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ABSTRACT 

The escalating global energy demand, driven by population growth and industrial expansion, 

necessitates a shift towards clean, renewable energy sources. Presently, fossil fuels dominate 

global energy production, despite their adverse environmental impacts. Consequently, 

numerous countries are exploring renewable energy, with solar power leading the charge. 

Libya, grappling with energy challenges exacerbated by past conflicts, is focusing on 

enhancing its renewable energy sector, particularly solar and wind power. To this end, 2MW 

GCPV system was modelled using the MATLAB/SIMULINK software tool. The system was 

configured as a double-stage grid-connected system, comprising five PV arrays of 400kW 

each. The system underwent comprehensive evaluation from various perspectives. Initially, 

tests were conducted under diverse levels of irradiance and temperature, accompanied by FFT 

analysis. The findings reveal that solar irradiance exerts a more pronounced impact on the 

system's performance compared to temperature. The control strategy of the system 

demonstrated its efficacy on maintaining constant DC voltage, irrespective of changes in 

weather conditions. The FFT analysis further indicates that the LC filter effectively upheld the 

THD level for both voltage and current well below 5%, adhering to the acceptable threshold 

established by the IEEE 519 standard. Then the system underwent evaluation under Line to 

Ground (L-G) short circuit, and three phase Line to Ground (3L-G) short circuit faults. These 

faults were applied at varying distances from the Common Coupling Point (CCP). The study 

found that during L-G faults, the DC side of the system remained stable, maintaining constant 

output power and voltage. However, on the AC side, there were voltage dips and current surges 

during the fault period. Notably, the system swiftly returned to its normal operational state with 

a settling time of less than 0.2 ms after fault clearance. In the case of 3L-G faults, when the 

fault occurred near the CCP, significant fluctuations were observed on both sides of the system. 

Following fault clearance, the system remained in a transient state for approximately 3.5 

seconds before returning to normal. Conversely, when faults were applied far from the CCP, 

the system maintained its stability with minor transients. Despite voltage sags and current 

surges, the system quickly recovered to its normal state in less than 0.2 ms after fault clearance. 

The system's performance was evaluated across nine locations in Libya, utilizing satellite data 

from NASA's database and measurements from the Libyan Centre for Solar Energy Research 

and Studies (CSESR). Assessment across nine Libyan locations highlighted significant solar 

energy potential, with Murzuqh City emerging as a key producer, Collectively, the nine sites 

produced approximately 33,180.84 MWh/year, meeting the energy demand of 4544 houses. 
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𝑇𝑟𝑒𝑓  The reference temperature 
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Vmp Voltage maximum point 

Vref Reference voltage 

ΔE The rate of change of the error 

𝐷  The duty cycle 
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𝐾    Boltzmann constant 

𝐾𝐼   The current temperature coefficient 

𝑀𝑃𝑃 Maximum power point 

𝑇  The cell temperature 

𝑉 Voltage 
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𝑑𝐼  The Change in current 

𝑑𝑃 The change in power 

𝑑𝑉 The change in voltage 

𝑞 The charge of an electron 
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Chapter 1:  

Introduction 

1.1 Introduction  

The world is experiencing significant growth in terms of population, commerce, and 

industry, resulting in an escalating demand for energy. Projections indicate that energy 

demands are expected to increase by about 50% over the next two decades. Furthermore, 

approximately 80% of the world's energy is currently sourced from non-renewable resources 

such as oil, gas, and coal. These resources not only have a detrimental impact on the 

environment but are also contributing factors to global warming [1][2]. It is argued that the 

global community bears a collective responsibility to confront numerous challenges in the 21st 

century, particularly concerning climate change. There is an imperative need to make 

substantial efforts to mitigate the prevailing dependence on fossil fuels, as they constitute 40% 

of the identified factors contributing to global warming [3]. The global power system 

predominantly relies on burning fossil fuels, which are non-renewable and finite energy 

resources. Additionally, these fuels generate a substantial amount of greenhouse gases with 

detrimental impacts on the global environment and human health. Furthermore, considering 

the fluctuating prices of fossil fuels over time and global political conflicts, there is significant 

pressure on global energy security. This has prompted a comprehensive re-evaluation of 

available energy resources to identify sustainable and clean alternatives. It is, therefore, 

important to explore alternative energy resources that can meet the rapid growth in the world's 

energy demands. Renewable energies are considered the most suitable energy resource for the 

future and could play a major role in reducing CO2 emissions, a significant contributor to 

global warming. It is anticipated that renewable energy will play a substantial role in 

minimizing CO2 emissions in the world's power system by 3.6 gigatons in 2035 [1]. 

Considering all the aforementioned factors, over the past few decades, the demand for 

sustainable energy installations based on renewable energy resources has experienced rapid 

growth. Power generation from clean energy resources has been acknowledged as an effective 

means to mitigate the impacts of climate change by providing a sustainable energy source [4] 

[5]. There are various types of renewable and clean energy technologies capable of providing 

a clean and sustainable energy supply. Among these technologies, hydro, solar, and wind 

technologies are the most common. Many countries are striving to achieve their targets of 
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meeting their energy needs through safe, clean, and renewable energy resources, including 

wind turbines, solar PV systems, fuel cells, geothermal, and hydro turbines [6].  

Renewable energy resources are garnering significant global attention due to their clean, 

sustainable, and environmentally friendly nature, making them capable of securing the energy 

supply for current and future human generations. It is anticipated that the utilization of 

renewable energy resources will experience rapid growth, and by 2030, it could surpass the use 

of coal in the global energy sector, reaching approximately 35% of total energy production by 

2040. This growth is evident across various types of renewable energy technologies, with the 

highest growth rate observed in solar photovoltaic (PV) systems [7]. Among all renewable 

resources, PV systems dominate other alternatives due to their advantages of easy installation, 

simple operation, and low maintenance costs [8][9]. It is expected that by 2035, the use of solar 

PV technology will have increased approximately 26-fold compared to 2010, growing from 67 

GW in 2011 to 600 GW. This projection is contingent on government support and decreasing 

technology expenses [1]. The installation capacity of solar PV systems has doubled over the 

last decade, and it is anticipated to contribute to 25% of the total energy production by the year 

2050. Since 2014, China and India have been at the forefront of the growth in PV technology, 

achieving approximately 100 GW of energy production in 2017, with China alone accounting 

for an annual installation of 53 GW [10].  

 

Fig. 1.1. The annual production capacity (curves) and cumulative installation (symbols) over time [10]. 

Globally, the new installation of PV systems in 2017 reached 90 GWp, enabling a 

cumulative total of 415 GWp with an annual growth rate of 29.3% over the previous year. This 

substantial growth surpasses the global installed PV capacity up to 2012. All the 
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aforementioned facts indicate the competitiveness of solar PV systems, with large PV power 

plants leading the way [7]. Figure 1.1 depicts the annual production capacity (curves) and 

cumulative installation (symbols) over time. The annual energy production from crystalline 

silicon (c-Si) reaches 98 GW, whereas the annual energy production from cadmium telluride 

(CdTe) was 4 GW [10]. 

1.2 Motivation  

Solar energy is increasingly recognized as a crucial renewable resource worldwide, sought after 

by many countries striving to meet emissions reduction targets and enhance energy system 

diversity. Despite its vast potential compared to global energy needs, solar energy availability 

varies in quantity and quality across different locations, rendering it unpredictable [11]. The 

sun, a vast energy source, converts a significant portion of its mass into energy continuously, 

emitting solar radiation in all directions, although only a minute fraction of this energy reaches 

the Earth after an approximately 8-minute journey. With a staggering energy of about 3.8×1023 

kW with 1.8×1014kW reaching the Earth's surface[12]-[13]. solar energy manifests in various 

forms such as light and heat. However, substantial losses occur due to factors like reflection, 

scattering, and cloud absorption. Despite these losses, recent studies suggest that solar energy 

has the potential to satisfy global energy demand cost-effectively and mitigate energy crises 

[14]. Nevertheless, solar energy presents limitations, including its intermittent nature, 

fluctuating irradiance levels throughout the day, and dependence on favourable climatic 

conditions. Overall, while solar energy holds promise as a primary energy source for the future, 

its effectiveness is contingent upon addressing these inherent limitations [15]. 

Solar energy, derived from sunlight, serves as the foundation for various alternative energy 

sources, including hydro, biomass, wind, and fossil fuels. [16]. Its utilization spans multiple 

applications such as solar desalination, electricity generation, and heating [17]. PV solar 

technology, a subset of solar energy, exhibits negligible carbon dioxide emissions throughout 

its operational phase, with emissions primarily occurring during the manufacturing process 

[18]. Solar energy technologies encompass solar PV, solar heaters, and concentrating solar 

panels, collectively demonstrating substantial annual growth over the past two decades, 

particularly with solar PV technology leading the advancement.[19].  

1.3 Problem statement 

Libya currently relies entirely on fossil fuels for its energy supply. The nation's energy 

infrastructure predominantly comprises conventional power generation facilities, including gas 
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turbines, steam turbines, and combined cycle power plants. In light of this, the Libyan 

government has expressed intentions to diversify its energy mix by harnessing the solar and 

wind potential inherent in the country. Initially, Libya aimed to source 7% of its electricity 

from renewable sources by 2020, a target that remains unmet due to ongoing instability. 

Subsequently, there is a planned increase in this objective to 10% by the year 2025 [20]. This 

necessitates a comprehensive reassessment of energy infrastructure and consumption patterns 

in Libya, alongside further research into the feasibility of integrating renewable energy 

resources across diverse regions of the country. Given that a substantial portion of Libya is 

situated within the sunbelt region, it emerges as a promising locale for advancing the adoption 

of solar energy technology. 

1.4 The aim of the project  

The primary aim of this project is to conduct advanced research into the feasibility of solar 

energy resource in Libya. This involves a specific focus on regional climate, geographical and 

technical considerations. Furthermore, the project aims to create a potential map for installing 

grid connected PV systems across the country to support the national grid to overcome the 

shortage in the energy needed.   

1.5 The project’s objectives  

The main objectives of this project are highlighted as follows: 

1. Identify a realistic horizon for renewable energy technology in Libya. 

2. Develop a computer-based dynamic model for typical solar cell based on the criteria 

and requirements of the Libyan power system. 

3. A feasibility study on solar energy resources for different regions of Libya, based on 

geographical, regional climate and technical issues. 

The developed models will be implemented under normal operations and/or transient fault 

conditions. The aims of this project align with the relevant national and international standards 

on energy harvesting from solar and wind energy resources. 

1.6 Thesis structure  

Chapter One provide a background of the system, the motivation, the problem statement, aim 

and objective of this work.  
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Chapter Two discusses the current energy situation of the energy system in Libya highlighting 

the current energy crisis and the potential of renewable energy resources mainly solar energy.  

Chapter Three provide a dilated background and previous related work related to this topic 

including solar energy, Photovoltaic phenomenon, Photovoltaic cell, grid connected PV 

system, different part of PV system, different MPPT technique and some standard and 

requirement for safe integration finally some short circuit faults.   

Chapter Four discusses the dynamic modelling of grid connected PV system and its control 

strategies focusing on the modelling of different component of the system.  

Chapter Five study the dynamic behaviour of grid connected PV system under different 

weather conditions and evaluating the impact of solar irradiance and temperature on the 

behaviour of the system.  

Chapter Six discusses the dynamic behaviour of grid connected PV system under different 

short circuit scenarios taking into account the most frequent short circuit fault scenario which 

is line to ground as well as the most sever short circuit fault scenario which is three line to 

ground.  

Chapter Seven study the dynamic performance of the grid connected PV system under the 

Libyan weather condition. The system was evaluated at nine different locations across Libya, 

using data resources one based on satellite data, the other one based on actual measurement.  

Chapter Eight this chapter summarising the findings of the thesis and provide some future 

work.  
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Chapter 2:  

Energy Crisis and Renewable Energy Horizon in Libya 

2.1 Introduction  

As each day unfolds, the quest for renewable, dependable, and eco-friendly solutions becomes 

an increasingly paramount objective. Consequently, numerous countries around the globe have 

set forth ambitious plans to bolster their dependence on renewable energy resources, with solar 

and wind power leading the charge. Libya is one of the developing nations grappling with a 

swift surge in its energy demand. Despite being rich in oil resources and having its energy 

sector entirely dependent on fossil fuels, Libya still encounters challenges in meeting its energy 

requirements and aligning with global targets to reduce reliance on non-renewable energy 

sources [21]. This chapter provides an overview of the current energy situation in the country 

and explores the potential of solar energy as a future energy source. 

2.2 An overview of Libya  

Libya is an African country located in the northern part of the continent, bordered by six 

countries, including Egypt, Tunisia, Algeria, Chad, Niger and Sudan. Moreover, Libya has 

maritime borders with some European countries such as Italy Greece and Malta. It spans 

longitudes between 10°E to 25°E and latitudes between 20°N to 32°N [22]. Libya is considered 

as one of the largest countries in Africa, covering an area of about 1,750,000 km² with a coastal 

line of 2000 km, making it one of the main gateways to Europe. Its strategic location links the 

Eastern region with the Western region of Africa, as well as connecting the southern part of 

Europe with Africa [23]. However, its population is relatively low compared to other countries 

in Africa, with around 6 million inhabitants spread across three main regions: South, West, and 

East [24]. Furthermore, Libya is blessed with high reserves of hydrocarbon products, making 

it the largest in Africa and fifth in the world. This positions Libya as one of the top leaders in 

providing electricity and petroleum products to the neighbouring countries as well as 

international market [25]. Libya has the largest oil reserves in Africa and ranks ninth in the 

world. The country's approved crude oil reserves are approximately 48 billion barrels, along 

with 158 billion cubic feet of approved natural gas reserves [22]. 

In recent decades significant changes have occurred in the global energy market. For instance, 

the oil spill that happened in the Gulf of Mexico in 2010 had destructive impacts on the welfare 
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of people, local areas, and the economy. Additionally, the earthquake and tsunami that occurred 

in Japan led to the Fukushima nuclear disaster, prompting several top leaders in the energy 

sectors in the Middle East, including Libya, to reconsider diversifying their economy and 

reducing reliance on fossil fuels as energy providers and sources of income. This is an essential 

criteria to ensure a sustainable economic future [25]. Therefore, creating alternative renewable 

energy resources has become a critical matter to secure a source of income and reduce the 

carbon emissions generated by burning fossil fuels [26]. Back in 2007, the Libyan government, 

represented by the Ministry of Electricity and Renewable Energy (MERE), established the 

Renewable Energy Authority of Libya (REAoL) to evaluate different renewable energy 

resources and enhance their presence and utilization across the country. The authority 

conducted feasibility studies on renewable energy resources and aimed to maximize their 

integration with the national grid. Furthermore, they launched policies and legislations to 

support the use of these technologies [27]. As a result of the ongoing instability situation in the 

country, most of the largest oil and gas fields have been significantly affected [25]. In the same 

context, all available indicators point to Libya's wealth in renewable energy resources, with 

solar and wind energy leading the way. The growing fascination with harnessing renewable 

energy is palpable worldwide, and this fervour is particularly evident in Europe, the Middle 

East, and North Africa. These regions are renowned for their copious renewable energy 

sources, making them an attractive hub for energy markets and investors alike. This is primarily 

due to the exciting prospect of interconnecting these regions with Europe. Numerous studies 

have been conducted to explore the viability of supplying Europe's energy needs by tapping 

into the abundant renewable resources present in Africa, particularly in the northern region, 

which includes Libya [25]. Taking into consideration the imminent depletion of hydrocarbon 

resources, it becomes increasingly crucial to prepare for a future where these valuable assets 

are likely to be exhausted within the next century, if not decades. Additionally, it is anticipated 

that oil prices will soar, potentially reaching a staggering of $200 per barrel by the year 2050. 

This price surge further emphasizes the need for proactive measures and alternative solutions 

to cope with the escalating energy challenges. This predicament will leave the country with 

two choices: either selling its oil production or utilizing it for its own energy generation. Hence, 

it becomes of utmost importance for the decision makers and people of Libya to forge a path 

towards alternative and sustainable energy resources for the generations to come. Undoubtedly, 

this pursuit holds the key to satisfying the energy demands of the nation while safeguarding its 

future. [27]. According to a study conducted by Nottingham Trent University, renewable 
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energy resources are poised to take centre stage in oil-rich countries. They are set to not only 

fulfil their own peak energy requirements but also to generate a substantial surplus to cater to 

the global energy demand [26].  

2.3 The current energy situation in Libya 

As Libya experiences an upward trajectory, the nation finds itself in a phase of growth, with 

both its economy and population on the rise. Consequently, this surge has given birth to a 

heightened demand for energy resources [28]. Furthermore, the nation's energy consumption 

stands at a notably elevated level [29]. This arises from a multitude of factors, encompassing 

energy culture, societal norms, and the government's subsidized electricity scheme, which 

serves as a pivotal influencer. However, this subsidization widens the gap significantly between 

the production costs and the consumption tariffs extended to consumers [30]. 

 The Libyan electricity demand over the past two decades is illustrated in Figure 2.1 [29][31]. 

As per the General Electric Company of Libya (GECOL), the appetite for energy is burgeoning 

at an impressive pace, expanding by 8-10% annually. [23]. During the past few years, its 

pinnacle requirement of energy has exceeded a remarkable amount of 7000 MW [28]. 

Unfortunately, the entire energy landscape in Libya remains shackled to conventional power 

plants that rely on burning fossil fuels to meet the nation's energy needs [4][32]. Hence, an 

increase in fossil fuel consumption would inevitably lead to a direct decline in the country's 

revenues, adversely affecting its income a scenario that's far from desirable [33]. 

 

Fig. 2. 1. Electric Power Consumption [31]. 
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 Moreover, the surge in energy demand would usher in a corresponding rise in CO2 and 

greenhouse gas emissions, further exacerbating environmental concerns [34]. Information 

sourced from the International Energy Agency (IEA) reveals that Libyan electricity 

consumption in 2017 amounted to 2580 kilo tonnes of oil, surpassing the levels observed back 

in the year 2000 [27].  Furthermore, back in 1984, the General Electric Company of Libya was 

founded, and ever since, it has taken the helm of the nation's energy sector, overseeing the 

realm of power plants and distribution systems. Impressively, the energy distribution network 

spans extensively, reaching 99% of the country and providing all residents with access to the 

utility grid [33]. The intricate web of Libya's utility grid comprises 15 conventional power 

stations, encompassing a total of approximately 68 units that vary in size and technological 

specifications, as illustrated in Figure 2.2. Nonetheless, not all these power stations are 

currently operational, as some have incurred damages due to the prevailing conditions in the 

country. Additionally, 7 of these units are approaching the end of their operational lifespans 

[35]. These power stations operate using a variety of fuels, ranging from light fuel and heavy 

fuel to natural gas, each with its unique usage percentage, as shown in Figure 2.3 [36]. 

Furthermore, spanning across the landscape, the power stations at pivotal points west of 

Tripoli, east of Tripoli, Misrata, and Tobruk stand as the backbone of the nation's energy 

infrastructure, boasting rated capacities of 600MW, 1400MW, 600MW, and 740MW 

respectively. For a comprehensive overview, previous and current power stations in Libya are 

shown in Tables 2.1 and 2.2. 

 

Fig. 2. 2. The map of installed power plants in Libya [35]. 
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 Most of these power plants are underpinned by three distinct technologies: gas turbines, 

steam turbines, and combined cycle turbines. Recent studies carried out in 2019 revealed that 

the utilization of natural gas for energy generation accounted for a substantial 26.7% of the 

country's total natural gas production, equating to a staggering of 581 million cubic feet. 

Moreover, the symphony of Libyan electricity production is orchestrated as follows: a 

dominant 63% emanates from the incandescent burn of natural gas, a harmonious 29% is 

conducted through oil-fired stations, while the remaining cadence emerges from the melodic 

ensemble of non-fuel combined steam power stations. Gas turbines compose a vibrant of 39.3% 

of Libya's electricity, while the combined cycle turbines contribute a resounding 48.2%, and 

steam turbines generate 10.6% [27]. Some other small diesel based power plants are in 

operation to supply energy for remote areas [23]. Yet, in a bid to paint a greener future, GECOL 

has elevated its reliance on natural gas, a move aimed at diminishing the exhalations of CO2 

into the atmosphere [37].  

 

Fig. 2. 3. Breakdown of fuel types for power generation in Libya. 

The total installed capacity is approximately 14,500 MW. Yet, the reality unveils a more 

modest picture, with an available production barely exceeding half that, measuring at 6,320 

MW. According to GECOL's vigilant watch, the crescendo of peak load reached a harmonious 

7000 MW in the year 2016 [34]. On the other hand, according to on-site investigations in 2019, 

the zenith of load demand reached an impressive amount of 7,500 MW during the summer 

season, and a still commanding 7,200 MW during the winter. These notes reveal a poignant 

gap of approximately 1200 MW, painting a realistic picture of the energy deficit [22]. This 

shortfall arises due to the absence of essential maintenance mandated for each turbine after a 

specific duration of operation, compounded by the dearth of progress in expanding the national 
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grid. While GECOL, in its pursuit of upkeep, has forged agreements with foreign enterprises 

to undertake essential maintenance, the dissonant notes of instability have deterred these 

companies from dispatching their skilled professionals and engineers to the country [29]. With 

a keen awareness of the escalating energy consumption, the visionary minds at GECOL have 

orchestrated a strategic shift in energy production. They have chosen to bolster their reliance 

on combined cycle and steam turbines, orchestrating this move to harmonize with the 

crescendo of energy demand. In tandem, the Libyan Government and GECOL have unveiled 

their plan of progress, meticulously crafting a plan to elevate the national grid, ensuring it 

resonates with the future's demands [22]. Table 2.3 shows planned power stations in vision of 

GECOL. 

Table 2. 1. The previous and current power stations in Libya. 

