
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Figurel.2-23: MATLAB Model for Gradual Penetration of WF to IEEE $/Bes.

1.2.7 The Need of Power Quality Solutions for High Renewable Penetration and Grid Code
Compliance

It is important to recognize that there is a strong relationship between voltage levels in a power
system and reactive powerShunt compensation can be statis and dynanStatic shunt
compensation, which includes the usage of shunt reactors and shunt capacitors, is used to provide
voltage stability under steadstate conditions While Dynamic shunt compensation, including
SVCsSTATCOMSs, synchronous condensers, and Enhanced STATRQBB o provide voltage
stability in both steadystate and dynamic situations. Additionally, it offers benefits such as

enhancing system strength and inertia.
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Largepenetration of renewables in today slectric power grids willaffect andchange system
characteristis; reduce the system strengttshort circuit power), reduce system inertia, shift
harmonic resonances to lower frequencies and slow down voltage recovery aftensyatilts.

This will require Synchronous Condenser (SC) to be installed in many future grids and new type of
devices (or control features) which enhance inertia, dynamic performance and improves stability

of the grid. One of these devices is the Hybride&S®mbination of SC and STATCOM technologies.

Dynamic shunt compensation devices are widely used in power systems, including many
applications
U close to power generating sourceomeet the requirements of the grid code and optimize
the amount of electicity produced.
U Transmission and distribution systenmf@guarantee optimal functionality
U close to industrial loadS:ocomply with grid regulations and maximize operational

efficiency.

Based on all aboveeactive power compensation in a grid connectd plang/wind farmsis an
attractive topic for the researcheré.. Kalyuzhny, B. Reshef, G.Yehuda, G.David, P. Koulbekov, and
T. Day i33] showed how to design a capacitor bank in parallel to photovoltaic power plant in
order to avoid any unacceptable voltage fluctuations due to the randomness in the output power
of PV systems due to irregular solar radiation, The solution includes operatidtV with
predetermined leading power factor and addition of a capacitor bank in parallel to PV plant to
compensate the reactive power absorbed by the PV inverters, but they did not consider the

reactive power losses in the Solar Transformers and MV sabléesigning the capacitor bank.
The researchers Mr.Piyush M.Desai and Mr.S.S.Kh[8834] studied the integration of solar PV

with STATCOM for reactive power compensation as well as the active power sharing with grid.

Control technique called O 2afgarithm has been implementddr the control of the STATCOM.
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In [35] Al-Adim, Loai, Mehrdad Aliasgari, Mohammad Mozumdar, and Saleh Al Jufout. In their
paper published in 2022 "Reducing the number of central inverters of a photovoltaic plant using
mediumvoltage capacitor banks." They have investigated the effect of Mediottage (MV)
capacitor banks on the number of central inverters of gnisthnected Photovoltaic (PV) plants
whereby3 cases of a 200 MW grabnnected Photo Voltic plant were investigatede$a cases

are with and without increasing the size or the number of the central invertenile the third

case is without increasing the number or the size of the central inverters but with adding Medium
Voltage mechanicallgwitchedcapacitor banks to net the base reactive power load and comply
with grid code requirementd the resistances of the system components were not ignored which
led to more accurate calculations. Grid impact study (power flow, voltage chitmulation fault
analysisand transient stability calculations) have been performed using ETAP software for all
possible cases: with and without increasing the number/size of the inverters and with capacitor
banks. Theactivereactive powercapability curves have been discussed foe #bove cases as

well.
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Figurel.2-24: ETAP Model for 200MW PV Plant
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After this36 sameauthorsabove in [36] they havecontinued the year after and investigated the
Harmonics Analysis dhe same 200MWPhotovoltaic Plant with a Reduced Number of Solar
Central Inverters. 12023 IEEE Green Energydd@mart Systems Conference (IGES§C)14).
IEEEThis analysis has been conducted for the photovoltaic plant with 120 anchi3®er of
centralinverters without capacitor banks and with 120mber centralinverters with30 MVAR
capacitor banksCalculations have been performed using ETAP software for all three cases. Three
harmonics models have been introduced for each solar inverter and these models are typical IEEE
6 pulse, IEEE2 pulse, and IEEB pulse modelsAnd the total harmonic distriltion (THD) for

the voltage and current have been recorded &ach of the 3 cases abqgwesults show that the
lowest THD values for the voltage and the current are in the case of 120 solar inverters with
30MVAR capacitor banks. The harmonics analysigube IEEES8 pulse model confirms that the

proposed solution if35] is the best solution to comply with the transmission grid code.

The work above was based on mechanically switched capacitor, while there are other more
dynamic shunt compensators solutioas presented in the work done by auth@sger, A., Rivas,

R.A. and Halonen, Nnh their article[37] whereby they haveexaminel the difficulties associated

with modern power systems that have a significant integration of renewable energy sources. It
emphasizes the significance of short gitcontribution and inertiaAnother feature of the article

is to emphasize the influence on power qualiyiution (such as SVC, STATCOM, HVDC, MSC,
harmonic filters, etc.) when there are changes in system characteristics like harmonic resonances
and ort Arcuit Ratio (SCRAuthors haveeoncluded thainstalling Synchronous Condensers may
address theproblem of decreasing fault levels on the system. These devices increase the grid's
inertia, dynamic performance, and stability. The paper disalissé/brid configuration as well

that combines STATCOM and Synchronous Condenser technologies to maximize power system

performance by using the best characteristics of each technology.

Additionally, the work in38] have discusseddynamic reactive power compensatiomhere
Flexible AC TransmissidfdACTlevices are required because switching of reactive elements by

means of circuibreakers is too slw. Besidesseveral factors wilkkhangethe system's operation
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in a dependable manner: extensive incorporation of renewable energy generation, expansion of
the steel and automotive industries in certain areas, deployment of smart grid technology,
introduction of a grid code, and enactment of a new electric industry law that enables private
sector involvement in electricity generation and salésar paper coveed someaspects of tie

new generation of dynamic shunt compensators dahd system aspds to be considered for

making the new challenges to the operation of Mexican system less problematic and invisible

to the electricityconsumers.

A traditional Static Var Compensator (SVC) usually consists of many branches of fixed and switched
reactive power banksKigurel.2-25), with at least one branch being regulated by thyristors. The
selection of branch sizes and their configuration mostly relies onpleeational and performance
criteria for the SVC. An SVC typically consists of a minimum of two branches, which may comprise
Thyristor Controlled Reactor (TCR), Thyristor Switched Reactor (TSR), Thyristor Switched Capacitor
(TSC), Fixed Harmonic Filter @aor (FC), Mechanically Switched Capacitor bank (MSC), and/or
Reactor bank (MSR).

£365 2 W

TCR TSR TSC Harmonic Filters .

Capacifive Inductive

Figurel.2-25: Typical SVC configuration and V/I diagram

Static Synchronous Compensators (STATCOM) have gained competitiveness against traditional
SVCs due to advancements in converter valve technology, lower losses, and a more compact
physical footprint, as well as the development of semiconductor devicestwitioff capability

(e.g., IGBT and IGCT). As illustrateBligure1.2-26, the VoltageSource Converter (VSC) is the
central component of a conventional STATCOM.ouginout its operational range, the VSC
possesses symmetrical characteristics. From the-hajtage (HV) perspective, the VSC functions

as a controllable current source that can be modified in an independent manner from the system
voltage, facilitated byhe closedoop control
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Figurel.2-26: Typical STATCOM configuration and V/I diagram.

Modern STATCOMSs with Grid Forming control not only provide assistance after contingencies, but
also during realbreakdowns. Their purpose is to avoid voltage collapses, often known as
"blackouts," as well as harmful oveoltages.

GOmezGonzalez, J. et. al. i[B9] discussed Reactive power management in photovoltaic
installations connected to lowoltage grids to avoid active power curtailment, where
Photovoltaic (PV) inverters are traditionally desigrio operate with unity power factors. In order

to use reactive power capabilities of smart inverters, in this work two strategies are analyzed:
limiting the amount of active power delivered or oversizing the inverter. The first of these options
implies areduction in the PV production and therefore, it would lead to reduced earnings for the
PV system owner. On the other hand, oversizing the PV inverter allows having reactive power

compensation capabilities, while delivering full power output from itsieM.f

Researchers S. Balasubramanyan and M. Sasirek#@] jporoposed an optimized reactive power
compensation method and evaluates the effect of reactive power compensation on grid

interactive PV system with cascaded converter modules.

1.2.8 Challenges idransition to 100%kenewable EnerglEEER-bus system

Several recent developments have changed the featarescharacteristicof the transmission
power grid, which will have an impact on the future functioning of the system and the power

marketglobally such drivingointsare:
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1- The retirement of traditionabnd conventionapower generationstations (like thermal
power plantswith heaw rotating mass)aiming to gradually phase out fossil fuels and
nuclear energy while mitigating sectoral impacts. However, some sectors may still require
the use of fossil fuels and nuclear energy with carbon removal strategies due to technical

challenges in decarbonizing ane@etrifying them.

2- Integrationof morerenewable energy sources, particularly solar/wind power plaaisse
a majorshift in the generating mixand thisis being significantly enhanced by political
support and cost reductions in renewable energy systems, resulting in a substantial

increase in the use of renewable energy in distribution and transmission networks

3- Industrial expansion in some areas, peutarly in the steel and automotive sectors. These
industrial loads have a considerable impact on the power quality at the grid connection,
particularly in terms of power factovoltageflicker, and harmonic levels. While the use of
capacitor banks andlfiers may somewhat decrease harmonic levels and enhance power
factor, it is advisable to use dynamshunt compensation in industries with rapidly

changing loads and when the plant is coupled to less robust systems.

4- The new electric industry legislati@and new lawsenables private sector participation in
power generationand sales via joint ventures with statevned entities. However, the

system remains undeFSGsupervision.

