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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 residences. However, energy production, primarily through 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 annually due 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 above pre-

industrial levels by the end of the century. Strong scientific consensus calls for immediate action 

by 2030 to halve global CO2 emissions from 2019 levels. The 1.5°C pathway emphasizes 

electrification and energy efficiency as key drivers of the energy transition, supported by 

renewable energy, clean hydrogen, and sustainable biomass. The (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 shift. 

 

However, this transition in the electrical power and energy system will be gradual until we reach 

to achieve 100% renewable energy, and for this to be achieved planning, 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 and digital technologies. 
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The IEEE 9 bus system, which is regarded as a small-scale electrical power system, was chosen as 

the case study to validate the aforementioned. The system was deeply and thoroughly analyzed 

by performing a per-unit analysis, power flow study, time domain load flow, steady state and 

dynamic short circuit calculations, transient stability study, formulating a system of differential 

equations for currents and algebraic equations for bus voltages, voltage stability study, harmonic 

analysis, and contingency analysis. After that a grid impact study has been conducted for large 

scale Photovoltaic Plant and wind farm. This grid impact study includes a per-unit analysis, a power 

flow study, P-Q capability checks, steady state and dynamic short circuit calculations, a transient 

stability study, system of differential equations for currents, bus voltages, voltage stability study, 

harmonic analysis. It also uses power quality dynamic shunt compensators to ensure that 

PV/Wind/hydro plants are in compliance with grid code requirements. 

 

This thesis analyzes the IEEE 9-Bus system's power system in eight (8) scenarios starting with 0% 

contribution of renewable and reaching up to 100% renewable IEEE 9 bus system. The findings 

will subsequently be applied to our large-scale power systems whereby increased renewables 

penetration and switching in and out of Inverter Based Resources (IBRs) will negatively impact the 

stability and reliability of the power system, it is no longer possible to do so without causing a 

significant impact on grid stability, and there are several challenges that expected to come with 

more renewables such as lower short circuit power and system strength, lower system inertia 

which causes increased rate of change of frequency (RoCoF), power imbalance results in reduced 

frequency, injection of more harmonics into the grid, voltage dips and post-fault voltage recovery 

profiles  

 

Besides, a data analysis techniques and Artificial Intelligence tools to analyze the financial and 

sustainable impact of this gradual transitioning for electrical power and energy IEEE 9 bus system 

from fossil-fuel based primary energy sources to fossil-free based primary energy sources. Then, 

a comparative analysis for all the 8 scenarios was conducted.  
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1.1 Chapter One: INTRODUCITON 

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 above pre-industrial levels by the conclusion 

of this century. There is a prevailing scientific consensus that emphasizes the imperative of 

promptly and expeditiously implementing measures by the year 2030 to reduce global carbon 

dioxide (CO2) emissions by 50% compared to the levels recorded in 2019 (IPCC, 2023). The 1.5°C 

pathway emphasizes the significance of electrification 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 towards a low-carbon 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, therefore 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 reduce emissions 

by integrating energy derived from renewable sources such as wind and solar with conventional 

coal or gas stations. The objective is to attain a significant degree of energy security that aligns 

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

 

This will be accomplished through the allocation of resources towards low-carbon and climate-

responsive initiatives, as well as the expansion of clean energy utilization and exportation within 

the domestic sphere. These 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 endeavor of stabilizing the climate 

system. 
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In Conference of Parties (COP28) that was held in November 2023, it was agreed that It is 

imperative that the globe to make significant changes to the manner in which they generate and 

utilize energy to swiftly reduce emissions of greenhouse gases, the International Energy Agency 

(IEA) and International Renewable Energy Agency (IRENA) have called for the following pillars for 

action by year 2023, see Figure 1.1-1 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 and gas companies in particular, to align 

activities with the Paris Agreement, starting by cutting methane emissions from operation 

by 75%. 

4. Establish large-scale financing mechanisms to triple clean energy investment in emerging 

and developing economies.  

5. Commit to measures that ensure an orderly decline in the use of fossil fuels, including an 

end to new approvals of unabated coal fire power plants.  

 

 

Figure 1.1-1-IEA first 3 pillars of COP28. 
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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. 

 

Nevertheless, 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 system that relies 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, the IEEE 9 bus system was taken as the basis for the case study. This benchmark 

model includes three synchronous machines that have built-in automatic voltage regulation 

functionality and speed regulators via load frequency control, three generator-step up 

transformers with two windings each, six overhead transmission lines with constant parameters 

that interconnects between these generation stations and three constat power loads. 

 

This thesis performs a detailed power system analysis and grid impact study for this IEEE 9-Bus 

system with two options: non-renewable and renewable energy source in eight (8) scenarios. 

1. Option No.1: Fossil fuel (non-renewable) based primary energy sources driving the 

synchronous machines which are driven by steam turbines. 

2. Option No.2: Fossil Free (renewable) based primary energy source through partial and full 

transition towards a 100% renewable and sustainable primary energy sources like solar, 

wind, hydroelectric power plants connected to IEEE 9 bus system as a replacement of the 

original synchronous machines driven by fossil fuel sources, and 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 over-voltages, transformer 
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saturation, lower short circuit power and system strength, lower system inertia which causes 

increased rate of change of frequency (RoCoF), power imbalance results in reduced frequency, 

injection of more harmonics in the grid, voltage dips and post-fault voltage recovery profiles and 

ǊŜŀŎǘƛǾŜ ǇƻǿŜǊ ƭƻǎǎŜǎΦ ¢ƘŀǘΩǎ ǿƘȅ a grid impact study should be performed that covers the per 

unit analysis, power flow study, P-Q capability checks, steady state and dynamic short circuit 

calculation, transient stability study, voltage stability study, harmonic analysis, voltage drop 

calculations, and system of differential equations for currents, sending and receiving-end bus 

voltages and fault voltage at Point of Common Coupling (PoCC). Also, it checks the PV/Wind/hydro 

plants compliance with the grid code requirements using the power quality dynamic shunt 

compensators.  

 

The case study that was selected to verify the previously mentioned was IEEE 9 bus system which 

is considered a small-scale electrical power system, and the results that will be obtained will be 

implemented to the large-scale power systems. The actual system has been simulated using ETAP 

software. 

1.1.2 Research Problem 

 

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 residences. According to the U.S. Energy Information Administration, oil, coal, and gas 

continue to meet approximately 80% of our energy requirements in the present day. As a result, 

Energy production, primarily through 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 annually 

due to air pollution. 

 

The combustion of fossil fuels in power plants results in the release of various pollutants, including 

sulfur dioxide (SO2), nitrogen oxides (NOX), particulate matter (PM), carbon dioxide (CO2), 

mercury (Hg), and other similar particles. The emissions of NOX and SO2 are responsible for the 
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creation of ground-level ozone and fine particulate matter (PM), which can result in respiratory 

and cardiovascular ailments. Additionally, exposure to mercury can heighten the likelihood of 

health problems, including cancer and immune system impairment. The presented chart Figure 

1.1-2 illustrates the progression of worldwide emissions from the mid-18th 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 (CO2) emissions in 1950 amounted to 6 billion metric tons. By 1990, the quantity had 

nearly quadrupled, surpassing 20 billion tons. The rate of emissions has exhibited a persistent 

upward trend, with current annual emissions surpassing 35 billion tons. The rate of emissions 

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

 

Figure 1.1-2: Carbon dioxide (CO2) 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 years. The 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, starting from the pre-industrial era (specifically, the time frame between 1850 and 1900). 
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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 atmosphere, hence 

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 is reflected back into space, while the remainder 

is absorbed and re-radiated 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 Earth's temperature approximately 33°C above what it would be otherwise, 

allowing life to exist on Earth. 

 

Figure 1.1-3: Solar Radiation Journey 

Figure 1.1-3 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 

remainder of 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 support life. 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. According to recent statistics, the atmospheric 

concentration of carbon dioxide CO2 is above the threshold of 400 parts per million. Finally, Step 
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6: This is capturing extra heat and causing the Earth's temperature to rise, and these 

anthropogenic factors contribute 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 temperatures. 

¢Ƙƛǎ ǇƘŜƴƻƳŜƴƻƴ ƛǎ ŎŀƭƭŜŘ ά9ƴƘŀƴŎŜŘ DǊŜŜƴƘƻǳǎŜ 9ŦŦŜŎǘέ ǿƘƛŎƘ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ǇƘŜƴƻƳŜƴƻƴ 

whereby the Earth's temperature rises as a result of an increase in the concentration of 

greenhouse gases. The 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 attributed to the advent 

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

natural gas), as well as agricultural practices and land clearance. See Figure 1.1-4 

 

Figure 1.1-4: Natural Greenhouse Effect vs Human Enhanced Greenhouse Effect 

Greenhouse gases may be classified into two categories: direct emissions and 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 distinct categories, namely Scope 2 and Scope 3, see Figure 

1.1-5 ; Scope 2 encompasses the emissions resulting from the production or procurement of 

purchased power, steam, heating, and cooling that are used by the reporting organization. All 
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residual indirect emissions that transpire inside the value chain of the reporting entity are 

categorized as Scope 3 emissions (Wiedmann, 2021). 

 

Figure 1.1-5: Scope of Emissions 

 

Thus, it is imperative that we transition completely away from fossil fuels and exclusively rely on 

pollution-free, 100% clean energy to power our entire society and 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 fossil-free in the long term such as solar, wind , and hydro.  

 

However, critics in the energy sector (especially those who work 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 the global economy? will renewable energy 

subsidies replace or eliminate high-paying employment in the fossil fuel industry specially that no 

indigenous energy sources available in most of the middle east countries? can 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 low-cost power even without government 

handouts? All these issues should be of interest to citizens and governments alike. But continuing 

business as normal at any cost would be disastrous for our worldΦ 
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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 visible nation (hilly or sunny or geologically active), fossil-free 

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 must be shut 

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 Turbines. As for the solar PV, the utilities justification is that after sunset, solar 

panels cannot produce electricity, and they are less efficient in cloudy conditions, also in high 

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

  

Obviously; utilities globally need to modify their energy generation and consumption patterns if 

they are targeting to reduce 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 major strategic 

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 encountering a several 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 in providing 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, cyber-attacks threats, develop 

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 more varied and 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 storage 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 cost-effectiveness and energy yield of the Electric Power Energy 

System (EPES) 

1.1.3 Research Aim  

 

The aim of this study is to analyze the effects and challenges of transitioning for electrical power 

and energy system from fossil-fuel primary energy sources to fossil-free (renewable energy) 

sources on the stability, security, and interoperability by taking as a small-scale sample electrical 

power system, the IEEE 9 bus system, first; conduct a comprehensive power system analysis and 

studies, and then model verification using ETAP and MATLAB. Second; the examination of 

transition for IEEE 9 bus from fossil fuel-based conventional synchronous machines to grid 

integrated and interconnected sustainable electric power energy systems (EPES) through the 

gradual utilization towards 100% renewable primary energy 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) within the IEEE-9 Bus system are substituted with renewable energy sources (solar, 

wind, and hydro) that have identical capacities of each replacement. Fourth, examine the power 

system analysis, stability, security, interoperability, and performance for the 100% renewable 

energy scenario. Fifth, perform a financial analysis and life cycle assessment for complete one 

month and use the data analysis methods, tools, and techniques to analyze and visualize the data. 

Finally, conduct a diagnostic analysis for the dynamic short circuit and transient stability for the 

IEEE 9 bus, then perform comparative analysis for 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 To perform steady state and dynamic power system analysis for the original IEEE-9 Bus 

system with fossil fuel based primary energy sources driven synchronous machines.   

1.1.4.2 To replace the fossil fuel based primary energy sources driven synchronous machines by 

equivalent fossil free primary energy sources (solar/wind/hydro) in the IEEE 9 bus system 

and then perform the necessary grid impact studies.   

1.1.4.3 To identify the challenges of partially and fully transitioning to 100% renewable electrical 

power and energy system for IEEE 9 Bus system in terms of stability, security, and 

interoperability.  

1.1.4.4 To perform a financial analysis and sustainability assessment for the 8th scenario 100% 

renewable energy system. 

 

1.1.5 Research Question 

1.1.5.1 What are steady state and dynamic stability limits for the IEEE-9 Bus system with fossil 

fuel based primary energy sources driven synchronous machines?   

1.1.5.2 What are the optimum and visible fossil free primary energy sources: solar/wind/hydro 

that could replace the fossil fuel based primary energy synchronous machines?   

1.1.5.3 What are the challenges of partially and fully transitioning to 100% renewable electrical 

power and energy system for IEEE 9 Bus system?  

1.1.5.4 What are the LCOE, LROE, and profit for each scenario, and perform life cycle assessment 

for all the scenarios, and specifically the 100% renewable energy scenario? 

 

1.1.6 Thesis Structure 

 

This thesis is based on three parts; First part contains of three chapters: introduction, literature 

review, and methodology and philosophy, second part contains of four chapters: Grid Connected 

PV/Wind main components, Case study & architecture plant, Power system analysis for IEEE 9-

Bus system, grid impact studies for 100% renewables grid integrated to IEEE 9 bus system, third 

part contains: Data collection, conclusion, recommendation and Future works.  