Power plant Phases 
Generation 

Units 

Rated Capacity 

per Unit (MW) 

Date of Operation 

and Status 

Current 

Output (MW) 

Al Khums 

Phase 1 4 Steam 127 1982 400 

Phase 2 4 Gas 150 1995 560 

Phase 3 2 Gas 275 2017-out of service 0 

North Benghazi 

Phase 1 4 Steam 40 1979-out of service 0 

Phase 2 3 Gas 150 1995 240 

Phase 3 
1 Gas 165 2002 75 

2 CC 150 2007 0 

Phase 4 
2 Gas 285 2009 500 

1 CC 250 2012 0 

Al Zawiya 

Phase 1 4 Gas 165 2000 575 

Phase 2 2 Gas 165 2005 270 

Phase 3 3 CC 150 2007 185 

Phase 4 2 Gas 25 2014 45 

Misrata CC 
Phase 1 2 Gas 285 2010 530 

Phase 2 1 CC 250 2013 225 

As the pathways to diminish the country's reliance on fossil fuels remain scarce, the spotlight 

turns to renewable energy technologies as the most viable remedy. These innovative solutions 

offer a feasible avenue for the nation to harmonize its ecological impact, countering the 

emissions generated by the combustion of various fossil fuels. Especially with their intrinsic 

attributes, these solutions come crowned with the virtue of being readily available within the 
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nation's borders. Among them, solar energy emerges as the best option, revered for its 

environmental harmony and friendliness. 

Table 2. 2. The previous and current power stations in Libya 

Power plant Phases 
Generation 

Units 

Rated Capacity 

per Unit (MW) 

Date of Operation 

and Status 

Current 

Output (MW) 

South Tripoli 
Phase 1 5 Gas 100 1994 330 

Phase 2 2 Gas 47 2016 0 

Sarir 
Phase 1 2 Gas 285 2010 400 

Phase 2 1 Gas 285 2013  

Zwitina CC 

Phase 1 4 Gas 50 1994 90 

Phase 2 
2 Gas 285 2010 500 

1 CC 250 Suspended 0 

Al Jabal Algharbi- 

Ruwais 

Phase 1 2 Gas 156 2005 785 

Phase 2 2 Gas 156 2006  

Phase 3 1 Gas 156 2010  

Phase 4 1 Gas 156 2012  

West Tripoli 

Phase 1 5 Steam 65 1976-out of service 0 

Phase 2 2 Steam 120 1980-out of service 0 

Phase 3 4 Steam 350 Contracted 0 

Phase 4 3 gas 25 2014 60 

Darna Phase 1 5 Steam 65 1985 0 

Tubruk Phase 1 5 Steam 65 1985 0 

Alkhalij-Sert Phase 1 4 Steam 350 
2014(1 unit on 

operation) 
280 

Alzahra 
Phase 1 2 gas 15 1971 0 

Phase 2 4 gas 47 Under construction 0 

Ubari Phase 1 4 gas 165 2019 240 

Abu Kammash Phase 1 6 gas 15 1982 0 

Zliten Phase 1 3 gas 15 1975 0 

Alfurnaj Phase 1 2 gas 15 1971 10 

Lamluda Phase 1 1 gas 33 1975 0 

Alkufrah Phase 1 3 gas 25 1975 0 

Misrata Kerzaz Phase 1 3 gas 15 1984 20 
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Table 2. 3. The planned power stations in vision of GECOL. 

Stuts Plant name Capacity (MW) 

Projects Under Construction 

Misurata Combined Cycle Power Plant I 690 MW 

Benghazi North Combined Cycle Power Plant I 690 MW 

West Sarir Gas Power Plant 690 MW 

Extension of West Mountain Gas Power Plant 260 MW 

Zwetina Power Plant 690 MW 

Gulf steam Power Plant 1400 MW 

Contracted Projects 
Ubari Gas Power Plant 600 MW 

Tripoli West Steam Power Plant 1400 MW 

Proposed Projects 

Bumba Gulf Power Plant 1400 MW 

Misurata Combined Cycle Power Plant II 690 MW 

Militah Power Plant 1200 MW 

Tripoli East Power Plant 1400 MW 

Zwetina Power Plant II 690 MW 

Abutraba Power Plant 700 MW 

   In the rhythm of pursuing global currents toward a more sustainable energy landscape, the 

Libyan government has composed its own plan. This strategic orchestration seeks to amplify 

the harmonious contribution of renewable energy sources to response to the country's energy 

demand. The central aim is to generate 10% of the overall electricity demand pirouettes from 

renewable energy sources by 2025, which is equivalent to 2,219 MW. Table 2.4 shows the 

national renewable energy plan for Libya. Nevertheless, this visionary strategy was abruptly 

paused by the political upheaval back in 2011 [23]. 

  As a consequence of the political instability gripping the country since 2011, many sectors 

have been significantly affected [38]. The energy sector emerges as a pivotal concern 

demanding concerted efforts for resolution. Over the past decade, the country has recurrently 

grappled with widespread blackouts, underscoring the imperative need for intervention. Since 

2011, the country's infrastructure, in general, and the energy sector have borne the brunt of 

extensive damage. Numerous power stations and transmission networks across Libya have 

been severely impacted, with the eastern and western regions particularly affected [34]. 

This imbalance has led to energy production falling short of peak demand, resulting in energy 

shortages that have left GECOL grappling with the inability to meet the escalating energy 

demands [39]. Subsequently, the situation further deteriorated, prompting numerous companies 
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to halt maintenance and developmental activities due to prevailing security concerns and 

financial constraints. In order to avert a nationwide blackout, GECOL resorted to the 

implementation of rolling blackouts on a regional basis. This measure, unfortunately, left 

homeowners, healthcare facilities, and businesses with limited alternatives, often compelled to 

rely on mobile diesel generators. Nevertheless, this approach faces its own challenges, 

including fuel and spare component shortages, coupled with maintenance issues, rendering it 

an imperfect solution to address the prevailing issue [29]. While a significant portion of the 

Libyan population remains without reliable access to grid, receiving only a few hours of supply 

each day [22][40]. 

Table 2. 4. The national renewable energy plan for Libya. 

Renewable Energy Targets 

National Plan for 

Renewable Energy 

Wind Solar PV Solar CSP Total MW Share % date 

260 124 0 384 3 2015 

600 344 125 1069 7 2020 

1000 844 375 2219 10 2025 

  In addition to the severe damages inflicted upon the national grid, the impending expiration 

of certain power stations, coupled with acts of vandalism and shutdowns affecting oil fields 

and refineries, constitute the primary factors contributing to the prevalent electricity shortage. 

The majority of damages occurred in the eastern region, impacting numerous power substations 

and disrupting connections between the North Benghazi power station and other facilities such 

as Zwitina, Sarir, and the western region. As a consequence, these events have given rise to 

concerns of stability and reliability within the national grid. Moreover, the western region has 

borne the brunt of extensive damages due to military operations occurring in and around the 

capital, Tripoli. Consequently, this has led to the propagation of power shortages throughout 

the entire country. In the western region, the populace endures energy scarcity for 5 to 8 hours 

daily, whereas in the eastern region, blackouts persist for 1 to 4 hours per day. [34][38]. 

  The annual power generation has witnessed substantial growth, surging from 21.31 TWh in 

2005 to 30.61 TWh in 2010, showcasing a remarkable 44% increase over a period of five-year. 

Similarly, from 2011 to 2013, it elevated from 24.44 to 35.64 TWh [27]. To counteract the 

electricity shortage, Libya has turned to neighbouring countries for assistance, importing over 

300 GWh of power to address its deficit. In addition, the country has resorted to renting MW-
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scale diesel generators. Nonetheless, while diesel generators provide a transient solution, their 

economic inefficiency and environmental detriments render them a short-term solution to a 

persistent problem [22].  

2.3.1 Grid connections and supporting infrastructure. 

  In Libya, the utility grid boasts a well-structured design, extending its reach to encompass 

99% of the Libyan population. Nevertheless, a handful of remote villages continue to rely on 

small distributed diesel generators to cater to their individual energy requirements [28]. 

Furthermore, considering the concentrated habitation of the Libyan population along the 

coastal stretch of the country, it follows that a significant portion of the national grid is situated 

on the coast. The Libyan transmission power system is systematically divided into six primary 

regions: the western, Tripoli, central, Benghazi, eastern, and southern regions [41]. Similar to 

other power systems, Libya's national power grid encompasses various voltage levels. These 

include ultra-high voltage lines operating at 400 kV with a circuit length spanning 442 km, 

high voltage lines of 220 kV employed for transmission over a circuit length of 13,677 km, 66 

kV lines utilized for sub-transmission spanning 13,973 km, and 30 kV lines covering a distance 

of 6,583 km. The distribution network of the country operates at 11 kV. The power system of 

Libya is interconnected with neighbouring countries through 220 kV and 225 kV lines. 

Unfortunately, these lines are currently non-operational [23]. Furthermore, around 2,422 km of 

the Libyan grid underwent upgrades to accommodate 400 kV, a step taken to enhance the grid's 

capacity to accommodate the surging energy demand. Nevertheless, as mentioned earlier, this 

network has incurred substantial damages over the past decade [22]. Additionally, in pursuit of 

bolstering and enhancing the national grid's capabilities, GECOL initiated a techno-economic 

feasibility study in 2010. This study was aimed at exploring the potential for interconnecting 

the Libyan grid with that of Europe. The objective of this study was to facilitate the export of 

500 to 1000 MW through a high-voltage direct current (HVDC) submarine power cable. The 

study's focus was on interconnecting the Mellitah Oil & Gas complex, situated in the 

northwestern part of the country, with Sicily Island in southern Italy. Unfortunately, due to the 

turbulence following 2011, the project remains incomplete. Libyan electric transmission 

network is illustrated in Figure 2.4 [23]. 

This network has encountered extensive damages over the past decade, incurring a cost of 

approximately $1 billion. These damages have impacted around 300 substations, 2000 km of 

power lines, and 6000 km of distribution lines. Since then, substantial funds have been invested 
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in this sector to maintain and re-stablish the power network. However, due to the persisting 

instability and corruption, a number of power stations remain non-operational or are only 

partially functional [22]. 

 

Fig. 2. 4. Map of national transmission grid of Libya (220 kV & 400 kV)[35]. 

2.3.2 Libyan load profile 

As previously stated, the energy demand of the country is experiencing a rapid increase [26]; 

with an average growth rate of 5% annually [42]. In 2010, the annual per capita consumption 

soared to 4200 kWh, compared to 1900 kWh in 2000, marking a notable 12% annual increase 

[32].  

 

Fig. 2. 5. Annual energy consumption per capita of Libya[27]. 

Nevertheless, when compared with neighbouring North African countries, this rate stands 

notably higher. For instance, Algeria, Tunisia, Morocco and Egypt exhibit annual per capita 
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consumption ranging between 900 kWh and 1804 kWh, as shown in Figure 2.5. This variance 

is attributed to the elevated daily energy consumption per Libyan household, which has surged 

to 22.88 kWh/day [27].  

Due to the prevailing weather conditions and energy customs in Libya, peak load occurs 

during the summer season. This surge can be attributed to the widespread usage of air 

conditioners across both commercial and residential sectors. Analysis of Libya's historical load 

profile reveals that the residential sector commands the highest energy consumption, trailed by 

the commercial and industrial sectors, as depicted in Figure 2.6 [22]. Furthermore, street 

lighting assumes its own portion in the country's load profile, accounting for 19% of the 

electricity demand [43]-[29]. 

 

Fig. 2. 6. Breakdown of electric energy consumption per sector[22]. 

 According to [28] from the start of 2013 to the end of 2016, the Libyan energy demand 

experienced fluctuations, culminating in a peak of 7000 MW, as depicted in Figure 2.7. 

However, due to the prevailing instability within the country, the generation capacity struggled 

to reach a mere of 5050 MW, resulting in a significant disparity of up to 1950 MW between 

generation and consumption. Due to these circumstances, GECOL found itself compelled to 

implement a strategy of partial blackouts to prevent a nationwide breakdown. Despite these 

concerted efforts, certain regions encountered widespread blackouts. For instance, the western 

region suffered a complete blackout in June 2017, while similar incidents unfolded in January 

2017 for the eastern and southern regions. Conversely, in tandem with the country's expansion, 

GECOL anticipates a surge in the maximum load, projecting it to reach 14,834 MW by 2030 

and escalate further to 21,669 MW by 2050 [34]. 
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Fig. 2. 7. Monthly electric energy consumption [28]. 

As evident, the energy demand reaches its highest level during the summer and winter 

seasons, with a concentration in the Tripoli region. Figure 2.8 illustrates the regional energy 

consumption distribution across the country.  

 
Fig. 2. 8. The regional electric energy consumption distribution across Libya. 

2.4 Renewable energy potential in Libya  

In the contemporary landscape, renewable energy technologies and resources have garnered 

substantial interest, notably in Europe. Numerous investors and energy markets have turned 

their focus toward the Middle East and North Africa, considering these regions' abundance of 

renewable energy resources, particularly solar energy. Furthermore, these areas present a viable 
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link to Europe. Consequently, over the past two decades, various initiatives have been devised 

to address Europe's energy demand by harnessing the renewable energy resources abundant in 

North African countries, including Libya [25]. Even though Libya boasts substantial fossil fuel 

reserves, including oil and gas, also blessed with renewable energy resources such as wind and 

solar. the feasibility of solar energy is higher due to the localized availability of wind resources.  

Regrettably, none of these resources have been fully utilized within the country, primarily due 

to the prevailing political situation [29]. Most of the regions across the country benefit from 

elevated levels of solar radiation, as it located on sunny belt; with daily average solar radiation 

ranges from 7 𝑘𝑊ℎ/𝑚² in the northern region to 8 𝑘𝑊ℎ/𝑚² in the southern parts, 

accompanied by an abundance of annual sunshine lasting for approximately 3500 hours. 

Notably, 88% of the nation's landmass consists of desert areas, and the solar radiation received 

per square kilometre equates to approximately 1.5 million oil barrels [40]. While the wind 

resource is primarily concentrated along the coastal areas, typical wind speeds range from 6 to 

7.5 m/s at a height of 40 meters [44]. The substantial potential of solar and wind resources 

holds the promise of satisfying the entirety of the country's energy demand. However, the 

ample presence of fossil fuels may pose a hurdle to fully harnessing the available renewable 

energy resources within the country. In the current scenario, Libya is urgently required to 

formulate and implement a comprehensive strategy aimed at augmenting the proportion of 

renewable energy resources to fulfil its energy requirements. This need is particularly 

pronounced following the extensive infrastructure damage incurred since 2011. Continued 

reliance on fossil fuels stands to exhaust the nation's primary source of revenue while also 

inflicting detrimental consequences on the global environment. Libya should capitalize on the 

accessible renewable energy resources within the country, particularly solar, wind, and 

biomass. Photovoltaic technology is anticipated to wield substantial influence in Libya's energy 

sector due to its advantages over other technologies, encompassing cost-effectiveness, 

environmental friendliness, and technical efficiency. The annual solar energy potential in Libya 

is vast, amounting to approximately 140,000 TWh. However, this should not dissuade the 

exploration of other technologies like wind and biomass. It is advantageous for the country to 

diversify its energy portfolio, reducing reliance on a solitary source and ensuring a consistent 

supply even in cases of inadequate solar radiation [45].   
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2.4.1 Solar energy availability 

The adoption of solar power technologies is garnering significant attention due to its notable 

features, particularly its environmental friendliness and absence of greenhouse gases that 

contribute to global environmental damage and the issue of global warming. Moreover, its 

versatility in application, spanning residential, industrial, and agricultural sectors, further 

underscores its potential. These factors collectively underscore the considerable potential of 

this technology in fulfilling the energy demand across diverse domains [46].  

The geographical position of Libya positions it as a nation abundant in renewable energy 

resources, particularly solar energy. Furthermore, it stands out as one of the sunniest regions 

on a global scale, characterized by a relatively low average annual rainfall of no more than 150 

mm across all areas of the country [47]. Solar energy is anticipated to emerge as a prominent 

energy contributor in the future of the country, primarily due to the elevated levels of radiation 

received across the majority of regions within its borders [43].. Additionally, the country boasts 

a high average solar radiation of approximately 7.5 kWh/m²/day [48]. The southern region of 

the country experiences notably higher levels of solar radiation compared to other areas. 

Consequently, it is imperative to promptly and efficiently harness this energy resource, which 

holds the potential to satisfy the nation's energy requirements and alleviate the persistent issue 

of extended power shortages. [33]. The solar radiation in different cities in Libya is shown in 

Figure 2.9 [22]. 

 

Fig. 2. 9. The solar radiation in different cities in Libya [22]. 

The intensity of solar radiation reaches its peak during the summer season, spanning from 

June to October, which coincides with the hottest period of the year. Correspondingly, the load 

demand surges to its peak during this time due to heightened usage of air conditioning units. 

In the winter season, the load also increases owing to the utilization of heating systems, albeit 
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at a significantly lower level compared to the summer season. One of the favourable aspects of 

deploying solar energy in Libya is the alignment between the solar radiation pattern and the 

country's load profile. This congruence can facilitate the fulfilment of peak demand, 

particularly during the summer season [26]. Figure 2.10 shows the relationship between the 

load demand and the temperature during the year [48]: 

 

Fig. 2. 10. Monthly load demand and temperature in Libya [48]. 

Data recorded by Solar GIS between 1994 and 2018 reveals Libya's substantial solar energy 

potential. Figures 2.11 depict the distribution map of the average annual Global Horizontal 

Irradiation (GHI) and the Direct Normal Irradiation (DNI) across the country [49]. The average 

solar radiation in Libya is approximately double that of the UK (2.95 kWh/m2/day), as depicted 

in Figure 2.12. However, despite its substantial potential for renewable resources, Libya is in 

dire need of comprehensive energy strategies to optimize their utilization. 

   According to Figure 2.11 a and b, it becomes evident that the average annual GHI ranges 

from approximately 2000 kWh/m²/year in the Northern regions to over 2600 kWh/m²/year in 

the Southern regions, while the average annual DNI fluctuates roughly between 1900 

kWh/m²/year in the coastal region and 2500 kWh/m²/year in the South. With an annual average 

solar radiation of 6.2 kWh/m²/day and a conversion efficiency of 15%, harnessing merely 0.1% 

of Libya's land area could yield a staggering energy output of 598 TWh/yr. Notably, this figure 

is twentyfold greater than the current energy demand of Libya [27].  



Chapter 2: Energy Crisis and Renewable Energy Horizon in Libya 
 

 

 22 

  
(a) (b) 

Fig. 2. 11. a: The average annual Global Horizontal Irradiation, b: The average annual  Direct Normal 

Irradiation [49]. 

  

(a) UK Global horizontal irradiation  (b) Libya Global horizontal irradiation 

Fig. 2. 12. The average annual GHI: comparison for the UK and Libya 

A substantial effort needs to be directed towards enhancing the existing infrastructure, 

encompassing power stations, transmission and distribution lines. Moreover, there's a pressing 

need to augment the proportion of renewable energy resources within Libya's energy sector, 



Chapter 2: Energy Crisis and Renewable Energy Horizon in Libya 
 

 

 23 

all in order to effectively accommodate the escalating energy demand. [29]. Given the insights 

presented above, the potential of harnessing solar energy emerges as substantial. Therefore, 

capitalizing on this resource holds the potential to align with Libya's objective of augmenting 

the portion of renewables within its energy sector. Furthermore, this effort could aid in 

addressing the disparity between energy production and consumption that presently underpins 

the nation's energy crisis. However, a comprehensive feasibility study is imperative to model 

the implementation of this energy source and identify optimal installation sites. 

2.4.2 Application of solar PV in Libya 

Solar photovoltaic technology was initially introduced in Libya around four decades ago. The 

inaugural installation took place in 1976 within an oil field, aimed at supplying energy to a 

cathodic protection system, thereby mitigating corrosion along oil pipelines. Despite this early 

adoption of solar technology, its widespread utilization remains restricted and relatively 

underdeveloped within the country[50]. In 1979, the initial solar system was established within 

the communication sector to cater to the energy demands of the southern microwave repeater 

station, located near the village of Zella. This system encompassed over 500 individual stations. 

Subsequently, in 1980, solar systems were deployed to fulfil the entire energy requisites of nine 

stations, four of which continue to operate to this day. Additionally, solar technology was 

introduced to the agricultural domain in 1983, primarily aimed at energizing water pumps. 

Another instance of adoption occurred in 1984, when solar systems were employed for 

irrigation purposes in the village of El-Agailat [26]. Since that time, over 40 PV systems have 

been installed in the Osis of Ojlah region, situated 400 km to the south of Benghazi. The peak 

capacity of these systems reached 120 kWp. Additionally, 40 decentralized PV systems, each 

with a capacity of 48 kWp, were established in the village of Mrrair-Gabis to provide power to 

39 families. Data were collected from January 2004 to July 2006 for 30 of these systems. This 

dataset indicated that no failures or instances of vandalism occurred, and no operational costs 

were incurred. Moreover, the average power generated by a 1.2 kWp system was 6 kWh/day 

[27]. The use of solar technology became more widespread, and in 2003, solar systems were 

first implemented in street lighting for remote areas [29][51]. The successful implementation 

of these systems attracted many other remote areas that began requesting the installation of 

similar systems in their regions [27]. Some other remote areas relied on using hybrid systems 

consisting of solar panels with a backup diesel generator for nighttime when the PV system is 

not operational. The mechanism of these systems is as follows: the PV systems supply power 

from 8:00 am to 6:00 pm, while generators supply power from 6:00 pm to 8:00 am. The use of 
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such systems was primarily to provide power to fuel stations, mosques, and hospitals. Table 

2.5 illustrates the PV systems installed in some hospitals [51]. 

Table 2. 5. The PV systems installed in some hospitals. 