Based on above, adern power systems are encountering difficulteasd severd challengegiue

to rapid fluctuationsand change@ generationmix whichhas a negative impact on the dynamic
stability of the power systemmRenewable energy sources are replacing conventional generators,
resulting in a substantial increase in the usearsfewable energy in distribution and transmission

networks.
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1- When integrating renewable energy sources such as wind and golaer plantsinto
power grids it is important to ensure that system stability amdliability are not
compromised, especially when there are no rotating masses involved. Hence, Transmission
System Operatorshould establish and updatéheir Grid Codes standards, particularly
concerning reactive power, voltage and frequency regulation, andt fridethrough
capabilities. Wind farms and sol®&V plantsof significant size often need the use of
dynamic reactive power compensation in order to adhere to the regulations outlined in
the Grid Code.

2- Solar andVind farmsare unlike thermal power plat areasynchronously integrateithto
the grid through invertershencethey do not contributeto grid inertig and will massively
causea reduction in system inertjavhich will increase the steepness of the rate of change

of frequency (ROCOF)

50,0

System - High Inertia
(low renewables, high traditional generation)

Frequency (Hz)

System — Low Inertia
(high renewables, low traditional generation)

0 10 20 30 40

Time (s)

Figurel.2-27: Change in ROCOF with Inertia change.

3- The significant incorporation of renewable energy sources into the power grids of today
will result in a modification of system characteristi¢sis includes decrease in system

strength (fault level)MVAsc.
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Figurel.2-28: Effect of SCR on Voltage Stability

4- Ashift in harmonic resonances to lower frequencies, and a slowdown in voltage recovery

after systembreakdowns.

Shift to low order harmonics
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Figurel.2-29:Shift of harmonic resonances to lower order of harmonics.

Net-zero energy system scenarios aim to limit global temperatures to 1.5°C by combining
renewables, residual fossil and nuclear energy, and carbon removal strategies. This aligns with the
Paris Agreement goal$n order to successfully restrict the glol@mperature,rise to 1.5°CQOver
pre-industrial levels by the end of the century, it is imperative for the world to reach a state where
the amount of greenhouse gas emissions being released into the atmosghssmpletely offset

by the amount being removed by 2050.

In accordance with the conclusions drawn from the Intergovernmental Panel on Climate Change's

(IPCC) 1.5°C report of 2018 and the recent 6th Assessment Report, or AR6 (2023), the eradication
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of all anthropogenic greenhouse gas emissions by 2050, or earlier, will be necessary to limit
climate change to no more than 1.5°C above-jpicdustrial levels by the conclusion of this century
(IPCC, 2019, 2023). To limit global warming to 1.5°C, the ARG réelddrbmally urges "rapid and
substantial, and in the majority of cases, immediate reductions in greenhouse gas emissions
across all sectors within this decade.” Considering the fact that erretgied activities account

for the majority of anthropogenicraissions, achieving these emission reductions will require the
implementation of renewable energy technologies (solar, wind, hydro, geothermal, bioenergy,
ocean, etc.) in conjunction with substantially increased energy efficiency measures (IPCC, 2023).
These measures will additionally yield societal advantages, including enhanced local air quality.
Furthermore, when accompanied by appropriate policies, they will promote energy accessibility

and equity, bolster local economies, and facilitate progress.

As fer [48], The significance ahodellingscenarios that aim to utilize 100% renewable energy has
increased over the last decade, according to a seminal article by Khalili and Breyer (2022).
Numerous @tional, regional, and international 100% renewable energy scenario studies were
assessed in their publications and found to have increasing credibility and dependability as data

and methodologies advance.

IRENA in41] examina three energy transformation scenarios that are committed to attaining
106 renewable energy by the year 2050. The following scenarios have been incorporated into
The University of @chnology Sydney's "Achieving the Paris Climate Goals" report: The University
of Technology Lahti University of Technology (LUT) Global 100% RE Sp&jar@ianford
University's 100% Winwater-Solar (WWS) Scenafi#3], which encompasses 145 countries; and
The University of Technology Sydney (UTS) 1.5°C Scgt@ridhe aforementioned scenarios
were selected on the grounds that they are worldwide in reach, employdt8@ewable energy,

and extend their analysis to the year 2050.
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Tablel.2-1:Overview of IRENA 100% RE scenarios analyzed.

Global 100% RE

Net ZeroEmissions

Energy System Model

Institution

Lappeenrantd_ahti University of
TechnologyL UT (2021)

100% Wind, Watersolar (WWS)

Stanford (2022)

InternationalEnergyAgencylEA(2021)

Target(s)

100%renewable energgystem by
2050

80% WWS bR030.
100% WWS by 2050 for 145 countries

Net zero by 2050

Renewable energy
share in total energy
supply TES) bp050

100%

100%

67% in totakenergy supply88% in
electricity generation)

Energy sources include
in 2050

Solarphotovoltaic PV),
concentrated solar power (CEP
wind, hydropower, geothermahnd
bioenergy

Generation: wind, solar PV, CSP,
geothermalhydro andocean energy.
Heat: solathermal, geothermaheat

TES: solahioenergy, wind
hydropower, geothermabther
renewablesnuclear, naturagas, oil
and coal.

2050share of
electricity
(electrification level)

89% (total primary energy demand)

Efficiency measures result in total
energydemand decreasinigy 56.4%,
so thatremainingenergy isearly all
(~99.2%) electricity 85%higher than
2018 actualevels {otal installed

capacity)

49% of electricity inotal finalenergy
consumption

Cumulative investment

USD 72rillion, notingnet energetic
yield perinvested unitof capitalin
renewableelectricity solutions far

Around USD 61.5 trillion Upfront costs
are recoveredhroughenergy sales
coveringWWWs electricityheat and
green hydrogemgeneration; storagéor

Annual averageapital investeds
indicated for 203e2040-2050:

- 40-50 trillion USD, annual
investmentsof 4-5 trillion per year by

neededto 2050 exceeds the one iapstream fossil electricity, heatingcoolingand green | 2030
P hydrogengdistrict heatingheat pumps; | - Almost USD 5 trillion annually by
fuels . .
all- distance transmission; and 2040
distribution - USD 4.5 trillion annually by 2050
Solar GLOBAL 100% RE (LUT) WWS (STANFORD) NZE (IEA)
Solar PV
@® Solar CSP
@® Hydropower 2% - 3 e
@ Ocean energy
@ Bioenergy
@ Geothermal
Wind energy 18%
® Natural gas 4 45%
@ Nuclear 46%
® oi 69%
@ Fossil
@ cCoal

@ Other renewables
@ Other non-renewables
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1.29

Research Gap

Unlike previousresearcli), awhich frequently focuses opartial integration of one or more

renewable plant into IEEE 9 bus system, and address some of the integration compéadties

challenges for such integrationthisthesisdoes examinghe following:

1-

Performed adetailed and comprehensiv@ower system analysis for thteaditional and
conventionallEEE 9 bus system with 0% penetrationesfewables (I scenario) not like

previous studies which performed a partial analysis

The IEEE 9 bus system vpastially and graduallyntegrated with renewablethat replaces
the conventional synchronous machinéscenarios 2" to 7t), and full transition and
integration of 100% renewable in the"8scenarioswhich replaces the conventional
synchronousmachines withan equivalent renewable energy sourgsolar/wind/hydro)

with similar capacities

Integratesan actualrenewable solar PV plant /wind farm, starting from the IRR building
blockstill the POCC not like previous studies that unrealistically integratéarge-scale

wind farm with only one WTG.

Examines thechallenges andolutionsfor the 100% renewable transitions in terms of

stability, security,and interoperabilityon the IEEE 9 bus system

Performsa time domain load flow for one complete month, and tl@nducteda financial
analysis addressing the total levelizeasstof energy (LCOE), levelized revenue of energy

(LROE), and the profit for each scenario for one compteiath.

Conductsa life cycle assessment and £&gmissions estimations for eadeenario.

Implements the data analysis technicgend tools toanalyseandvisualize the data
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1.3 Chapter Three: Methodology and Philosophy

1.3.1 Introduction
This chapters one of the most important ones in thesearchsince it focuses on the tactics and

procedures that were used in order to carry out the research. As an additional point of interest,
the subsequent chapter has presented reasons that are supported by segosalarcego finish

the research, analysis, and syste@mestigation.

1.3.2 Research Process
A research method refers to systematic approach used to gathend analysedata. The

research methodology may include the use of a particular tool, such sadf-aompletion
questionnaire or a scheduled interview scheduleAlternatively, it may entail participant
observation, when the researcher actively listens to and observes individuals. A research
methodology refers to a systematic strategy used in the aese process, which encompasses

a collection of methodologies utilized to gather and analyse data.

The research onion framework developed by Saunders has been used to guide the inquiry
process, including several phases. The justification for adopting 8esmanion lies in its
ability to provide a methodical and organized approach to research, facilitating the collection

of necessary data by progressing through many levels. See béjonmel.3-1

Time Horizon

Research Strategy

Survey, Research Choice
Archival  Mixeq Inductive Realism,

Research
Approach

Po.'uvl.m

Research

htorpreuvt.m Philosophy

Figurel.3-1: Saunders Research Onion
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1.3.3 Research Philosophy

The research philosophy includes assumptions, knowledge, and the nature of the
investigation. lis concerned with a certain method of acquiring information. All researchers

may have various assumptions about the nature of truth and knowledge, and philosophy is
the means by which these assumptions may be understood. It is a notion about the optimum

method for gathering, analysing, and using data about a phenomenon.

Figurel.3-2: Research Philosophies

Interpretivism

* Gives options, different
points of views, and
access to different
aspects of reality.

* Anything could be just
claimed without any
validation of data or
scientific approach.

* It studies human-
created meanings.