 



13 

 

The first part, 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 

chapter provides two distinct frameworks, namely empirical and theoretical frameworks, 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 

decision-making process. The outcome section has delineated 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 for the whole study. 

 

 

 

P
a

rt
 O

n
e

Introduction 

Literature Review 

Methodology and Philosophy 

P
a

rt
 T

w
o

Main Components of a Large-Scale Grid Connected PV PLANT / WIND FARM

Case Study IEEE 9-bus system- Power System Analysis and ETAP Simulation 

Grid Connected Solar PV Plant and Wind Farm- Grid Impact Study and ETAP Simulation for Modified IEEE 9 Bus System 

100% Renewables Grid Integrated to IEEE 9 Bus System 

P
a

rt
 T

h
re

e
 

Data Collection 

Conculsion 

Recommendation and Future Works



14 

 

1.2 Chapter Two: Literature Review  
 

1.2.1 Renewable Energy  

Since the industrial revolution, fossil fuels (coal, oil, natural gases) which are basically called non-

renewable primary energy sources have dominated the energy mix in most countries worldwide. 

This has tremendous consequences for both the global climate and human health. Three-quarters 

of worldwide greenhouse gas emissions come from the use of fossil fuels for energy. Fossil fuels 

contribute significantly to local air pollution by releasing CO2, which causes at least 5 million 

premature deaths each yearΦ Renewable energy sources are clean sources of energy that have a 

much lower environmental impact than conventional energy technologies which are based on 

fossil fuels primary energy source. Hence, they become as attractive topic for the sustainable 

energy solutions developers, planners, authors, and researchers and many references and 

textbooks explored them in detail like in [1] - [4].  Renewable energy serves as a viable substitute 

for conventional energy sources which heavily depend on fossil fuels (oil, gas, coal), and have a 

significantly reduced environmental impact ǘƘŀǘΩǎ ǿƘȅ ƛǘ ƛǎ of great importance for sustainable 

development consequently the use and consumption of renewable energy worldwide is regularly 

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 needs [6]. Renewable energy 

refers to a clean, renewable, sustainable, or green kind of energy derived from naturally occurring 

resources that are neither limited or depletable, in other words that are regenerated at a rate 

equal to or greater than their use, such as wind, solar, hydro, etc. The phrases 'clean', 'renewable', 

'sustainable', or 'green energy' are often used interchangeably, despite their distinct meanings. 

Below are concise explanations outlining the distinguishing characteristics of various energy type 

descriptions. 

¶ Green energy refers to energy derived from natural sources.  

¶ Clean energy refers to energy derived from sources that do not emit air pollutants.  
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¶ Renewable energy refers to energy derived from sources that possess the inherent 

capability for natural replenishment. 

Besides, there are 6 main types of sustainable renewable primary energy sources, which are 

depicted in Figure 1.2-1 and described in summary below: 

 

Figure 1.2-1: 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 solar energy 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. The use 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 immediate benefit 

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.  
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Figure 1.2-2: Solar Panels for Photovoltaic (PV) plant. 

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 occurrence 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 particular situation, 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 characterized by 

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 heat-trapping gases.  

 

Figure 1.2-3: 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. Pumped-storage hydropower 

involves the use of water passing through the turbines of a dam in order 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 particular situation, 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. 

 

Figure 1.2-4: 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 the Earth's 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 recognizable phenomena, 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 under 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 situation, 

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 little land impact. Geothermal energy is 

inherently renewable and so does not pose a danger of depletion during the timeframe relevant 

to human activities. 

 

Figure 1.2-5: Geo-Thermal 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 the use of various 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 of the ocean. 

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 of generating 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 order to drive 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 involves the 

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 as the primary working fluid have the 

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

 

Figure 1.2-6: Ocean Thermal Energy Plant 

Ocean mechanical energy harnesses the cyclical movements 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 decision 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 subject to fluctuations caused by diverse variables.  

 

Figure 1.2-7:Ocean 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 fireplaces serves as a well-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 or landfills 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 municipal trash. 

 

Figure 1.2-8: Biomass Power Plant 

1.2.2 Renewable and Non-Renewable Energy Mix  

Even though, ŎƻǳƴǘǊƛŜǎΩ aim is transition towards sustainable fossil-free primary energy sources 

and to reduce reliance on fossil fuel-based primary energy sources, as these sources are major 

contributors to the significant increase in greenhouse gas emissions, fossil fuels have the highest 



21 

 

share in primary energy consumption. Coal remained the dominant fuel for power generation in 

2022, reaching 38% of global electricity production, 10% points ahead of renewables (28% = 15% 

Hydropower + 8% wind +5% Solar)Φ /ƻŀƭΩǎ ǎƘŀǊŜ ƻŦ ǇƻǿŜǊ ǇǊƻŘǳŎǘƛƻƴ ƘŀŘ ōŜŜƴ ƻǎŎƛƭƭŀǘƛƴƎ ŀǊƻǳƴŘ 

40% since the mid-2000s, before starting to slide in 2015 as renewables began to grow strongly. 

wŜƴŜǿŀōƭŜǎΩ ǎƘŀǊŜ ƻŦ ŜƭŜŎǘǊƛŎƛǘȅ ǇǊƻŘǳŎǘƛƻƴ ƻǾŜǊŎŀƳŜ ǘƘŀǘ ƻŦ ƴŀǘǳǊŀƭ Ǝŀǎ ƛƴ нлмо ŀƴŘ ǘƘŜ ƎŀǇ Ƙŀǎ 

kept growing. In 2019, renewables provided almost 28% of global electricity, eight points more 

than natural gas (20%). The share of nuclear has plateaued around 10% for eight years. 

 

Figure 1.2-9: Generation of electricity worldwide 2022, by energy source. 
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As per International Renewable Energy Agency (IRENA), Global renewable generation capacity as of 

year 2022 is 3,372 GW, see Figure 1.2-10  below.  

 

Figure 1.2-10: Global renewable generation capacity (GW) from 2014-2022 

Below is the distribution of global installed renewable energy capacity by technology in GW for year 2022  

 

Figure 1.2-11: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 to reach 7,300 GW by 

2028.  This growth trajectory would see global capacity increase to 2.5 times its current level by 2030, 

falling short of the triple goal. 

 

Figure 1.2-12:Renewable capacity growth from 2022 to 2030 and the gap to global tripling 
renewables. 

Besides, as per International Energy Agency in their annual report άRenewables 2023, Analysis and 

forecast to 2028έ Global annual renewable capacity additions increased by almost 50% to nearly 

510 gigawatts (GW) in 2023, the fastest growth rate in the past two decades. 

Over the coming five years, several renewable energy milestones are expected to 
be achieved: 
 
ü In 2024, wind and solar PV together generate more electricity than hydropower. 

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

ü Wind and solar PV each surpass nuclear electricity generation in 2025 and 2026 

respectively. 

ü In 2028, renewable energy sources account for over 42% of global electricity generation, 

with the share of wind and solar PV doubling to 25%. 

 

Figure 1.2-13:Electricity generation by technology, 2000-2028 
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1.2.3 Carbon Neutrality and CO2 emissions reduction  

To minimize CO2 emissions and local air pollution, the world has to swiftly transition to low-carbon 

energy sources such as renewable technologies (solar, wind, hydro, biomass, geothermal, ocean, 

etc). In the next decades, renewable energy sources will be crucial in the effort to reduce carbon 

emissions and achieve the carbon neutrality from our energy systems. 

Carbon neutrality refers to the goal of reducing net carbon dioxide (CO2) emissions 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 atmosphere, carbon neutrality helps mitigate the 

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

 

Figure 1.2-14: Carbon Neutrality Concept 

As a result of integration of more renewable energy sources, in article that was published on Sep 

2016 by Nidal Hussein, his research demonstrated that the solar and wind initiative would lead to 

a substantial decrease in the anticipated greenhouse gas (GHG) emissions of the country, 

estimated to range from 1.93 to 3.21 mega tons of CO2e per year. Moreover, Nidal in his paper [7] 

Various kinds of gases are released into the atmosphere, and the environmental effect of each 

method of power generation per kilowatt-hour generated is assessed by measuring the equivalent 

quantity of carbon dioxide emissions (expressed in gCO2e/kw-h). In this paper, there is a table 

presenting GHG emissions for the different electricity generation technology and how much of 

(gCO2e/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 emissions come from the renewable energy sources (solar, wind) and nuclear.   
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Figure 1.2-15: Average Greenhouse Gas emission per Technology. 

The introduction of additional energy generation capacity derived from 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 Interoperability of Renewable EPES 

Power systems are transitioning towards a future that is low in carbon emissions or completely 

carbon-neutral, with a significant increase in the use of renewable energy sources. The 

replacement of traditional fossil-fueled synchronous generators in the transmission network with 

highly dispersed renewable energy production is giving rise to new issues in controlling and 

maintaining stability in large-scale power networks. Power systems need new analysis and control 

approaches in order to effectively manage the continuous revolutionΦ 

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 the possible changes 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 grids. The experts' main perspectives are summarized 

as followsΦ 

1- In power systems with highly penetration renewable energy production, there will be a 

need for more coordination between the transmission and distribution networks, as well 

as greater automation of the power system controlΦ 

2- 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 networksΦ 

3- 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 inverters. 

4- 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. 

5- Load damping control offers significant potential to enhance the main frequency 

regulation capabilities of power systems, which is becoming more necessary for future 

low-carbon or carbon-neutral scenarios. 

6- 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 system stability analysis [9] and [10] is a method that evaluates system stability, which is 

the ability of the power system to remain in synchronism and regain its state of equilibrium after 

being subjected to some kind of disturbance. Stability analysis uses the results of state estimation 

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

actual operating values and the critical values of system variables, such as angle, frequency 

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

the stability problems, and propose stability improvement measures. 
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As Converter Interfaced Generation (CIGs) become more prevalent in power generation, additional 

stability issues arise. CIGs have different dynamic behavior than traditional synchronous 

generators, causing several issues. Authors in [11] introduced two new stability classes, namely 

ά/ƻƴǾŜǊǘŜǊ-ŘǊƛǾŜƴ ǎǘŀōƛƭƛǘȅέ ŀƴŘ άwŜǎƻƴŀƴŎŜ ǎǘŀōƛƭƛǘȅέΦ !ŘŘƛƴƎ ǘƘŜǎŜ ǘǿƻ ƴŜǿ ŎƭŀǎǎŜǎ ǿŀǎ 

motivated by the increased use of CIGs see Figure 1.2-16:Classification of power system stability 

with CIG's  

 

Figure 1.2-16:Classification of power system stability with CIG's 

The work in [12] discussed that the intelligent renewable energy incorporates highly efficient, 

bidirectional, intelligent, automated, robust, flexible, cyber-enabled,  grid integrated and 

interconnected sustainable electric and 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 Internet-based protocols for monitoring and administration. These assaults have 

the potential to inflict both physical and financial effects, resulting in the disruption of the 

electrical system's functions. These factors have physical and economic impacts on the operation 

of the electrical power and energy system.  

 

Based on above, a security assessment must be conducted in which system security is evaluated, 

by examining ability of the system to maintain its steady state operating limits and standards 
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under normal and abnormal conditions. Security assessment uses the results of contingency 

analysis and state estimation to determine the security margin, which is the difference between 

the actual and the maximum allowable values of system variables, such as voltage, frequency, or 

power. Security assessment helps to monitor the system performance, identify the security 

violations, and propose security enhancement measures. 

 

In order for smart, digital grids to become a reality, it is essential to provide a sufficient degree of 

interoperability. This means that all devices, 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 

άwŜǾƛŜǿ ƻŦ LƴǘŜǊƴŜǘ ƻŦ ¢ƘƛƴƎǎ όLƻ¢ύ ƛƴ ŜƭŜŎǘǊƛŎ ǇƻǿŜǊ ŀƴŘ ŜƴŜǊƎȅ ǎȅǎǘŜƳǎέ [13]which was published 

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 production, 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 implementation of IoT 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 reduction of wastages 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 environmentally 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 power and 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 services of IoT-based 

electric power and energy systems, this study aims to conduct a comprehensive survey and 
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technical evaluation of IoT sensors used in smart home applications, the research emphasized on 

the economic, societal, and environmental implications of implementing IoT in electric power and 

energy systems, extensive analysis have been provided on the topics of communications, 

networking, and security as they pertain to IoT-based electric power and energy systems, the 

study identified and discussed the limitations associated with deploying IoT in electric power and 

energy systems, and propose potential solutions to address these challenges. This work concluded 

that digitizing the electric power ecosystem using IoT helps to better account for distributed 

energy resources (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 (IoT) in the context of Electric 

Power and Energy Systems (EPESs) 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 EPESs has demonstrated noteworthy outcomes including 

augmented revenue generation, decreased carbon dioxide (CO2) emissions, enhanced 

convenience in daily life, improved public safety, efficient energy utilization, reduced expenses, 

and the promotion of a sustainable and healthy living environment. there 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 article άLƴǘŜǊƴŜǘ ƻŦ ¢ƘƛƴƎǎ ƛƴ {ǳǎǘŀƛƴŀōƭŜ 9ƴŜǊƎȅ {ȅǎǘŜƳǎέ [13] published in 1-

1-2020, tried to implement the IoT to get a sustainable energy system whereby he brought some 

important points such as our planet has abundant renewable energy sources and conventional 

energy resources, but technological capability and capacity gaps coupled with water-energy needs 

limit the benefits of these resources to citizens. Through IoT technology solutions and state-of-

the-art IoT sensing and communications approaches, sustainable energy-related research and 

innovation can bring a revolution in this areaΦ 

 

Additionally, authors Ramiz Salama, Sinem Alturjman, and Fadi Al-Turjman published in their 

ŀǊǘƛŎƭŜ άLb¢9wb9¢ hC ¢ILbD{ !b5 !L ƛƴ {a!w¢ DwL5 !tt[L/!¢Lhb{έ [15] brought a nice 
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terminology whereby they said that the implementation of IoT 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 within the 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 on AI-driven smart grids and the 

incorporation of AI, IoT, and 5G technologies to enhance the functionality of smart gridsΦ 

 

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 considerations. This is achieved by the 

establishment of a flexible physical space that integrates many energy sources, the digitalization 

of data-driven cyber space, and the creation of a customer-aware social space that encourages 

interaction.   