Name of Hospital City 

Ali Omar Askar Neuro Tripoli 

Abu-sleem Hospital Tripoli 

Tripoli Heart Centre Tripoli 

Cordoba Centre for Services in Tripoli Tripoli 

Al Gwarsha clinic in Benghazi Benghazi 

Benghazi Al-Kwefia Hospital Benghazi 

Benghazi Dermatology Hospital Benghazi 

Sabha Hospital Sabha 

Kikla Municipality Kikla 

Rujban Hospital Rujban 

Zintan General Hospital Zintan 

Zintan Emergency and Surgery Zintan 

Zintan Obstetrics and Gynecology Hospital Zintan 

Ubari General Hospital Ubari 

Ubari General Hospital – Dialysis Ubari 

Several renewable energy projects were initially planned by the Ministry of Electricity and 

Renewable Energy authority of Libya to be conducted in 2013. However, all these projects 

were postponed due to the unstable situation within the country, these projects are as follow 

[29]-[52].  

• 40 MW Solar PV project in Sebha city.  

• 14 MW solar PV plant in Hun (Al-Jufra district).  

• 100 MW solar PV power plant in Al-Kufra city. 

Before the instability situation began in 2011, the Libyan government had ambitious goals to 

promote the use of renewable energy technologies. The plan established by REAoL in 2010 

aimed to integrate renewable energy technologies into the national utility grid. The goal of this 

plan was to achieve 10% of Libya's energy demand to be met by renewables by 2025, which is 

equivalent to 2219 MW [15]. Globally, grid-connected PV systems are a well-established 

technology. However, in Libya, the integration of such systems has only recently begun. A 

grid-connected PV system with a total power capacity of 24 kWp was installed at Tripoli 
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University. The performance assessment of the system showed that it operates more effectively 

than anticipated in terms of output ratio, efficiency, and annual yield [53]. 

Numerous studies have been conducted to assess the potential of renewable energy resources. 

Reference [38] examined the feasibility of employing onshore wind farms and solar PV 

systems to assess their potential in alleviating the energy crisis affecting the country. Data for 

this study were sourced from National Aeronautics and Space Administration (NASA). The 

study identified specific locations suitable for the installation of these technologies. However, 

it did not account for the potential of other renewable technologies. A study was conducted in 

[26] to assess the current status and future potential of renewable energy technologies in Libya. 

The study involved interviews with decision-makers, managers, and consultants, from various 

government organizations. The findings indicate that renewable energy technologies are poised 

to play a significant role in meeting the country's energy demands. Moria and Elmnifi reviewed 

the potential of different renewable energy resources including wind, solar and solid waste by 

depending on recent reports  [54]. Similarly, the government's plan was primarily focused on 

solar and onshore wind technologies. Authors in [51] investigated the potential of renewable 

energy resources and their role in enhancing the current and future Libyan energy sector. The 

results of this study demonstrated that the utilization of renewable energy technologies will 

help the country achieve its target of diversifying its energy sector, as well as reducing the CO2 

emissions caused by burning fossil fuels in the energy sector. Likewise, authors in [42] studied 

the future of renewable energy resources by focusing on the solar and wind potential. The 

results showed that there is massive potential for both solar and wind energy, which are capable 

of serving various purposes, including electricity generation. In a captivating research journey 

detailed in [55], the authors delved into the potential of harnessing photovoltaic-solar water 

heating (PV-SWH) and photovoltaic-photovoltaic/thermal (PV-PV/T) systems in a typical 

Libyan household. Their mission to replace the conventional electrical heating system and 

alleviate the peak load burden.  The results indicates that the adept use of PV-SWH could 

render a remarkable 69.79% energy conservation. Even more astounding, the strategic 

employment of PV-PV/T demonstrated a grand total energy savings of 75.02% of the 

overarching energy demand. Similarly, Authors in [40] evaluated the utilization of a solar-

powered LED street lighting system as a substitute for the conventional grid-connected HPS-

lamp street lighting system. The results highlighted that the implementation of a solar-powered 

street lighting system is capable of reducing CO2 emissions, saving fuels, and proving to be 

cost-effective. Authors in [56] proposed a 50MW PV solar plant in Al-Kufra, located in the 
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southeast of Libya. The outcome of this study indicated a payback period of 2.7 years.  The 

performance of a 1.2 kWp PV system for a water pumping system in Marada city was evaluated 

in [57]. The results showed that using such a system for water pumping, particularly in remote 

areas, is economically and technically feasible. Performance evaluation of a 14 MW grid-

connected Photovoltaic power plant in Hun city was conducted by [58] as well as techno-

economic study for the same power plant was carried out in [59]. The results indicates that the 

performance ratio of this power plant is 79.9% and installing such power plant economically 

feasible. Author in [23] conducted a thermo-economic study of a 50 MW Parabolic Trough 

Concentrated Solar Power (PTC CSP) power plant equipped with a 7.5-hour Thermal Energy 

Storage (TES) system. The chosen location for this power plant was in Tripoli. The 

performance of the simulated plant was compared with the Andasol-1 power plant installed in 

Spain. The results demonstrated that the annual energy production by the Tajoura plant was 

175 GWh/yr with a thermal efficiency of 47%. In contrast, the average energy generated by 

the Andasol-1 power plant was 172 GWh/yr with a thermal efficiency of 40%. The overall 

efficiency of both power plants was 17% and 13% respectively. The levelized cost of energy 

calculated for the CSP power plant in Tajoura was equal to $24/kWh. Ref [27] The Direct 

Normal Irradiation  (DNI) of six locations across the country was evaluated over a 28-year 

period from 1990 to 2018. The data was collected using the solar database provided by 

Prediction of Worldwide Energy Resource (POWER). It was determined that the highest 

average DNI occurred in Al Kufra city, with an average daily radiation of 8.07 kWh/m2/day 

and an annual average of 2957 kWh/m2/yr. This was followed by Sirt city, which had the 

second highest DNI. Table 2.6 demonstrate the average monthly DNI of six locations. 

Reference [60] investigated the application of distributed solar generation to enhance the 

reliability of the energy supply in the southeastern region of Libya. The study utilized Digsilent 

software to model the network. The proposed system consisted of Photovoltaic (PV) panels 

along with Battery Energy Storage Systems (BESS) and Distributed Generators (DG). The 

findings of this study indicated a strong recommendation for adopting the combination of DG 

with PV and BESS. This approach is particularly advantageous given the substantial solar 

radiation potential in Al Kufra city. Authors in [45] asserted that Libya possesses substantial 

potential in terms of Renewable Energy (RE) resources, which have the capacity to generate a 

daily energy output equivalent to approximately 7 million barrels of oil. Notably, the solar 

potential alone is estimated to reach around 140*106 GWh/yr. 
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Table 2. 6. The average monthly DNI, kWh/m2, for six locations in Libya. 

Month Tripoli Al Kufra Hun Sirt Sabha Sarir 

Jan 3.77 6.28 4.92 5.45 5.13 5.05 

Feb 4.74 7.84 6.22 6.34 6.34 6.48 

Mar 5.47 7.95 7.13 6.97 7.17 6.76 

Apr 6.7 8.19 7.69 7.65 7.34 7.28 

May 7.39 8.8 7.86 7.88 6.82 7.82 

Jun 8.47 9.67 8.95 8.93 8.27 9.32 

Jul 8.94 9.31 9.4 9.54 8.76 9.21 

Aug 8.23 8.86 8.67 8.76 8.01 8.68 

Sep 6.45 8.57 7.16 7.55 7.16 7.53 

Oct 4.84 8.21 6.72 6.74 6.98 6.83 

Nov 3.59 7.14 5.41 5.55 5.37 6.11 

Dec 3.35 6.03 4.49 5.14 4.57 4.97 

Average 5.99 8.07 7.05 7.21 6.83 7.17 

2.5  Conclusions   

Considering all the aforementioned information concerning the current energy situation and 

crisis in Libya, coupled with the availability of solar energy, it is imperative for the country's 

decision-makers to take further steps toward enhancing the utilization of this energy source. 

The potential for solar energy is substantial in many locations throughout the country, 

rendering it the foremost choice for meeting the country's energy demands from clean and 

renewable sources at a cost-effective rate. Moreover, this transition aids the country in reducing 

its dependence on fossil fuels and aligning with global sustainability goals. Furthermore, 

beyond catering to the country's energy needs, it could potentially supply energy to Europe by 

establishing connections with Italy or Malta. This also could open up a new source of income, 

which in turn would bolster the country's economy. 
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Chapter 3:  

 

Literature Review  

3.1 Introduction  

In this chapter, the researcher has placed a strong emphasis on providing an overview of 

photovoltaic systems and their components. This overview also includes a spotlight on the most 

recent research activities in the field of integrating renewable energy resources, with a 

particular focus on solar systems. Additionally, the chapter delves into various issues and 

challenges associated with the PV systems integration into the utility grid.  

3.2 Solar energy 

   The energy harnessed from the sun is immensely significant when considered in relation to 

global energy demand. This energy source can be utilized for various purposes, including 

electricity generation and heating. Nevertheless, its availability is not constant; it varies in 

terms of both quality and quantity based on location and time. Additionally, this energy source 

encompasses two primary components: direct and diffuse irradiance. Every single second, the 

sun undergoes a process in which approximately 4 million tonnes of its mass are transformed 

into energy, primarily in the form of solar radiation and neutrinos. However, only a minute 

fraction of this energy embarks on a 150-million-kilometre journey, taking approximately 8 

minutes to traverse and reach the Earth [12]. This energy arrives at the Earth's surface in various 

forms, including heat and light. Throughout its journey, a significant portion of this energy is 

lost due to several factors, including reflection, absorption, and scattering by clouds. Solar 

energy is anticipated to emerge as one of the most dependable options to meet the global energy 

demand for several compelling reasons. One such reason is its consistent availability, with the 

sun emitting an average of 3.8 × 1023 kW of energy. However, only a fraction of this colossal 

amount, around 1.8 × 1014 kW, actually reaches the Earth [13]. Several studies have 

demonstrated that this energy resource can fulfil the global energy demand. A proper 

application of this technology could be the optimal solution to address the global energy crisis 

[14]. Despite its advantages, this energy source has some drawbacks. These include its 

unavailability at night, its inconsistency with fluctuations during the daytime, and the 

requirement of solar radiation to generate electrical energy, which can incur additional costs. 

Moreover, it is important to note that solar radiation may be obstructed and fail to reach the 
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surface of PV panels under adverse weather conditions [15]. Virtually all other energy 

resources, including renewable energy resources such as hydro, wind, biomass, and nun 

renewable energy resources such as fossil fuels, ultimately trace their origins back to sunlight 

[16]. Solar power, as an energy resource, finds applications in various domains, including solar 

desalination, electricity generation, and heating. Some of its key advantages include safety, 

cleanliness, and sustainability. Notably, it produces no emissions throughout its operational 

lifespan; any emissions associated with solar power occur solely during the manufacturing 

stage. It is anticipated that the installation of diverse solar systems across more than 2% of the 

Earth's landmass could prove adequate to meet the global energy demand [61]. Over the past 

two decades, there has been a substantial surge in the utilization of various solar technologies 

compared to other renewable energy alternatives. Solar photovoltaic (PV) technology has 

exhibited the most substantial annual growth, followed by concentrating solar panels and solar 

heaters, as illustrated in Figure 3.1 [62][63].  

 

Fig. 3. 1. The percentage of growth for different renewable energy resources [62][63]. 

The noteworthy features and advantages of solar power production can be summarized as 

follows [64].  

• Abundance: Solar energy is the most readily available resource on Earth. 

• Longevity: Photovoltaic (PV) solar panels exhibit minimal degradation, ensuring a 

lengthy operational lifespan of approximately 25 years. 

• Durability: PV modules contain no moving parts, minimizing wear and tear unless 

equipped with a two-axis tracking system for solar tracking. 

• Low maintenance: Solar power systems require minimal maintenance, primarily 

periodic cleaning. 

• Cost reduction: Technological advancements have substantially reduced the cost of 

solar power production over recent decades. 
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• Construction cost reduction: The construction costs of solar power systems have 

decreased by approximately 10%–15%. 

• Cost-effectiveness: Solar energy production could be cheaper than conventional power 

systems if considering cost reduction and improvements as well as government support 

schemes such as feed in tariff. 

• Environmental friendliness: Solar power production generates no environmental or 

atmospheric pollution during operation period, contrasting with other energy 

production methods. 

• High efficiency: With strategic planning and installation, solar power systems achieve 

high efficiency when situated near consumption points, minimizing transmission, 

transformation, and generation losses. 

3.3 Photovoltaic phenomenon 

   Going back to 1839, Alexander-Edmond Becquerel discovered the PV phenomenon. In the 

later part of the 19th century, physicists observed that when light falls on a surface, whether 

metallic or liquid, the electrons of the material are emitted. However, during that era, there was 

no comprehensive explanation for this phenomenon until Albert Einstein introduced his theory. 

This breakthrough earned him the Nobel Prize in physics and laid the groundwork for the 

understanding of the photoelectric effect. The mechanism of the effect involves incident light 

striking the surface of a metal, causing the liberation of electrons. These electrons are 

subsequently drawn towards a positively charged plate, resulting in the generation of 

photoelectric current. This phenomenon was elucidated by Einstein through the application of 

the theory of quantized energy levels, as initially proposed by Max Planck. The theory's 

observation depicted light as composed of minute packets of energy termed photons. When 

these photons impinge upon metals or semiconductors, they dislodge electrons from their 

atomic orbits. In the 1930s, as a consequence of the observation of these theories, a new field 

in physics was established known as quantum mechanics. This development subsequently led 

to the innovation of transistors and semiconductor electronics [64]. Afterwards, the first solar 

cell was developed in 1946 by Russell Ohl, using silicon as the primary material. In the initial 

stage of this technology, PV solar cells were constructed from thin silicon wafers, which 

convert solar radiation into electrical power. However, due to the advancements in this 

technology, modern solar PV cells are manufactured using two distinct layers based on the 

theory of electron-hole creation. Each cell comprises two separate semiconductor materials, 

namely p-type and n-type materials as shown in Figure 3.2 [15].  
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   When solar rays, charged with photons, strike the surface of the solar cell, the atoms lose 

their electrons in a phenomenon known as the photoelectric effect leaving behind a number of 

holes. 

 

Fig. 3. 2. Construction of a silicon photovoltaic cell [19]. 

 

Fig. 3. 3. Various types of solar cell technologies [15]. 

The energy carried by the photons is transferred to the electrons in the valence region, 

prompting their movement to the conduction area within the negative layer. Concurrently, the 

positively charged gaps migrate to the conduction area of the positive layer. This disparity in 

charge creates a voltage difference between the two layers of the cell. These surfaces can be 

linked using an electrical conductor to establish a current within an electrical circuit. Electrons 

flow from the N-type  side to the P-type side within the electrical circuit [65]. Various materials 
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are employed in the fabrication of photovoltaic solar cells, with silicon being the primary 

material utilized. Consequently, photovoltaic solar cells can be classified into several 

categories based on these materials, as depicted in the Figure 3.3 [15]. 

3.4 The Photovoltaic Solar Cell 

A photovoltaic solar cell is a device that converts the solar radiation that falls to the earth’s 

surface into electrical energy [66]. The operation mechanism of these cells is similar to 

semiconductor devices, such as transistors and diodes. Moreover, the majority of solar cells are 

constructed from semiconductor materials, with silicon being the most commonly utilized 

material. These cells consist of two main layers, including positive and negative layers. [67]. 

The positive layer is situated on the surface of the cell and is composed of a slice extracted 

from monocrystalline silicon injected with impurities from a trivalent element, such as boron. 

The subsequent electrical contact layer (negative) is made up of pure silicon and includes 

impurities of a pentavalent element, such as phosphorous. Both layers collaboratively facilitate 

the transfer of electrical current to and from the solar cell. 

When solar radiation, charged with photons, strike the surface of the solar cell, the atoms 

undergo the photoelectric phenomenon, resulting in the loss of electrons and leaving behind 

several charge carriers known as holes. The photons' energy is converted to electrons in the 

valence region, after which they migrate to the conduction area in the N-type layer. 

Simultaneously, the positive gaps are displaced to the conduction area of the P-type layer, 

creating a voltage difference between the two layers of the dual link. The resulting current can 

be extracted from the two surfaces via an electrical conductor in an electrical circuit. Electrons 

flow from the negative terminal to the positive terminal in the electrical circuit, thereby 

transforming light energy into electrical energy [65][68]. 

These kinds of devices have advantages over other kinds of energy production, as no pollution 

come out except the pollution that results from the manufacturing stage, there are no fuel costs, 

maintenance is confined to cleaning and replacing damaged mirrors, and they emit no noise. 

Furthermore, this technology possesses the capability to generate energy by harnessing the most 

abundant energy resource available in this era. This attribute positions it as one of the most 

dependable energy resources for the future [64]. A typical photovoltaic system consists of 

numerous photovoltaic solar cells. Each solar cell is able to generate up to 2W, depending on 

the kind of material the cell made of [1]. Figure 3.4 shows the internal solar cell interconnections 

within a photovoltaic module [64].  
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   Photovoltaic solar systems do not incorporate any moving parts, except for systems that 

facilitate sun tracking mechanisms. Furthermore, a typical PV module has a long operation 

lifetime of about 25 years. 

 

Fig. 3. 4. Interconnection of solar cells within a photovoltaic module. 

Likewise, from an economic perspective, the construction costs of solar systems have reduced 

during last two decades by about 10 to 15%. Figure 3.5 illustrates a PV module assembly cross-

section [1]. 

 

Fig. 3. 5. PV module assembly cross-section [1]. 

From technical point of view, the energy production from a  photovoltaic solar system is 

influenced by several environment parameters, which include temperature, solar radiation, 

changes of solar angle through different seasons, atmospheric pressure, air mass, dusting, wind 

speed, humidity, panel tilt angle, clouds and environmental shading [64].  

A combination of several photovoltaic solar cells, connected in parallel and in series, forms 

a single solar panel (module) capable of converting solar radiation into electrical energy. A 

typical solar panel consists of 60 or 72 small solar cells (12.5 cm² or 15.6 cm²), developed using 

materials that facilitate the conversion of sunlight into electrical energy. These panels can vary 

in their power output, ranging from 40W to 400W. It is anticipated that in the next decade, the 
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average output power of a 60-cell PV panel will increase from 275Wp (watt peak) in 2017 to 

350Wp, while for the 72-cell PV panel, it is expected to increase from 325Wp to 395Wp [7]. 

The typical power output of a single PV system ranges from hundreds of watts to megawatts. 

Therefore, PV systems can be installed for both domestic and utility-scale applications [15].   

Solar radiation and ambient temperature are the two main factors that directly impact the 

behaviour of PV modules. PV modules have several parameters, including open-circuit 

voltage, short-circuit current, and the maximum power point for both voltage and current (Vmp 

& Imp). Furthermore, the point at which the PV module operates at its maximum capacity is 

defined by the maximum power point, which is the product of 𝑉𝑚𝑝 and 𝐼𝑚𝑝   [69]. The operation 

mechanism of solar cells is depending on different parameters as listed below.   

 1. Absorption of light, resulting in the generation of charge carriers, namely holes (p-type) 

and electrons (n-type). 

 2. charge carriers’ separation.  

3. The accumulation of charge carriers at the respective electrodes establishes the potential 

difference across the p-n junction. 

The voltage difference generated at the p-n junction due to incident radiation is harnessed to 

perform the work. In the past, several semiconductor materials and technologies were 

employed to produce cost-effective solar cells with high conversion efficiency [15].  

   PV arrays have nonlinear characteristics, with the output fluctuating in response to variations 

in temperature and radiation. Consequently, it is essential to examine the primary components 

of the PV cell and its characteristics to assess generated energy, evaluate power quality, gauge 

conversion performance, and the control algorithms. PV cells fall into two categories: single 

diode PV cells and double diode PV cells [70][71]. The equivalent circuits of both types are 

shown in Figure 3.6. The single diode PV cell is the simplest model, consisting of a current 

source connected in parallel with a single diode. The output of this cell is directly influenced 

by solar radiation. For the I-V characterization curve, only three parameters are needed:  

Short-circuit current (𝐼𝑠𝑐), open-circuit voltage (𝑉𝑜𝑐) and the diode ideality factor (𝑎) [72]. 

However, to achieve a more accurate representation of the behaviour of the PV cell, an 

improvement of this model is conducted by including 𝑠𝑒𝑟𝑖𝑒𝑠 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑅𝑠  [73]. It is known 

as the Rs-model, with some features like simplicity and efficiency. However, it has some 

limitations, especially during temperature variations, resulting in a decrease in its accuracy. To 
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overcome this issue, additional resistance is included, known as shunt resistance, and this 

model is widely known as the Rp-model. [74]. Making it more practical in presenting the 

behaviour of the PV cell. On the other hand, the two-diode cell (double diode) stands out above 

the single diode cell for its accuracy in representing the behaviour of the PV cell. However, it 

is more complex, requiring seven unknown parameters. Its performance is similar to that of the 

Rp-model under Standard Test Conditions (STC). Nevertheless, at low levels of solar radiation, 

the double diode model is more accurate. The seven unknown parameters for this model are 

𝐼𝑝ℎ which is the photon current, 𝐼01
, 𝐼02

 which are the saturation currents for both diodes, 𝑅𝑠 

and 𝑅𝑃 which are the series and shunt resistances respectively. Finally, 𝑎1 and 𝑎2 which are 

the diode ideal factors for both diodes respectively [75][73].    

 

Fig. 3. 6. Equivalent non-linear circuit of solar cell (a) double diode (b) single diode model. 

The current for the single diode can be obtained using the following equation (3.1)[76][77]. 

However, for a double diode PV cell, an additional current component should be taken into 

consideration, which represents the current flow through the second diode. 