The chosen philosophy in this researcpast modernismthat challenges conventional modes

of thought and amplifies alternative perspectives. It highlights the significance of language and
the dynamics of power relations. It denies the existence of objective knowledge and prioritizes
the subjective above fixed nornfier analysinghe challenges ofransition tosustainable 100%
renewableelectricalpower andenergysystem along withpower quality solutions onstability,
security, andinteroperability of the IEEE 9 bus systefhis approach relies on rigorous
methodobgies and has the capacity to bolster research endeavours via the utilization of
statistical and objective data. Insufficient comprehension of a given situattia.approach is
deemed essential for a thorough understanding of the subject matter. By audpphis
methodology, in reflection of abov&umar, A. K., M. P. Selvan, and K. Rajapandiyan who have
studied and analysed the impact of the large scale penetration 243MW solar PV power into

grid by simulating the IEEEb8s system into ETAP and grideigtate a solar PV plant at one
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of the system buses ( Bus No.5, then Bus No.6, then Bus No.8), they have investigated the
impact of large penetration of solar PV systems on steady state performance ( voltage profile

at the buses, active and reactive powesses for the lines,)and it was found that the voltage

profile is affected by the fault locatien

By adoptingpost modernismmethodology Alsakati, A.A., Vaithilingam, C.A. and Alnasseir, J.,
2021. concluded that with 5% wind energy penetration, the synchronous generator's
maximum power angle is 129°, identical to the current technology. More wind turbines with
15% wind farm penetration raise the power angle to 140°. The system loses stability=#fier 2

wind energy penetration. The findings show that substantial wind energy penetration

destabilizes the network.

1.3.4 Researchapproach.

Scientific research may follow one of two paths: inductive or deductigeFigurel.3-3. A
researcher's purpose in inductive research is to infer theoretical notions and patterns from
observable facts. However, researcher's purpose in deductive research isimexdeas and

patterns known from theory using fresh empirical evidence.

THEORY

Test
Hypotheses

Generalized
Observations

Induction
uononpaqg

OBSERVATIONS

Figurel.3-3: Research Approach Paths
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The chosen approach in this researcldesluctive in which the goal is to test concepts and
patterns known from theory using new empirical dataork done by authors Stiger, A., Rivas,

R.A. and Halonen, M. in their articl87] whereby they have examined the difficulties
associated with modern power systems that have a significant integration of renewable
energy sources. It emphasizes the significance of short circuit contribution and inertia.
Another feature of the article is to emphasize the influence on power quality solution (such as
SVC, STATCOM, HVDC, MSC, harmonic filters, etc.) when there are changes in system
characteristics like harmonic resonances and Short Circuit Ratio (SCR). Aatteocencluded

that installing Synchronous Condensers may address the problem of decreasing fault levels on

the system.

Also, & per[35] the analysisconductedfor the photovoltaic plant with 120 and 138 number

of central inverters without capacitor banks and with 120 number central inverters with 30
MVAR capacitor banks. Calculations have been performed using ETAP software for all three
casesThree harmonics models have been introduced for each solar inverter and these models
are typical IEEE pulse, IEEE2 pulse, and IEEBB pulse models. And the total harmonic
distribution (THD) for the voltage and current have been recorded for eacheoBtbases
above, Results show that the lowest THD values for the voltage and the current are in the case

of 120 solar inverters with 30MVAR capacitor banksthodological Choice

Upon conducting ETAP simulation for each of the 8 scenarios below, alstbengyarameters
will be recorded raking it aguantitative studyThus, the chosen methodnsono-quantitative

utilizing thecase studwhich is IEEE 9 Bus systédmwhichexplanation through numbers is

used, it is an objective, deductive reasoning, predefined variables and measurement, data

collection before analysis, armduse and effect relationships.

Reasoning based on deduction, variables and measurements that havetestiined, data

gathering prior to analysis, and the investigation of caasd-effect connections.
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1.3.5 Research Strategy
The data collected for the research is mostly numerical and comeslE&f Bus systentase
studyconductingETAP simulation f@ scenarios of the IEEEBus systems whichre:

1. 0% Renewable contribution of IEEE 9 Bus System with Fossil Fuel Primary Energy Sources

driven Synchronous Machines

N

14% Renewable Contributiomth IEEE 9 Bus System with Fossil Fuel Primary Energy

Sources driven Synchronous Machines + 125MVA Wind Farm refsi&es

3. 30% Renewable Contributiomith IEEE 9 Bus System with Fossil Fuel Primary Energy
Sources driven Synchronous Machings7&MVAPVplant replacesSM2.

4. 44% Renewable Contributidar IEEE 9 Bus System with Fossil Fuel Primary Energy
Sources driven Synchronous Machimeth 270MVA PV Plant Replacing SMI25MVA
Wind Farm replaces SM3

5. 56% Renewable Contributidar IEEE 9 Bus System with gibBuel Primary Energy
Sources driven Synchronous Machines 512MVA Hydro Electric Power Plant replacing
SM1

6. 70% Renewable Contributidior IEEE 9 Bus System with Fossil Fuel Primary Energy
Sources driven Synchronous Machines 512MVA Hydro Electric Ptamereplacing
SM1+ 125MVA Wind farm replaces SM3

7. 85% Renewable Contributidior IEEE 9 Bus System with Fossil Fuel Primary Energy
Sources driven Synchronous Machines 512MVA Hydro Electric Power Plant replacing
SM1+ 270MVA PV plant replaces SM2

8. 100% Rnewablefor IEEE 9 Bus System with Fossil Free Primary Energy Sources (Solar /

Wind / Hydro)with 512MVA Hydroelectric Power Plant replaces $R¥DMVA PV Plant

Replacing SM2125MVA Wind Farm replaces SM3
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S2- 14% R - [S3-30% R - |S4-44% R - |S5 - 56% R S6- 70% R -|S7- 86% R - |S8 - 100% Renewable-
[eticiey il = @ [REETEL Wind Solar Wind & Solar Hydro Hydro & Wind Hydro & Solar Hydro, Wind , & solar
100% 86% 70% 56% 44% 30% 14% 0%
&
0% 14% 0% 14% 0% 14% 0% 14%
0% 0% 30% 30% 0% 0% 30% 30%
0% 0% 0% 0% 56% 56% 56% 56%

Primary Energy Source Technology Contribution per Scenario

120%
100%
80%
60%
40%
20%

0% — /N\\:><:

S1-0% S2- 14% S3 - 30% S4 - 44% S5 - 56% S6- 70% S7- 86% S8 - 100%
Renewable Renewable - Renewable - Renewable- Renewable- Renewable - Renewable - Renewable-

Wind Solar Wind & Solar Hydro  Hydro & WindHydro & SolaHydro, Wind ,
& solar
=@=Traditional ( Oil/Coal, Gas) Power Plap&@=\Nind Farms Photovoltic Plant «=0==HydroElectric

1.3.6 Data Collection Method

The data will be collected through primary and secondary sources within cross sectional time
horizon.

Cross sectional time horizon commonly referred to as asina study, this research design
involves the collection of data on a single occasion. Thaystubject might potentially be

addressed over an extended timeframe, spanning days, weeks, or even months.

A crosssectional study is a research design that captures a snapshot of several variables at a

certain moment in time, using a representative saemflhe Primary Data Collection was done
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through performingsimulationfor IEEE 9 Bus case studsile the secondary data collection
was done through resources such as: the internet, reports,atides The data obtained from
this analysis may be beneial for policymakers and energy industry stakeholders seeking to
make wellinformed decisions about00% transitioning to renewable inl@ge-scalepower

grid.

1.3.7 Population and Sampling
The objective of this study is to investigatellenges ofransition tosustainable 100%enewable

electricalpower andenergysystem along withpower quality solutions onstability, security, and
interoperability of the IEEE 9 bus syst@® asmallscalepower system,and the results and

outcomes that will beobtainedcan be reflected on a larger scale power system

1.3.8 Research Onion
Based on all above, beldwigurel.3-4 reflects the research onion for the subject research

. Techniques & Procedures
Deduction

Mono method
quantitative . Strategy

@ Methodological Choice

‘ Approaches

Cross
sectional Philosophy
Primary
and Figurel.3-4: Research Onior

Seconday
Data
Analysis
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PARTTWO

2.1 Chapter Four: Main Gomponentsof a Large-Scale Grid Gonnected
PVHPant/ Wind Farm.

2.1.1 Overview

All generators connected to the transmission system must be compliedlnaiismission System
Operator (TSQ)rid codewhich defines the technical interconnection rul@his transmission grid

code was originally created and developed assuming synchronous generators driven by prime
Y2OSNB 6aGSIY GdzZNDAYySasz I+ a Gdz2NDAySas SGO0OdXo0

natural gas and other petroleum products such asvyefel and diesel oil.

The renewable energy sectogloballyacquired significant progress during the past years, by

boosting the contribution of renewable energy sources (wind enesghar energyhydroelectrig

60



in the total energy mix ktine with the three proposed scenarios by IRENAdH hew policiesand
cumulative investment needed to 20%@hich is represented by expanding the renewable energy
projectsas a local source for sustainable alternative energy and as one of the most important
solutions for reducing the dependency of electricity generation on the primary energy sources.
Thus, Wind Turbine Generators (WTG) and Photovoltaic (PV) generatorsfabatinder the
Intermittent Renewable Resources (IRR), deserve provisions of the transmission grid code
specifically for them. This grid code establishes the technical interconnection code rules which

IRRs must comply with in relation to their connectiequirements to the Transmission System

In this chapter, we will discuss in a more deptannerthe following:
1- PV Generatog PV IRR Unibf Solar Planf2.1.2
2- WT Generatog WTG IRR Uriior Wind Farn{2.1.3
3- Collection MV/HV Substation (common for PVhpland Wind Farm|2.1.4
4- Power Quality Solutions (common for PV plant and Wind Fgtrh)3

The PVGenerator is basically thejphotovoltaic module and fully rated converterz Iig R A (i
Of FaaATASR dzy RSNJ G KS & bfgenéaboys HNEnavwaNgereratiokKAs A Y @S NI
illustrated inFigure2.1-1

hy GKS 204KSNJ KFIYyRX 2¢ DSYyBSY §ankiR adydBizedinté A O  f

fixed and variable speed, which can be furtleassifiedinto 4 types;Type-1: squirrel cage

induction generator, Typ2: Wound Rotorinduction generator, Type3: Doubly fed induction

generator, andlype-4 permanent magnet synchronous generatdes RSNJ 4§ KS a5/ 3ISyS
AYOSNISNE (eLJS ISy SNI (A2 NBtratEdh NgudR-¢y Sgl 6f S ISy SNI

Both the PV generators and WT generaioe collectivelycalled InverteBasedResourcegIBR in

which they are asynchronously interconnected to giibt like wise in thefixed speed AC

generatorswhich are directly connected synchronous generators which are electromagnetically
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connected to the gricand can contributeo the inertial responsgsuch are concentrated solar

power, biomass and biogas, and hydectric power plants.