 

Almost 80% of the world's 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 

economy. 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 of modern 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, low-cost energy access have been developed. There are innovations that can improve the 

functionality and efficacy of the existing power infrastructure, assisting enterprises in enhancing 

client value, minimizing costs, and finally augmenting profit margins. Hence, with the use of 

advanced 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 are important to 

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 (IoT) in the energy industry, including energy generation, 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.  

 

Figure 1.2-17: IoT in Energy and Industry 

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

ü 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.  

ü The generation of energy may be achieved by several means such as natural gas, coal, and 

renewable sources like solar, wind, and water.  

ü 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 grids, microgrids, and voltage control. It also encompasses 
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functions like as billing, SAP integration, CRM (Customer Relationship Management), and 

work order management. 

ü The entities involved include customers, markets, retail energy providers, wholesale 

providers, and service providers.  

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

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

See Figure 1.2-18: Smart Grid 

 

Figure 1.2-18: Smart Grid 

 

The Internet of Things (IoT) 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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Figure 1.2-19: 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 (IoT) is at the forefront of this transformation, providing capabilities such as 

real-time monitoring, situational awareness and intelligence, control, cyber security, improved 

asset visibility, optimal management of distributed generation, elimination of energy waste, and 

cost savings through the digitization of the electric power ecosystem using IoT and transforming the 

ŜȄƛǎǘƛƴƎ ǳƴƛŘƛǊŜŎǘƛƻƴŀƭ 9t9{Ωǎ ƛƴǘƻ ōƛŘƛǊŜŎǘƛƻƴŀƭΣ ƛƴǘŜƭƭƛƎŜƴǘΣ ŎȅōŜǊ-enabled electrical power networks which 

are automated, intelligent, adaptable, resilient, and customer-centric systems that facilitate the 

bidirectional movement of both energy and data. 

 

1.2.5 IEEE 9 Bus System- Power System Analysis  

 

In the field of power system analysis and research, the IEEE 9 bus system is a test network that is 

used to perform several power system studies. It is a simplified model of a power transmission 

network that is made up of 3 synchronous machines and their generator step-up transformers 

each 100MVA, nine buses ( one slack bus, 2 PG buses, and seven load buses) that are linked to 
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one another via overhead transmission lines, and three constant power loads as illustrated in 

Figure 1.2-20 .  

 

Figure 1.2-20: IEEE 9-Bus System Single Line Diagram 

The system is often used for the purpose of conducting research on a variety of elements 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 algorithms, methodologies, and technologies for power 

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

In this context, by the analysis conducted by Nallagalva, S.K., Kirar, M.K. and Agnihotri in [17], the 

IEEE 9 bus system has been modeled using ETAP software, and then ŀ άlarge disturbance rotor 

angle stabilityέ or άTransient stabilityέ analysis for various faults on the test system was examined 

to check about the fast fault clearing and load shed to bring back the system to the stability. The 

rate of change of frequency (df/dt ) is used as indicator of the transient stability of the system 
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because it gives an indicator of overload as it is directly related to the real power and this (df/dt ) 

used to calculate the amount of load to be shed by adaptive load shedding and measures taken 

to maintain stability and frequency of the system. Also, in this paper conventional 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 authors [18] in 2015, Contingency analysis was used to 

calculate parameters violations of the Western System Coordinating Council 3 Machine, 9 Bus test 

system. Furthermore, the maximum loading parameter was calculated, and contingency status 

was done using Power System Analysis Toolbox (PSAT) toolbox in MATLAB by Step by Step 

removing each transmission line and simulate for the Power Flow and Continuation Power Flow 

for finding maximum loading parameter for each transmission line. PSAT is an open-source 

MATLAB toolbox used in simulation and analysis of small and medium sized electric power system. 

Of equal importance, authors in [19] ƛƴ ǘƘŜƛǊ ŀǊǘƛŎƭŜ άShort Circuit Analysis & Over current Relaying 

Coordination of IEEE 9-Bus Systemέ that was published in 2018,  short circuit analysis and 

protection relying coordination of IEEE 9-Bus system was analyzed and designing of overcurrent 

relaying scheme to operate the relay quickly and disconnect the faulty section from healthy 

section.  Load flow has been performed to obtain the electrical power systems steady-stat 

voltages at fundamental frequency, besides, several three phase faults, and unbalanced types of 

faults such as L-G, L-L and L-L-G have been placed individually on Bus-7 and results have been 

recorded also. Furthermore, short circuit analysis of system is also included in this paper to 

determine the positive (+ve), negative (-ve) and zero (0) -sequence impedance of faults, Then main 

task of their work was on the sequence of operation of the protection relays connected on bus-7 

and controlling on the relay having minimal effect should run first and so on. 
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Of equal importance of the work done in [17], authors in [20] has performed a transient stability 

of IEEE-9 bus system that is comprised of three generators. The software utilized to conduct the 

simulations was Power World Simulator (PWS). A load 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 post-fault conditions such as load switching and rapid fault clearance 

time. In order to analyze the fluctuations of a system under various fault conditions, the frequency 

and rotor angle of the system were utilized to compare and contrast the Euler and Runga methods 

for transient stability analysis.  

 

S. Al-Jufout 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 

steady-state conditions, fault simulation, load ignorance, immittance matrix partition by 

hypothetical capacitor. The same methodology of building a system differential equation will be 

used for the case study IEEE-9 Bus system. 

 

 

1.2.6 Grid Impact of Renewable Energy Sources integrated to IEEE 9-Bus system. 

 

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 studies have been undertaken to address the 

varied wind and solar power generation. Therefore, in light of [28] Kumar, A. K., M. P. Selvan, and 

K. Rajapandiyan who have studied and analysed the impact of the large scale penetration  ( from 

0% to 100% penetration with 10% step of penetration ) of 243MW solar PV power into grid by 

simulating the IEEE 9-bus system into ETAP and grid integrate a solar PV plant at one of the system 

buses ( Bus No.5, then Bus No.6, then Bus No.8), they have also investigated the impact of large 

penetration of solar PV systems on steady state performance ( voltage profile at the buses, active 

and reactive power losses for the lines )  as well as transient stability for several types of 
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disturbances ( bus fault, load rejection, and transmission line faults), and the relative rotor angle 

for generator G2 has been plotted for several penetrations. Two major observations were taken 

on the PV plant model; first the output form the solar inverter should be at the LV voltage level 

not MV (11kV) besides, second for such a large-scale PV plant, the PV arrays and their associated 

solar inverters with their associated LV/MV step up transformer and ring main unit should form 

PV plant building block. 

 

Figure 1.2-21: Solar PV 243MW integrated at IEEE 9 Bus system. 

 

Moreover, the work done in [29] examined the stability of a power network when a wind turbine 

is integrated. The study utilized an open-source software to simulate the system. The 

OpenModelica program was used to mimic the IEEE 9 bus system. The system's steady-state 

stability analysis was conducted both with and without the use of Automatic Voltage Regulator 

(AVR) and Speed Governor (GOV) 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 2020, a 100MW wind turbine generator (WTG) is integrated 

at the point of connections (PoC) which is Bus No.4 of IEEE 9 Bus system and transient stability is 

assessed through the a three-phase fault inserted at bus 8 at a period of 1 second in ETAP and 

there was no fault clearance, and it was found that at time t= 3 sec, the generators come to a 

halted position losing all three generators synchronism 

 

Figure 1.2-22: 100MW WF 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 generator) and no-Ŧŀǳƭǘ ŎƭŜŀǊƛƴƎΦ ¢ƘŜ ǎǿƛƴƎ ŀƴƎƭŜ ƻŦ ǘƘŜ ƎŜƴŜǊŀǘƻǊ ǊŜŀŎƘŜǎ ƛǘǎ ƭƛƳƛǘ ŀǘ ʵ Ґ 

±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 inside the generators. 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 (PoC) even when a three-phase 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 caused by 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 pre-fault level. WTG effectively provided reactive 

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

procedure, especially for three-phase breakdowns. However, the wind farm model is no accurate, 
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where authors should have built a complete 100MW wind ŦŀǊƳ ŦǊƻƳ ŀ ŎƻƭƭŜŎǘƛƻƴ ƻŦ ²¢DΩǎ 

connected in parallel  

Similarly, a grid integrated 60MW wind farm was studies according to the work done in [2920] by 

Ramlochun, B., Vaithilingam, C.A., Alsakati, A.A. and Alnasseir, J., in their article that was published 

in 2021, a Wind Turbine (WT) is simulated using two distinct kinds of induction generators (IGs), 

the Doubly-Fed Induction Generator (DFIG) and the Squirrel-Cage Induction Generator (SCIG). 

These models are then applied to the IEEE 9-Bus system 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 line 7-5 was discovered to have a very high peak value of the 

relative power angle, 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 combination of 

wind turbine (WT) combined with doubly-fed 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, measuring 136 degrees. Therefore, it may be 

promoted as the ideal destination. Furthermore, this is attributed to the occurrence of a three-

phase fault at transmission line 7-5, which is situated at a considerable distance from Buses 4 and 

5. Ultimately, the integration 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 settling time. Authors in this 

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 IEEE 9-bus system integrated wind farm. In MATEC Web of Conferences (Vol. 335, 

p. 02006). EDP Sciences. The use of wind energy in electrical networks may affect load flow and 

power system stability. The transient stability of the IEEE 9-Bus system with DFIG is examined in 

this study. Wind farm penetration levels are also examined. With 5% wind energy penetration, 
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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 after 25% wind energy penetration. The findings 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 systems over traditional power plants and assess the stability of alternative energy 

sources in the grid to improve grid dependability. 

 

Figure 1.2-23: MATLAB Model for Gradual Penetration of WF to IEEE  9 Bus system. 

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 power. Shunt compensation can be statis and dynamic. Static shunt 

compensation, which includes the usage of shunt reactors and shunt capacitors, is used to provide 

voltage stability under steady-state conditions. While Dynamic shunt compensation, including 

SVCs, STATCOMs, synchronous condensers, and Enhanced STATCOMs, is used to provide voltage 

stability in both steady-state and dynamic situations. Additionally, it offers benefits such as 

enhancing system strength and inertia. 
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Large penetration of renewables in today´s electric power grids will affect and change system 

characteristics; reduce the system strength (short circuit power) , reduce system inertia, shift 

harmonic resonances to lower frequencies and slow down voltage recovery after system faults. 

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 Hybrid SC, a combination of SC and STATCOM technologies. 

 

Dynamic shunt compensation devices are widely used in power systems, including many 

applications:  

ü close to power generating source: To meet the requirements of the grid code and optimize 

the amount of electricity produced. 

ü Transmission and distribution systems: To guarantee optimal functionality-  

ü close to industrial loads: To comply with grid regulations and maximize operational 

efficiency. 

 

Based on all above, reactive power compensation in a grid connected PV plants/wind farms is an 

attractive topic for the researchers. A. Kalyuzhny, B. Reshef, G.Yehuda, G.David, P. Koulbekov, and 

T. Day in [33] 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 operation of PV 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 cables in designing the capacitor bank. 

 

The researchers Mr.Piyush M.Desai and Mr.S.S.Khule in [3334] studied the integration of solar PV 

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

Control technique called LŎƻǎʊ algorithm has been implemented for 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 

medium-voltage capacitor banks." They have investigated the effect of Medium-Voltage (MV) 

capacitor banks on the number of central inverters of grid-connected Photovoltaic (PV) plants 

whereby 3 cases of a 200 MW grid connected Photo Voltic plant were investigated. These cases 

are with and without increasing the size or the number of the central inverters; while the third 

case is without increasing the number or the size of the central inverters but with adding Medium 

Voltage mechanically switched capacitor banks to meet the base reactive power load and comply 

with grid code requirements. t the resistances of the system components were not ignored which 

led to more accurate calculations. Grid impact study (power flow, voltage drop calculation, fault 

analysis and 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. The active-reactive power capability curves have been discussed for the above cases as 

well. 