  𝑰 =  𝑰𝑷𝒉 − 𝑰𝑶 [𝒆𝒙𝒑 (
𝑽+𝑰 𝑹𝑺

𝑵𝒔𝒂 𝑽𝒕𝒉
) − 𝟏] − 

𝑽+𝑰 𝑹𝑺

 𝑹𝑷
                                       (3.1) 

where 𝐼 and 𝑉 are the current and voltage of the PV module, 𝐼𝑝ℎ is the photon current which 

can be expressed using equation (3.2), 𝐼0 is the saturation current, 𝑅𝑠 and 𝑅𝑃 are the series and 

shunt resistances respectively, 𝑁𝑠 and 𝑎 are the number of series connected cells in a single 

PV module and the diode ideal factor while 𝑉𝑡ℎ is the thermal voltage which can be obtained 

using the equation (3.3) 

𝐼𝑃ℎ = [𝐼𝑃ℎ𝑛 + 𝐾𝐼(𝑇 − 𝑇𝑟𝑒𝑓)] ∗  
𝐺

𝐺𝑁
                                                  (3.2) 

where, 𝐼𝑃ℎ𝑛 is the photon current value at reference conditions, 𝐾𝐼 is the current temperature 

coefficient, 𝑇𝑟𝑒𝑓 is the reference temperature = 273.19K, 𝑇 is the cell temperature, 𝐺 is the 

irradiance value and 𝐺𝑁 is the irradiance value at standard temperature. 
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𝑉𝑡ℎ = 
𝐾𝑇

𝑞
                                                                                           (3.3) 

where, 𝐾 = 1.38 ∗ 10−23 J/K is Boltzmann constant,  𝑇 is the cell temperature an  𝑞 = 1.6 ∗

10−19 C is the charge of an electron. The I-V and P-V characteristics of the PV array for 

different temperature and radiation are illustrated in Figure 3.7-a and 7.7-b, respectively. 

  

(a) (b) 

Fig. 3. 7. I-V and P-V characteristics of the PV array (a): at different temperature (b): at different radiation 

The PV arrays composed of strings connected in parallel. Each single string has a number of 

modules connected in series. Therefore, the generated voltage and current of the PV array can 

be obtained by using the following equations [78]: 

𝑉𝑎𝑟𝑟𝑎𝑦 = 𝑁𝑠 (𝑉𝑐𝑒𝑙𝑙  −  𝐼𝑅𝑠 )                                                              (3.4) 

𝐼𝑎𝑟𝑟𝑎𝑦  =  𝑁𝑝𝐼                                                                                     (3.5) 

𝑃𝑎𝑟𝑟𝑎𝑦  =  𝑉𝑎𝑟𝑟𝑎𝑦𝐼𝑎𝑟𝑟𝑎𝑦                                                                      (3.6) 

where Np is the number of PV modules connected in parallel, Ns the number of modules 

connected in series and Vcell is the Voltage of the PV cell. However, connecting PV modules 

in series and parallel configurations can lead to a reduction in overall efficiency if obstructions, 

like clouds or shadows, prevent solar radiation from reaching the surface of the PV modules. 

To address this issue, bypass diodes can be integrated, but this does not provide a complete 

solution [79]. To clarify, electrical mismatch conditions can occur in the PV module due to 

non-uniform solar radiation, partial shading, or the use of solar cells from different 

manufacturers. Partial shading conditions are frequently encountered in Building Integrated 

Photovoltaics (BIPVs) and can result from various factors, including trees, dirt, nearby 

buildings, poles, and antennas [80]. Keeping in mind the theory that in a series connection, 

the current is the same in all components, it applies similarly to the series-connected solar 
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cells that make up the PV module. Therefore, in the event of a partially shaded condition, the 

current decreases, which, in turn, reduces the overall output power. Additionally, the 

temperature of the shaded cells increases significantly, potentially leading to the hotspot 

phenomenon in the PV cell [81]. Therefore, addressing this issue involves the employment of 

bypass diodes integrated in parallel with the PV cells, as depicted in Figure 3.8. These diodes 

offer an alternative pathway for the current to pass through, so the shaded cells is bypassed 

[82] [83].    

 

Fig. 3. 8. PV module with one shaded cell [80]. 

   Furthermore, photovoltaic solar systems are typically classified based on their connection 

and function. The most well-known configurations include grid-connected solar systems and 

stand-alone (off-grid) solar systems [84][1]. Stand-alone solar systems are primarily employed 

in remote areas that lack access to the national grid. Such systems typically comprise a solar 

PV array connected with a DC-DC converter that works to elevate the DC voltage to 

appropriate align with the  DC-AC inverter requirements as well as sometime backup batteries 

are used to supply energy at night [46]. Conversely, grid-connected solar systems shine 

brighter than their stand-alone counterparts due to their captivating features. In these systems, 

energy can flow in both directions, signifying their ability to seamlessly exchange power with 

the utility grid according to the ever-changing load demands. Consequently, these systems can 

play a significant role in reducing electricity bills by generating energy at a lower cost, thereby 

reducing the reliance on the grid for power. Furthermore, there is no need for energy storage 

as a backup system, leading to higher overall efficiency as there are no storage-related losses 

involved [69]. Due to the aforementioned features, it's anticipated that the reliance on these 

systems will surge over the next two decades. However, this surge requires a reliable 

integration into the national grid [85]. 
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3.5 Grid-connected solar PV system 

To ensure a continuous power supply, most grid-connected PV systems (GCPVs) are 

interconnected in parallel with the utility grid. These systems fall into two primary categories: 

Building Integrated Photovoltaics (BiPV) and Distributed Generation Photovoltaics (DGPV).  

In the first category, the generated power is utilized to supply specific loads, with any surplus 

power being redirected to the grid. In the second category, the entirety of the generated power 

is directly supplied to the grid. Typically, GCPV systems can consist of a  PV array as the 

primary energy source, or they can operate as hybrid systems in conjunction with other energy 

resources like wind turbines, diesel systems, or energy storage units [86]. Utilizing such systems 

can reduce the amount of energy drawn from the grid and even enable energy supply to the grid, 

potentially leading to reduced energy bills and additional income. Furthermore, installing these 

systems near consumption points can help mitigate transmission and distribution losses [87]. A 

typical GCPV system consists of a PV array, a DC-DC boost converter used to elevate the 

voltage to a specified level and implement the Maximum Power Point Tracking (MPPT) 

technique to gain maximum power consistently. This is followed by the DC-AC inverter, a 

critical component responsible for converting the DC signal from the DC converter into a 

sinusoidal waveform that aligns with the grid's specifications. The inverter's output is directed 

into a filter to eliminate high-frequency components and reduce Total Harmonic Distortion 

(THD) to an acceptable level. Ultimately, these generated signals are channelled into a step-up 

transformer to align with the grid voltage. In situations of energy deficit, the control strategy 

will halt energy feed to the grid to meet the load demand. Conversely, when there's a surplus of 

energy, the system will continue supplying the utility grid [88] A typical configuration of the 

GCPV system is shown in Figure 3.9, with all parts indicated in separate blocks.  

   In BiPV systems, the size is determined by the necessary load demand and the power required 

for the grid, whereas in DGPV systems, the size is contingent on the grid's power demand  [86]. 

Some systems are installed and equipped with backup energy storage (batteries) to provide the 

required power throughout the night or cloudy weather conditions. However, these systems cost 

more than those without a backup unit and entail higher losses, maintenance, and equipment. 

Conversely, systems without a backup unit will need to shut down during periods of insufficient 

solar radiation. Nevertheless, to address this issue, energy can be exchanged with the grid to 

satisfy the load demand [89].  
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Fig. 3. 9. A typical configuration of the double stage grid-connected PV system [89]. 

   GCPV systems can be structured as double-stage, comprising both a DC-DC converter with 

a DC-AC inverter as shown in Figure 3.9 or as single-stage, consisting of a DC-AC inverter 

only as depicted in Figure 3.10 [90]. Single-stage systems encounter challenges in maintaining 

voltage stability in the DC bus during rapid changes in atmospheric conditions. Therefore, 

double-stage systems offer the opportunity to apply MPPT to track the MPP and stabilize the 

DC bus voltage to meet the inverter's requirements. Making it as the most appropriate power 

interface for any cases [46].  

 
Fig. 3. 10. A typical configuration of the double stage GCPV system [90]. 

3.5.1 Configuration and topology of PV inverter   

   Integrating the PV system in parallel with the grid requires several interfacing components, 

including a DC-DC converter used to maintain a specific voltage level at the DC link bus and 

implement the MPPT technique.  
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Additionally, a DC-AC inverter is employed to convert the generated voltage into an AC 

signal. The output power of the PV system is influenced by factors such as solar radiation 

levels and temperature, as well as shading caused by obstacles. A well-designed system 

configuration can help mitigate the impact of shading on the system. Therefore, there are four 

system topologies to consider including Centralised configuration, String configuration, 

Multistring configuration and Modular configuration [91]. These systems are briefly 

explained in the following subsections, and schematically shown in Figures 3.11-a to 3.11-d.  

• Centralised configuration 

In this topology, thousands of PV modules are connected to a single inverter. Hundreds of 

these modules are connected in both parallel and series configurations, forming the PV array. 

Each PV array comprises hundreds of PV strings.   

• String configuration 

In this topology, each PV string is interfaced with a DC-AC inverter. However, if the voltage 

level is not within the acceptable range, a DC-DC boost converter can be integrated on the DC 

side to elevate the voltage to the desired level. 

• Multistring configuration 

In this topology, each PV string is connected to a DC-DC converter, and every four or five 

PV strings are then collectively connected to a DC-AC inverter. 

• Module configuration 

In this configuration each PV module is connected to a single DC-AC inverter.  

 

Fig. 3. 11. PV inverter topologies. (a) Central, (b) string, (c) multistring, and (d) module integrated. 



Chapter 3: Literature Review 

 

 41 

These four topologies are categorised and assessed under four criteria which includes 

performance, power losses, power quality and cost as summarised in Table 3.1. 

Table 3. 1.  Main characteristics of PV inverter topologies. 

Characteristics  Central String Multistring 
Module 

integrated 

Performance 

Reliability L H M H-H 

Robustness  H L M L-L 

Flexibility L H M H-H 

MPPT 

efficiency 
L H M H-H 

Power losses 

Mismatching  H L L L-L 

Switching  H L M L-L 

AC power 

losses 
L M M H 

DC power 

losses 
H L M L-L 

AC voltage 

variation  
L H M H-H 

Power quality 

DC voltage 

variation  
H-H M H L-L 

Voltage 

balance 
H M L L 

cost 

Installation 

cost 
M H M H-H 

DC cables H L M L-L 

AC cables H M M H 

maintenance   L M H H-H 

The following nomenclature is used: H–H: very high, H: High, M: Medium, L: Low, L–L: 

very low. 
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3.5.2 DC-DC Boost converter 

The DC-DC boost converter stands as one of the pivotal components within GCPVs. Its 

primary role revolves around managing the DC voltage originating from the PV arrays by 

manipulating its duty cycle. This converter is also responsible for elevating the voltage level, 

ensuring it surpasses the input voltage. The typical DC-DC boost converter comprises an 

inductor, a capacitor, and a power electronic switch as shown in Figure 3.12. Voltage 

amplification occurs when the switch is open, and the summation of voltage across these 

components yields the boosted voltage. The duty cycle of the converter can be derived from 

the following equation. 

 

Fig. 3. 12. Equivalent circuit of a DC-DC boost converter 

𝐷 = 1 − 
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
                                                                                    (3.7) 

   Typically, the DC-DC boost converter has the capacity to elevate the voltage level up to 450V 

in single-phase systems and up to 700V in three-phase systems. This assurance is predicated 

on the requirement that the DC voltage must exceed the peak value of the phase voltage in 

single-phase systems or the peak value of phase-to-phase voltage in three-phase systems [7]. 

A DC-DC boost converter plays a crucial role in elevating the DC voltage level generated by 

the PV array. Furthermore, it provides a pathway for implementing the MPPT technique, 

thereby enhancing the system's voltage quality and controllability [7]-[92]. The signal 

produced by the boost converter is under the control of the MPPT unit, which manages the 

converter's duty cycle [93] [46]. The output of the DC-DC converter is then supplied to the 

inverter, which converts the DC voltage into a Pulse Width Modulation (PWM) voltage signal. 
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3.6 Maximum power point tracking  

   The primary function of the Maximum Power Point Tracking (MPPT) is to extract the 

maximum power from the PV array, irrespective of any fluctuations in solar radiation or 

temperature levels [94]. The MPPT controls the DC voltage at the DC bus, adjusting it either 

up or down in response to weather condition variations to ensure it aligns with the inverter's 

input limits.  This process is carried out by adjusting the duty cycle of the DC-DC converter to 

control the voltage level. This adjustment is achieved by altering the operational period of the 

semiconductor switch within the DC-DC converter. As a result of this process, the maximum 

power of the PV array is extracted through a balanced adjustment of the I-V characteristics of 

the PV module [95]. MPPT techniques are typically implemented at the DC-DC stage in 

double-stage topologies or at the DC-AC stage in single-stage topologies. Among these, the 

DC-DC boost converter is widely employed in solar power systems  [46].  

Tracking the Maximum Power Point (MPP) of a PV array to extract the maximum power is 

a crucial requirement in the modelling of PV systems. Consequently, several MPPT techniques 

have been developed for this purpose [87]  [96]. These techniques differ in terms of the number 

of sensors required, complexity, hardware implementation, convergence speed, effectiveness, 

and cost [97]. Numerous techniques have been developed and implemented for both double-

stage and single-stage topologies. These techniques can be classified into two categories: 

indirect and direct techniques, with each category comprising several specific techniques. 

Among the most common techniques in the indirect category are the open-circuit, constant 

voltage, short-circuit, and pulse methods. Some of these techniques necessitate mathematical 

calculations, while others demand a deep understanding of the characteristics of the PV array. 

Conversely, direct techniques are considered the most commonly used, including Perturb and 

Observe (P&O), Hill Climbing (HC), and Incremental Conductance (IncCon) [46]. These 

techniques offer several advantages over indirect methods, including improved efficiency, 

simplicity, ease of implementation, and not demanding extensive prior knowledge of the PV 

array's characteristics [46].  

The operational principle of P&O and IncCon techniques is rooted in the hill-climbing 

concept. These techniques rely on shifting the operational point of the PV array in a manner 

that facilitates an increase in power output. These techniques are among the most commonly 

used due to their simplicity, ease of implementation, and high performance. However, they do 

have some drawbacks, including the occurrence of oscillations around the MPP, and during 

rapid changes in weather conditions, they may lose track of the MPP in an effective manner 
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[97]. The fractional open-circuit voltage or short-circuit current methods provide an 

approximate MPP rather than an exact output. Under normal operating conditions, the power 

curve of the PV array exhibits a single MPP. However, in cases of partial shading, the power 

curve might have multiple MPPs [1]. In recent years, many improvements have been developed 

in the implementation of MPPT algorithms, and new methods have been newly established 

based on artificial intelligence (AI). For instance, fuzzy logic controllers (FLCs), artificial 

neural networks (ANNs), particle swarm optimization (PSO) algorithms offering higher 

efficiency and faster response compared to indirect and direct methods [46]. Some of the most 

common MPPT techniques are:  

1. Perturb and Observe (hill climbing method).  

2. Incremental Conductance method.  

3. Fractional short circuit current. 

 4. Fractional open circuit voltage.  

5. Fuzzy logic.  

6. Neural networks.  

7. Ripple Correlation Control.  

8. Current Sweep.  

9. DC-link capacitor droop control.  

10. Load current or load voltage maximization. 

 11. 𝑑𝑃/𝑑𝑉 or 𝑑𝑃/𝑑𝐼 feedback control. 

3.6.1 Perturb and Observe & Hill climbing 

The P&O algorithm, sometimes referred to as the Hill Climbing (HC) algorithm, is one of the 

most popular and widely implemented algorithms due to its simplicity and ease of 

implementation [88]. This technique requires single voltage sensor to measure the PV array 

voltage, leading to a lower cost of implementation. In this technique, perturbations in the duty 

cycle or the voltage level of the converter are introduced [98] [1]. The operational concept of 

this technique depends on perturbing the voltage level, sensing the output power, and 

comparing it with the previous measurement. The algorithm tracks the MPP in both directions 
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by comparing the voltage change and the response of the power output. If the perturbation led 

to increase in the power output the algorithm continues the tracking process of the MPP in the 

same direction. If not, the algorithm changes the direction of tracking the MPP of the PV array.  

If not, the algorithm changes the direction of MPP tracking [46]. In this technique, the direction 

of the next perturbation is determined based on the power measurement. If the previous 

perturbation was to the left of the MPP, the next perturbation should increase the voltage, 

leading to an increase in power. Conversely, if the last perturbation was to the right of the MPP, 

the following perturbation must decrease the voltage level to increase the power output, as 

shown in the Figure 3.13.  

 

Fig. 3. 13. PV characteristics of P&O MPPT technique 

This process can be summarized as follows: whenever the power increases, the perturbation  

process continues at same direction, and when the power decreases, the afterwards perturbation 

must follows the opposite direction, as illustrated in the Table 3.2 [97]. The flowchart of this 

technique is shown in Figure 3.14 [99] [1]. 

Table 3. 2. Principle of the P&O algorithm 

Perturbation Change in Power Next perturbation 

Positive Positive Positive 

Positive Negative Negative 

Negative Positive Negative 

Negative Negative Positive 

 

  The technique repeats its steps until the MPP is achieved [1]. Afterward, the system will 

continue to fluctuate around the MPP, but the level of this oscillation can be reduced by using 

a smaller perturbation step size. However, this will lead to a slower MPPT technique. An 
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effective solution for this is to implement a variable perturbation step size that becomes smaller 

as it approaches the MPP [97]. Moreover, this technique is not suitable for rapidly changing 

weather conditions where the voltage will continue to fluctuate around the MPP and may never 

precisely reach the MPP value [98]. 

 

Fig. 3. 14. Flowchart of P&O MPPT technique 

3.6.2 Incremental Conductance 

In this MPPT technique, double sensors are involved to measure the output voltage and 

current of the PV array. The output voltage of the PV array is adjusted based on the MPP of 

the voltage [1].  

 

Fig. 3. 15. The principle of the Incremental Conductance algorithm 
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The principle of the IncCon algorithm depends on the slope of the PV curve. The MPP is 

achieved when the slope is zero, as shown in the Figure 3.15 [46][100]. There are some 

similarities with the P&O technique as can be seen in Figure 3.15. The basic equations of this 

technique are as follows [101]: 

𝑑𝐼

𝑑𝑉
= −

𝐼

𝑉
;  (

𝑑𝑃

𝑑𝑉
= 0) ; 𝑎𝑡 𝑀𝑃𝑃                                                 (3.8) 

𝑑𝐼

𝑑𝑉
> −

𝐼

𝑉
;  (

𝑑𝑃

𝑑𝑉
> 0) ; 𝑎𝑡 𝑙𝑒𝑓𝑡 𝑜𝑓 𝑀𝑃𝑃                                    (3.9) 

𝑑𝐼

𝑑𝑉
< −

𝐼

𝑉
;  (

𝑑𝑃

𝑑𝑉
< 0) ; 𝑎𝑡 𝑟𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝑃𝑃                                (3.10) 

   In this technique, the reference voltage calculation is conducted based on the incremental 

value used, and this procedure is repeated until the MPP is achieved. Once the Vref  is 

determined for the MPP, the technique continues tracking this value to ensure the maximum 

power is consistently extracted from the PV array. If any changes occur in the PV array 

generated current, denoted as dI, the algorithm recommences its steps to determine the new 

Vref value by adjusting the previous one. The Equation (3.8-3.10) and the flowchart presented 

in Figure 16 are rooted in the instantaneous conductance (𝐼/𝑉) and the incremental 

conductance (𝑑𝐼/𝑑𝑉) of the PV array [46]. Typically, in the conventional Incremental 

Conductance technique, the step size remains fixed and directly affects the tracking speed and 

accuracy of the MPPT. A larger fixed step size results in a quicker tracking process, but it also 

leads to higher power losses due to significant oscillations around the MPP, akin to the 

behaviour in the P&O technique. Thus, adopting a smaller step size can help alleviate these 

oscillations [102]. However, during rapidly changing weather conditions, this technique falters 

and struggles to accurately track the MPP [87]. Considering these factors, numerous 

advancements have been made by incorporating a variable step size. This adaptive step size is 

automatically adjusted in response to changes in the PV array's characteristics. The Flowchart 

of conventional incremental conductance MPPT technique and variable step size IncCon 

MPPT technique are shown in Figures 3.16 and 3.17, respectively.  

As solar radiation directly influences the outputs of the PV array, an increase in solar radiation 

leads to higher voltage output, shifting the MPP to the right side of the PV curve. Consequently, 

the MPPT algorithm adjusts the PV array's operating voltage upward to accommodate this 

increase. Conversely, if solar radiation decreases, the operating voltage is reduced accordingly. 



Chapter 3: Literature Review 

 

 48 

This technique relies on the slope value to sense changes in radiation levels and adapts 

accordingly. 

 
Fig. 3. 16. The Flowchart of conventional IncCon MPPT technique 

 

Fig. 3. 17. Variable step size IncCon MPPT technique 

Additionally, the algorithm leverages past readings of the PV array generated voltage and 

current, denoted as dV and dI, and compares them with the current measurements to detect any 

changes [1]. This technique is particularly effective at detecting rapid changes, as it 
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continuously tracks the system’s operating point, preventing any misleading tracking of the 

MPP of the PV array, a challenge sometimes encountered in the P&O technique. [46].  