Generators for Renewable Generation

AC Generator DC Generator with Inverter
Fixed Speed Variable Speed
S5
i
(1
=2
Directly Grid Induction Doubly Fed Generator with Photovoltaic
Connected Induction Generator with Induction Fully Rated Modules with
Synchronous Generator Variable Rotor Generator Converter Fully Rated
Generator Resistance (DFIG) (FRC) Converter
Concentrated Solar Power, Wingd Power
Biomass and Biogas, ; Photovoltaic
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Figure2.1-1: Generators for Renewable Generations




2.1.2 Photo Voltaic Generator(P\VG) ¢ PV IRR Unit

2.1.2.1 Larg Scalé&rid ConnectedolarPV Plant; Overview

A grid connected Photvoltic (PV) plant consists of mainly the photovoltaic cells and associations
that converts the electromagnetic solar radiation of solar energy directly into electricity through
photovoltaic effect. Being exposed to the sunlight, ptat with energy greater than the energy
bandgapof the semiconductocreatesome pairs of electroimolesproportional to the incident

irradiation.

A groupof solar cells connected in series will create the solar module or panel, and a group of
solar modules in series will form the string. Moreover, a group of strings in parallel will build up
the PV solar array which sometimes is referred to as PV geneiii@ PV generator will haee

certain amount of DC voltage depending on the number of solar modules connected in series

(string voltage) and DC power depending on the total number of solar panels (modules).
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As the voltage generated is a DC voltage amdghdwhich the PV planis conneced with is an
AC gridthen a DC to AConvertershould be usedvhich aresolar inverters.Directly after the
solar inverters that converted the DC voltage into LV AC voltage, a solaugstepwer

transformeris usedhat stepup the voltage from the LV AC into MV AC voltage level.

In order to maximize the number of solar inverters connected in series then ring system will be
used, however in some Rfantsa radial system is used too. A medium voltage Ring Main Units
(wa ! Qa sed, add they are connected together through MV power cables with cable
terminations to develop the MV PV incoming feeder of the MV main switchgdae. MV
switchgear will receive the power from the PV plant and evacuate this power through/aa\m
StepUp power transformers, besides, the power fl@an be controlledn case of emergency
using the MV circuit breakers of Bus Tie circuits at the MV Switchgear. Also, the MV switchgear
will connect the MV capacitor banks or STATCOMS (if any). &tghtthe MV/HV power
transformer, the HV primary transmission substation comes which is considered as point of
common coupling (PoCQummarizing the main components of a grid connected PV plant. A PV

plant consists of mainly the following, and they dsnvisualized ifrigure2.1-2

Photovoltaic Cells and Associations

(DC/AC) Solar Central Inverters

StepUp (LV/MV) Solar Power Transformer Station and MV Ring Main Units
Medium Voltage (MV) Switchgear

Medium Voltage (MYCapacitor Banks

StepUp (MV/HV) Power Transformer

N o o bk~ 0w DdPRE

HV Primary Transmission Substation
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National Grid (PoCC)

Primary Transmission
MV/HV Substation

Step Up MV/HV Transformer

MV Main Switchgear

Lgp lﬁ‘ﬂ: RMU with LV/MV Transformer

= Solar Inverter
A m—

Figure2.1-2:Block Diagram of a Largxale Grid Connected PV Plant

PV Generator

2.1.2.2 Components of a Grid Connected PV Plant

2.1.2.2.1 Photovoltaic Solar Cells and Association

A solar cell is basically BN junction fabricated in a thin wafer of semiconductor. The
electromagnetic solar radiation of solar energy can be directly converted into electricity through

photovoltaic effect. Beig exposed to the sunlight, photons with energy greater than the band
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gap energy of the semiconductereate some electrorhole pairs proportional to the incident

irradiation. Figure2.1-3 shows the basic operating principle of a solar [ddll.

Sunlight

N-Type Semiconductor
PN - Junction
P-Type Semiconductor

/

o { |
o — N-Type ’ P-Type
009 Silicon | Silicon
b PN-Junction
“"Hole™
Flow

Figure2.1-3: Basic Operating Principle of a Solar Cell

PV cells are grouped in larger units called PV modules which are further interconnected in a
parallelseries configuration to form PV arrays. The basic element in a photovoltaic system is the
solar cell. Group of solar cells in series are called a soldul@oand a group of solar modules in
series are called solar panels or string. Moreover, a group of solar panels in parallel are called solar
array which sometimes it is referred to as PV generdtmure2.1-4 shows the Diagram of the

possible components of a photovoltaic system.

Array
Strings in parallel

[

Module
Cells in series
String
Modules in series @
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Figure2.1-4: Diagram of the Possible Components of a Photovoltaic System

2.1.2.2.2 Solar Cell Equivalent Circuit
2.1.2.2.2.1 Electrical Parameters for Solar Cell

The equivalent circuit of a PV cell is as showkigare2.1-5. The current sourcknrepresents the

cell photocurrent, whereby each photon carries an energy that depends owdlvelength

, (V)
O s
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When this photon strikes the solar cell, then consequently itgeiierate a pair of electrehole

(e'hole) which will generate the photo curreb.

The resistanceBsnand Rsr are the intrinsic shunt and series resistances of the cell, respectively.

Usually the value ofRinis very large and that d%is very smhl, hence they may be neglected to

simplify the analysis.

Iph { ’l I l Iﬁh/\/\/\/_
G‘) SZ Rsh v

Current Binde Load

Source

Figure2.1-5: The equivalent Circuit for the Solar Cell
CNRY GKS ++02@0S SldA@lItSyid OANDdAGE FyR
© 0O 0 O
Where

Ioh: Photo current.

D: PN junction and it is a representation for the ideal diode.

R Shunt resistance due either the leakage at edgesMfjinction or defects on the-N
junction.

Rer: Series resistance

Y Y Y Y Y

RFront contact Resistance of the front contacts of the metal mask.

Reack contagt Resistance of the front contacts of the Back contact.
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Rsemiconductoi ReSistance with the éaces during crossing from the senunductor to the

contact.

Rntype Resistance due to the depth ofl&dyer in the PN junction.

Ip: Ideal diode current and it is given by the equation.

Figure2.1-6 shows curremvoltage characteristic of semiconductor diode

'T

|

|

i

: Compressed |
—Vax scale | e

1 Uo7y 2

|
|
Breakdown || Reverse
[
I

Expanded scale

Figure2.1-6: CurrentVoltage Characteristic of Semiconductor Diode

The current equation of the diode is giverbi@low.

L b
Where

lo: Reverse saturation current

g: Change of electron 1.6p 1 0

Vo.c Open circuit voltage ()

A: Ideality factorwhere A= 1for an ideal diode andA= 1- 2 for a practical diode

K: Boltzmann factor

T. Absolute temperature fordar cells
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Shunt Currentshis the current which flows iR

b

Figure2.1-7: Load Side of Solar Cell

Figure2.1-7a K2ga GKS f2FR aARS 2F a2t N OStftd ! LI &7
side of the solar cell

w 0Y O)

w oY

O
Y

For ideal solar cells, then the shunt resistance will be assumed as an openRsirciib, and
the series resistance will be assumed as short cifRui0
& LISNJ YANDKK2FFQa [/ dzNNByd [Fg 6Y/ [0
0 0
© O 0O ©°

Substituting equations 2.4 and 2.8 in equation 2.0 ]

o~ 8 w ‘OY

O © oQ _
But the open circuit voltage is given in equatigh?2
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W& « oY
Substituting equation No. (2.12) in equation 2.11
0 O e o Em—
I-V characteristics depends dsaand Vo ¢

1. lph= knc It depends on number of generatedteles
2. Vo.cdepends on the width of the depletion region, the wider the depletion region the
higher theV,.cand vice versa.

The open circuit voltage can be found by assuming liira0and Renis very high which means
that the solar cell will look like an open aiic

If we assumé, = 0, Rsnis very high = Open circuit

" " " 8 w OY
0O O oo v
e

L 2
Iph I J' Ia l Ln | Rs

DY S

Current Diode
Source
L @
Figure2.1-8:Open Circuited Solar Cell
. 8 w T
n O 0oQ -
Y
nm O oQ v Y QUQIm'Q)Q)IT T
8
(@] oQ
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AsRshdecreases an&sincreaseshe shape will be close to a triangle; HoweverRasncreases
and Rsrdecreaseshe shape will be close to square.

The output voltage for the solar module (solar panel) will be givereasw.
w W 0
However, the total current from the solar module (solar panel) will be given as below

‘O O 0 ca

Where

M: Number of parallel cells per module
N: Numbe of series cell

The conclusion from above is that the parallel celiseasethe current, and series cells
increases the voltage.

2.1.2.2.2.2 Short Circuit Current for Solar Cells

Taking the equivalent circuit of the solar celFigure2.1-5, the short circuit current of the solar

cell is achieved when the solar cell voltage is zero, which means the solar cell terminals are short
circuited as indicated iRigure2.1-9.
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Figure2.1-9: Short Circuited Solar Cell
Vg Q@ ,asRat

The short circuit current of the solar cells depends on the following:
1. Number of the solar cell, however in order to differentiate between solar cells, ideally,

the current densityis used where best solar cell at standard conditions gives a current
densty J=45 mA/cry while practically)= 25 35mA/cnft.