 

Figure 1.2-24: ETAP Model for 200MW PV Plant 
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After this,36  same authors above, in [36] they have continued the year after and investigated the 

Harmonics Analysis of the same 200MW Photovoltaic Plant with a Reduced Number of Solar 

Central Inverters. In 2023 IEEE Green Energy and Smart Systems Conference (IGESSC) (pp. 1-4). 

IEEE. This analysis has been conducted for 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 cases. Three 

harmonics models have been introduced for each solar inverter and these models are typical IEEE-

6 pulse, IEEE-12 pulse, and IEEE-18 pulse models. And the total harmonic distribution (THD) for 

the voltage and current have been recorded for each of the 3 cases 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 banks. The harmonics analysis using the IEEE-18 pulse model confirms that the 

proposed solution in [35]  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 solutions as presented in the work done by authors Stiger, A., Rivas, 

R.A. and Halonen, M. in their article [37] 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). Authors have concluded that installing Synchronous Condensers may 

address the problem of decreasing fault levels on the system. These devices increase the grid's 

inertia, dynamic performance, and stability. The paper discussed a hybrid 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 in [38]  have discussed dynamic reactive power compensation where 

Flexible AC Transmission (FACTS) devices are required because switching of reactive elements by 

means of circuit breakers is too slow. Besides, several factors will change the 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 sales. Their paper covered some aspects of the 

new generation of dynamic shunt compensators and the system aspects to be considered for 

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

to the electricity consumers. 

A traditional Static Var Compensator (SVC) usually consists of many branches of fixed and switched 

reactive power banks (Figure 1.2-25), with at least one branch being regulated by thyristors. The 

selection of branch sizes and their configuration mostly relies on the operational 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 Capacitor (FC), Mechanically Switched Capacitor bank (MSC), and/or 

Reactor bank (MSR). 

 

Figure 1.2-25: 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 devices with turnoff capability 

(e.g., IGBT and IGCT). As illustrated in Figure 1.2-26, the Voltage-Source Converter (VSC) is the 

central component of a conventional STATCOM. Throughout its operational range, the VSC 

possesses symmetrical characteristics. From the high-voltage (HV) perspective, the VSC functions 

as a controllable current source that can be modified in an independent manner from the system 

voltage, facilitated by the closed-loop control. 
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Figure 1.2-26: Typical STATCOM configuration and V/I diagram. 

Modern STATCOMs with Grid Forming control not only provide assistance after contingencies, but 

also during real breakdowns. Their purpose is to avoid voltage collapses, often known as 

"blackouts," as well as harmful over-voltages.  

Gómez-González, J. et. al. in [39] discussed Reactive power management in photovoltaic 

installations connected to low-voltage grids to avoid active power curtailment, where 

Photovoltaic (PV) inverters are traditionally designed to 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 a reduction 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 its PV field. 

 

Researchers S. Balasubramanyan and M. Sasirekha in [40] proposed 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 in Transition to 100% Renewable Energy IEEE 9-bus system  

 

Several recent developments have changed the features and characteristics of the transmission 

power grid, which will have an impact on the future functioning of the system and the power 

market globally, such driving points are: 
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1- The retirement of traditional and conventional power generation stations (like thermal 

power plants with heavy 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 and electrifying them. 

 

2- Integration of more renewable energy sources, particularly solar/wind power plants cause 

a major shift in the generating mix, and this is 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, particularly 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 factor, voltage flicker, and harmonic levels. While the use of 

capacitor banks and filters may somewhat decrease harmonic levels and enhance power 

factor, it is advisable to use dynamic shunt compensation in industries with rapidly 

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

 

4- The new electric industry legislation and new laws enables private sector participation in 

power generation and sales via joint ventures with state-owned entities. However, the 

system remains under TSO supervision. 

 

Based on above, modern power systems are encountering difficulties and several challenges due 

to rapid fluctuations and changes in generation mix which has a negative impact on the dynamic 

stability of the power system. Renewable energy sources are replacing conventional generators, 

resulting in a substantial increase in the use of renewable energy in distribution and transmission 

networks.  
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1- When integrating renewable energy sources such as wind and solar power plants into 

power grids, it is important to ensure that system stability and reliability are not 

compromised, especially when there are no rotating masses involved. Hence, Transmission 

System Operators should establish and update their Grid Codes standards, particularly 

concerning reactive power, voltage and frequency regulation, and fault ride-through 

capabilities. Wind farms and solar PV plants of 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 and Wind farms are unlike thermal power plant are asynchronously integrated into 

the grid through inverters, hence they do not contribute to grid inertia, and will massively 

cause a reduction in system inertia, which will increase the steepness of the rate of change 

of frequency (ROCOF) 

 

Figure 1.2-27: 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 characteristics. This includes a decrease in system 

strength (fault level) MVAsc. 
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Figure 1.2-28: Effect of SCR on Voltage Stability 

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

after system breakdowns. 

 

Figure 1.2-29: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 goals.  In order to successfully restrict the global temperature, rise to 1.5°C. Over 

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 atmosphere is completely 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 pre-industrial levels by the conclusion of this century 

(IPCC, 2019, 2023). To limit global warming to 1.5°C, the AR6 report additionally 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 energy-related activities account 

for the majority of anthropogenic emissions, 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 per [48], The significance of modelling scenarios that aim to utilize 100% renewable energy has 

increased over the last decade, according to a seminal article by Khalili and Breyer (2022). 

Numerous national, 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 in [41] examined three energy transformation scenarios that are committed to attaining 

100% renewable energy by the year 2050. The following scenarios have been incorporated into 

The University of Technology Sydney's "Achieving the Paris Climate Goals" report: The University 

of Technology Lahti University of Technology (LUT) Global 100% RE Scenario [42]; Stanford 

University's 100% Wind-Water-Solar (WWS) Scenario [43], which encompasses 145 countries; and 

The University of Technology Sydney (UTS) 1.5°C Scenario [44]. The aforementioned scenarios 

were selected on the grounds that they are worldwide in reach, employ 100% renewable energy, 

and extend their analysis to the year 2050. 
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Table 1.2-1:Overview of IRENA 100% RE scenarios analyzed. 

Energy System Model Global 100% RE 100% Wind, Water, Solar (WWS) Net Zero Emissions 

Institution  
Lappeenranta-Lahti University of 
Technology-LUT (2021)  

Stanford (2022)  International Energy Agency-IEA (2021)  

Target(s)  
100% renewable energy system by 
2050  

80% WWS by 2030.  
100% WWS by 2050 for 145 countries   

Net zero by 2050  

Renewable energy 
share in total energy 
supply (TES) by 2050      

100% 100% 
67% in total energy supply (88% in 
electricity generation)  

Energy sources included 
in 2050 

Solar photovoltaic (PV), 
concentrated solar power (CSP), 
wind, hydropower, geothermal and 
bioenergy 

Generation: wind, solar PV, CSP, 
geothermal, hydro and ocean energy.  
Heat: solar thermal, geothermal heat  

TES: solar, bioenergy, wind, 
hydropower, geothermal, other 
renewables, nuclear, natural gas, oil 
and coal.  

2050 share of 
electricity 
(electrification level)  

89% (total primary energy demand)  

Efficiency measures result in total 
energy demand decreasing by 56.4%, 
so that remaining energy is nearly all 
(~99.1%) electricity: 85% higher than 
2018 actual levels (total installed 
capacity)  

49% of electricity in total final energy 
consumption  

Cumulative investment 
needed to 2050 

USD 72 trillion, noting net energetic 
yield per invested unit of capital in 
renewable electricity solutions far 
exceeds the one in upstream fossil 
fuels  

Around USD 61.5 trillion Upfront costs 
are recovered through energy sales, 
covering WWS electricity; heat and 
green hydrogen generation; storage for 
electricity, heating, cooling and green 
hydrogen; district heating heat pumps; 
all- distance transmission; and 
distribution  

Annual average capital invested is 
indicated for 2030-2040-2050:   
- 40-50 trillion USD, annual 
investments of 4-5 trillion per year by  
2030. 
- Almost USD 5 trillion  annually by 
2040.  
- USD 4.5 trillion annually by 2050  
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1.2.9 Research Gap   
  

Unlike previous researchΩǎ, which frequently focuses on partial integration of one or more 

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

challenges for such integrations, this thesis does examine the following: 

1-  Performed a detailed and comprehensive power system analysis for the traditional and 

conventional IEEE 9 bus system with 0% penetration of renewables (1st scenario), not like 

previous studies which performed a partial analysis. 

 

2- The IEEE 9 bus system was partially and gradually integrated with renewable that replaces 

the conventional synchronous machines (scenarios: 2nd to 7th), and full transition and 

integration of 100% renewable in the 8th scenarios which replaces the conventional 

synchronous machines with an equivalent renewable energy source (solar/wind/hydro) 

with similar capacities. 

 

3- Integrates an actual renewable solar PV plant /wind farm, starting from the IRR building 

blocks till the PoCC, not like previous studies that unrealistically integrate a large-scale 

wind farm with only one WTG. 

 

4- Examines the challenges and solutions for the 100% renewable transitions in terms of 

stability, security, and interoperability on the IEEE 9 bus system.  

 

5- Performs a time domain load flow for one complete month, and then conducted a financial 

analysis addressing the total levelized cost of energy (LCOE), levelized revenue of energy 

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

 

6- Conducts a life cycle assessment and CO2 emissions estimations for each scenario.   

 

7- Implements the data analysis techniques and tools to analyse and visualize the data.  
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1.3 Chapter Three: Methodology and Philosophy 

1.3.1 Introduction 

This chapter is one of the most important ones in the research since 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 secondary sources to finish 

the research, analysis, and system investigation. 

1.3.2 Research Process  

A research method refers to a systematic approach used to gather and analyse data. The 

research methodology may include the use of a particular tool, such as a self-completion 

questionnaire or a scheduled interview schedule. Alternatively, 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 research 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 Saunders's onion 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 below Figure 1.3-1 

 

Figure 1.3-1: Saunders Research Onion 
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1.3.3 Research Philosophy  

 

The research philosophy includes assumptions, knowledge, and the nature of the 

investigation. It is 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. 

 

Figure 1.3-2:  Research Philosophies 

The chosen philosophy in this research is post modernism that 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 norms for analysing the challenges of transition to sustainable 100% 

renewable electrical power and energy system along with power quality solutions on stability, 

security, and interoperability of the IEEE 9 bus system. This approach relies on rigorous 

methodologies and has the capacity to bolster research endeavours via the utilization of 

statistical and objective data. Insufficient comprehension of a given situation. This approach is 

deemed essential for a thorough understanding of the subject matter. By adopting this 

methodology, in reflection of above, Kumar, 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 IEEE 9-bus system into ETAP and grid integrate 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 power losses for the lines ) , and it was found that the voltage 

profile is affected by the fault locations.  

 

By adopting post modernism methodology, 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 after 25% 

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

destabilizes the network.  

 

1.3.4 Research approach.  

 

Scientific research may follow one of two paths: inductive or deductive, see Figure 1.3-3. A 

researcher's purpose in inductive research is to infer theoretical notions and patterns from 

observable facts. However, researcher's purpose in deductive research is to examine ideas and 

patterns known from theory using fresh empirical evidence. 

 

Figure 1.3-3: Research Approach Paths 
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The chosen approach in this research is deductive in which the goal is to test concepts and 

patterns known from theory using new empirical data.  work done by authors Stiger, A., Rivas, 

R.A. and Halonen, M. in their article [37] 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). Authors have concluded 

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

the system. 

Also, as per [35] the analysis conducted for 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 

cases. Three harmonics models have been introduced for each solar inverter and these models 

are typical IEEE-6 pulse, IEEE-12 pulse, and IEEE-18 pulse models. And the total harmonic 

distribution (THD) for the voltage and current have been recorded for each of the 3 cases 

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 banks. Methodological Choice 

Upon conducting ETAP simulation for each of the 8 scenarios below, all the system parameters 

will be recorded making it a quantitative study. Thus, the chosen method is mono-quantitative 

utilizing the case study which is IEEE 9 Bus system. In which explanation through numbers is 

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

collection before analysis, and cause and effect relationships. 

Reasoning based on deduction, variables and measurements that have been predefined, data 

gathering prior to analysis, and the investigation of cause-and-effect connections. 
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1.3.5 Research Strategy 

 

The data collected for the research is mostly numerical and comes from IEEE 9-Bus system case 

study conducting ETAP simulation for 8 scenarios of the IEEE 9-Bus systems which are: 

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

driven Synchronous Machines 

2.  14% Renewable Contribution with IEEE 9 Bus System with Fossil Fuel Primary Energy 

Sources driven Synchronous Machines + 125MVA Wind Farm replaces SM3.  

3. 30% Renewable Contribution with IEEE 9 Bus System with Fossil Fuel Primary Energy 

Sources driven Synchronous Machines + 270MVA PV plant replaces SM2. 

4. 44% Renewable Contribution for IEEE 9 Bus System with Fossil Fuel Primary Energy 

Sources driven Synchronous Machines with 270MVA PV Plant Replacing SM2+ 125MVA 

Wind Farm replaces SM3.  