3.6.3 Fuzzy logic 

The adoption of microcontrollers has propelled the popularity of fuzzy logic control techniques 

for MPPT tracking over the past decade. This technique offers several advantages over others: 

it doesn't demand precise inputs, obviates the need for an accurate mathematical model, and 

excels at handling nonlinearity. The process comprises three stages: fuzzification, rule-based 

table lookup, and defuzzification [1]. Fuzzy logic-based MPPT techniques have emerged as the 

most popular artificial method for MPPT, outperforming conventional techniques while 

offering simpler requirements. One of the standout features of this technique is its integration 

with existing MPPT systems, ensuring the efficient delivery of maximum power to the load 

[46]. The schematic diagram for Fuzzy logic MPPT technique is depicted in Figure 3.18. A 

membership function is used to transfer numerical input variables into linguistic variables as 

illustrated in the Figure 319. Where five fuzzy levels are involved in this case: NB (negative 

big), NS (negative small), ZE (zero), PS (positive small), and PB (positive big) [99]. 

 

Fig. 3.18. The schematic diagram for Fuzzy logic MPPT technique [46]. 

 

 
Fig. 3.19. A membership function [97]. 
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In Figure 19, The values of "a" and "b" depend on the numerical variable's range. At times, 

the membership function is intentionally made asymmetric to emphasize particular fuzzy levels 

[97]. Figure 3.20 shows the integration of fuzzy logic controller to P&O algorithm. In this 

combination, the Fuzzy Logic Controller incorporates the reference input to specify the error 

signal, denoted as E, and the rate of change of the error, ΔE, as depicted on the left-hand side 

of the figure. The output signal of the fuzzy logic controller regulates the duty cycle, which in 

turn controls the switching period of the converter. This duty cycle is generated through a four-

stage process, beginning with fuzzification, wherein numerical inputs are transformed into 

linguistic variables determined by the rule base and dependent on membership functions. 

Increasing the level of the membership functions allows for finer resolution in the calculations. 

Next, the input variables undergo analysis and weighting in the inference section using various 

methods, including Mamdani, Takagi-Sugeno, and modus ponens. Subsequently, in the last 

stage, which is defuzzification, the linguistic outputs of the controller are transformed back into 

numerical variables to find out the converter’s duty cycle [46]. 

The user retains the ability to select how to handle the error E and its change, 𝛥𝐸.  where 

𝑑𝑃/𝑑𝑉 disappears at the MPP, assumptions can be incorporated as follows [103]. 

𝐸(𝑛) =
𝑃(𝑛)−𝑃(𝑛−1)

𝑉(𝑛)−𝑉(𝑛−1)
                                         (3.11) 

∆𝐸(𝑛) = 𝐸(𝑛) − 𝐸(𝑛 − 1)                            (3.12) 

 
Fig. 3. 20. The integration of fuzzy logic controller to P&O algorithm. 

  Alternatively, the error signal can be computed as 𝑒 =  𝐼/𝑉 +  𝑑𝐼/𝑑𝑉, a widely used method. 

After calculating 𝐸 and 𝛥𝐸, and transforming them into linguistic variables, the change ratio of 



Chapter 3: Literature Review 

 

 51 

the duty cycle, which serves as the output signal of the fuzzy logic controller, can be defined 

using a rule-based table as depicted in the Table 3.3 [98][97].  

Table 3. 3. A rule-based table 

 

For instance, if the operational point lies on the far left of the MPP, indicating that the error 𝐸 

is PB and the change in error 𝛥𝐸 is ZE, a substantial increase in the duty ratio 𝛥𝐷 is required. 

This MPPT technique has been extensively studied in rapidly changing weather conditions. 

However, its performance is significantly reliant on the user's expertise in determining the 

appropriate error calculation and effectively navigating the rule-based table. [1]. 

3.6.4 Neural networks 

The artificial neural network (ANN) draws inspiration from the functioning of the human brain, 

although it is not an exact replica of the biological neural network. It is a machine designed to 

execute tasks in a manner akin to the human brain. This technique is implemented through 

electronic components or software on a digital computer [1]. This technique, particularly reliant 

on artificial intelligence, is gaining increasing popularity day by day. Its appeal lies in its array 

of advantages: it doesn't necessitate extensive statistical training, it's straightforward to 

implement, it offers simplicity, it's adept at detecting intricate nonlinear relationships between 

dependent and independent variables, and it doesn't demand an accurate mathematical model. 

Furthermore, numerous fixed-step-based MPPT techniques have been developed and enhanced. 

Nevertheless, certain issues persist, such as oscillations around the MPP, sluggish convergence, 

precision, the inability to track the MPP swiftly in rapidly changing atmospheric conditions, 

and diminished accuracy, particularly pronounced in shading conditions [104]. A neural 

network comprises of three distinct layers: the input layer, hidden layer, and output layer, as 

illustrated in Figure 3.21 [105].  

In the input layer, the type and number of the variables vary and depend on the user's choice. 

For instance, the input variables for the neural network used to track the MPP of the PV array 
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could include open-circuit voltage 𝑉𝑂𝐶, short-circuit current ISC, atmospheric data such as 

irradiation and temperature. In this scenario, the output would be the duty cycle signal, which 

controls the switching period of the DC converter. 

  

Fig. 3. 21. A neural network MPPT technique [106]. 

ANNs comprise a number of interconnected processors referred to as neurons, akin to cells in 

the human brain [1]. These neurons are linearly weighted within a function. The summation of 

the weighted inputs is then converted into a nonlinear function known as the activation function 

(AF), which is subsequently transmitted to the next layer of neurons [46]. In this technique, all 

neurons are integrated through a large number of weighted links. The operating point of the PV 

array depends on the algorithm adopted by the hidden layer and the effectiveness of training the 

neural network has received. The weights of these links should be appropriately adjusted to 

accurately extract the MPP. Usually, PV arrays are evaluated over months and years, and the 

relationships between the input and output variables of the neural network are established 

during the training process [97]. In recent studies and applications, ANN has demonstrated its 

ability to tackle challenging tasks related to interpretation and data processing. The process of 

using ANN can be broken down into four stages, beginning with training pattern generation. In 

this stage, offline computations are performed to cover various expected operating conditions. 

Next is the selection of input variables, where all parameters influencing the system's behaviour 

are identified and given special attention. Moving on, the stage of choosing the ANN 
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architecture comes into play. A multi-layered topology is the most commonly used type, 

consisting of an input layer, one or two hidden layers, and one output layer. Finally, there's the 

training and testing stage, where the training process determines the link weights that minimize 

errors [104]. 

3.7 Challenges caused by Grid-Connected PV Systems 

   In the majority of conventional electric power grids, power is generated by centralized 

generators and flows in a single direction toward the customers. However, in grid-connected 

solar PV systems, the generated power can flow in both directions, depending on the load 

demand. The challenge here is that most conventional power systems were not originally 

designed to handle bidirectional power flow. In remote areas, even the installation of a small 

number of PV systems can have an impact on grid parameters if the PV generation and the load 

are not well-matched [107]. With the reduction in the overall cost of installing solar systems, 

residential, commercial, industrial, and utility-scale entities are increasingly considering the 

adoption of this technology. Its appealing features, including a long lifespan (25-30 years), 

environmental friendliness, and minimal operational and maintenance costs, have further 

fuelled its popularity. However, the proliferation of grid-connected PV systems can pose 

certain challenges. Recent studies suggest that the hasty installation of a large number of these 

systems without a well-devised plan could place significant stress on the utility grid. [94]. In 

cases of high power production from these systems, surpassing the local power demand, the 

surplus power will flow through the local network, and in some instances, even though the 

local substations. This situation can elevate the risk of damage to the national grid and 

inconvenience to its customers [107]. Authors in  [94] also emphasized that an increase in the 

installation of grid-connected photovoltaic systems (GCPVS) without simultaneous 

improvements in the utility grid infrastructure will result in detrimental impacts on the national 

network. Authors in [107] argued that the installation of large-scale solar farms necessitates 

substantial investments to establish the required infrastructure. This is due to the fact that large-

scale PV systems are typically situated at considerable distances from consumption points, 

requiring extensive transmission lines. Consequently, this can lead to increased power losses 

in the form of heat. Authors in  [108] emphasized the importance of implementing an effective 

control policy to manage the integration of GCPVS. Without such measures, it could pose 

significant challenges to the utility grid. Hossain and Ali highlighted that due to their 

fluctuating nature, GCPVS could potentially pose concerns for utility grids [109]. Authors in 

[110] stated that in the next few years, many countries will update their grid codes to 
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accommodate the high penetration of GCPVS and their fluctuating outputs. Additionally, new 

regulations will be put in place.  

To address the power gap caused by the fluctuating nature of GCPVS, conventional power 

plants need to increase their outputs when there is insufficient power from PV systems. 

However, this process is technically challenging due to the time required by traditional power 

plants, such as steam combustion turbines and nuclear plants, to ramp up. A viable solution 

could involve the use of fast-ramping power plants, like gas-fired reciprocating engines and 

simple-cycle combustion turbines. These plants are capable of swiftly adjusting their output to 

alleviate stress on utility grids and can be operated as needed to bridge the energy gap. 

Nevertheless, this option requires years of planning, implementation, and substantial 

investment. Furthermore, it may not prove to be a cost-effective solution. Another critical 

concern is that these types of power plants operate by burning fossil fuels, which poses 

significant environmental challenges. To address these challenges, integrating solar systems 

with energy storage units has been proposed. These systems ensure a continuous power supply 

even after sunset. However, it's worth noting that this solution is also not cost-effective, as the 

cost of energy storage units remains relatively high. According to Wang and Bai, incorporating 

energy storage alongside solar systems could be a promising solution to enhance the reliability 

and stability of the system [111]. Even with these benefits, some new challenges are expected 

to arise since this technology is relatively new and has not been thoroughly evaluated.   

3.8 Standards and requirements for safe integration of Grid- Connected PV 

Systems. 

As the installation of distributed generator systems continues to rise, accompanied by their 

technical challenges, many countries have updated their grid codes and introduced new 

standards. These standards aim to enhance the operational process, focusing on the reliability, 

stability, and safe integration of grid-connected distributed generators [112]. Integrating an 

increasing number of PV systems into the utility grid without the introduction of proper 

regulations and standards may lead to significant issues regarding the integrity and stability of 

the grid. During the last decade, numerous industrial and academic groups have undertaken 

studies and evaluations of the integration of GCPVs into existing grids [94]. Their aim is to 

better understand the potential challenges and impacts in order to prepare effective solutions 

for a safe and reliable integration process. Most of these standards and guidelines related to 

GCPVs can be summarized as follows: [112].  
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➢ IEEE Standard 1547:  

This standard, known as the Interconnecting Distributed Resources with Electric Power 

Systems [113], serves as a technical guideline for the integration of DG resources into national 

grids. It provides comprehensive information and requirements concerning the design, 

installation, construction, safe operation, performance, and maintenance of these systems, in 

alignment with local, regional, and national codes. Moreover, IEEE 1547 determines some 

parameters range that allow the DG to remain connected to the utility grid. These parameters 

encompass the power factor, voltage tolerance, frequency, anti-islanding characteristics, and 

fault detection. These specifications are of utmost importance to guarantee the safety of the 

users, other customers, and grid linemen. Within IEEE 1547, all inverters must be capable of 

fault detection and disconnection of the problematic part from the grid. This ensures that no 

power is fed into the faulty lines during maintenance, making these requirements a crucial 

aspect for all inverters integrated into GCPVs. Such stipulations align with those found in IEEE 

929-2000 and IEC 61727 standards [114][115]. 

➢ IEEE Standard 929: 

This standard applies to GCPVs and other inverter-based systems connected in parallel with 

the national grid, with a capacity of 10 KVA or less [116][117]. Within this standard, inverters 

are mandated to continuously monitor the grid to assess the behaviour of the GCPVs during 

irregularities. This includes monitoring synchronization loss between the grid and GCPVs, 

system protection, maximum trip time in cycles, and fault monitoring and isolation 

mechanisms [118]. 

➢ IEEE Standard 519: 

This standard pertains to Recommended Practices and Requirements for Harmonic Control in 

Electrical Power Systems [119] [120]. It defines the acceptable range of distortion in the 

waveforms of current at the common coupling point (CCP) between the grid-tied system and 

the grid. Given the non-linear nature of voltage generated by inverters, certain harmonics are 

produced. These harmonic components can lead to increased heat and a greater risk of failure 

in the magnetic utility assets, ultimately causing power quality issues for system owners and 

customers. Within this standard, the acceptable limits for voltage harmonic distortion are 

defined as follows: 5% for normal systems, 10% for dedicated systems, and in certain 

exceptional circumstances, 3% at the common coupling point of the system. These limits help 

maintain power quality and minimize disruptions [121].  
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➢ NFPA 70: 

The NFPA 70 [122], often referred to as the National Electric Code (NEC), article 690 

addresses the fundamental requirements for the secure and dependable installation of PV 

systems. It also encompasses various crucial aspects, including ground fault protection, 

protection and disconnecting mechanisms for PV equipment, appropriate listing and 

identification of PV equipment, equipment bonding, system grounding, and wire sizing, 

accompanied by specific circuit protection criteria [123]. 

➢ UL standard 1741:  

This standard is essential to fulfil the requirements of the IEEE 929 standard. UL standard 1741 

[94] is comprehensive, addressing inverters, controllers, converters, and interconnection 

equipment for DG systems. It closely aligns with IEEE 1547 in three key areas: product safety, 

with a focus on injury prevention; coverage of various distributed generation resources, 

including PV systems (both grid-tied and standalone), wind, fuel cells, micro-turbines, and 

hydro; and regulations pertaining to the ratings, markings, and construction of these DG 

systems.[124].    

➢ IEEE Standard 1547.8:   

IEEE 1547.8 [125], serves as an extension of IEEE 1547, targeting larger systems ranging from 

10 MVA to 20 MVA. This standard spotlights emerging technologies and industry-best 

practices to optimize the incorporation of DG. It hones in on specific focal points, notably the 

repercussions of the widespread adoption of plug-in hybrid vehicles and other energy storage 

systems. The standard enforces certain requirements aimed at boosting system efficiency and 

enhancing grid stability. One key expectation is that inverters should be capable of discerning 

between various fault types and general power outages. The summary of standards for grid 

connected DG system is shown in the Table 3.4 [94].  

Table 3. 4. The summary of standards for grid connected DG system [94] 
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3.9 Short circuit faults in grid connected PV systems. 

   Like most of the other renewable energy systems, in a GCPV system the PV system is 

integrated to the utility grid using a power electronic converter with optimised control strategy, 

which controls the dynamic response and stability under various conditions including normal 

and abnormal operation. Optimised design of the power electronic converters and associated 

control strategies are crucially important to maintain a reliable implementation of the system, 

during steady-state and transient fault conditions. With the ever-increased demand of 

renewable energy systems, power system authorities are more concerned about providing  

efficient techniques to maintain stability of the grids during abnormal operations [126]. 

Transient short circuit faults are one of the most common factors that make disturbance on 

power system and effect the power system stability. When it comes to the conventional power 

systems the impacts of short circuit faults are well known and well documented [127], [128]. 

However, in term of renewable energy resources, GCPV systems in particular, the behaviour 

of power system under transient short circuit scenario is still attracting more attention. Since 

PV systems are generally designed to deliver maximum power to the grid, they deliver the 

maximum power even during the fault conditions, which result in significant voltage drop at 

the DC busbar [129]. 

Due to the operating characteristics of the PV arrays and the controlled operation of the 

inverter, solar PV systems inject low magnitude fault currents to the grid as compared to the 

conventional generator [130]. For the GCPV systems, in addition to the contribution of short 

circuit current by the PV systems, it is crucial to analyse effects of the grid fault on the function 

of the PV systems. The significantly increased addition of these systems and modifications in 

the grid codes by regulating authorities have encouraged the researchers to evaluate the impacts 

of abnormal grid conditions on the various parameters of the PV systems. Moreover, key 

requirement for successful delivery of power from the PV systems includes various 

components like power electronic converters, harmonic filters, and power transformers. If the 

function of these components is affected due to abnormal conditions, it may cause severe 

disturbances in power delivery. Therefore, it is substantially important to design and evaluate 

a control system which can work efficiently to minimize the impacts of grid abnormalities and 

maintain the power system stability during and after abnormal conditions. Short circuit faults 

in power systems are caused by several abnormal conditions and depend on the parameters and 

configurations of the grid, they can inject transient fault currents of very high magnitude as 

compared to the rated load currents. Fault currents causes electrodynamic disruption  and 
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significant thermal losses on power system elements, that can result sever damages [131] [132]. 

One approach to restrict this current is to implement suitable protective switches that can 

operate under short-circuit conditions, preventing damage to the power system and having the 

ability to isolate the faulty section of the grid. The faster these protection devices operate, the 

less the damage, and the greater the likelihood of maintaining system synchronization[131]. 

Short circuit faults are categorized to different types including symmetrical and  asymmetrical 

short circuit faults as shown in Figure 3.22, amongst which line-to-ground (LG) faults are the 

most frequent, with a probability of 70 to 80 % [133]-[122].  

 
(a) 

 
(b) 

Fig. 3.22. a: Symmetrical short circuit fault; b: Asymmetrical short circuit fault. 

short circuit faults in the power grid can be evaluated following different approaches as listed 

below [131]. 

1- Short-circuit currents' calculation. 

2- The stability of grid connected systems and their ability to remain in synchronism up 

until the fault is cleared.  

3- Short-circuit withstand ratings of electrical equipment such as cables, reactors, 

conductors, and transformers. 

4- Short-circuit currents’ Limitation, including the limiters of fault current as well as 

current-limiting fuses. 
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5- The impacts of short-circuit currents. 

6- The switching devices’ rating structure and the short-circuit currents’ Interruption. 

In case of a short-circuit fault, the PV system injects a certain current into the grid. The level 

of this current relies on the inverter's design. Whereas PV systems are configured to deliver the 

maximum power generated by the PV arrays into the grid, the inverter will continue injecting 

the same power even during a fault condition when the voltage is low. Functioning as a constant 

source of power, the injected current can be determined using the following equation: (3.13) 

[129].    

𝐼 = (𝑃𝑃𝑉)/𝑉                                                          (3.13) 

Where 𝑃𝑃𝑉 is the power generated by the PV array and 𝑉 is the AC voltage. Nonetheless, the 

inverter restricts this current according to its predefined limits, typically set at once or twice 

the inverter's rated current, and it must not exceed these limits [129] [134]. In general, the short-

circuit current characteristic comprises an AC component and a decaying DC component, 

usually diminishing in magnitude over time. Short-circuit faults can be divided into three 

periods: the sub-transient period, which occurs during the first few cycles after the fault started, 

followed by the transient period, and ultimately, the steady-state period. It's important to note 

that most faults are cleared before reaching the steady-state period, refer to the diagram shown 

in Figure 3.23 [135][136]. 

 

Fig. 3. 23. Transient periods of a three phase symmetric short circuit fault current  [136]. 
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GCPV systems are the most widely installed, in comparison to standalone systems [137][138]. 

Integrating GCPV systems with the utility grid using Voltage Source Converters (VSCs) has 

become a common practice [139]. These converters protect themselves against overloading by 

utilizing saturating current [140][141]. In the steady-state analysis of GCPV systems, it is 

crucial to consider the operation mode of Voltage Source Converters (VSCs), especially in 

terms of short-circuit analysis. It's important to note that VSCs can operate in a current-

saturated state when the voltage is reduced. Therefore, various operation and control modes of 

VSCs, including current-saturation states, need to be taken into account when analysing short-

circuit faults in GCPV systems. This consideration is vital due to the significance of the 

information provided by short-circuit fault analysis for the design of GCPV systems. This 

analysis helps to determine short-circuit equilibrium points, which serve as the foundation for 

the safe and reliable sizing of various system components, including cables, transformers, 

circuit breakers, and more. In GCPV systems, the sizing of protection components relies on the 

current levels that the systems may encounter at different locations when subjected to various 

fault scenarios  [142]. The appropriate selection of short-circuit equilibrium points plays a 

crucial role in establishing a robust control strategy for the power converter. This strategy 

ensures not only high performance but also reliability, even under fault conditions. 

Additionally, it empowers the system with the capability for a safe and swift recovery once the 

fault is cleared [143]. Furthermore, short-circuit equilibrium points offer valuable insights into 

determining when the system should remain connected or disconnected during various fault 

conditions [144]. The design of the converter controller typically relies on an estimation of grid 

strength. Therefore, the results of short-circuit analysis facilitate an adaptive control of 

converters, thereby enhancing the system's dynamic performance, both during and after a fault. 

This is particularly crucial for applications connected to a weak grid [145]. As mentioned 

previously, many countries have updated their grid codes and introduced new requirements for 

integrating grid-tied systems into the utility grid. Among these requirements, Low Voltage 

Ride-Through (LVRT) is of utmost importance as it deals with the most frequent disturbance 

condition in the grid, which is the occurrence of grid faults and their impact on connected 

renewable energy systems. For this condition, LVRT regulations are devised for monitoring of 

system’s stability under fault conditions [146]. LVRT is a condition during which all 

Renewable Energy Systems (RESs) must continue operating for a specified period to guarantee 

that the occurred fault is transient [147]. In other word, LVRT is ability of the RESs to continue 

operating even  during a voltage sag caused by a fault [148]. 

https://www.sciencedirect.com/topics/engineering/voltage-dip
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Before RES power plants can be integrated into the power grid, several tests must be 

conducted to evaluate their compatibility with the grid. These tests typically involve examining 

voltage and current fluctuations, power quality, LVRT capability, high-voltage ride through 

(HVRT) capability, reactive power compensation, and safety while operating in anti-islanding 

mode. These tests aim to assess whether the RES farms can function in compliance with the 

grid standards [146]. 