The current density is given in below equation 2.20
., O
V) =
o]
2. Number of photons, whereby the greater number of photons absorbed by solar cell, the
more electronrhole are generated in the cell.

3. Spectrum of solar radiation. Light spectrum depends onwheelength(_), where
@ T
o B g
Thus obviously different wave length would gi\7e different (E). However, to utilize the
energy generated at different wave lengthgascaded solar cafl usedwith different

Egap.

4. Collection probability for charge carrier, which is the probability to collect free electrons
before their recombination with their holes.

5. Material properties Iffetime of electron), where it is the period that starts fratime time
of generation electrorhole to the time of the recombination for the electron to its hole
again.The lifetimeof electron depends on ideality factor, doping ratio, defect®hh
junction and the quality of th@Njunction.
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2.1.2.2.2.3 Open Circuit Voltagedr Solar Cell

Taking the equivalent circuit of the solar celFigure2.1-5, the open circuit voltage of the solar

cell is achieved when the solar cell current is zero, which means the solar cell terminals are open
circuited as indicated iRigure2.1-10.

o I *t | ’\/\/\/—'
DY S

Current
Source

Figure2.1-10: Open circuited Solar Cell
T4 TSt ,as R
It is the voltage of the solar cell when the currengggialto zero.
L = ILd
=1 1
i S
Vo.cis slightly affected by changeslef, however, it mainly depends da

1. lodepends on the following:
1 The type of recombination in the solar cell {p junction) between the
generated eand the holes.
1 Also,lo depends on the doping

In ideal solar cells the, ccould reach up to 75V (Si), however for Gallium Arsenide g
could reach up to 80tnV.

2.1.2.2.2.4 Fill Factor(FF)
The fill factor is essentially a measure of quality ofsbtr cell. It is calculated by comparing the

maximumpower Pvaxto the theoretical powePr that would be output at both the open circuit
voltage and short circuit current together. The FF is given in equation 2.23Figacke2.1-11

shows the currenwoltage characteristics of the soleell.
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Figure2.1-11: Current- Voltage(l-V) characteristic for Solar Cell
The fill factor for ideal solar cell reaches up to 0.85, however in reality it reaches up to 0.45. Fill
factor mainly depends on the ideality factor (A) of the solar cells. And it determines the following
1 Quality of theP-N junction (no defects). Defect states that there a leakage in the
structure of theP-N junction.

I Recombination between free &and the holes.

2.1.2.2.2.5 Efficiency of the Solar Cell

Efficiency of the solar cell is ratio of the output maximum power and input power, which can be
given in equatiorbelow

- ABI xBADBT OABT x ADEAIED ;
2 AREAODARMGEN 1AR0 1 PTT

‘O ) b Vg wg 10O
0 5 pTT

0
—-— mmp — nmmnp
0 P O o P

Efficiency of the solar cell depends on the Air mass (ABty)perature (T), and Radiation (G)

2.1.2.2.2.6 Maximum Output Power of Solar Cell
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Maximum output power depends on the characteristic impedaRgewhere theRis the value
of Rwhich givedsh.cand Vo.c

Wy O

v Wsg
0, ©

Figure2.1-12 shows the characteristic impedance equivalent circhigure2.1-13 shows the

current- voltage & powetvoltagecurve ofsolar panel at differentirradiations.
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Figure2.1-13: Current- Voltage & PoweNoltage Curve of Solar Panel at Different Irradiations

2.1.2.2.2.7 Effect of Temperature on Solar Cell
Maximum Temperature affects both short circuit current of the solarlggdand open circuit
voltage of the solar cell., and consequently the output pow®but

1. Effect of temperature ofish.c

In semiconductors as the Temp increases, the resistance decreases, leading to increase of
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current which results a decrease in the energy gap. A&ghelecreases less energy
would be neededo transfere from the covalence band to the conduction band.

Each (1 kelvin) increase in Temperature, the short circuit cutsggwould increase by (
T Y T8 X P

Ishe=b(1H )
2. Effect of Temperature oNo.c
As the temp increases the open circuit voltagewould decrease.
Eachincrement of temperature byd , lead to a decrease in voltage by 0.0032 V
Voc=VW% (14 )
3. Effect of Temperature oRout

Each increment of temperature by 1, lead to a decrease in Power by 0.5%

Ishe= b (1+ )

Vo=V (1T )

lo and Vs are the initial value of both the current and voltage at a standard Temp (25°C)
respectively.

h L yR I NB GKS GKSNXIf SELIyarzy O2STFAOASY

0 0 p TBITIW

The output power decreases by this amount due to temperature increment.

2.1.2.2.3 Solar Inverters

2.1.2.2.3.1 Solar Inverter Definition

Solar inverters, also called gitied inverters, convert the direct current (DC) electricity

produced by the solar PV panels to alternating current (AC) electricity that can be exported back
to the grid.Figure2.1-14 shows a central solar inverter along with its associated solargep
transformer and MV Ring main Unit (RMU)
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Figure2.1-14: Central Inverter with StefJp Transformer and RMU

2.1.2.2.3.2 Solar Inverter Single Line Diagra8LD)
As shown irFigure2.1-15, two central inverters are evacuating the power through a three winding

solar transformer which is connected with a MV Ring Main Unit

Figure2.1-15: Block Diagram ofwo Central Inverters and MV steyp station

The same can be visualizedrigure2.1-16. shows the general layout drawings for PVS-2800

kVA
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Figure2.1-16: TwoCentral Invertes and StepUp Solar Poweil ransformer with MV RMU

2.1.2.2.3.3 Threephase Sinusoidal Pulse Width Modulation SPWM Inverter
Threephase SPWM inverters are controlled by having three reference sinusoidal modulating

signals at the frequency of the desired output frequency but displaced from each other by 120°
modulate he high frequency triangular wave to determine the firing instants of each IGBT. The
resulting switching signals from each comparator are used to drive the inverter switches of the
corresponding leg. The switching signals for each inverter leg are compiameThese are

shown inFigure2.1-17.

P iy .
- Ty ng TgJK Zk D3 TSJI; JX D:‘»_
A iy B le C I
Vi = — 0V —> > >
T T4JK 7 D4 10K 78 ps TZJK /N D2
N Va2
W ¢+ B C

Figure2.1-17: Basic Three Phase Bridge Inverter

One or other of the devices in each arm is conducting at all times, connecting the load line to

either the positive or negative of the d.c. source. Taking, for example, the arm to phase A with
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devices numbered 1 and 4 Fgure2.1-17, if ia is positive, IGBT T1 conducting, then when IGBT
T4 is fired, T1 turns off and the load current transfers to diode D4. If, howewegre negative,

diode D1 would have been conducting and when IGBT T4 fired, it would have taken up the load
current immediately; in this condition, IGBT T1 did not reqtur@ing off, as it was in any case

not on.

Referring toFigure2.1-18, the firing pulses must be continuous into the gate of the IGBT when
current is required from that arm, so that the IGBT can take up the load current when itesvers
under inductive loading. If the instantaneous load current is reversed to the voltage, then the
diode on is that in parallel with IGBT receiving firing pulses. Hence, in the period shown when (say)

ig1 present either IGBT T1 or diode D1 is on. [43]
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Figure2.1-18: PulseWidth Modulated Waveform for a Three Phase Bridge Invet&3r
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2.1.2.2.4 StepUp (LV/MV) Solar Power Transformer Station and Ring Main Units
2.1.2.2.4.1 Solar Power Transformer

solar power transformers are used to step up the outponv voltage AC received from the central
inverters (400 V, 480 V, 690 V, 1000 V, etc..) intontledium voltage AV (11 kV, 20 kV, 33 kV,
etc.). Solar Power Transformers differ than another normal transfolgehe following:
1 An electrostaticscreen between HV and LV windings is applied.
1 Transformer is designed to limit Dd®mponentsoccur in core, as appropriate to solar
application.

1 Basic Insulation level for the LV is higher than the normal transformer.

2.1.2.2.4.2 Solar Power Transformer Types

solartransformer can be either twg A Y R krafisloin®rs as shown iRigure2.1-19

PVS980-2000KVA

— =
g /
—H ﬁ[ i,/ s
N Ly ] / - =/ FHSS—
S — l g
R — y - / P ~
R=t / i /
N I o /
IRM '~-’~‘ B R— <
P < - [ & |
- > N4
am—— \l || 1 e - 4‘*\{,7 4
I Y S 2000 KVA
T 066/33 KV
It I = i Dy

Converter Station

Figure2.1-19: 2000 kVA, 0.66/33 kV, Dy11 Two Winding Solar-sfepower Transformer

or three winding transformers (transformer with two secondaries) as shovigare2.1-20

Inverter Station 1/ Ring 1

PVS 800-1S-2MW Oil type transformer Outdoor RMU
ﬁ[ e
- )
PVS 800 - 1000 - C 1000KVA I:‘ \\J\;_,, ///‘

e H 6 KVA — //

KDS 04/33KV

\) AuxTramn 2400 KVA
04-04/33KV
Dyy11

AAAAAAAAAA

Figure2.1-20: 2400 kVA, 0.40.4/33 kV, Dyl11y11 Three Winding Solar StppgPower
Transformer
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BelowFigure2.1-21is a photo showing a central inviter (right) is connected with the-step
solar transformer (middle), and from this transformer to the MV Ring Main Unit (left)

-

‘ N\
e —— \

Figure2.1-21: Central Inverter with Step Up Transformer and RMU

2.1.2.2.4.3 MV Ring Main Unit

Medium Voltage Ring Main Unit (RMU) is a compact switchgear for applications in medium voltage
distribution networks, Solar PV plants, and Wind Farms. They can be used 3a®R4-way
standard configurations with additional equipment according to theteasy requirement. Below

Figure2.1-22 shows a photo for a typical RMU.