5. 56% Renewable Contribution for IEEE 9 Bus System with Fossil Fuel Primary Energy 

Sources driven Synchronous Machines 512MVA Hydro Electric Power Plant replacing 

SM1. 

6. 70% Renewable Contribution for IEEE 9 Bus System with Fossil Fuel Primary Energy 

Sources driven Synchronous Machines 512MVA Hydro Electric Power Plant replacing 

SM1 + 125MVA Wind farm replaces SM3. 

7. 85% Renewable Contribution for 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% Renewable for IEEE 9 Bus System with Fossil Free Primary Energy Sources (Solar / 

Wind / Hydro) with 512MVA Hydroelectric Power Plant replaces SM1+270MVA PV Plant 

Replacing SM2+ 125MVA Wind Farm replaces SM3. 
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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 a one-shot study, this research design 

involves the collection of data on a single occasion. The study subject might potentially be 

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

A cross-sectional study is a research design that captures a snapshot of several variables at a 

certain moment in time, using a representative sample. The Primary Data Collection was done 

Technology S1 - 0% Renewable
S2-  14% Renewable - 

Wind

S3 - 30% Renewable - 

Solar

S4 - 44% Renewable- 

Wind & Solar

S5 - 56% Renewable- 

Hydro

S6- 70% Renewable - 

Hydro & Wind

S7- 86% Renewable - 

Hydro & Solar

S8 - 100% Renewable- 

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%
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Solar

S4 - 44%
Renewable-
Wind & Solar
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Renewable-
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Hydro & Wind
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Renewable -

Hydro & Solar

S8 - 100%
Renewable-

Hydro, Wind ,
& solar

Primary Energy Source Technology Contribution per Scenario 

Traditional ( Oil/Coal, Gas) Power Plant Wind Farms Photovoltic Plant HydroElectric
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through performing simulation for IEEE 9 Bus case study, while the secondary data collection 

was done through resources such as: the internet, reports, and articles. The data obtained from 

this analysis may be beneficial for policymakers and energy industry stakeholders seeking to 

make well-informed decisions about 100% transitioning to renewable in a large-scale power 

grid.  

1.3.7 Population and Sampling  

The objective of this study is to investigate challenges of transition to sustainable 100% renewable 

electrical power and energy system along with power quality solutions on stability, security, and 

interoperability of the IEEE 9 bus system as a small-scale power system, and the results and 

outcomes that will be obtained can be reflected on a larger scale power system 

1.3.8 Research Onion  

Based on all above, below Figure 1.3-4 reflects the research onion for the subject research  

 

 

 

Figure 1.3-4: Research Onion 
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2. PART TWO 
 

 

2.1 Chapter Four: Main Components of a Large-Scale Grid Connected 

PV Plant /  Wind Farm. 
 

2.1.1  Overview  

 

All generators connected to the transmission system must be complied with Transmission System 

Operator (TSO) grid code which defines the technical interconnection rules. This transmission grid 

code was originally created and developed assuming synchronous generators driven by prime 

ƳƻǾŜǊǎ όǎǘŜŀƳ ǘǳǊōƛƴŜǎΣ Ǝŀǎ ǘǳǊōƛƴŜǎΣ ŜǘŎΦΧύ ǘƘŀǘ ŘŜǇŜƴŘǎ ƻƴ ǇǊƛƳŀǊȅ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎ ǎǳŎƘ ŀǎ 

natural gas and other petroleum products such as heavy fuel and diesel oil.  

 

The renewable energy sectors globally acquired significant progress during the past years, by 

boosting the contribution of renewable energy sources (wind energy, solar energy, hydroelectric) 
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in the total energy mix in-line with the three proposed scenarios by IRENA in [41] new policies and 

cumulative investment needed to 2050 which is represented by expanding the renewable energy 

projects as 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) generators, both fall under 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 connection requirements to the Transmission System. 

 

In this chapter, we will discuss in a more depth manner the following: 

1- PV Generator ς PV IRR Unit for Solar Plant [2.1.2] 

2- WT Generator ς WTG IRR Unit for Wind Farm [2.1.3] 

3- Collection MV/HV Substation (common for PV plant and Wind Farm) [2.1.4] 

4- Power Quality Solutions (common for PV plant and Wind Farm) [2.1.5] 

 

The PV Generator is basically the άphotovoltaic module and fully rated converterέΣ ŀƴŘ ƛǘ is 

ŎƭŀǎǎƛŦƛŜŘ ǳƴŘŜǊ ǘƘŜ ά5/ ƎŜƴŜǊŀǘƻǊ ǿƛǘƘ ƛƴǾŜǊǘŜǊέ ǘȅǇŜ of generators for renewable generation. As 

illustrated in Figure 2.1-1   

 

hƴ ǘƘŜ ƻǘƘŜǊ ƘŀƴŘΣ ²¢ DŜƴŜǊŀǘƻǊǎ ŀǊŜ ōŀǎƛŎŀƭƭȅ ǘƘŜ ά!/ DŜƴŜǊŀǘƻǊǎέ, and it is categorized into 

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

induction generator, Type-2: Wound Rotor Induction generator, Type-3: Doubly fed induction 

generator, and Type-4 permanent magnet synchronous generators ǳƴŘŜǊ ǘƘŜ ά5/ ƎŜƴŜǊŀǘƻǊ ǿƛǘƘ 

ƛƴǾŜǊǘŜǊέ ǘȅǇŜ ƎŜƴŜǊŀǘƻǊǎ ŦƻǊ ǊŜƴŜǿŀōƭŜ ƎŜƴŜǊŀǘƛƻƴ. As illustrated in Figure 2.1-1   

 

Both the PV generators and WT generator are collectively called Inverter Based Resources (IBR) in 

which they are asynchronously interconnected to grid. Not like wise in the fixed speed AC 

generators which are directly connected synchronous generators which are electromagnetically 
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connected to the grid and can contribute to the inertial response, such are concentrated solar 

power, biomass and biogas, and hydro-electric power plants.   

 

Figure 2.1-1: Generators for Renewable Generations 
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2.1.2 Photo Voltaic Generator (PVG)  ς PV IRR Unit  

 

2.1.2.1 Larg Scale Grid Connected Solar PV Plant ς Overview  

 

A grid connected Photo-Voltic (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, photons with energy greater than the energy 

bandgap of the semiconductor create some pairs of electron-holes proportional to the incident 

irradiation.   

A group of 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 generator. This PV generator will have a 

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 and the grid which the PV plant is connected with is an 

AC grid, then a DC to AC converter should be used which are solar inverters. Directly after the 

solar inverters that converted the DC voltage into LV AC voltage, a solar step-up power 

transformer is used that step-up 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 PV plants a radial system is used too. A medium voltage Ring Main Units 

(wa¦Ωǎύ ŀǊŜ used, and they are connected together through MV power cables with cable 

terminations to develop the MV PV incoming feeder of the MV main switchgear. The MV 

switchgear will receive the power from the PV plant and evacuate this power through an MV/HV 

Step-Up power transformers, besides, the power flow can be controlled in 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). Right after the MV/HV power 

transformer, the HV primary transmission substation comes which is considered as point of 

common coupling (PoCC). Summarizing the main components of a grid connected PV plant. A PV 

plant consists of mainly the following, and they can be visualized in Figure 2.1-2 

1. Photovoltaic Cells and Associations  

2. (DC/AC) Solar Central Inverters  

3. Step-Up (LV/MV) Solar Power Transformer Station and MV Ring Main Units  

4. Medium Voltage (MV) Switchgear  

5. Medium Voltage (MV) Capacitor Banks 

6. Step-Up (MV/HV) Power Transformer  

7. HV Primary Transmission Substation  
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Figure 2.1-2:Block Diagram of a Large-Scale Grid Connected PV Plant 

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 a P-N junction fabricated in a thin wafer of semiconductor. The 

electromagnetic solar radiation of solar energy can be directly converted into electricity through 

photovoltaic effect. Being exposed to the sunlight, photons with energy greater than the band-
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gap energy of the semiconductor create some electron-hole pairs proportional to the incident 

irradiation. Figure 2.1-3 shows the basic operating principle of a solar cell [11]. 

 

Figure 2.1-3: Basic Operating Principle of a Solar Cell 

PV cells are grouped in larger units called PV modules which are further interconnected in a 

parallel-series 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 solar module, and 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 generator. Figure 2.1-4 shows the Diagram of the 

possible components of a photovoltaic system. 

 

Figure 2.1-4: 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 shown in Figure 2.1-5. The current source Iph represents the 

cell photocurrent, whereby each photon carries an energy that depends on the wavelength.  

Ὁ
Ὤὧ

‗
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When this photon strikes the solar cell, then consequently it will generate a pair of electron-hole 

(e-hole) which will generate the photo current Iph.  

 

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

Usually, the value of Rsh is very large and that of Rsr is very small, hence they may be neglected to 

simplify the analysis.  

 

Figure 2.1-5: The equivalent Circuit for the Solar Cell 

CǊƻƳ ǘƘŜ ŀōƻǾŜ ŜǉǳƛǾŀƭŜƴǘ ŎƛǊŎǳƛǘΣ ŀƴŘ ŀǇǇƭȅƛƴƎ YƛǊŎƘƘƻŦŦΩǎ /ǳǊǊŜƴǘ [ŀǿ όY/[ύ 

 Ὅ  Ὅ Ὅ Ὅ                                                                                                                         

Where;  

Iph : Photo current.  

D: P-N junction and it is a representation for the ideal diode.  

Rsh: Shunt resistance due either the leakage at edges of P-N junction or defects on the P-N 

junction.  

Rsr: Series resistance 

Ὑ Ὑ  Ὑ  Ὑ Ὑ                                     

R Front contact: Resistance of the front contacts of the metal mask.  

R Back contact: Resistance of the front contacts of the Back contact. 
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R Semi-conductor: Resistance with the e- faces during crossing from the semi-conductor to the 

contact.  

R N-type: Resistance due to the depth of N-layer in the P-N junction.  

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

Figure 2.1-6 shows current-voltage characteristic of semiconductor diode 

 

Figure 2.1-6: Current-Voltage Characteristic of Semiconductor Diode 

The current equation of the diode is given in below.  

╘╓  ╘╞ ▄
▲Ȣ╥▫╬
═╚╣    

Where  

Io: Reverse saturation current  

q: Change of electron 1.6ρπ ὅ 

Vo.c: Open circuit voltage (V-Ish) 

A: Ideality factor, where A= 1 for an ideal diode and A= 1 - 2 for a practical diode 

K: Boltzmann factor  

 

T: Absolute temperature for solar cells 
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Shunt Current Ish is the current which flows in Rsh 

 

Figure 2.1-7: Load Side of Solar Cell  

Figure 2.1-7 ǎƘƻǿǎ ǘƘŜ ƭƻŀŘ ǎƛŘŜ ƻŦ ǎƻƭŀǊ ŎŜƭƭΦ !ǇǇƭȅƛƴƎ YƛǊŎƘƘƻŦŦΩǎ ±ƻƭǘŀƎŜ [ŀǿ όY±[ύ ŀǘ ǘƘŜ ƭƻŀŘ 

side of the solar cell  

ὠ Ὁ ὍὙ  

 

ὠ ὠ π ὍὙ ὍὙ  

 

ὠ ὍὙ  ὍὙ  

 

Ὅ  
ὠ ὍὙ

Ὑ
   

For ideal solar cells, then the shunt resistance will be assumed as an open circuit Rsh Њ , and 

the series resistance will be assumed as short circuit Rs 0  

!ǎ ǇŜǊ YƛǊŎƘƘƻŦŦΩǎ /ǳǊǊŜƴǘ [ŀǿ όY/[ύ 

Ὅ Ὅ    

Ὅ  Ὅ  Ὅ Ὅ  

Substituting equations 2.4 and 2.8 in equation 2.10, [11] 

Ὅ  Ὅ  ὍὩ
Ȣ

 
ὠ ὍὙ

Ὑ
  

But the open circuit voltage is given in equation ςȢ12 
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ὠέȢὧ ὠ   ὍὙ    

Substituting equation No. (2.12) in equation 2.11 

Ὅ  Ὅ   ὍὩ
 ὠ ὍὙ

Ὑ
 

I-V characteristics depends on Ish and Vo.c:  

1. Iph = Ish.c   It depends on number of generated e- holes  

2. Vo.c depends on the width of the depletion region, the wider the depletion region the 

higher the Vo.c and vice versa.  

The open circuit voltage can be found by assuming that IL = 0 and Rsh is very high which means 

that the solar cell will look like an open circuit        

is very high = Open circuit shR, = 0L IIf we assume  

Ὅ  Ὅ   ὍὩ
Ȣ ὠ ὍὙ

Ὑ
 

 

Figure 2.1-8:Open Circuited Solar Cell 

 

π  Ὅ   ὍὩ
Ȣ ὠ π

Ὑ
 

 

π  Ὅ   ὍὩ
Ȣ ὠ

Ὑ
   ȟ   Ὑ   Ὥί ὺὩὶώ ὬὭὫὬ ὸὬόί 
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As Rsh decreases and Rsr increases the shape will be close to a triangle; However, as Rsh increases 

and Rsr decreases the shape will be close to square.  