In the past LVRT requirements were mainly applied to wind turbines. This was because 

occurrence of three-phase fault on a transmission line could cause a complete loss of voltage 

at the fault point until the fault is cleared, resulting in a loss of power generation. However, 

with the increasing development of integrated solar power plants, there is a need to consider 

LVRT requirements for solar plants as well [147]-[146]. This is because when any disturbances 

or faults occur, complete interruption of power delivered by the solar farm can be unreliable 

and may lead to blackouts. Hence, it is recommended to validate LVRT capability before 

integrating RES with the grid. LVRT capability is generally evaluated for PV systems in the 

laboratory via LVRT test units [146] . In grid integrated renewable energy resources, LVRT 

capability is evaluated to keep converter connected with the grid during temporary fault as well 

as for transient stability and smooth resynchronisation when fault is cleared[149]. Figure 3.24 

shows the LVRT requirements for different countries.  

 

Fig. 3. 24. LVRT requirements for several countries [146]. 
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3.10 Previous related work  

Numerous studies and research related to the same field have been presented in the literature 

over the last two decades. For instance, the author in [150] presented a MATLAB/Simulink 

model for a single-phase grid-connected PV inverter, which was also experimentally tested. 

The study implemented the P&O MPPT technique, and the results showed that this model 

effectively simulates the behaviour of a single-phase grid-connected PV system. An 

implementation of a single-stage grid-connected PV system was proposed in [151], where all 

control strategies, including MPPT, harmonics reduction, and synchronization with national 

grid requirements, are integrated into one point. However, this approach increases the 

complexity of the overall control strategy. The incremental conductance technique was applied 

for MPPT, resulting in high efficiency and stability of the system. Reference [152], presents 

the design and simulation of a 100 kW hybrid grid-connected PV system. The system was 

designed using the MATLAB/SIMULINK environment. MPPT techniques were employed to 

extract maximum power available from the PV array, and a DC-DC boost converter was used 

to increase the level of DC voltage at the DC link busbar. The author in [153], presented a case 

study on designing a grid-connected PV system for the EEU building in Hawassa city. A 

detailed analysis of the system's power output was provided, utilizing average monthly 

sunshine hours to assess the effect of local solar irradiance on its performance. Moreover, 

various meteorological data were employed for this study. As a result, a small grid-connected 

PV system was installed at the EEU building. The performance of a 110 kWp grid-connected 

PV system installed on the rooftop of a residential hostel at MANIT, Bhopal, India, was 

presented in [85]. SolarGis PV planner software was used to assess the performance of different 

PV technologies, focusing on energy yield and performance ratio. The results show that 

Amorphous silicon (a-Si) and Cadmium telluride (CdTe) have performance ratios higher than 

75%. The author in [154] presents a simulation study of a double-stage grid-connected PV 

system. The system was evaluated under two scenarios: integration to the local low-voltage 

grid or to the national high-voltage grid, and then compared with the existing system installed 

on the roof of the National Water Research Centre. The results indicate that economically, the 

system could save up to 235.8 thousand L.E./year when connected to the national grid, 

compared to 100 thousand L.E./year for the current system. A detailed modelling and control 

for a grid-connected PV system using MATLAB software was presented in [155] The author 

demonstrates a comprehensive explanation of the modelling and control of PV systems, as well 

as reviews different inverter topologies for such systems. 
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A comparison of the performance of various MPPT techniques for single-stage grid-

connected PV systems was presented in [156] The results demonstrated that conventional Hill 

Climbing and Incremental Conductance techniques were the slowest in tracking the MPP of 

the system, while the modified Hill Climbing method was more accurate, with relatively small 

oscillations of power around the MPP. Another comparison was conducted in [97] with 19 

MPPT techniques included in the study. The authors concluded that numerous MPPT 

techniques are available for application in PV systems. However, it is challenging to specify 

which one is superior. Therefore, they have identified various aspects that can aid in selecting 

the suitable MPPT technique for each system. These aspects include implementation, number 

of sensors, accuracy, performance under different weather conditions, costs, and applications.  

Reference [100], presents a combination of incremental conductance and integral regulator 

considered to extract the MP of a grid-connected PV system. The outcome of this study shows 

that such a combination brings high accuracy, stable operation, and mitigates the oscillations 

around the MPP. The author used MATLAB software to simulate the system. Author in [157] 

stated that while there are plenty of MPPT techniques, the Perturb and Observe (P&O) MPPT 

technique is considered the most common one due to its simplicity, requiring only two sensors, 

and its low implementation cost. On the other hand, the author in [96] presents a comparative 

study between two of the most common MPPT techniques, P&O and Incremental Conductance 

(INC), for grid-connected PV systems. The results show that the INC technique is faster in 

tracking the MPP and has the ability to track the MPP more accurately during rapidly changing 

weather conditions. The study used MATLAB software to conduct the study. Reference [142] 

presents a detailed analysis of short-circuit faults for grid-connected PV systems. The author 

stated that Thèvenin's theorem is one of the widely used methods to calculate the short-circuit 

current and specify the short-circuit equilibrium point. However, the short-circuit analysis can 

be carried out from different aspects which are mentioned in Section 3.9. A new grid support 

strategy for GCPV systems was presented in[143] A new grid support strategy for GCPV 

systems was presented in [14]. The study investigates the short-term voltage stability of the 

distributed generation (DG) under asymmetrical faults. The results show that the new strategy 

does not require accurate, fast estimation of the grid impedance at the PCC. Additionally, the 

new strategy demonstrated its ability to improve short-term voltage stability during voltage 

issues. A review study of different components of the GCPV system was presented in [91]. 

The study includes various topologies of grid-connected inverters. The performance of GCPV 

systems, including MPPT  [158]-[159], harmonic emission [160], power quality aspects [161]-

[162], islanding detection techniques [160], and new fault detection approach in grid connected 
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PV system [163] an adaptive FRT capability of virtual synchronous machine control for grid 

forming converter [164]  , have been investigated by other researchers.     

3.11 Conclusions   

This chapter delves into grid-connected PV systems from various angles. It begins by exploring 

the primary components of the system, moves on to discuss control strategies, and delves into 

the challenges and issues these systems face when it comes to integration with the grid. Various 

standards are also covered, along with the latest requirements introduced by new grid codes. 

Additionally, this chapter explores the most recent research activities related to such systems. 

Furthermore, based on the aforementioned information, a double-stage grid-connected PV 

system was chosen due to its advantageous features over alternative configurations. This 

configuration enhances the overall controllability of the system. In contrast, in the alternative 

configuration, all control strategies, including MPPT, harmonics reduction, and 

synchronization with national grid requirements, are integrated into a single stage. This 

integration increases the complexity of the overall control strategy. 

Moreover, the P&O MPPT technique was employed to extract the maximum power from the 

PV array. This selection was made for several reasons. Firstly, the P&O technique requires 

only two sensors, resulting in a lower implementation cost. Additionally, its simplicity makes 

it an attractive choice for the system design. Numerous developments have been made on this 

technique over the last few decades. However, the conventional approach was chosen for this 

study. The primary reason for this decision is to provide insights to decision-makers in Libya 

regarding the behaviour of such systems under their lowest expected performance conditions. 

Moreover, a multistring PV inverter was selected for this study because this configuration can 

only be implemented with a double-stage configuration. By employing this type of inverter, 

the number of inverters required can be reduced, thereby lowering the overall cost of the 

system. Finally, a short-circuit fault analysis will be conducted to evaluate the LVRT capability 

of the system under this type of fault. This analysis is crucial as it is one of the most important 

requirements for the integration of GCPV systems.
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Chapter 4:  

 

The Principle of Dynamic Modelling for Grid-Connected PV System 

4.1 Introduction  

Following the literature review the key objectives of this project have been defined which 

include an overview of solar energy technology, as well as the current energy situation in Libya, 

which is the primary reason this project is being carried out. Moreover, in term of the PV 

system, the project has taken the essential steps towards modelling a practical grid-connected 

photovoltaic (GCPV) solar system; with the aid of MATLAB/SIMULINK software. 

4.2 System description  

In this thesis, a GCPV system is modelled and integrated with the utility grid. The system is a 

three-phase, two-stage GCPV system, and it was designed using the Simscape Electrical 

toolbox of MATLAB/SIMULINK. Figure 4.1 illustrates a schematic diagram of the simulated 

system. This system is composed of a PV array, a DC-DC boost converter, an MPPT control 

unit, an inverter with Voltage source converter VSC control, an LC filter, and a step-up power 

transformer.  

 

Fig. 4. 1. Schematic diagram of a GCPV system 
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The PV generator consists of five parallel units, each with a rated power of 400 kW, providing 

a total power of 2 MW. Each PV array comprises 255 shunt strings, with 5 modules connected 

in every string. The PV module used in the system is the SunPower SPR-315E-WHT-D, with a 

maximum power rating of 315 W per module. The constraints of the PV module are presented 

in Table 4.1. 

Table 4. 1. Parameters of the PV module 

SunPower SPR-315E -WHT-D  

Parameter Unite Value 

Maximum Power mpp W 315 

Cells per module - 96 

Open Circuit Voltage Voc V 65 

Short circuit current Isc A 6 

Voltage at maximum power 

point Vmpp 
V 55 

Current at maximum power 

point Impp 
A 6 

Temperature coefficient of Voc °C -0.2727 

Temperature coefficient of Isc °C 0.0617 

Diode ideality factor - 0.9507 

Series Resistance Rs Ω 0.4304 

Shunt Resistance Rsh Ω 430 

In this system, each PV array is linked to a DC-DC boost converter and subsequently 

connected to the grid through a Voltage Source Converter (VSC) to convert the generated DC 

voltage into AC voltage. Over the past few decades, various PV system topologies have been 

introduced. Among them, the multi-string structure is the most commonly utilized topology for 

PV system installations [165] [166]. In this system each PV array is linked to its own DC-DC 

converter to boost the DC voltage in the DC bus. Then, all the PV arrays, along with their DC-

DC converters, are connected to a centralized DC-AC inverter, which is used to connect with 

the utility grid. The key advantages of this topology include enhanced power source protection, 

safety during maintenance and installation, independent control, and cost-effectiveness. The 

DC-DC converter provides a pathway for implementing maximum power point tracking 

(MPPT) to extract the maximum power from the PV array. Various types of DC-DC converters 

exist, with Boost and Buck converters being the most commonly used DC/DC topologies. [1]. 

The multiple PV arrays are connected at a common point along with the DC link capacitors in 

the DC bus, and then they are linked to the DC side of the VSC. The DC link capacitors play a 

crucial role in regulating the DC voltage at the input terminal of the VSC. Subsequently, the 

output from the VSC is injected into an LC filter to get rid of high-frequency components 



Chapter 4: The Principle of Dynamic Modelling for Grid-Connected PV System  

     

 

 67 

introduced in the generated signals. The I-V and P-V characteristics of the PV array 

implemented in this work for different levels of solar irradiance and temperature values are 

exhibited in Figure 4.2-a and 4.2-b, respectively. 

 

(a) 

 

(b) 

Fig. 4. 2. The I-V and P-V characteristics of the PV array (a) at varying temperature (b) at varying irradiance 

4.2.1 Modelling of PV array 

A solar cell is considered as the most important element in the PV solar system, where several 

cells are connected in series to form the PV module. Meanwhile, a combination of panels in 

parallel and series form a complete PV array. A basic diagram of a single diode PV cell is shown 

in Figure 4.3 [167]. Equation (4.1) illustrates the fundamentals of the PV cell:  

𝐼 =  𝐼𝑃ℎ − 𝐼𝐷 − 𝐼𝑆𝐻                                                                           (4.1) 
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Fig. 4. 3. Single diode model of PV cell [168]. 

where, 𝐼 is the current generated by a solar cell, 𝐼𝑃ℎ is the photon current, 𝐼𝐷 is the diode current 

and 𝐼𝑆𝐻 is the current flow through shunt resistor 𝑅𝑃. Whereas, the diode current can be given by 

using the following equation [169]: 

𝐼𝐷 = 𝐼𝑂 [𝑒𝑥𝑝 (
𝑉+𝐼 𝑅𝑆

𝑎 𝑉𝑡ℎ
) − 1]                                                                    (4.2) 

Additionally, the current that flows through the shunt resistance 𝐼𝑆𝐻 can be calculated using 

equation (4.3), as follows:  

𝐼𝑆𝐻 = 
𝑉+𝐼 𝑅𝑆

 𝑅𝑃
                                                                                  (4.3) 

Therefore, equation (4.1) can be rewritten to produce a new equation, as follows:  

𝐼 =  𝐼𝑃ℎ − 𝐼𝑂 [𝑒𝑥𝑝 (
𝑉+𝐼 𝑅𝑆

𝑎 𝑉𝑡ℎ
) − 1] − 

𝑉+𝐼 𝑅𝑆

 𝑅𝑃
                                  (4.4) 

where, 𝐼𝑂 is the reverse saturation current, 𝑅𝑆 and 𝑅𝑃 are the series and shunt resistance of a PV 

cell respectively, 𝑎 is diode ideality factor, 𝑉𝑡ℎ is the thermal voltage which is given by:  

𝑉𝑡ℎ = 
𝐾𝑇

𝑞
                                                                                      (4.5) 

where, 𝐾 = 1.38 ∗ 10−23 J/K is Boltzmann constant,  𝑇 is the cell temperature an  𝑞 = 1.6 ∗

10−19 C is the charge of an electron. 

However, all previous equations relate to only one solar cell. Therefore, in order to calculate the 

energy production from the PV array, there are a number of parameters to consider. It is important 

to know the total number of cells connected in series N that form a solar panel/module and from 

the numbers of series Ns and parallel Np connected solar panels. The current equation for a PV 

array is given by:  
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𝐼 =  𝑁𝑃𝐼𝑃ℎ − 𝑁𝑃𝐼𝑂 [𝑒𝑥𝑝 (

𝑉+𝐼 𝑅𝑆
𝑁𝑆

𝑎 𝑁 𝑉𝑡ℎ
) − 1] − 

𝑉+𝐼 𝑅𝑆

 𝑅𝑃
                        (4.6) 

With the purpose of modelling a PV array, all parameters in equation (4.6) must be provided 

to get the energy output of the PV array. However, not all parameters are provided in the solar 

module datasheets. Furthermore, some parameters depend upon the materials that the solar cells 

are made of, so they are provided by the manufacturer. These parameters are the diode ideality 

factor 𝑎 and Energy gap 𝐸𝑔 values [168]. The relation between 𝑅𝑆 and 𝑅𝑃 can be extracted by 

assuming 𝑃𝑚𝑎𝑥  𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡 = 𝑃𝑚𝑎𝑥  𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  and solving the resulting equation for 𝑅𝑆, as 

shown below [170] [168]: 

Pmaxcalculated = Vmpp  ×  (Ipv − Io [exp (
Vmpp+IRs

Vta
) − 1] −

Vmpp+RsI

Rp
)             (4.7) 

Rewriting equation (4.7) 𝑅𝑝 can be realised as follow: 

𝑅𝑃 = 
𝑉𝑚𝑝𝑝 (𝑉𝑚𝑝𝑝×𝐼𝑚𝑝𝑝𝑅𝑠)

𝑉𝑚𝑝𝑝𝐼𝑝𝑣−𝑉𝑚𝑝𝑝𝐼𝑜[𝑒𝑥𝑝(
𝑉𝑚𝑝𝑝+𝑅𝑠𝐼

𝑉𝑡𝑎
)−1]+𝑉𝑚𝑝𝑝𝐼𝑜−𝑃𝑚𝑎𝑥

                                               (4.8) 

Thus, for any value of Rs, there will be a corresponding value of Rp that causes the 

mathematical I–V curve to intersect with the experimental (𝑉𝑚𝑝, 𝐼𝑚𝑝) point. The objective here 

is to determine the value of 𝑅𝑆 (and consequently,𝑅𝑃) that aligns the peak of the mathematical 

P–V with the experimental peak power at the (𝑉𝑚𝑝, 𝐼𝑚𝑝) point. his process necessitates several 

iterations until 𝑃𝑚𝑎𝑥 𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡 =  𝑃𝑚𝑎𝑥 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑. Each iteration updates 𝑅𝑆 and 𝑅𝑃 in 

order to reach the best model solution [1]. 

These values are obtained at standard conditions. Calculating  𝑅𝑆 and 𝑅𝑃  for the PV array at 

different temperature can be given by:  

𝑅𝑠 = 
𝑅𝑠 𝑁𝑠

𝑁𝑝
                                                                                       (4.9) 

𝑅𝑃 = 
𝑅𝑃 𝑁𝑠

𝑁𝑝
                                                                                       (4.10) 

Temperature and the solar radiation have a direct influence on the photon current. Therefore, 

the photon current can be calculated by adopting the following equation [171]: 

𝐼𝑃ℎ = [𝐼𝑃ℎ𝑛 + 𝐾𝐼(𝑇 − 𝑇𝑟𝑒𝑓)] ∗  
𝐺

𝐺𝑁
                                                (4.11) 
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Here 𝐼𝑃ℎ𝑛 is the photon current value at reference conditions, 𝐾𝐼 is the current temperature 

coefficient, 𝑇𝑟𝑒𝑓 = 273.19 𝐾 is the reference temperature, 𝑇 is the cell temperature, 𝐺 is the 

irradiance value and 𝐺𝑁 is the irradiance value at standard temperature. 

On the other hand, it is very important to calculate the reverse saturation current at any 

temperature in order to obtain the diode current, which is the second unknown in equation (4.1). 

Therefore, the reverse saturation current at standard condition must be calculated first as given 

by:  

𝐼𝑜𝑛 = 
𝐼𝑠𝑐𝑛

𝑒𝑥𝑝(
𝑉𝑜𝑐𝑛

𝑎 𝑁 𝑉𝑡ℎ
)−1

                                                                          (4.12) 

Hence, the reverse saturation current at any temperature can be calculated by using: 

𝐼𝑜 = 𝐼𝑜𝑛 (
𝑇

𝑇𝑟𝑒𝑓
)3𝑒𝑥𝑝 [𝑞 𝐸𝑔 

(
1

𝑇
− 

1

𝑇𝑟𝑒𝑓
)

𝐾𝑎
]                                               (4.13) 

where, 𝐼𝑜𝑛 is reverse saturation current at standard temperature, 𝐸𝑔 is energy gap value. 

Consequently, the current that flows through the diode in the PV array can be given by (4.14) 

[102]:  

 

𝐼𝐷 = 𝐼𝑂 [𝑒𝑥𝑝 (

𝑉+𝐼 𝑅𝑆
𝑁𝑆

𝑎 𝑁 𝑉𝑡ℎ
) − 1]                                                          (4.14) 

Therefore, a complete modelling of the PV array and the current output from the PV array can 

be calculated using equation (4.6). 

4.2.2 DC-DC Boost Converter 

Second part of the system is the DC-DC boost converter which is implemented to boost the 

voltage level supplied by the PV array. A DC-DC boost converter is responsible to boost the 

DC voltage generated by the PV array, 𝑉𝑃𝑉, as well as to create a channel to apply the MPPT 

technique which improve the voltage quality and controllability of the system [7]-[92]. For the 

presented system, the average model of boost converter was used in which the voltage source 

was directly controlled by the reference voltage. An equivalent circuit of the boost converter is 

shown in Figure 4.10 [172]. 
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Fig. 4. 4.The average model of DC-DC boost converter [7]. 

The output of the boost converter is controlled by the MPPT unit which regulates the 

converter’s duty cycle [93]. The duty cycle of the boost converter is given by: 

𝐷 = 1 −
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
 

(4.15) 

where 𝐷 is the duty cycle, 𝑉𝑖𝑛 = 𝑉𝑃𝑉 is the input voltage, and 𝑉𝑜𝑢𝑡 is the output voltage and 

presents the DC link voltage 𝑉𝐷𝐶. The values of its inductor and capacitor are given using 

equations (4.16) and (4.17) [1]: 

𝐿𝑏 =
𝑉𝑖𝑛 ∗ 𝐷(1 − 𝐷)

∆𝐼𝐿 ∗ 𝑓
 (4.16) 

𝐶𝑏1 = 𝐶𝑏2 =
𝑉𝑖𝑛 ∗ 𝐷(1 − 𝐷)

8𝐿𝑏∆𝑉𝐶𝑓2
 

(4.17) 

 

where ∆𝐼𝐿 is the current ripple  ∆𝑉𝐶 is the voltage ripple and f is the switching frequency.  𝑉𝐷𝐶 

can be calculated as a function of the input voltage 𝑉𝑃𝑉 and the duty cycle of the converter. The 

parameters used for this boost converter are shown in Table 4.2 which are calculated based on 

equations (4.16) to (4.17). 

Output of the DC-DC converter is then delivered to the inverter which converts the DC voltage 

to a Pulse Width Modulation (PWM) voltage. The output of the inverter is finally filtered using 
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a harmonic filter for suppression of higher frequency components and to get THD of the current 

and voltage below  5 % standard level as stated by the IEEE std.519 [121][173]. 

Table 4. 2. Parameters of the boost converter 

 

4.2.3 LC filter 

With reference to the international standards and utility grid codes it is very important to 

maintain the THD level of Voltage and Current for grid connected renewable energy resources 

below the 5% at the CCP as stated in IEEE Std. 519 and IEEE 1547-2008. [173]-[174]. 

Furthermore, the output voltage from the inverter contains high frequency components resulting 

in high level of THD which is not accepted as injecting these signals directly to the grid have 

destructive impacts on the grid components including accosting noise, mechanical vibration and 

overheating for transformer. Therefore, it is very important to filter these signals and get rid of 

the high frequency components and maintains the THD level at an acceptable level. In this 

context an LC filter was used to ensure that the output signal generated by the inverter is filtered 

before it injected to the transformer then the grid, as shown in Figure 4.11 highlighted in dashed 

green box[175]. To determine the values of the filter inductance and capacitor some other 

parameters are needed including current ripple, grid frequency, line to line voltage and rated 

power. The maximum current ripple can be calculated using (4.18) [176]. 
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∆𝐼𝐿,𝑚𝑎𝑥 = 
2𝑉𝐷𝐶

3𝐿𝑓𝑠𝑤
𝑚(𝑚 − 1)                                                                        (4.18) 

where 𝑓𝑠𝑤 is the inverter switching frequency 𝑚 is the modulation index, so the filter inductor 

can be calculated using (4.19) [95]. 