Figure2.1-22: Ring Main UniThree¢ Way
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2.1.3 Wind Turbine Generator ( WT&WTGIRR Unit

2.1.3.1 Large Scale Grid Connected Wind Fabwerview

A grid connected Wind Farm (WF) consists of mainly the Wind Turbine Generator (WTG) which

OF LJidzZNBa GKS gAYyRQa | Ay Sfitivdor RofeSiaHe8 mechanichlly N2 (i 2 |
coupled to an electrical generatoia speed stequp gear box The turbine is mounted on a tall

tower to enhance the energy capture. Numerous wind turbines are installed at one site to build a

wind farm of the desired poar generation capacity.

TheGenerators convert the mechanical energy supplied by the WTG rotor through the gear box
into electricalpower energy and this electrical power energy is tied witietgrid either directly
or through converters.Traditionally, there aréawo (2) main typesof wind turbine generators

(WTGs) which can be considered for the various wind turbine systems, these types are:
1- Induction (Asynchronous) generators.
2- Synchronous generator

In principle, each can be run fated or variable speedHowever, die to the fluctuating nature of

wind power, it is advantageous to operate the WTG at variable speed which reduces the physical
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stress on the turbine blades and drive train, and which improves system aerodynamic efficiency

andtorque transient behaviors.

The turbine is mounted on a tall tower to enhance the energy captid@merous wind turbines

are installed at one site to build a wind farm of the desired power generation capicayder to
maximize the number of ¢ D €banected in series then ring system will be used, however in
someWind Farmg¢ NJ RALf a&adSY Aa dzaSR (22 linsidESRA dzY
the base of the WT towedaire used, and they are connected together through MV power cables
with cabk terminations to develop the MWTGincoming feeder of the MV main switchgear. The

MV switchgear will receive the power from thWgind farmand evacuate this power through an
MV/HV StepUp power transformers, besides, the power flow can be controlled ®e caf
emergency using the MV circuit breakers of Bus Tie circuits at the MV Switchgear. Also, the MV
switchgear will connect the MV capacitor banks or STATCOMS (if any). Right after the MV/HV
power transformer, the HV primary transmission substation comiegh is considered as point

of common coupling (PoCC). Summarizing the main components of a grid conteet®dnd

Farm AWind Farmconsists of mainly the following, and thegrcbe visualized iRigure2.1-23

1. Wind TurbineGenerator Eachturbine is made of the following basic components:

1.1. Tower structure

1.2. Rotor with two or three blades attached to the hub
1.3. High speed and low speed shaft

1.4. Mechanical gear box

1.5. Electrical generator

1.6. Yaw mechanism, such as the tail vane

1.7. Sensors and control

1.8. Converters (ithe case of Type 3and24¢ DQa 0
1.9. StepUp (LV/MV) Solar Power Transformer Station
1.10. MV Ring Main Units

Medium Voltage (MV) Switchgear
Medium Voltage (MV) Capacitor Banks
StepUp (MV/HV) Power Transformer
HV Primary Transmission Substation

ok wbd
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National Grid (PoCC)

Primary Transmission
MV/HV Substation

Step Up MV/HV Transformer

MV Main Switchgear

RMU with LV/MV Transformer

Figure2.1-23:Block Diagram of a Largcale Grid Connected Wind Farm
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2.1.3.2 What Causes Wind?

wind is simply themovement of air,and this movement of air is created due pyessure
differenceswithin the atmosphere. When we haview-pressure it is because the air is being
heated up by the sun, so it gets warmer and less deasd this causes the air to rise through the
atmosphere, on the other hand, when we havéigh pressurethe air gets coolerdenserand

this will cause the air to descend in the atmosphere. Whenever we havessure difference
within the system, thes pressures will try and equalize, as the pressure equalizes, we will get the

high-pressure area moving into the lepressure area, and the process is continuous.

Cooler Cooler
More Dense More Dense
Warmer
Less Dense
Gravity \ S s t /
Ground

Figure2.1-24: Atmospheric Pressure Difference and Movement of Air

Depending on the pressure difference will get either rapid movement of air from thegnggsure
area to the lowpressure area or perhaps will have more gradually, the larger the pressure

difference the more movement will be going to get and as a result more wind we will get.

The earth receives around 1.7X#@W of power from the sun in the form of solar radiatiohhis
radiation heats up the atmospheric air. The intensity of this heating will beerabthe equator

(O° latitude) as the sun is directly overhead.
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Air around the poles gets less warm, as the angle at which the radiation reaches the surface is
more acute. The density of air decreases with an increase in temperature. Thus, liglftemair

the equator rises up into the atmosphere to a certain altitude and then spreads around. This
causes a pressure drop around this region, which attracts the cooler air from the poles to the
equator. This movement of air causes the wind.

Air moves fromhigh-pressure areas to loygressure areas. And the bigger the difference between
the pressures, the faster the air will move from the high to the low pressure. That rush of air is the
wind we experience.

Wind results from a horizontal difference in aiepsure and since the sun heats different parts of
the Earth differently, causing pressure differences, the Sun is the driving force for most winds.

¢tKS 6AYR Gdz2NDAYS Ol LIidzNBa (G(KS 6AyRQa 1AySGAO
mechanicdly coupled to the hub and driving an electrical generator via speedigtegear box.

2.1.3.3 Power Available in the Wind

I:: A

Prrrt

air velocity, v

Figure2.1-25: Stream of Air of mas® and moving with velocity Facing Wind Turbine Rotor

The kinetic energy in a stream of air of massoving with speed/ is given by the following (in
joules):

o 2ae
C

The power in moving air is the flow rate of kinetic energy per second (in watts):
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Q0
o P&
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Qo C

But the massn equals the product of air densityand its volumen
a 0

The volumen of stream of air equals t8 X |

a 0 a
The mass flow rate
Qa Q .
o - —. (0] a
Qo0 Qo
. Qa | . Qa
a - 0 .
Qo Qo0

But the rate of chage for the distance— is the velocityV.

a 7 0 w
5 'Q!O p p »n N pn A
—, —aw onw ="0w
Qo0 ¢ q
b —ze=y7

P= mechanical power in the moving air (watts),
" o= air density (kg/r¥),

Ar = area swept by the rotor blades fyjnand

V = velocity of the air (m/sec)

The factors influencing the power available in the wind stream:

1. The air density.
2. Area of the wind rotor

3. The wind velocity.
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2.1.3.4 Wind Velocity

The effect of thevind velocityis more prominent owing tdts cubic relationshipvith the power.

The following are calculations for power available in the wind at three different velocitiesméor

of the windturbines. The calculations will show what happens when you double, then triple the
velocity. Take a moment to think about howuoh available power will increase if you double and
triple the velocity:

The standard density of air is 1.225 k§/m

The turbine has 4 m diameter which means theadius is 12 mThus, the swept area of the
turbine is:“1 =3.14159¢ ¢) = 452.4 A

At 6m/s:

The power in the wind at 6 m/s is

0 P P
C

pRqLTULE ¢ v@Led va@a o
At 12 m/s:

The power in the wind at 12 m/s is (8 times as large)

- pu
8] —_
C

. . P L .y
0w c PR cuTULg pc TXWng 1 XFQW
At 18 m/s:

The power in the win@t 18 m/s is (27 times as large)

0 g” 0 w g P& quT U pyY plpplwyxd plppAG

As you can see, when the velocity doubles, the power increased by a factor of 8 and when the
velocity triples, it increases by a factor of 27. This is because the velocity is cubed:

23=8 and 3= 27.

2.1.3.5 AIRDENSITY

Wind power also varies linearly with tlaér density sweeping the blades. The air densitsaries
with pressure and temperature in accordance with the gas law:
bw €YY

Where
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Pis the pressure
Vis the volume of the gas
nis the number of kilo moles of the gas

Ris the universal gas cetantTis the temperature

The air densityt sea leveat 1 atm (14.7 psi) an@0°Fis 1.225 kg/n¥.

U"Oo v T Oo 8 JA
o q w(P q

PP wt pmm O
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The temperature varies with the elevation as follows in °C:
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The density of air decreases with the increase in site elevation and temperature as the air density
may be taken as 1.23&/m3 for most of the practical cases.

Due to this relatively low density, wind is rather a diffused source of energy.

Hencelarge sized systems are often required for substantial power production.

2.1.3.6 ROTOFSWEPT AREA

As seen in the preceding power equation, the output power of the wind turbine varies linearly
with the rotor-swept area. For thlorizontalaxis turbing the rotor-swept area is
o -0

T
WhereDis the rotor diameter

For the Darrieuserticalaxis maching determination of the swept area is complex as it involves
elliptical integrals. However, approximating the blade shape as a parabola leads to the following

simpe expression for the swept area:

A=2/3 (maximum rotor width at the center) x (height of the rotor)

5 -6 O
o
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Figure2.1-26: HAWT vs VAWT
¢tg2 RAaAUGAYOGfe RAFTFSNByld O2y U3 dzNIhirikodtghaxis | NB |
O2 y U3 dzNJ § A@nfcal-dxig @ 2 Wi KBdzNI G A 2 v daxist iaéhineKiadNBeén2thyed |
standard in Denmark from the beginning of the wind power industry. Tleeeit is often called
the Danish wind turbineThe verticabxis machine has the shape of an egg beater and is often
called theDarrieus rotorr F U SNJ AGa Ay @Sya2NX» LG KIFIa 0SSy dza!
structural advantage. However, most modern wind turbines use a horizantaldesign. Except
for the rotor, most other components are the same in both designs, with some differémtessir

placements.
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2.1.3.7 POWER EXTRACTED FROM THE WIND

CA Juwzmdsy LA OGNS Y @ yYNB BBy

¢KS | OlGdzf LIX2oSNI SEGNI OISR o6& (GKS NRG2NI of I R
R2gyaiNBIY gAYR LI2GSNAY
0 Edo’o Eoroo
0 Eé((b ®
C
Where:

Po = mechanical power extracted by the rotor, i.e., the turbine output power,
V1 = upstream wind velocity at the entrance of the rotor blades, and

V> = downstream wind velocity at the exit of the rotor blades.