 

The output voltage for the solar module (solar panel) will be given as below.  

ὠ   ὠ   ὔ   

However, the total current from the solar module (solar panel) will be given as below  

Ὅ  Ὅ ὓ ὍὓὩ  

Where  

M: Number of parallel cells per module 

N: Number of series cell  

 

The conclusion from above is that the parallel cells increase the 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 cell in Figure 2.1-5, 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 in Figure 2.1-9. 
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Figure 2.1-9: Short Circuited Solar Cell 

 ὍȢ  Ὅȿ , as R=π 

 

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 density is used, where best solar cell at standard conditions gives a current 

density J=45 mA/cm2, while practically J= 25ͯ 35mA/cm2.  

  

The current density is given in below equation 2.20 

ὐ  
Ὅ

ὃ
  

 

2. Number of photons, whereby the greater number of photons absorbed by solar cell, the 

more electron-hole are generated in the cell.  

 

3. Spectrum of solar radiation. Light spectrum depends on the wavelength ( ‗), where 

Ὁ
Ὤὧ

‗
 
ρȢςτ

‗
 

Thus obviously different wave length would give different (E). However, to utilize the 

energy generated at different wave lengths a cascaded solar cell is used with 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 (lifetime of electron), where it is the period that starts from the time 

of generation electron-hole to the time of the recombination for the electron to its hole 

again. The lifetime of electron depends on ideality factor, doping ratio, defects in PN-

junction and the quality of the PN-junction.  
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2.1.2.2.2.3 Open Circuit Voltage for Solar Cell  

Taking the equivalent circuit of the solar cell in Figure 2.1-5, 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 in Figure 2.1-10. 

 

Figure 2.1-10: Open circuited Solar Cell 

╥▫Ȣ╬  ╥ȿ╘ , as R=Њ 

It is the voltage of the solar cell when the current is equal to zero.  

╥▫Ȣ╬ ■▪
╘▬▐

╘▫

═╚╣

▲
 

Vo.c is slightly affected by changes of IPh; however, it mainly depends on Io 

1. Io depends on the following:  

¶ The type of re-combination in the solar cell (p-n junction) between the 

generated e- and the holes.  

¶ Also, I0 depends on the doping.  

In ideal solar cells the Vo.c could reach up to 750 mV (Si), however for Gallium Arsenide the Vo.c 

could reach up to 800 mV.  

 

2.1.2.2.2.4 Fill Factor (FF) 

The fill factor is essentially a measure of quality of the solar cell. It is calculated by comparing the 

maximum power PMAX to the theoretical power PT that would be output at both the open circuit 

voltage and short circuit current together. The FF is given in equation 2.23, and Figure 2.1-11 

shows the current-voltage characteristics of the solar cell.  
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ὠȢ ὍȢ
  

 

 

Figure 2.1-11: Current - Voltage (I-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: 

¶ Quality of the P-N junction (no defects). Defect states that there a leakage in the 

structure of the P-N junction.  

¶ Re-combination between free e- 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 equation below  

-ÁØ ÐÏ×ÅÒ ÐÏÉÎÔ )  -ÁØ ÐÏ×ÅÒ ÐÏÉÎÔ ÆÏÒ 6

2ÁÄÉÁÔÉÏÎ !ÒÅÁ ÏÆ ÔÈÅ ÓÏÌÁÒ ÃÅÌÌ
ρππϷ  

ὖ

ὖ
ρππϷ

Ὅ ὠ

Ὃ ὃ
ρππϷ 

ὍȢ ὠȢ ὊὊ

Ὃ ὃ
ρππϷ  

Efficiency of the solar cell depends on the Air mass (AM), Temperature (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 impedance Rch, where the Rch is the value 

of R which gives Ish.c and Vo.c.  

Ὑ   
ὠȢ
ὍȢ

ὠ

Ὅ
 

Figure 2.1-12 shows the characteristic impedance equivalent circuit. Figure 2.1-13 shows the 

current - voltage & power-voltage curve of solar panel at different irradiations. 

 

Figure 2.1-12: Characteristic Impedance Equivalent Circuit 

 

Figure 2.1-13: Current - Voltage & Power-Voltage 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 solar cell Ish.c and open circuit 

voltage of the solar cell Vo.c, and consequently the output power Pout  

1. Effect of temperature on Ish.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. As the Egap decreases less energy 

would be needed to transfer e- from the covalence band to the conduction band.  

 

Each (1 kelvin) increase in Temperature, the short circuit current Ish.c would increase by ( 

πȢπυͯπȢπχϷ) 

 

Ish.c = Io (1+ ‌ῳ )  

 

2. Effect of Temperature on Vo.c 

 

As the temp increases the open circuit voltage Vo.c would decrease.  

             

Each increment of temperature by 1ᴈ ,  lead to a decrease in voltage by 0.0032 V  

 

Vo.c = Vo (1-‍ῳ )  

 

3. Effect of Temperature on Pout 

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

Ish.c = Io (1+ ‌ῳ ) 

 

Vo.c = Vo (1- ‍ῳ ) 

 

Io and Vo are the initial value of both the current and voltage at a standard Temp (25°C) 

respectively. 

ʰ ŀƴŘ ʲ ŀǊŜ ǘƘŜ ǘƘŜǊƳŀƭ ŜȄǇŀƴǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ {ƛ 

 

ὖ  ὖ ρ πȢππυ ῳ    

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 grid-tied 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. Figure 2.1-14 shows a central solar inverter along with its associated solar step-up 

transformer and MV Ring main Unit (RMU)  
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Figure 2.1-14: Central Inverter with Step-Up Transformer and RMU 

 

2.1.2.2.3.2 Solar Inverter Single Line Diagram (SLD) 

As shown in Figure 2.1-15, two central inverters are evacuating the power through a three winding 

solar transformer which is connected with a MV Ring Main Unit  

 

Figure 2.1-15: Block Diagram of Two Central Inverters and MV step-up station 

The same can be visualized in Figure 2.1-16. shows the general layout drawings for PVS 980-2000 

kVA 
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Figure 2.1-16: Two Central Inverters and Step-Up Solar Power Transformer with MV RMU 

 

2.1.2.2.3.3 Three-phase Sinusoidal Pulse Width Modulation SPWM Inverter 

Three-phase 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 the 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 complementary. These are 

shown in Figure 2.1-17. 

 

Figure 2.1-17: 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 in Figure 2.1-17, 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, however, ia were 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 require turning off, as it was in any case 

not on.  

Referring to Figure 2.1-18, 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 it reverses 

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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Figure 2.1-18: Pulse-Width Modulated Waveform for a Three Phase Bridge Inverter[43] 
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2.1.2.2.4 Step-Up (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 output low voltage AC received from the central 

inverters (400 V, 480 V, 690 V, 1000 V, etc..) into the medium voltage AV (11 kV, 20 kV, 33 kV, 

etc.). Solar Power Transformers differ than another normal transformer by the following: 

¶ An electrostatic screen between HV and LV windings is applied. 

¶ Transformer is designed to limit DC components occur in core, as appropriate to solar 

application. 

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

2.1.2.2.4.2 Solar Power Transformer Types  

 

solar transformer can be either two ǿƛƴŘƛƴƎǎΩ transformers as shown in Figure 2.1-19 

 
Figure 2.1-19: 2000 kVA, 0.66/33 kV, Dy11 Two Winding Solar step-up Power Transformer 

or three winding transformers (transformer with two secondaries) as shown in Figure 2.1-20 

 

 
Figure 2.1-20: 2400 kVA, 0.4-0.4/33 kV, Dy11y11 Three Winding Solar Step-up Power 
Transformer 
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Below Figure 2.1-21 is a photo showing a central inviter (right) is connected with the step-up 

solar transformer (middle), and from this transformer to the MV Ring Main Unit (left)    

 
Figure 2.1-21: 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 as 2-, 3- or 4-way 

standard configurations with additional equipment according to the system requirement. Below 

Figure 2.1-22 shows a photo for a typical RMU. 

 
Figure 2.1-22: Ring Main Unit Three ς Way 
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2.1.3 Wind Turbine Generator (WTG) ς WTG IRR Unit  

 

2.1.3.1 Large Scale Grid Connected Wind Farm-Overview  

 

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

ŎŀǇǘǳǊŜǎ ǘƘŜ ǿƛƴŘΩǎ ƪƛƴŜǘƛŎ ŜƴŜǊƎȅ ƛƴ ŀ ǊƻǘƻǊ ŎƻƴǎƛǎǘƛƴƎ of two or more blades mechanically 

coupled to an electrical generator via speed step-up 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 power generation capacity. 

 
The Generators convert the mechanical energy supplied by the WTG rotor through the gear box 

into electrical power energy, and this electrical power energy is tied with the grid either directly 

or through converters. Traditionally, there are two (2) main types of 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 at fixed or variable speed. However, due 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 

and torque transient behaviors. 

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 power generation capacity. In order to 

maximize the number of ²¢DΩǎ connected in series then ring system will be used, however in 

some Wind Farms ŀ ǊŀŘƛŀƭ ǎȅǎǘŜƳ ƛǎ ǳǎŜŘ ǘƻƻΦ ! ƳŜŘƛǳƳ ǾƻƭǘŀƎŜ wƛƴƎ aŀƛƴ ¦ƴƛǘǎ όwa¦Ωǎύ inside 

the base of the WT tower are used, and they are connected together through MV power cables 

with cable terminations to develop the MV WTG incoming feeder of the MV main switchgear. The 

MV switchgear will receive the power from the Wind farm and evacuate this power through an 

MV/HV Step-Up power transformers, besides, the power flow can be controlled in 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). Right after the MV/HV 

power transformer, the HV primary transmission substation comes which is considered as point 

of common coupling (PoCC). Summarizing the main components of a grid connected to a Wind 

Farm. A Wind Farm consists of mainly the following, and they can be visualized in Figure 2.1-23 

1. Wind Turbine Generator. Each turbine 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 (in the case of Type 3 and 4 ²¢DΩǎύ.  

1.9. Step-Up (LV/MV) Solar Power Transformer Station.  

1.10. MV Ring Main Units  

 

2. Medium Voltage (MV) Switchgear  

3. Medium Voltage (MV) Capacitor Banks 

4. Step-Up (MV/HV) Power Transformer  

5. HV Primary Transmission Substation  



85 

 

 
Figure 2.1-23:Block Diagram of a Large-Scale Grid Connected Wind Farm 
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2.1.3.2 What Causes Wind?  

 
Wind is simply the movement of air, and this movement of air is created due to pressure 

differences within the atmosphere. When we have low-pressure; it is because the air is being 

heated up by the sun, so it gets warmer and less dense, and this causes the air to rise through the 

atmosphere, on the other hand, when we have a high pressure, the air gets cooler, denser and 

this will cause the air to descend in the atmosphere.  Whenever we have a pressure difference 

within the system, these pressures will try and equalize, as the pressure equalizes, we will get the 

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

 
Figure 2.1-24: Atmospheric Pressure Difference and Movement of Air 

 
Depending on the pressure difference will get either rapid movement of air from the high-pressure 

area to the low-pressure 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 1.7x1014 kW of power from the sun in the form of solar radiation.  This 

radiation heats up the atmospheric air. The intensity of this heating will be more at the equator 

(0o 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, lighter air from 
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 from high-pressure areas to low-pressure 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 air pressure and since the sun heats different parts of 
the Earth differently, causing pressure differences, the Sun is the driving force for most winds. 
 
 
¢ƘŜ ǿƛƴŘ ǘǳǊōƛƴŜ ŎŀǇǘǳǊŜǎ ǘƘŜ ǿƛƴŘΩǎ ƪƛƴŜǘƛŎ ŜƴŜǊƎȅ ƛƴ ŀ ǊƻǘƻǊ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ǘǿƻ ƻǊ ƳƻǊŜ ōƭŀŘŜǎ 
mechanically coupled to the hub and driving an electrical generator via speed step-up gear box.  
 
 

2.1.3.3 Power Available in the Wind  

 

 

 

Figure 2.1-25: Stream of Air of mass m and moving with velocity v Facing Wind Turbine Rotor 

The kinetic energy in a stream of air of mass m moving with speed V is given by the following (in 
joules): 
 

Ὁ
ρ

ς
άὠ  

The power in moving air is the flow rate of kinetic energy per second (in watts): 
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But the mass m equals the product of air density ́ and its volume ˄   
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The volume ˄ of stream of air equals to A X l 

ά ”   ὃ ὰ  

The mass flow rate  
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But the rate of change for the distance    is the velocity V.  
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╟ ⱬ╪ ═╣╥  

P = mechanical power in the moving air (watts), 

á= air density (kg/m3), 
AT = area swept by the rotor blades (m2), and 
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 the wind velocity is more prominent owing to its cubic relationship with the power. 