𝐿𝑓 = 
𝑉𝐷𝐶

6∆𝐼𝐿,𝑚𝑎𝑥𝑓𝑠𝑤
                                                                                (4.19) 

where 𝐿𝑓 is the filter inductor 𝑉𝐷𝐶 is the DC link voltage, usually the current ripple is counted 

as 5-25% of the maximum current which can be calculated by (4.20): 

𝐼𝐿,𝑚𝑎𝑥 =
𝑃𝑛√2

3𝑣𝑝ℎ
                                                                                 (4.20) 

where 𝑣𝑝ℎ indicates the RMS phase voltage, and the value of the capacitor is calculated based 

on the acceptable range of variation in reactive power at CCP which is considered 10% of the 

inverter rated power [176]. 

4.3 Control System Strategy 

A schematic diagram of the developed control system is shown in Figure 4.11. This control 

system consists of two main parts: DC controller based on MPPT algorithm, and VSC control 

scheme for the inverter. These two parts are explained in the following subsections. 

 

Fig. 4. 5. Block diagram of the control system of the GCPVs 
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4.3.1 MPPT control scheme: 

The control system on the DC side is designed for maximum power extraction and to increase 

the voltage level of the PV array. A Perturb and Observe (P&O) algorithm based MPPT scheme 

was used for MPPT operation [1]. Based on the output voltage and current from the PV array, 

the P&O algorithm determines the duty cycle of the DC-DC converter. A flowchart of the P&O 

algorithm is shown in Figure 4.12. 

 

Fig. 4. 6. Flowchart for P&O MPPT technique 

This algorithm determines the DC/DC converter’s duty cycle based on the input parameters, 

i.e., voltage and current from the PV array. Output voltage of the boost converter is regulated 

according to the reference values. The MPPT technique and associated algorithm are 

implemented to obtain the maximum power from the PV array, and output power of the system 

according to the voltage variation [158]. In this control scheme, voltage is perturbed according 

to the response of the system to the previous perturb to determine the direction of the next 

perturbation [97]. PV characteristic curve and principle of the P&O MPPT technique are shown 

in Figure 4.13 and Table 4.3, respectively. 
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Fig. 4. 7. PV characteristics of P&O MPPT technique 

It can be seen that for ∆𝑃 > 0, power is increased with increasing in the voltage until MPP is 

achieved. After attaining MPP, where ∆𝑃 < 0, any attempt to increase the voltage results in 

decreasing the power. Accordingly, if the power increases with the increase or decrease in the 

voltage, the successive perturbation remains in the same direction until MPP is achieved. On 

the other hand, if power decreases with the increase or decrease in voltage, the following 

perturbation will be reversed, as shown in Table 4.3. After reaching the MPP, the system will 

be continuously oscillating around this point. Level of the fluctuations across the MPP depends 

on the step size of the applied voltage. However, to reduce this fluctuation, smaller step-size 

can be used, which may slow down the MPPT process to reach the MPP [97]. 

Table 4. 3. Principle of the P&O algorithm 

Perturbation Change in Power Next perturbation 

Positive Positive Positive 

Positive Negative Negative 

Negative Positive Negative 

Negative Negative Positive 

 

 

 

 

 

𝚫𝑷 > 𝟎 
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4.3.2 Control strategy of the VSC: 

A block diagram and the simulation model of the designed control system of the VSC is shown 

in Figures 4.14-a and 4.14.b, respectively. In this control system, the VSC-based control scheme 

is synchronized to the CCP using phase locked loop (PLL) unit which generates a reference 

Phase angle 𝜔𝑡 [177]. The error signal 𝑒𝑉𝑑𝑐 between the DC link voltage, generated by 

comparing 𝑉𝑑𝑐 and its corresponding reference value 𝑉𝑑𝑐,𝑟𝑒𝑓, is fed to the compensator whose 

output 𝑢𝑉𝑑𝑐 is processed by a limiter to generate reference current value 𝐼𝑑,𝑟𝑒𝑓. 

 

(a) 

 

(b) 

Fig. 4. 8. (a): Block diagram and (b) Simulation model of VSC control strategy. 
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For this system the transfer function of the control unit was determined using Z transformation, 

so the output 𝑈𝑉𝑑𝑐 can be presented mathematically as [178]. 

𝑈𝑉𝑑𝑐(𝑧) = 𝐸𝑉𝑑𝑐(𝑧)[𝐾𝑝,𝑑𝑐(𝑧) + 𝐾𝑖,𝑑𝑐(𝑧) (
𝑇𝑠

2

𝑧 + 1

𝑧 − 1
)] (4.21) 

where: 

𝑒𝑉𝑑𝑐 = 𝑉𝐷𝐶 − 𝑉𝐷𝐶𝑟𝑒𝑓 , 𝑈𝑉𝑑𝑐(𝑧) = 𝑍(𝑢𝑉𝑑𝑐) (4.22) 

and 

𝐸𝑉𝑑𝑐(𝑍) = 𝑍(𝑒𝑉𝑑𝑐)  (4.23) 

The reference signal 𝐼𝑑,𝑟𝑒𝑓 is then delivered to the current controller block. Three phase grid 

voltage 𝑉𝑎𝑏𝑐 and current 𝐼𝑎𝑏𝑐  are attained from the grid and converted to per unit values. After 

conversion, these signals are transformed to the 𝑑𝑞0 reference, which is presented as (𝑉𝑑, 𝑉𝑞) 

and (𝐼𝑑, 𝐼𝑞) for the voltage and current, respectively. This transformation is given by (4.24) 

[179]. 
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Where: 

𝜃 = 𝜔𝑡 −
𝜋

2
                                                                                                                           (4.25) 

Voltage components 𝑉𝑑 and 𝑉𝑞 are then processed for feed forward control, which play a very 

important role in improving the stability of the PV system by offsetting the nonlinear 

characteristics of the PV arrays. The d-q components of the current, 𝐼𝑑 and 𝐼𝑞, are then processed 

through the PI controller. For this purpose, the signals are compared with reference values, 

𝐼𝑑,𝑟𝑒𝑓 and 𝐼𝑞,𝑟𝑒𝑓. These 𝐼𝑑 and 𝐼𝑞 components are decoupled for independent control of the active 

and reactive power respectively. The presented system was operated at unity power factor so 

𝐼𝑞,𝑟𝑒𝑓 is set to zero [180]-[181]. Reference current 𝐼𝑑,𝑟𝑒𝑓 is obtained from the DC link voltage 

controller based on the values of 𝑉𝑑𝑐 and 𝑉𝑑𝑐,𝑟𝑒𝑓 and is compared with the d-component of the 

grid currents, 𝐼𝑑. Current reference value obtained from DC control block  𝐼𝑑,𝑟𝑒𝑓 was used to 
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track the signal 𝐼𝑑 and to generate error signal  𝑒𝑞𝑑. This error signal is processed by the 

respective controller to provide the output 𝑦𝑞𝑑 of the current controller which can be given as: 

where: 

𝑌𝑞𝑑(𝑧) = 𝑍(𝑦𝑞𝑑) and 𝐸𝑞𝑑(𝑧) = 𝑍(𝑒𝑞𝑑)                                              (4.27) 

The output 𝑦𝑞𝑑  represents the signal to generate reference voltage 𝑉𝑎𝑏𝑐,𝑟𝑒𝑓 which is delivered 

to the PWM generator to generate pulses signals for the inverter operation. Figure 4.15 shows 

the simulation model for the entire system.   

𝑌𝑞𝑑(𝑧) = 𝐸𝑞𝑑(𝑧) [𝐾𝑝,𝐼𝑞𝑑(𝑧) + 𝐾𝑖,𝐼𝑞𝑑(𝑧) (𝑇𝑠
1

𝑧−1
)]                                                      (4.26) 

The tuning of the integral and proportional gains of the PI controller was specified using the 

tuning options available within the PI controller toolbox provided by MATLAB/Simulink. This 

tuning procedure has undergone multiple iterations to attain rapid and precise performance in 

tracking the MPP of the system. The values of the Kp and Ki of the VDC regulator gains were 7 

and 800 respectively. On the other hand, the values of the Kp and Ki of the current regulator were 

0.3 and 20 respectively. 

4.4 The PV system power output 

The power generated by the PV system depends on two main factors: ambient temperature 

𝑇𝑎𝑚𝑏 and solar irradiance. Therefore, the output power of the PV system at a selected site can 

be calculated as follows: [182] [183].  

𝑃𝑃𝑉 = 𝑁𝑃𝑉 ∗ 𝑃𝑟
𝑃𝑉(𝐺 𝐺𝑟𝑒𝑓⁄ )[1 + 𝑇𝑐𝑜𝑓(𝑇𝑐 − 𝑇𝑟𝑒𝑓)]                                                 (4.28) 

where 𝑁𝑃𝑉 is the number of the PV modules used in the system  𝑃𝑟
𝑃𝑉 is the rated power of the 

PV panel (W), 𝐺 is the incident solar irradiance (𝑊/𝑚2) , 𝐺𝑟𝑒𝑓 is the irradiance value at 

standard temperature which is constant at a value of 1000 (𝑊/𝑚2)  , 𝑇𝑐𝑜𝑓 is the PV module 

temperature coefficient, usually −3.7 ∗ 10−3(1 ℃)⁄  in term of poly and monocrystalline silicon 

PV modules [184] [185]. 𝑇𝑐 is the cell temperature, 𝑇𝑟𝑒𝑓 is the temperature at standard test 

condition (STC) which equal to 25 ℃, the cell temperature 𝑇𝑐 is effected by various factors 

including wind speed, ambient temperature and the solar irradiance and can be obtained using 

the following equation [186]:  

𝑇𝑐 = 𝑇𝑎𝑚𝑏 + (
𝑇𝑁𝑂𝐶𝑇−20

800
) ∗ 𝐺                                                                               (4.29) 
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where 𝑇𝑁𝑂𝐶𝑇 is the nominal operating cell temperature (°C) which is the cell temperature under 

Standard Operating Condition (SOC) according to the following parameters:  

• Irradiance level of 800 (𝑊/𝑚2).  

• Ambient temperature of 20℃.  

• Wind speed of 1 𝑚/𝑠.  

• Power output of 0 𝑊 (no load).  

• Spectral distribution of AM 1.5.  

mostly 𝑇𝑁𝑂𝐶𝑇 values are ranging between 42℃ to 50℃  [187]. 
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Fig. 4. 9. The simulation model for the entire system. 
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4.4.1 Power production under Libyan weather condition 

To assess the PV system's energy production performance, MATLAB was used to apply 

equations (4.28) and (4.29) to calculate the hourly energy production for nine sites across Libya. 

The selection of these sites was based on two primary considerations: their proximity to 

residential areas and the aim to study as much of the Libyan landmass as possible. Two primary 

sources were used to obtain the hourly solar radiation and ambient temperature data for these 

nine sites. The first source was PVsyst software, which provided data for six out of nine of the 

sites used in this study. This software is considered reliable for supplying the necessary data to 

study the PV system's performance and has been recommended by researchers [188] [189]. 

PVsyst utilizes various databases to provide accurate information, including Meteonorm and 

NASA. Furthermore, PVsyst has been utilized in numerous research articles [190] [191]. The 

geographical data for the six locations illustrated in Table 4.4.      

Table 4. 4. The geographical data for or the six selected locations in Libya 

 

The second data source was derived from actual readings recorded by the Libyan Centre for 

Solar Energy Research and Studies (CSESR) located in Tajoura city. The centre utilizes its own 

installed weather stations to measure the necessary data, encompassing solar irradiance and 

temperature. Each of these weather stations is equipped with the following instruments [23]: 

 • Kipp & Zonen “SOLYS 2” tow-axis sun tracker. 

 • Integrated global positioning system “GPS”. 

 • Kipp & Zonen pyranometers for solar radiation measurements 

 • Kipp & Zonen CSD 3 sunshine duration sensor.  

• Anemometers to measure wind speed and direction. 

 • Hygrometer to measure relative humidity. 

 • Temperature sensors to measure ambient temperature. 

 • Pressure sensors to measure atmospheric pressure.  
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This centre provides data for the other three locations, namely Tajoura, Mslata, and Murzuq. 

Data was recorded at ten-minute intervals throughout the entire year. The chosen nine locations 

are depicted in Figure 4.16. The average solar irradiance and temperature for the first six sites 

that obtained by online database are shown in the Table 4.5.  

 

Fig. 4. 10.The potential map for installing PV system at nine locations across Libya 

The table clearly illustrates that solar irradiance reaches its peak values during the summer 

season, while the lowest irradiance levels are recorded in the winter season. This trend is 

mirrored in the temperature data. From a positive perspective, this pattern of solar irradiance 

aligns with Libyan power consumption. where in Summer the highest power consumption is 

recorded as result of the increased use of air conditioners. 

On the other hand, the average solar irradiance and temperature for the other three sits that 

obtained based on actual recorded data collected by CSESR are shown in Table 4.6.  Upon 

closer examination of the actual measurements, it is evident that there is a close match between 

the data obtained from the software, provided by NASA satellites, and the actual readings 

collected by CSESR through its weather stations. Furthermore, it is observed that the highest 

solar irradiance levels were recorded during the summer season, typically around the middle of 

the year, while the lowest levels were observed during the winter season. 
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Table 4. 5. The average monthly for the six selected locations in Libya 

 

Table 4. 6. The average monthly temperature and solar irradiance recorder by CSESR 

Months Tajoura Mslata Murzuq 

 Irr ℃ Irr ℃ Irr ℃ 

Jan 142.87 14.20 136.68 12.72 200.51 11.7 

Feb 150.95 13.73 150.40 12.26 201.40 17.03 

Mar 231.37 18.99 233.48 17.45 287.29 22.19 

Apr 267.54 19.89 272.20 18.48 285.59 28.44 

May 299.12 22.12 291.08 21.19 292.51 32.18 

Jun 312.27 25.56 301.24 24.11 309 35.29 

Jul 325.30 29.04 325.45 28.47 332.46 34.40 

Aug 291.60 28.39 285 26.23 299.65 35.33 

Sep 241 27.65 240.73 25.80 277.68 30.15 

Oct 180.47 23.29 173.60 21 205.61 27.64 

Nov 135.28 18.84 135.77 17.25 195.02 19.37 

Dec 119.20 13.92 113.31 12.45 184.96 12.62 

4.5  Conclusions   

This chapter introduces the principles of dynamic modelling for GCPV systems. It begins with 

the comprehensive modelling of the PV array, progressing to the DC-DC boost converter and 
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its control strategy, with a primary focus on the P&O MPPT technique, ensuring maximum 

power extraction from the PV array and elevating the voltage level for injection into the VSC. 

The VSC's control strategy is discussed in detail, along with the employment of an LC filter to 

eliminate high-frequency components from the voltage and current signals generated by the 

VSC, thereby guaranteeing that THD remains within the acceptable limits stipulated by grid 

codes, typically below 5% of the fundamental signal. 

To relate this work to the Libyan context, the output power production of the simulated system 

was assessed for nine locations across the country. This evaluation drew upon two data sources: 

one based on NASA satellite data, which furnished hourly data for six sites, and the other 

relying on actual recorded data collected every ten minutes for three sites. 
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Chapter 5:  

Title Impact of solar irradiance and ambient temperature on the dynamic 

behaviour of grid connected photovoltaic power system  

5.1 Introduction  

This chapter delves into the performance of a GCPV system under varying levels of solar 

radiation and temperature. The primary focus is on how the system responds to sudden changes 

in weather conditions including solar irradiance and temperature; as well as, monitoring of 

voltage quality at low levels of solar radiation. Additionally, Fast Fourier Transform (FFT) 

analysis is considered, and Total Harmonic Distortion (THD) is evaluated at different points 

across the system to ensure it falls within the acceptable range according to the IEEE Std 519 

[173] [121]. Moreover, before proceeding further in this chapter, it is pertinent to provide a 

brief reminder of how the control strategy functions to synchronize the integrated system with 

the grid, which is summarized as follows: 

The control strategy implemented on the inverter comprises two control loops: an inner 

control loop facilitated by a current regulator, and an external control loop managed by a DC 

voltage regulator. The primary objective of the VSC control strategy is to regulate the DC 

voltage and uphold a consistent value across the DC link. This task holds considerable 

importance in guaranteeing a stable DC voltage supply to the inverter. Furthermore, the control 

strategy regulates both the active and reactive powers delivered to the grid via the inverter. 

The operation process of this control strategy begins with the inner control loop, which 

converts the grid voltage and current from the abc reference frame to the dq0 frame. This 

conversion is carried out to enhance and augment the controllability of the system. The grid 

voltage, denoted as Vabc, is input into a phase-locked loop (PLL) to generate the reference phase 

angle. This reference angle is subsequently utilized as a reference for the inverter, ensuring that 

the generated signal complies with the grid requirements. In the external control loop, the actual 

DC voltage generated by the DC-DC boost converter, denoted as Vdc, is compared with a 

reference voltage, Vdc*, set at 500 V. This comparison generates an error signal, which is 

subsequently input into a proportional-integral (PI) controller. The output of this DC voltage 

regulator serves as the reference current, denoted as Id*, while the reference current Iq* is set 
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to zero to maintain unity power factor. The current components Id and Iq, generated by the inner 

control loop, are employed to regulate the injected grid current and to uphold the DC voltage 

at a constant level. Simultaneously, the reference components Id* and Iq* generated by the DC 

regulator are compared with the actual grid current components Id and Iq generated by the inner 

control loop. This comparison is facilitated by a PI controller to ensure that the steady-state 

error remains at zero. The output of the PI controller is then directed to a pulse-width 

modulation (PWM) generator to produce reference signals. These signals are integral to the 

control strategy of the Voltage Source Converter (VSC). 

5.2 The effect of solar radiation on the PV system performance 

To assess the system performance under various radiation levels, the simulated model was 

operated at four radiation levels: STC, 750, 500, and 250 𝑊/𝑚2, with a constant temperature 

of 25℃. The system was run for 20 seconds, and the four scenarios were implemented. For the 

initial 5 seconds, solar radiation was set at 1000 𝑊/𝑚2 with a temperature of 25℃. These first 

five seconds served as validation for the simulated system. During this stage, the system 

operated under Standard Test Conditions (STC) from 0 to 5 sec. The power generated by a 

single PV array and five PV arrays assembled in parallel for all four scenarios is depicted in 

Figure 5.1-a and 5.1-b, respectively. 

The results indicate that the system operates at its full capacity and delivers maximum power 

for the first 5 sec under STC, verifying the effective functioning of the controller of the DC-

DC boost converter in tracking the MPP of the PV system. When compared to the characteristic 

curve of the PV arrays shown in Figure 4.2, it is evident that the system generates the same 

amount of power as provided by the module datasheet, serving as validation for the system's 

operation. Moreover, it is crucial to emphasize that the P&O algorithm has been implemented 

for MPPT control to ensure that the system delivers maximum power by maintaining the 

optimized points of the PV characteristics curve of the PV arrays. 
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Fig. 5. 1. Output power of the PV system vs time for different irradiance level 

(a) single array (b) five arrays in parallel 

In the second five-second interval from 5 to 10 sec, the solar radiation was reduced to 750 

𝑊/𝑚2. As depicted in Figure 1, the power output is diminished, and the system exhibits a swift 

response to the abrupt change in irradiance levels. Nonetheless, the system remains capable of 

extracting the maximum available power from the PV array. The same behaviour was observed 

when the level of irradiance further reduced to 500 𝑊/𝑚2 and 250 𝑊/𝑚2. The power was 

reduced with a quick response from the system, yet it continued to extract the maximum 

available power through all four scenarios. 

In the second stage of this system, the voltage at the DC busbar was monitored under the four 

scenarios implemented in this study. The result is presented in Figure 5.2. The DC-DC boost 

converter, with the designated control strategy of the MPPT algorithm, successfully boosted 

the DC voltage produced by the PV arrays from 273.5 V to 500 V. Figure 2 clearly shows that 

the voltage at the DC busbar follows the reference voltage set by the DC voltage regulator of 

the inverter, and the impact of irradiance variation is negligible, not disturbing the system 

operation. The only noticeable impact during the sudden change in irradiance level is a small, 

quick, and transient voltage dip of less than 4 V, as highlighted in Figure 5.2. Furthermore, the 

oscillation of the DC voltage around the reference value is less than ± 0.5 V. This indicates that 

the DC voltage supplied to the PWM inverter is effectively regulated and remains unaffected 

by the varying radiation. This ensures a stable AC voltage at the inverter terminal, contributing 

to the enhanced stability of the entire system. 
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Fig. 5. 2. DC Voltage at the DC link bus bar for different irradiance level. 

Moving on to the next stage, which involves the voltage and current at the terminal of the 

inverter. A 3-level PWM inverter with a nominal frequency of 50 Hz, synchronized with the 

grid power frequency, was employed. The designated control scheme monitors and controls 

the switching function of the inverter using the phase angle and frequency of the grid voltage 

as reference values. The three-phase voltages at the inverter terminal are illustrated in Figure 

5.3. 

 

Fig. 5. 3.Phase voltage at the terminal of the PWM inverter 

Since the voltage at the input side of the inverter has not been influenced by the changing 

irradiance, duo to the effective control strategy of the VSC and the fact that the major effects 

of changes in irradiance level occur on the current level, as stated by [102] [192] [193], the 
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output voltage at the terminal of the inverter has not been affected either, as can be seen clearly 

in Figure 5.3. Nevertheless, the current of the system has been affected at different points. 