The air velocity is discontinuous frovato V2 & G KS a LI ' ySé 2F (GKS NRBG2NJ
of Y21 +V2). Multiplying the air density by the average velocity, therefore, gives thesnflow

rate of air through the rotating blades, which is as follows:
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The mechanical power extracted by the rotor, which drives the electrical generator, is therefore.

~ P :
L - W
C

Yol o)

w w
P P35

Changing the velocities subscripts as below
V1=V = upstream wind velocity at the entrance of the rotor blades, and

o=\, = downstream wind velocity at the exit of the rotor blades.

= P, P, @ w
0 : 0w c p 5 p 5
@ W
- P, .. PGPS
) — 0O W
C C

The power extracted by the blades is customarily expressed as a fraction of the upstream wind
power in wattsas follows:

~

0 2 s
. Fim

Where Cp
W ")
. PG P&
0

C
5 0 ¢ 0
Bn ” 0 d)

c 0w
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We can say thafpis the fraction of the upstream wind power that is extracted by the rotor blades
and fed to the electrical generator. The remaining power is dissipated in the downstream wind.
The factorGis called thgpower coefficientof the rotor or therotor efficiency.

For a given upstream wind speed, above Equation clearly shows that the valypdepfends on

the ratio of the downstream to the upstream wind speell /). A plot of power vsM/ V) shows

that Gis a singlemaximumvalue function. It has the maxum value of 0.59 when th&/ Vratio

Is one third. The maximum power is extracted from the wind at that speed ratio, i.e., when the
downstream wind speed equals one third of the upstream speed. Under this condition (in watts):

o gow ®

The theoretical maximum value 6§is0.59.
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Figure2.1-28: Cp curve vs Vo/V ratio

Gis often expressed as a function of the rotor-tipeed ratio (TSR) as shown in Figure 3.4. TSR is
definedasthd Ay S NJ aLISSR 2F GKS NRG2NDa 2dzi SNx2aid G

In practical designs, the maximum achievaBlganges between 0.4 and 0.5 for modern high
speed twoblade turbines, and between 0.2 and 0.4 for slepeed turbines with more blades. If
we take0.5 as the practical maximum rotor efficiency, the maximum power output of the wind
turbine becomes a simplexpression (in watts per square meter of swept area):
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2.1.3.8 AERODYNAMICS OF WIND TURBINE, THRUST FORCE AND TORQUE COEFFICENT

Aerodynamics deals with the motion of air or other gaseous fluids and the forces acting on bodies
moving through tlem.

Earlier initiatives in this direction relied more on the aviation industry. Aerodynamic theories
developed for airplanes and helicopters were adopted for defining the performance of wind
turbines. However, now, theories are specifically formulatedwond turbines which are further
refined and reinforced with the help of experimental techniques.

Laading 2dge

Chord line
B L* Trailing edge
Angle of aftack l_

4+ Choed ———*

Figure2.1-29: Important Parameters of an Airfoll

When an airfoil is placed in a wind stream, air passes through both upper and lower surfaces of

the blade.

Due to the typical curvature of the blade, air passing over the upper side has to travel more
distance per unit time than that passing through tbwer side. Thus, the air particles at the upper
fFeSN) Y20S FlLadSNI GKFy (GK2asS Id GKS t26SN® | O
low-pressure region at the top of the airfollhis pressure difference between the upper and lower

surfacef the airfoil will result in a forcé.

High Speed,
Reduced Pressure

Low Speed,
Increased Pressure

Figure2.1-30: Lift and Drag Force due to Pressure difference.
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The thrust force experienced by the rotor (F) can be expressed as

The component of this force perpendicular to the direction of the undisturbed flow is called the
lift force L while, the force in the direction of the undisturbed flow is called theg forceD.

The lift force (L) is giveoy:

And the drag force (D) by

Hence, we can represent the rotor torque (T) as
Y O Y E O w Y

Where Ris the radius of the rotor. This is the maximum theoretical torque and in practice the
rotor shaft can develop only a fraction of this maximum limit.

The ratio between the actual torque developed by the rotor and the theoretical torque is termed
as the vrque coefficient Gr). Thus, the torque coefficient is given by:

Where Tris the actual torque developed by the rotor.

The power developed by a rotor at a certain wind speed greatly depends orlttese velocity
between the rotor tip and the wind.

For example, consider a situation in which the rotor is rotating at a very low speed and the wind
is approaching the rotor with a very high velocity. Under this condition, as the blades are moving

slow, a portion of the air stream approaching the rotor may pass through it without interacting
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with the blades and thus without energy transfer. Similarly, if the rotor is rotating fast and the
wind velocity is low, the wind stream may be deflected from thdbine and the energy may be
lost due to turbulence and vortex shedding. In both the above cases, the interaction between the

rotor and the wind stream is not efficient and thus would result in poor power coefficient.

The ratio between the velocity of the rotor tip and the wind velocity is termed as the tip speed
NF OAZ2 o0¢{w 2N <0®d ¢Kdzaz

The power coefficient and torque coefficient of a rotor vary with the tip speed ratio. There is an

2 LJG0 A YdzY < daia@ atdwHich tHehe@eBgy traNsfer is most efficient and thus the power
coefficient is the maximum (Gay.

Let us consider the relationship between the power coefficient and the tip speed ratio.

The power developed in the rotorrBan be expressed as

0 Y ]

1_'Y+ 1_ =
= w Y
Substitutng inG
. ¢Y —
° s o ¥
. Y
(0] rTer— —
” O w Y =
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But we know that torque coefficierr is expressed as below:

; ¢ Y
0 ; :
"0 W Y
Substituting inG
¢y .
(0] —_— _t O 0 _
" o0owyY = =
5
= 0

Thus, thetip speed ratio is given by the ratio between the power coefficiepta@d torque
coefficient G of the rotor.

The pressure difference between the upper and lower surfaces of the airfoil will result in a@force
The reason of usingir foil shape is thwe want to generate liftLift is a force that occurs when a
fluid flows over an airfoil, we convert the kinetic energy into lift. And lift acts perpendicular to the
flow directions, and we use different shapes of the airfoil depending on the fluidlaidvelocity.

2.1.3.9 SYSTEM COMPONENTS

The wind power system (wind farm) comprises one or more wind turbine units operating
electrically in parallel.

Each turbine is made of the following basic components:

¢ 296 SNJ &l NHzO UG dzNB

w2 (2 NJ ¢ A Gbkades atached xhé HUNS S

|l A3K ALISSR FyR f2¢ alLISSR akl Fi
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9f SOGNARAOIFE 3ISYSNI (2NJ

g YSOKFIyAaYsX adzOK Fa GKS GFAt @LyS
{SYya2NhA |yR O2y0NRf

l'YSY2YSUSNBS gKAOK YSI&adaNS GKS gAYyR ALISSR Iy
meatpus sensors to monitor and regulate various mechanical and electrical parameters. A 1

MW turbine may have several hundred sensors.

w {GFtf O2yiNRtfSNE 6KAOK aidlNIHa GKS YIOKAYS I
to 70 mph to protect tle blades from overstressing and the generator from overheating.

w t26SNI St SOGNRYAOA (2 O2y@SNI FyR O2yRAGAZ2Y 1

gcegegegeeegeeeE

99



w /2y 0INREt St SOIGNRYyAOa: dzadzZrfte& AYyO2N1lIR2NI GAYy3
w . FGGSNE F2NJ AYLINR Qralp@plang I R | OF Af I oAf AGE AY
w ¢NIYyavYArAaarzy fAy] F2N O02yySOidAy3a GKS LX I yi

The following are commonly used terms and terminology in the wind power industry:
Tower: It is where wind turbine, nacellend rotor sit upon

Nacelle:The rotor attaches to the natle, which sits atop the tower and includes a gearbox,
low- and highspeed shafts, generator, controller, and a brake. A cover protects the components

inside the nacelle. Some nacelles are large enough for technicians to stand inside while working.

Rotor: consists of the blades and rotor hub

Blade:Manufactured from fiber glass, some from wood (small turbine ) some from epoxy resin
mixture and this depends on the size of the blades and the conditions which they will be
operating

Pitch:Blades are turned, or pitched, out of the wind to keep the rotor from turning in winds that
have speeds too high or too low to produce electricity.

Low-speed shaftThe rotor turns the lowspeed shaft at 30 to 60 rotations per minute (rpm),
however for vey big (large) turbine A2 RPM

Gearbox:Gears connect the lowpeed shaft to the higispeed shaft and increase the turbine
speed from30 to 60 rpnto the 1200 to 1800 rpnmequired by most generators to produce
electricity in an efficient manner.

Becausdhe gearbox is a costly and heavy part, design engineers are exploringsted,
direct-drive generators that need no gearbox.

High-speed shaftit drives the generator via a speed stap gear.

Brake:A disc brake, which stops the rotor in emergenciesan be applied mechanically,
electrically, or hydraulically.

Generator:lt is usually an ofthe-shelf induction generator that produces &6 60-Hz AC
power.

Upwind and downwind:The upwind turbine operates facing into the wind in front of the towe
whereas the downwind runs facing away from the wind after the tower.
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Vane:It measures the wind direction and communicates with the yaw drive to orient the turbine
properly with respect to the wind.

Yaw drive:lt keeps the upwind turbine facing intbé wind as the wind direction changes. A

yaw motor powers the yaw drive. Downwind turbines do not require a yaw drive, as the wind
blows the rotor downwind.

The design and operating features of various system components are described in the following
subgections.