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

of the wind turbines. The calculations will show what happens when you double, then triple the 

velocity. Take a moment to think about how much available power will increase if you double and 

triple the velocity: 

The standard density of air is 1.225 kg/m3 

The turbine has a 24 m diameter, which means the radius is 12 m. Thus, the swept area of the 

turbine is: “ὶ= 3.14159(ρς) = 452.4 m2 

At 6 m/s: 

The power in the wind at 6 m/s is 

ὖ
ρ

ς
” ὃὠ

ρ

ς
ρȢςςυ τυςȢτ φ υωȟψυρ ὡ υωȢψυὯὡ 

At 12 m/s:  

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

ὖ
ρ

ς
” ὃὠ

ρ

ς
ρȢςςυ τυςȢτ ρς τχψȟψπψ ὡ τχψȢψὯὡ 

At 18 m/s:  

The power in the wind at 18 m/s is (27 times as large) 

ὖ
ρ

ς
” ὃὠ

ρ

ς
ρȢςςυ τυςȢτ ρψ ρȟφρυȟωχω ὡ ρȟφρυὯὡ 

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 33 = 27. 

2.1.3.5 AIR DENSITY 

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

ὖ ὠ ὲ Ὑ Ὕ 

Where  



90 

 

P is the pressure 

V is the volume of the gas  

n is the number of kilo moles of the gas 

R is the universal gas constant T is the temperature 

 

The air density at sea level at 1 atm (14.7 psi) and 60°F is 1.225 kg/m3. 

ὅ
υ

ω
Ὂ σς

υ

ω
φπσς Ȣ ЈἍ 

” ” ρȢρωτ ρπ Ὄ  

 

 

 

 

 

 

The temperature varies with the elevation as follows in °C:  

Ὕ ρυȢυ
ρωȢψσ Ὄ

σπτψ
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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 1.225 kg/m3 for most of the practical cases.  

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

Hence large sized systems are often required for substantial power production. 

2.1.3.6 ROTOR-SWEPT AREA  

 

As seen in the preceding power equation, the output power of the wind turbine varies linearly 

with the rotor-swept area. For the horizontal-axis turbine, the rotor-swept area is 

 

ὃ
“

τ
Ὀ  

Where D is the rotor diameter 

 

For the Darrieus vertical-axis machine, determination of the swept area is complex as it involves 

elliptical integrals. However, approximating the blade shape as a parabola leads to the following 

simple expression for the swept area: 

 

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

 

ὃ
ς

σ
ὡ Ὄ  

¢ƘŜ Ƴƻǎǘ ǇǊƻƳƛƴŜƴǘ ŦŀŎǘƻǊ ŘŜŎƛŘƛƴƎ ǘƘŜ ǇƻǿŜǊ ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ ǿƛƴŘ ǎǇŜŎǘǊŀ ƛǎ ƛǘǎ ǾŜƭƻŎƛǘȅΦ  

²ƘŜƴ ǘƘŜ ǿƛƴŘ ǾŜƭƻŎƛǘȅ ƛǎ ŘƻǳōƭŜŘΣ ǘƘŜ ŀǾŀƛƭŀōƭŜ ǇƻǿŜǊ ƛƴŎǊŜŀǎŜǎ ōȅ у ǘƛƳŜǎΦ Lƴ ƻǘƘŜǊ ǿƻǊŘǎΣ ŦƻǊ 

ǘƘŜ ǎŀƳŜ ǇƻǿŜǊΣ ǊƻǘƻǊ ŀǊŜŀ Ŏŀƴ ōŜ ǊŜŘǳŎŜŘ ōȅ ŀ ŦŀŎǘƻǊ ƻŦ уΣ ƛŦ ǘƘŜ ǎȅǎǘŜƳ ƛǎ ǇƭŀŎŜŘ ŀǘ ŀ ǎƛǘŜ ǿƛǘƘ 

ŘƻǳōƭŜ ǘƘŜ ǿƛƴŘ ǾŜƭƻŎƛǘȅΦ ¢ƘŜ ŀŘǾŀƴǘŀƎŜǎ ŀǊŜ ƻōǾƛƻǳǎΦ IŜƴŎŜΣ ǎŜƭŜŎǘƛƴƎ ǘƘŜ ǊƛƎƘǘ ǎƛǘŜ Ǉƭŀȅ ŀ ƳŀƧƻǊ 

ǊƻƭŜ ƛƴ ǘƘŜ ǎǳŎŎŜǎǎ ƻŦ ŀ ǿƛƴŘ ǇƻǿŜǊ ǇǊƻƧŜŎǘǎΦ 

 

¢ƘŀǘΩǎ ǿƘȅ ǘǿƻ ǇƻǘŜƴǘƛŀƭ ǿƛƴŘ ǎƛǘŜǎ ŀǊŜ ŎƻƳǇŀǊŜŘ ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ǎǇŜŎƛŦƛŎ ǿƛƴŘ ǇƻǿŜǊ ŜȄǇǊŜǎǎŜŘ 

ƛƴ ǿŀǘǘǎ ǇŜǊ ǎǉǳŀǊŜ ƳŜǘŜǊ ƻŦ ŀǊŜŀ ǎǿŜǇǘ ōȅ ǘƘŜ ǊƻǘŀǘƛƴƎ ōƭŀŘŜǎΦ Lǘ ƛǎ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ǇƻǿŜǊ 

ŘŜƴǎƛǘȅ ƻŦ ǘƘŜ ǎƛǘŜΣ ŀƴŘ ƛǎ ƎƛǾŜƴ ōȅ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŜȄǇǊŜǎǎƛƻƴ ƛƴ ǿŀǘǘǎ ǇŜǊ ǎǉǳŀǊŜ ƳŜǘŜǊ ƻŦ ǘƘŜ ǊƻǘƻǊπ

ǎǿŜǇǘ ŀǊŜŀΥ 
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Figure 2.1-26: HAWT vs VAWT 

¢ǿƻ ŘƛǎǘƛƴŎǘƭȅ ŘƛŦŦŜǊŜƴǘ ŎƻƴŬƎǳǊŀǘƛƻƴǎ ŀǊŜ ŀǾŀƛƭŀōƭŜ ŦƻǊ ǘǳǊōƛƴŜ ŘŜǎƛƎƴΣ ǘƘŜ horizontal-axis 

ŎƻƴŬƎǳǊŀǘƛƻƴ ŀƴŘ ǘƘŜ vertical-axis ŎƻƴŬƎǳǊŀǘƛƻƴΦ ¢ƘŜ ƘƻǊƛȊƻƴǘŀƭ-axis machine has been the 

standard in Denmark from the beginning of the wind power industry. Therefore, it is often called 

the Danish wind turbine. The vertical-axis machine has the shape of an egg beater and is often 

called the Darrieus rotor ŀŦǘŜǊ ƛǘǎ ƛƴǾŜƴǘƻǊΦ Lǘ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ƛƴ ǘƘŜ Ǉŀǎǘ ōŜŎŀǳǎŜ ƻŦ ƛǘǎ ǎǇŜŎƛŬŎ 

structural advantage. However, most modern wind turbines use a horizontal-axis design. Except 

for the rotor, most other components are the same in both designs, with some differences in their 

placements. 
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2.1.3.7 POWER EXTRACTED FROM THE WIND 

 

 
CƛƎǳǊŜ нΦмπнтΥ ¦ǇǎǘǊŜŀƳ ŀƴŘ 5ƻǿƴπǎǘǊŜŀƳ ²ƛƴŘΦ 

 
¢ƘŜ ŀŎǘǳŀƭ ǇƻǿŜǊ ŜȄǘǊŀŎǘŜŘ ōȅ ǘƘŜ ǊƻǘƻǊ ōƭŀŘŜǎ ƛǎ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǳǇǎǘǊŜŀƳ ŀƴŘ 
ŘƻǿƴǎǘǊŜŀƳ ǿƛƴŘ ǇƻǿŜǊǎΥ 
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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 
 
V2 = downstream wind velocity at the exit of the rotor blades. 
 
 
The air velocity is discontinuous from V1 to V2, ŀǘ ǘƘŜ άǇƭŀƴŜέ ƻŦ ǘƘŜ ǊƻǘƻǊ ōƭŀŘŜǎΣ ǿƛǘƘ ŀƴ άŀǾŜǊŀƎŜέ 

of ½(V1 + V2). Multiplying the air density by the average velocity, therefore, gives the mass flow 

rate of air through the rotating blades, which is as follows: 

 

ά ” ὃὠ ” ὃ
ὠ ὠ

ς
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The mechanical power extracted by the rotor, which drives the electrical generator, is therefore. 

ὖ
ρ
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άὠ ὠ  
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The preceding expression is algebraically rearranged in the following form: 
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Changing the velocities subscripts as below 
 
V1=V = upstream wind velocity at the entrance of the rotor blades, and 
 
V2=Vo = downstream wind velocity at the exit of the rotor blades. 
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The power extracted by the blades is customarily expressed as a fraction of the upstream wind 
power in watts as follows: 
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” ὃὠ╒▬ 

Where Cp 
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We can say that Cp is 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 factor Cp is called the power coefficient of the rotor or the rotor efficiency. 

 

For a given upstream wind speed, above Equation clearly shows that the value of Cp depends on 

the ratio of the downstream to the upstream wind speeds (Vo/V). A plot of power vs. (Vo/V) shows 

that Cp is a single-maximum-value function. It has the maximum value of 0.59 when the Vo/V ratio 

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): 

 

ὖ
ρ

ς
” ὃὠ πȢυω 

 
The theoretical maximum value of Cp is 0.59.  

 
Figure 2.1-28: Cp curve vs Vo/V ratio 

Cp is often expressed as a function of the rotor tip-speed ratio (TSR) as shown in Figure 3.4. TSR is 
defined as the ƭƛƴŜŀǊ ǎǇŜŜŘ ƻŦ ǘƘŜ ǊƻǘƻǊΩǎ ƻǳǘŜǊƳƻǎǘ ǘƛǇ ǘƻ ǘƘŜ ǳǇǎǘǊŜŀƳ ǿƛƴŘ ǎǇŜŜŘΦ 

 
In practical designs, the maximum achievable Cp ranges between 0.4 and 0.5 for modern high 
speed two-blade turbines, and between 0.2 and 0.4 for slow-speed turbines with more blades. If 
we take 0.5 as the practical maximum rotor efficiency, the maximum power output of the wind 
turbine becomes a simple expression (in watts per square meter of swept area): 
 

ὖ
ρ

τ
” ὠ  
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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 them.  
 
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 formulated for wind turbines which are further 
refined and reinforced with the help of experimental techniques. 

 
Figure 2.1-29: Important Parameters of an Airfoil 

 
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 the lower side. Thus, the air particles at the upper 

ƭŀȅŜǊ ƳƻǾŜ ŦŀǎǘŜǊ ǘƘŀƴ ǘƘƻǎŜ ŀǘ ǘƘŜ ƭƻǿŜǊΦ !ŎŎƻǊŘƛƴƎ ǘƻ .ŜǊƴƻǳƭƭƛΩǎ ǘƘŜƻǊŜƳΣ ǘƘƛǎ ǎƘƻǳƭŘ ŎǊŜŀǘŜ ŀ 

low-pressure region at the top of the airfoil. This pressure difference between the upper and lower 

surfaces of the airfoil will result in a force F.  

 

 
 

Figure 2.1-30: Lift and Drag Force due to Pressure difference. 
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The thrust force experienced by the rotor (F) can be expressed as  
 

Ὂ
ρ

ς
” ὃ ὠ  

 
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 the drag force D. 
 
The lift force (L) is given by: 
 

ὒ ὅ
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And the drag force (D) by  
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Hence, we can represent the rotor torque (T) as 
 

Ὕ Ὂ Ὑ
ρ

ς
” ὃ ὠ Ὑ 

 
Where R is 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 torque coefficient (CT). Thus, the torque coefficient is given by: 
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ς Ὕ

” ὃ ὠ Ὑ
 

 
Where TT is the actual torque developed by the rotor.  
 
The power developed by a rotor at a certain wind speed greatly depends on the relative 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 the turbine 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 
Ǌŀǘƛƻ ό¢{w ƻǊ ˂ύΦ ¢ƘǳǎΣ  
 

‗
‫Ὑ

ὠ
 

 
The power coefficient and torque coefficient of a rotor vary with the tip speed ratio. There is an 
ƻǇǘƛƳǳƳ ˂ ŦƻǊ ŀ ƎƛǾŜƴ Ǌotor at which the energy transfer is most efficient and thus the power 
coefficient is the maximum (CP max). 
 
Let us consider the relationship between the power coefficient and the tip speed ratio.  
 
The power developed in the rotor PT can be expressed as  
 

ὖ Ὕ ‫ 
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Cp can be re-written as below.  
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But we know that TSR can be expressed as below. 
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Substituting in Cp  
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But we know that torque coefficient CT is expressed as below: 
 

ὅ
ς Ὕ

” ὃ ὠ Ὑ
 

Substituting in Cp  
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Thus, the tip speed ratio is given by the ratio between the power coefficient Cp and torque 
coefficient CT of the rotor. 
 
The pressure difference between the upper and lower surfaces of the airfoil will result in a force F.  
The reason of using air foil shape is that we want to generate lift. Lift 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 fluid and fluid velocity.   
 