To summarize, the main components constituting horizontal axis wind turbines aféigsee
2.1-31):

LS

Sy

17 16

/ \
.'"‘ \\
Figure2.1-31: Main Components of Horizontal Axis Wind Turbine

1. Blade

2. Blade support

3. Pitch angle actuator
4. Hub

5. Spinner

6. Mainsupport

7. Main shaft

8. Aircraft warning lights
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9. Gearbox

10. Hydraulic cooling devices

11. Mechanical brakes

12. Generator

13. Power converter and electrical control, protection and disconnection devices
14. Transformer

15. Anemometers

16. Frame othe nacelle

17. Supporting tower

18. Yaw driving device

2.1.3.10 Classification of Generators faind Turbines

Fixed speed Limited variable speed

Type 1
Wind Turbine with
Squirrel-cage Induction Generator

Type 2
Wind Turbine with Induction Generator
equippeﬂtl:l with adjustable external rotor resistance
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Figure2.1-32: Classification of Wind Turbines Technologies
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2.1.3.11 AC Generator Technologies

2.1.3.11.1Type 1: Direct-Connected Induction (Asynchronous) Generator: Squirrel Cage Induction
Generator

Sometimes referred to as fixexpeed wind turbines employ stakgulated (fixeepitch) blades

connected to a hub, which is coupled via a gearbox to a conveatiequirrelcage induction

generator (M, > N). The generator is directly connected to the line (grid) and it injects active

power P and absorbs reactive power Q (in other words, it does not have reactive power support),

and may have automatically switeth shunt capacitors for reactive power compensation and
possibly a sofstart mechanism which is bypassed after the machine has been energized, where

AT 6S R2y Qi O2YLISyalrdsS FT2N) GKS NBIFIOGAGBS LI2sSNI
voltage stality at the terminal of the wind turbine

The speed range of the turbinefiged by the torque vs. speed characteristics of the induction
generator. Some of these turbines do not have blpaehing capability.Although simple,

relatively robust andeliable there are significant disadvantages of this technology, namely that

energy capture from the wind is stdptimal and reactive power compensation is required.

Rotor shaft Stator Transformer

l

Gearbox

Squirrel cage Capacitors
rotor

Figure2.1-33:Squirrelcage Induction Generator blockagram.
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Sequence of Operation:

O

C__ r Qcap

Figure2.1-34: Power Flow for Squirrel Cage Induction Generator

1- Rotor and magnetic field rotate at the same speed in asynchrogeunsrator.
2- Initially it draws current from the grid as the case of a motor.

3- The speed picks up and the rotation of the wind turbine causes the system to
exceed the synchronous limit NS.

4- Thus, rotor moves faster than the rotating magnetic field. gdesis higher than
(Ns), the torque is negative. Thus, current flows in the opposite direction, that is
from the system to the grid.

5- Thus, the machine functions as a generator when it is driven by an external prime
mover, like the wind turbine in our case

The generator speed depends on the torque applied by the turbine.
External excitation is essential for an induction generator before it is put to work. However, in

standalone mode, external devices like capacitors or batteries are required to prénde t
necessary excitation current to the generator.

A wind turbine can be designed to run at fixed or variable speeds. In fixed speed turbines, the
rotor is coupled with an induction generator via speed increasing gears. The stator winding of
the generatoris directly wired to the grid. Induction generators require excitation power from
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the grid. This may result in undesirable voltage variations. To avoid this problem, capacitors are
provided in the circuit.

2.1.3.11.2 Type 2: Wound-Rotor Induction Generator with External Resistance Control

Sometimes referred to as variab#tip wind turbines (not much + 10~20% speed) employ a
wound rotor induction generator with a mechanism for controlling the magnitude of the rotor
current through adjustable external rotor circuit resistors, and pitch regulation of the turbine
blades to assist in controlling speed. The speed range of the turbine is widened because of the
external resistors.

Wound Rotor
Induction

Generator
Transformer

Gear-Box (
- e Q=

i
Soft Starter
E —
T

< External
Control % f > resistors
Signal |

Figure2.1-35: Wound Rotor Induction Generator block diagram.

Wind Rotor

PFC Capacitors

Sequence of Operation:

-'”ml:ch m PL'ILT
—_— —
GB { WRIG @—
-

Qiml

Figure2.1-36: Power Flow for Wound Rotor Induction Generator

1- In WRIG slight improvement in speed rangerayeasing the rotor resistance, such
arrangements tend to increase the speed range by abqdi02b
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2

Increased losses in the external rotor resistance
wind fluctuations increase the mechanical stress on the turbine shatft.
In the case of a weak grid, e voltage fluctuations might be caused by WRIG.

Inductive reactive power demand by the generator requires compensation devices, such as
capacitor banks.

Gearbox necessary.

In above types 1 and 2, we have less control in speed (frequency) is avilabliei. A F ¢S G

a2 2¢D O2yySOGSR 6AGK wnZnnn D2 I Miyped aiR( oHAf €
we need to provide additional reactive power support, and they need to be excited from the
AINARE FYR (KS&@ R2y Qi KIFI@GS [+we¢ OFLIoAftAdlGASaAD

2.1.3.11.3Type 3: Doubly-fed Asynchronous Generatofi DFAG: Doubly-fed Induction Generator -
DFIG

Sometimes referred to as doubly fed induction generator (DFIG) wind turbines employ a wound
rotor induction generator where the rotor circuit is coupled to the line terminhtsugh afour-

quadrant power converterii K| & Q& § K @lBRAInvertet-BasedResburcs)Rhich_have

capability to inject reactive power

The converter provides for vector (magnitude and phase angle) control of the rotor circuit current,
even under gnamic conditions, and substantially widens the operating speed range of the
turbine.

Fluxvector control of rotor currents allows decoupled real and reactive power output, as well as
maximized wind power extraction and lowering of mechanical stressese 8ie converter is only

KFYyRfEAY3 GKS LRGSNI AY GKS NRG2NI OANDdA G Al

P
Ny

Turbine speed is primarily controlled by actively adjusting the pitch of the turbine blades. 70% of

power directly taken from star, and 30% from the rotor
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Rotor shaft Et)c(): — ) Transformer
AC ]
(O
\ —

1T
TP

Capacitors

Stator  Squirrel cage
rotor

Sequence of Operation:

T
i -Lr o S .
=| T E]{_H =y L

EI(,R MSC LSC

The stator of the machine is connected directly to the grid at system frequency while the rotor
is fed from a power converter at slip frequency.

The Machine Side Converter (MSC) or sometime Rgitler Converter (RSC), is connected to
the rotor via slip rings and the second, the Line Side Converter (LSC), is connected to the grid.

The MSC injects voltage into the slip rings at slip frequency that is controlled in both

magnitude and phase and allo@s2 4 K (G KS G2NJjdzS ol OGAGS LR GSNI a
FLFEOG2N) 2F GKS YIFIOKAYS G2 0SS O2yuUNRffSR oNBI O
(typically +f 30%).

LSC injects a voltage into the grid at grid frequency and is typically contimihedintain a
constant DC link voltage.

Between grid and LSC there is an inductance in order to improve the power quality provided
from the converter.
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6- The capacitor connected in the BiGk acts as a constant, ripple free DC voltage source.
7- Rotor crowbaiis designed to bypass the machine side converter, i.e. to stianit the rotor,
in order to avoid overcurrent on the MSC as well as overvoltage on tHmBCapacitor.

8- DCIlink chopperis provided in the D@nk bus to dissipate excess energy in B@link
capacitor during a grid fault.

2.1.3.11.4Type 4: Variable Speed Turbine with FullRated Power Converter: Permanent Magnet
Synchronous Generator

Sometimes referred to as futbnverter wind turbines employ a variaképeed wind turbine with
a fullrated power convertero SG 6 SSy GKS St SOGNAOFE ISYSNI (G2NJ |

IBR (Inverter-Based Resource) which have capability to inject reactive powerhe power

converter provides substantial decoupling of the electrical generator dynamicsifiegrid, such
that the portion of the converter connected directly to the electrical system defines most of the
characteristics and behavior important for power system studies. These turbines may employ

synchronous or induction generators and offer indegent real and reactive power control.

Rotor shaft Stator Transformer

=gD= @
DC

Permenant Magnet
Synchronous Generator

Sequence of Operation
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MSC
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1. The generator is completely decoupled from the power system, so the output frequency

of the generator is different from the grid frequency.

2. asynchronous generator can have either an elealioexcited rotor with salient poles or

a rotor equipped with permanent magnets to provide the rotating magnetic field.

3. One attraction of the permanent magnet machine is its high efficiency since no

magnetizing or field current is necessary to provide rtegnetic field.

4. The induction generator can have a squitabe induction generator in which the

magnetization has to be provided by the machine side converter.

Type 3 and 4 are mostly used these days, and the higher capacities are type 4 specially in
offshore wind LVRT are majorly required for Type 3 and 4

2.1.4 Collection MV/HV Substation
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The collection MV/HV Substation collects the power from the PV plant/Wind. fammg system
is utilized to maximize the number &/MWTG IRR Unitsconnected inseries; however, radial
systems are also employed in some\R¥ plants MV power cables with cable terminations are
utilized to connect medium voltage Ring Main Units (RMUS) in order to construct the MYFPV

incoming feeder of the MV main switchgear.

The power supplied to the M¢ollectingswitchgear will originate from theolariwind farm and

will be evacuated via MV/HV steyp power transformers. Additionally, the MV circuit breakers
of Bus Tie circuits located at the MV Switchgear will enable emeygentrol of the power flow.
Furthermore, if present, the MV capacitor baiks { + / STATCOMS#IIRe connected via the
MV switchgear. Immediately following the MV/HV power transformer is the HV primary

transmission substation, which serves as the P@o@t of common coupling).

2.1.4.1 Medium Voltage (MV) Power Cables

¢t2 02yySOl 06SisSSy (GKS AYGDSNISNI adlriaArAz2ya |yR
cables are usedrigure2.1-37 shows constructional drawings for one example of MV power

cables.
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