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: 

 

ω ¢ƻǿŜǊ ǎǘǊǳŎǘǳǊŜ 

ω wƻǘƻǊ ǿƛǘƘ ǘǿƻ ƻǊ ǘƘǊŜŜ blades attached to the hub 

ω IƛƎƘ ǎǇŜŜŘ ŀƴŘ ƭƻǿ ǎǇŜŜŘ ǎƘŀŦǘ  

ω aŜŎƘŀƴƛŎŀƭ ƎŜŀǊ ōƻȄ 

ω 9ƭŜŎǘǊƛŎŀƭ ƎŜƴŜǊŀǘƻǊ 

ω ¸ŀǿ ƳŜŎƘŀƴƛǎƳΣ ǎǳŎƘ ŀǎ ǘƘŜ ǘŀƛƭ ǾŀƴŜ 

ω {ŜƴǎƻǊǎ ŀƴŘ ŎƻƴǘǊƻƭ 

ω !ƴŜƳƻƳŜǘŜǊǎΣ ǿƘƛŎƘ ƳŜŀǎǳǊŜ ǘƘŜ ǿƛƴŘ ǎǇŜŜŘ ŀƴŘ ǘǊŀƴǎƳƛǘ ǘƘŜ Řŀǘŀ ǘƻ ǘƘŜ ŎƻƴǘǊƻƭƭŜǊΦ 

ω bǳmerous sensors to monitor and regulate various mechanical and electrical parameters. A 1-

MW turbine may have several hundred sensors. 

ω {ǘŀƭƭ ŎƻƴǘǊƻƭƭŜǊΣ ǿƘƛŎƘ ǎǘŀǊǘǎ ǘƘŜ ƳŀŎƘƛƴŜ ŀǘ ǎŜǘ ǿƛƴŘ ǎǇŜŜŘǎ ƻŦ у ǘƻ мр ƳǇƘ ŀƴŘ ǎƘǳǘǎ ƻŦŦ ŀǘ рл 

to 70 mph to protect the blades from overstressing and the generator from overheating. 

ω tƻǿŜǊ ŜƭŜŎǘǊƻƴƛŎǎ ǘƻ ŎƻƴǾŜǊǘ ŀƴŘ ŎƻƴŘƛǘƛƻƴ ǇƻǿŜǊ ǘƻ ǘƘŜ ǊŜǉǳƛǊŜŘ ǎǘŀƴŘŀǊŘǎΦ 
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ω /ƻƴǘǊƻƭ ŜƭŜŎǘǊƻƴƛŎǎΣ ǳǎǳŀƭƭȅ ƛƴŎƻǊǇƻǊŀǘƛƴƎ ŀ ŎƻƳǇǳǘŜǊΦ 

ω .ŀǘǘŜǊȅ ŦƻǊ ƛƳǇǊƻǾƛƴƎ ƭƻŀŘ ŀǾŀƛƭŀōƛƭƛǘȅ ƛƴ ŀ ǎǘŀƴŘ-alone plant. 

ω ¢ǊŀƴǎƳƛǎǎƛƻƴ ƭƛƴƪ ŦƻǊ ŎƻƴƴŜŎǘƛƴƎ ǘƘŜ Ǉƭŀƴǘ ǘƻ ǘƘŜ ŀǊŜŀ ƎǊƛŘΦ 

 

The following are commonly used terms and terminology in the wind power industry: 

 

Tower: It is where wind turbine, nacelle and rotor sit upon 

 

Nacelle: The rotor attaches to the nacelle, which sits atop the tower and includes a gearbox, 

low- and high-speed 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 shaft: The rotor turns the low-speed shaft at 30 to 60 rotations per minute (rpm), 

however for very big (large) turbine 5-12 RPM 

 

Gearbox: Gears connect the low-speed shaft to the high-speed shaft and increase the turbine 

speed from 30 to 60 rpm to the 1200 to 1800 rpm required by most generators to produce 

electricity in an efficient manner. 

Because the gearbox is a costly and heavy part, design engineers are exploring slow-speed, 

direct-drive generators that need no gearbox. 

High-speed shaft: It drives the generator via a speed step-up gear. 

 

Brake: A disc brake, which stops the rotor in emergencies. It can be applied mechanically, 

electrically, or hydraulically. 

 

Generator: It is usually an off-the-shelf induction generator that produces 50- or 60-Hz AC 

power. 

 

Upwind and downwind: The upwind turbine operates facing into the wind in front of the tower, 

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: It keeps the upwind turbine facing into the 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 

subsections. 

 

 

To summarize, the main components constituting horizontal axis wind turbines are (see Figure 

2.1-31): 

 
Figure 2.1-31: Main Components of Horizontal Axis Wind Turbine 

1. Blade 

2. Blade support 

3. Pitch angle actuator 

4. Hub 

5. Spinner 

6. Main support 

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 of the nacelle 

17. Supporting tower 

18. Yaw driving device 

 

 

 

 

2.1.3.10 Classification of Generators for Wind Turbines 

 

 

 
Figure 2.1-32: Classification of Wind Turbines Technologies 
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2.1.3.11  AC Generator Technologies 

 

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

Generator  

Sometimes referred to as fixed-speed wind turbines employ stall-regulated (fixed-pitch) blades 

connected to a hub, which is coupled via a gearbox to a conventional squirrel-cage induction 

generator (Nm > Ns).  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 switched shunt capacitors for reactive power compensation and 

possibly a soft-start mechanism which is bypassed after the machine has been energized, where 

ƛŦ ǿŜ ŘƻƴΩǘ ŎƻƳǇŜƴǎŀǘŜ ŦƻǊ ǘƘŜ ǊŜŀŎǘƛǾŜ ǇƻǿŜǊ ŎƻƴǎǳƳǇǘƛƻƴ ǿŜ Ƴŀȅ ŜȄǇŜǊƛŜƴŎŜ ǇǊƻōƭŜƳ ǿƛǘƘ ǘƘŜ 

voltage stability at the terminal of the wind turbine.  

 The speed range of the turbine is fixed by the torque vs. speed characteristics of the induction 

generator. Some of these turbines do not have blade-pitching capability. Although simple, 

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

energy capture from the wind is sub-optimal and reactive power compensation is required. 

 
Figure 2.1-33:Squirrel cage Induction Generator block diagram. 
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Sequence of Operation: 

 
Figure 2.1-34: Power Flow for Squirrel Cage Induction Generator 

1- Rotor and magnetic field rotate at the same speed in asynchronous generator. 

 

2- Initially it draws current from the grid as in 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. At speeds 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 provide the 

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 generator is 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 variable-slip 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. 

 
Figure 2.1-35: Wound Rotor Induction Generator block diagram. 

Sequence of Operation: 

 
Figure 2.1-36: Power Flow for Wound Rotor Induction Generator 

1- In WRIG slight improvement in speed range by increasing the rotor resistance, such 

arrangements tend to increase the speed range by about 2ς10% 
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2- Increased losses in the external rotor resistance  

 

3- wind fluctuations increase the mechanical stress on the turbine shaft.  

 

4- In the case of a weak grid, severe voltage fluctuations might be caused by WRIG. 

 

5- Inductive reactive power demand by the generator requires compensation devices, such as 

capacitor banks. 

 

6- Gearbox necessary. 

 

In above types 1 and 2, we have less control in speed (frequency) is available Χōǳǘ ƛŦ ǿŜ ǘŀƪŜ н 

a² ²¢D ŎƻƴƴŜŎǘŜŘ ǿƛǘƘ нлΣллл D² ƎǊƛŘǎ Χƛǘ ǿƛƭƭ ƴŜǾŜǊ ƘŀǾŜ ǘƘƛǎ ƳǳŎƘ ƛƳǇŀŎǘ. In type 1 and 2, 

we need to provide additional reactive power support, and they need to be excited from the 

ƎǊƛŘΣ ŀƴŘ ǘƘŜȅ ŘƻƴΩǘ ƘŀǾŜ [±w¢ ŎŀǇŀōƛƭƛǘƛŜǎΦ  

 

2.1.3.11.3 Type 3: Doubly-fed Asynchronous Generator ï 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 terminals through a four-

quadrant power converter ǘƘŀǘΩǎ ǿƘȅ ƛǘ ƛǎ ŎŀƭƭŜŘ IBR (Inverter-Based Resource) which have 

capability to inject reactive power.  

The converter provides for vector (magnitude and phase angle) control of the rotor circuit current, 

even under dynamic conditions, and substantially widens the operating speed range of the 

turbine.  

Flux-vector control of rotor currents allows decoupled real and reactive power output, as well as 

maximized wind power extraction and lowering of mechanical stresses. Since the converter is only 

ƘŀƴŘƭƛƴƎ ǘƘŜ ǇƻǿŜǊ ƛƴ ǘƘŜ ǊƻǘƻǊ ŎƛǊŎǳƛǘΣ ƛǘ ŘƻŜǎ ƴƻǘ ƴŜŜŘ ǘƻ ōŜ ǊŀǘŜŘ ŀǘ ǘƘŜ ƳŀŎƘƛƴŜΩǎ Ŧǳƭƭ ƻǳǘǇǳǘΦ  

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

power directly taken from stator, and 30% from the rotor  
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Sequence of Operation: 

 
1- 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. 

 

2- The Machine Side Converter (MSC) or sometime Rotor Side Converter (RSC), is connected to 

the rotor via slip rings and the second, the Line Side Converter (LSC), is connected to the grid. 

 

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

magnitude and phase and allows ōƻǘƘ ǘƘŜ ǘƻǊǉǳŜ όŀŎǘƛǾŜ ǇƻǿŜǊ άtέ ŎƻƴǘǊƻƭύ ŀƴŘ ǘƘŜ ǇƻǿŜǊ 

ŦŀŎǘƻǊ ƻŦ ǘƘŜ ƳŀŎƘƛƴŜ ǘƻ ōŜ ŎƻƴǘǊƻƭƭŜŘ όǊŜŀŎǘƛǾŜ ǇƻǿŜǊ άvϦ ŎƻƴǘǊƻƭύ ƻǾŜǊ ŀ ƭŀǊƎŜ ǎǇŜŜŘ ǊŀƴƎŜ 

(typically +/- 30%). 

 

4- LSC injects a voltage into the grid at grid frequency and is typically controlled to maintain a 

constant DC link voltage. 

 

5- 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 DC-link acts as a constant, ripple free DC voltage source. 

7- Rotor crowbar is designed to bypass the machine side converter, i.e. to short-circuit the rotor, 

in order to avoid overcurrent on the MSC as well as overvoltage on the DC-link capacitor. 

 

8- DC-link chopper is provided in the DC-link bus to dissipate excess energy in the DC-link 

capacitor during a grid fault. 

 

 

2.1.3.11.4 Type 4: Variable Speed Turbine with Full-Rated Power Converter: Permanent Magnet 

Synchronous Generator  

Sometimes referred to as full-converter wind turbines employ a variable-speed wind turbine with 

a full-rated power converter ōŜǘǿŜŜƴ ǘƘŜ ŜƭŜŎǘǊƛŎŀƭ ƎŜƴŜǊŀǘƻǊ ŀƴŘ ǘƘŜ ƎǊƛŘ ǘƘŀǘΩǎ ǿƘȅ ƛǘ ƛǎ ŎŀƭƭŜŘ 

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

converter provides substantial decoupling of the electrical generator dynamics from the grid, 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 independent real and reactive power control. 

 
Sequence of Operation 
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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. a synchronous generator can have either an electrically excited 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 the magnetic field. 

4. The induction generator can have a squirrel-cage 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 farm. A ring system 

is utilized to maximize the number of PV/WTG IRR Units connected in series; however, radial 

systems are also employed in some PV/WF plants. MV power cables with cable terminations are 

utilized to connect medium voltage Ring Main Units (RMUs) in order to construct the MV PV/WF 

incoming feeder of the MV main switchgear.  

 

The power supplied to the MV collecting switchgear will originate from the solar/wind farm and 

will be evacuated via MV/HV step-up power transformers. Additionally, the MV circuit breakers 

of Bus Tie circuits located at the MV Switchgear will enable emergency control of the power flow. 

Furthermore, if present, the MV capacitor banksΣ {±/ΩǎΣ ŀƴŘ STATCOMS will be connected via the 

MV switchgear. Immediately following the MV/HV power transformer is the HV primary 

transmission substation, which serves as the PoCC (point of common coupling).  

 

2.1.4.1 Medium Voltage (MV) Power Cables 

¢ƻ ŎƻƴƴŜŎǘ ōŜǘǿŜŜƴ ǘƘŜ ƛƴǾŜǊǘŜǊ ǎǘŀǘƛƻƴǎ ŀƴŘ wa¦Ωǎ ŘƛǎǘǊƛōǳǘŜŘ ŀƭƭ ƻǾŜǊ ǘƘŜ t± ǇƭŀƴǘΣ a± ǇƻǿŜǊ 

cables are used. Figure 2.1-37 shows constructional drawings for one example of MV power 

cables.  




































































































































































































































































































































































































































































































































































