Figure 5.4 shows the output current at the terminal of the inverter. It is evident that the current 

level has been significantly reduced due to the decrease in solar irradiance. The system exhibits 

a quick response to the change in irradiance level. However, it was capable of maintaining its 

balance at a low level of total harmonic distortion (THD). 

In the final stage of the GCPV system, just before integration with the grid, an LC filter was 

implemented to eliminate the high-frequency harmonics generated by the PWM inverter. The 

parameters of the LC filter were carefully chosen to reduce the total harmonic distortion (THD) 

to well below 5%, in compliance with IEEE Std. 519. 

 

    

𝟏𝟎𝟎𝟎𝑾 𝒎𝟐⁄  𝟕𝟓𝟎𝑾 𝒎𝟐⁄  𝟓𝟎𝟎𝑾 𝒎𝟐⁄  𝟐𝟓𝟎𝑾 𝒎𝟐⁄  

Fig. 5. 4. Current at the terminal of the inverter for different irradiance level with zoomed view for different 

levels of irradiance at the bottom 

The same phenomenon was observed for the current at the terminal of the LC filter, where 

the current exhibited a rapid response to changes in solar irradiance without compromising 

stability. Furthermore, as the system adopts a voltage control strategy, the voltage remains 
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stable and constant at different points across the system. This stability is also observed at the 

terminal of the LC filter, which is utilized to eliminate the high-frequency components 

introduced by the PWM inverter. Current and voltage at the terminal of the LC filter are 

illustrated in Figures 5.5 and 5.6, respectively. 

 

    

𝟏𝟎𝟎𝟎𝑾 𝒎𝟐⁄  𝟕𝟓𝟎𝑾 𝒎𝟐⁄  𝟓𝟎𝟎𝑾 𝒎𝟐⁄  𝟐𝟓𝟎𝑾 𝒎𝟐⁄  

Fig. 5. 5. Current at the terminal of the LC filter for different irradiance level with zoomed view for different 

levels of irradiance at the bottom  

5.3 The effect of Temperature on the PV system performance 

To assess the influence of ambient temperature, the system was tested under four different 

temperature conditions: 15°C, 25°C, 35°C, and 45°C, while maintaining solar irradiance at a 

constant value of 1000 𝑊/𝑚2. The simulation was executed for 20 seconds, with each 

temperature level running for 5 seconds. The findings revealed that when the system operated 

under the lowest ambient temperature, the produced power reached its peak, surpassing the 

rated power. This discrepancy can be attributed to the fact that rated power is calculated at 

25℃, whereas these results were obtained under 15℃ ambient temperature. Figure 5.7(a) and 

(b) illustrate the influence of temperature on the generated power. 
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𝟏𝟎𝟎𝟎𝑾 𝒎𝟐⁄  𝟕𝟓𝟎𝑾 𝒎𝟐⁄  𝟓𝟎𝟎𝑾 𝒎𝟐⁄  𝟐𝟓𝟎𝑾 𝒎𝟐⁄  

 

Fig. 5. 6. Voltage at the terminal of the LC filter for different irradiance level with zoomed view for different 

levels of irradiance at the bottom  

 

Fig. 5. 7. Output power of the PV system for different ambient temperature 

(a) single array (b) five arrays in parallel 
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Figures 5.7(a) and (b) indicate that the influence of temperature on the generated power is 

less significant than the impact of solar irradiance, as depicted in Figures 5.1(a) and (b). This 

is due to the reduction in fallen photons carrying charges on the surface of the PV panel when 

solar irradiance is diminished. 

 

Fig. 5. 8. DC Voltage at the DC link bus bar for different ambient temperature with zoomed view.  

While the voltage at the DC link busbar was not affected by the changes in ambient 

temperature, this is attributed to the significant role played by the system's control strategy. 

Additionally, the DC-DC boost converter successfully elevated the voltage level to 500V, set 

as the reference voltage. The implemented MPPT technique effectively extracted the maximum 

available power from the PV array in all four scenarios. Figure 5.8 illustrates the voltage at the 

DC link busbar. The generated DC voltage was subsequently fed into the PWM inverter, tasked 

with converting it into a PWM signal. The outcomes depicted in Figure 5.9 reveal a slight 

reduction in output current at higher ambient temperatures. However, this impact was not as 

pronounced as observed with changes in solar irradiance levels, as clearly illustrated in Figure 

5.4. 

The voltage remained stable under the four levels of ambient temperature, unaffected by the 

changing temperature. This serves as an indicator of the effective control strategy in 

maintaining the voltage level at the terminal of the inverter as constant as possible, regardless 

of any change in weather conditions. This ensures that a consistent voltage is supplied to the 

utility grid. Figure 5.10 illustrates a sample of the PWM voltage signal at the terminal of the 

inverter. 
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𝟏𝟓℃ 𝟐𝟓℃ 𝟑𝟓℃ 𝟒𝟓℃ 
Fig. 5. 9. Current at the terminal of the inverter for different ambient temperature with zoomed view for 

different levels of temperature at the bottom 

However, this PWM signal cannot be injected directly into the grid due to the high-frequency 

components introduced by the inverter. Therefore, using a filter is a compulsory requirement 

to eliminate the high-frequency components and ensure that the THD level is below the 

recommended level. Three-phase voltages and current at the LC filter terminal are illustrated 

in Figures 5.11 and 5.12, respectively. 

 
Fig. 5. 10. Phase voltage at the terminal of the PWM inverter 
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𝟏𝟓℃ 𝟐𝟓℃ 𝟑𝟓℃ 𝟒𝟓℃ 

Fig. 5. 11. Voltage at the terminal of the LC filter for different ambient temperature with zoomed view for 

different levels of temperature at the bottom  

 

    
𝟏𝟓℃ 𝟐𝟓℃ 𝟑𝟓℃ 𝟒𝟓℃ 

Fig. 5. 12. Current at the terminal of the LC filter for different ambient temperature with zoomed view for 

different levels of temperature at the bottom.  
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5.4 FFT analysis 

A FFT analysis was conducted to examine the THD values for the voltage and current signals 

at three different points across the system—namely at the terminal of the inverter, at the LC 

filter terminal, and at the CCP. The analysis was performed under the two above-mentioned 

scenarios: first, under changing solar irradiance, and second, under changing ambient 

temperature. THD levels for the current and voltage at the inverter terminal, LC filter terminal, 

and CCP for both cases are presented in Figure 5.13 and 5.14, respectively. 

 

(a) 

  
(b) (c) 

Fig. 5. 13. THD values of voltage and current under varying solar irradiance 

(a) at inverter terminal (b) at LC filter terminal (c) at CCP 

It can be noted from Figure 13 (a) that the THD of the voltage at the inverter terminal, before 

the LC filter, ranges between 43% and 46% under the four levels of irradiance, which is as 

expected because the inverter converts the DC voltage into a PWM voltage signal. Meanwhile, 

the THD values of the current range between 1.48% and 4.28%. The generated signals are then 

fed into the LC filter, which is responsible for reducing these high-frequency components, 
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especially for the voltage signal. The results show that the LC filter was capable of reducing 

the THD level to range between 0.92% and 1.84% for the voltage under the four levels of 

irradiance and between 1.58% and 4.12% for the current, which is well below the acceptable 

level as stated in the IEEE Std. 519 [173]. Further improvement was observed at the CCP, 

where the transformer operates as a second filtration stage, making the filtration stage similar 

to an LCL filter. The results show that the THD level of voltage was further reduced to range 

between 0.53% and 0.92%. 

Moving to the second case, the FFT analysis was conducted to evaluate the THD level under 

four levels of ambient temperature. Figure 5.14 illustrates the THD level for the voltage and 

current under the four levels of temperature at different points across the system. 

 

(a) 

  
(b) (c) 

Fig. 5. 14. THD values of Voltage and current under varying ambient temperature 

(a) at inverter terminal (b) at LC filter terminal (c) at CCP 

As can be clearly seen from Figure 5.14 (a), the THD level of voltage is quite high, ranging 

between 43% and 46% under the four levels of temperature. However, similar to the previous 
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stage, the LC filter successfully was able to get rid of these high-frequency components, 

ensuring that it remains well below the acceptable range. The results demonstrate that the THD 

level for the voltage ranged between 0.95% and 1.47%, with further improvement observed at 

the CCP, where the THD level ranged between 0.49% and 0.71%. On the other hand, the THD 

level of the current did not exceed 2% at all points and under all four levels of temperature. 

This highlights the effective operation of the LC filter in reducing the THD values of the 

voltage at the CCP. However, it is noteworthy to highlight that the THD level of the current 

exceeds that of the voltage. at both low levels of irradiance and high temperatures. This 

discrepancy may be attributed to the control strategy employed in the system, specifically a 

voltage-based control scheme. Additionally, the presence of inductive and capacitive 

components within the LC filter could contribute to this phenomenon. 

5.5 Conclusions   

This chapter has discussed the performance of the grid-connected PV system under various 

levels of solar irradiance and its response to a sudden change in weather conditions. 

Furthermore, the behaviour of the system under different ambient temperatures has also been 

covered. This chapter also evaluated the voltage and current quality in terms of THD and the 

ability to maintain its level below the recommended threshold. The results have shown that the 

system successfully extracted the maximum power under all conditions, indicating the 

effectiveness of the DC-DC boost converter and the designated control scheme, represented in 

the P&O MPPT technique. What's more, the DC-AC inverter operated efficiently in converting 

the DC signal into a PWM signal, and its control strategy was capable of maintaining the 

voltage at the DC link busbar constant at all times, unaffected by any changes in weather 

conditions, whether in solar irradiance or ambient temperature. Furthermore, the conducted 

FFT analysis demonstrated that the LC filter effectively maintained the THD well below the 

standard level of 5 % during all scenarios, including low levels of irradiance and high ambient 

temperatures. All the aforementioned results can be viewed as compelling reasons for 

developing countries with abundant solar irradiance to embrace these technologies. Libya, 

being one such country, holds the potential for solar energy to play a significant role in 

providing clean energy, ultimately aiding the nation in overcoming its energy crisis. 
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Chapter 6:  

Dynamic behaviour of a grid-connected Photovoltaic power system under 

short circuit fault scenarios  

6.1 Introduction  

This chapter delves into the dynamic behaviour of grid-connected PV systems when confronted 

with various types of short-circuit faults on the grid side. These faults encompass both 

symmetrical and asymmetrical short-circuit scenarios. In power systems, short-circuit faults 

arise from various abnormal conditions, which depend upon the parameters and configurations 

of the grid. These faults have the potential to introduce transient fault currents of exceptionally 

high magnitude, surpassing the rated load currents. Incurring fault currents triggers 

electrodynamic disruptions and substantial thermal losses within power system elements, 

potentially leading to severe damages [131]-[132]. Short circuit faults are categorized into 

different types, among which line-to-ground (LG) faults are the most frequent, occurring with 

a probability of 70 to 80% [133]-[122]. Therefore, it is crucial to analyse the dynamic behaviour 

of the system when subjected to these types of faults. Moreover, power system authorities are 

updating the grid codes, making it compulsory to incorporate ancillary units with GCPVs for 

support during these abnormal conditions [178]. The emphasis on these grid codes and 

mandates by authorities has heightened the significance of exploring advanced control 

schemes, tailored to the converter types and grid codes, capable of supporting GCPVs during 

grid abnormalities. In the absence of a proper control scheme, it is recommended either to 

disconnect the PV system from the utility or to adjust the PV arrays' operating point on the 

characteristics curve to reduce the output power during fault conditions [194]. In this chapter 

two main types of faults are evaluated on the followed sections under STC with solar irradiance 

of 1000 𝑊/𝑚2 and ambient temperature of 25℃. Before proceeding further in this chapter, it 

is pertinent to justify the evaluation of short circuit faults. The primary rationale for assessing 

the system under this scenario lies in the fact that such faults are considered among the most 

disruptive events encountered by power systems. Secondly, this selection is made to investigate 

the LVRT capability of the system, which is one of the paramount requirements in modern 

power systems to ensure the safe and reliable integration of solar systems. 
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6.2 Asymmetrical short circuit faults  

6.2.1 L-G short circuit faults 

In this section, the primary goal was to investigate the dynamic behaviour of the system under 

transient fault conditions. For this purpose, a L-G short circuit fault, representing one of the 

most common faults in practical power systems, was taken into account. This fault was 

introduced to the secondary side of the step-up transformer at t=2 sec and lasted for a duration 

of 1 sec at 14km from the CCP. Figure 6.1 illustrates the schematic diagram for the system 

highlighting the fault points. The power generated by the PV arrays during the transient fault 

condition was initially monitored, and the results are depicted in Figure 6.2-a and 6.2-b. 

 

Fig. 6. 1. The schematic diagram for the GCPC with fault points 

Figure 6.2 illustrates that the delivered power at the output side of the PV array remains 

unaffected by this short circuit fault. This explicitly confirms the effectiveness of the designed 

control approach in maintaining the nominal power delivered by the system at the same 

operating point during normal operation. This implies that, with the designated control strategy 

in place, this kind of fault has a negligible impact on the voltage and current output generated 

by the PV arrays, and therefore on the DC side of the system. This clearly demonstrates that 

the designated control system successfully shields the PV system from the undesirable impacts 

of short circuit faults. This is an essential criterion for preserving the normal function of the 

PV system during L-G fault conditions. 
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Fig. 6. 2. Output power of the PV system with a L-G  fault in place 

(a) single array (b) five arrays in parallel 

The voltage at the DC busbar was systematically monitored, and the results are presented in 

Figure 6.3. It is evident that the fault originating from the grid side has a minimal impact on 

the DC link voltage. Subsequent to this observation, an instantaneous increase in the magnitude 

of oscillations occurred at t=2 sec, coinciding with the application of the fault. Notably, the 

overshoot of the voltage remained constrained to approximately ±5 V. Despite the transient 

disturbance, the system expeditiously restored its stability within a remarkably brief timeframe, 

achieving equilibrium within as little as 0.2 sec following the clearance of the fault. At t=3 sec, 

subsequent to fault clearance, the DC voltage fluctuations experienced a temporary 

augmentation, reverting to their standard operational state within a concise interval of 0.15 sec. 

This analysis emphasises the system's adeptness in promptly adapting to and recovering from 

transient disturbances. 

 

Fig. 6. 3. DC link Voltage under L-G fault with zoomed view. 
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These findings underscore the efficacy of the designed control system in sustaining voltage 

stability at the DC busbar this is mainly controlled by the external Voltage regulator which 

shown in Figure 6.4. Nevertheless, in the context of the AC side of the system, the impact of 

the L-G fault on voltage and current exceeds that observed on the DC side. The instantaneous 

waveforms of the three-phase voltage at the inverter terminal are illustrated in Figure 6.5. 

 

Fig. 6. 4. The GCPV system control strategy 

 

Fig. 6. 5. Three phase voltage at inverter terminal with a L-G fault in place 

The impact of the aforementioned fault on the instantaneous waveforms of three-phase 

current and voltage signals at the CCP is depicted in Figures 6.6 and 6.7, respectively. The 
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results reveal that the applied fault has a more pronounced effect on voltage and current at the 

CCP, aligning with the principles outlined in the theory of transient fault conditions in the 

conventional power systems [135]. However, the implementation of the designated control 

system facilitated the swift restoration of currents and voltages in all three phases to their 

normal values, achieving this recovery within a settling time as short as 0.15 sec.  

In the presented VSC-based control strategy, a control system is carefully designed in 

alignment with feedback obtained from grid-side parameters, as illustrated in Figure 6.4, 

necessitated by the imperative synchronisation between both systems. Consequently, when a 

fault emerges on the grid side, it promptly exerts an immediate influence on the GCPV system 

parameters, thereby disrupting its conventional operation. In adherence to grid code 

requirements, the GCPV system adheres to a specific waiting period to ascertain the clearance 

of a fault. If the fault is promptly cleared, the system parameters seamlessly revert to normal 

operation, guided by feedback signals from the grid. Conversely, if the faults persist, the system 

undergoes disconnection as a preventative measure against potential severe damages. 

 

(a) 

  

(b) (c) 

Fig. 6. 6. Instantaneous waveforms of three phase currents at CCP under L-G fault (a) complete waveforms 

(b) transient currents after applying the fault and (c) transient currents when the fault is cleared. 

The fault can be cleared using various procedures. This includes the utilization of fuses as 

protective devices, which interrupt the circuit by opening it when a fault occurs in the power 

system. However, such devices require replacement after each fault occurrence. The second 
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option involves the use of circuit breakers, which are among the most prevalent protections. 

These devices possess the capability to isolate the faulty section of the system either manually 

or through remote control systems. The third procedure entails the deployment of protective 

relays, which function to detect faults and facilitate the operation of circuit breakers in isolating 

the faulty segment of the system.   

The voltage and current signals at the grid side unmistakably depict that the fault condition 

instantaneously manifests in the parameters of the GCPV system, leading to voltage sag and 

an immediate increase in current coinciding with the fault occurrence.  On the contrary, the 

minimal impact of the applied fault on the DC segment of the system can be ascribed to the 

fault's location and the distinct impedance levels associated with various components of the 

system, encompassing transmission lines, transformers, and harmonic filters. These 

components collectively contribute to mitigating the repercussions of the applied faults. This 

analysis underscores the significance of obtaining feedback from the grid side, substantiating 

its pivotal role in supporting the comprehensive functionality of the GCPV system. Monitoring 

grid conditions during the operational phase of the PV system proves crucial, exerting a 

significant influence on grid parameters. 

 

(a) 

  

(b) (c) 

Fig. 6. 7. Instantaneous waveforms of three phase voltages at CCP under L-G fault (a) complete waveforms 

(b) transient voltages after applying the fault and (c) transient voltages when the fault is cleared. 
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6.3 Symmetrical short circuit faults 

Most recent studies on the analysis of short-circuit faults in renewable energy systems 

predominantly focus on asymmetrical faults, such as L-G, which accounts for approximately 

70% of short-circuit faults in power systems [126], as discussed in the previous section. 

However, it is imperative to investigate the behaviour of GCPV systems under symmetrical 

short-circuit faults. While such faults are infrequent in practical power systems, they are 

classified as the most severe faults, emphasizing the necessity for a comprehensive 

understanding of their impacts on modern power systems. Consequently, the primary objective 

of this paper is to examine the dynamic behaviour of a GCPV system under symmetrical three-

line-to-ground (3L-G) short-circuit faults. 

6.3.1 3L-G short circuit faults 

In this study, a symmetrical 3L-G short-circuit fault was introduced at two distinct locations, 

positioned at distances of 14 km and 140 km from the CCP, as shown in Figure 6.1. The 

selection of these two distinct locations was predicated on the premise that the installation of 

large-scale solar farms typically occurs outside residential areas, where the power system is 

more susceptible to this type of fault. However, the choice of the second point was aimed at 

assessing the influence of power system impedance on damping the short-circuit current and 

its repercussions on the photovoltaic (PV) system.  

  

Fig. 6. 8. Power output of the PV system with 3L-G 

fault applied at 14km from the CCP (a) single PV 

array (b) total PV array 

Fig. 6. 9. Power output of the PV system with 3L-G 

fault at 140km from the CCP (a) single PV array 

(b) total PV array 

The dynamic behaviour, with a specific focus on the stability, of the integrated PV system 

was analysed during the fault occurrence and subsequent fault clearance. In the initial phase of 
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this investigation, the impact of this fault on the output power of the PV array and the overall 

power of the PV system was examined for both fault scenarios. The corresponding results are 

illustrated in Figures 6.8 and 6.9, respectively. 

A comparison between Figures 6.8 and 6.9 clearly shows that the power system responses 

completely differently to these two kinds of faults. It can be seen that impacts of the short 

circuit faults highly depend on the physical distance between the fault point and the CCP. 

Figure 6.8 reveals a substantial disturbance in the output power of the PV array during the fault 

period. This disturbance is primarily attributed to the low inertia of the PV system, which limits 

its contribution to the stability of the system during the short-circuit fault. It is noteworthy that 

the short-circuit fault occurs at a mere 14 km distance from the CCP, exerting a significant 

impact on the normal operation of the PV system. However, post-fault clearance, the system 

promptly reverts to its normal operational condition, as explicitly illustrated in Figure 6.8. This 

recovery is facilitated by the designed control strategy, which relies on grid-side parameters 

for support which shown in Figure 6.4 highlighted under the external control loop section. 

Conversely, when the fault is introduced at a greater distance of 140 km from the CCP, its 

influence on the PV system is significantly attenuated, as depicted in Figure 6.9. This 

mitigation arises primarily from the higher impedance between the short-circuit point and CCP, 

effectively diminishing the impact of the short-circuit fault on the PV system. A comparable 

phenomenon was observed at the DC busbar for these two fault scenarios, as illustrated in 

Figures 6.10 and 6.11, respectively. 

 

Fig. 6. 10. Voltage at the DC busbar with 3L-G 

fault applied at 14km from the CCP 

 

Fig. 6. 11. Voltage at the DC busbar with 3L-G 

fault applied at 140km from the CCP 
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As depicted in Figure 6.10 when the fault is introduced at the grid side, a voltage surge is 

evident at the DC link busbar. Upon clearance of the fault, this voltage surge diminishes. 

However, the impact of the fault persists, maintaining the system in a transient condition for 

approximately 3.5 sec. Within this transient period, another voltage surge emerges with a 

magnitude surpassing the preceding stage. Nevertheless, it rapidly attenuates towards the end 

of this transient period, initiating the restoration of the system to its normal operational 

condition. Following the peak surge, it takes approximately 1 sec for the DC voltage to 

converge to the reference value, thus re-establishing stability as defined by the control system. 

Nonetheless, when the fault is induced at a longer distance from the CCP, the impact of the 

applied fault is significantly mitigated, and the PV system sustains stability even under the 

same short-circuit fault condition, as illustrated in Figure 6.11. This response distinctly 

indicates that the primary impact of the pertinent short-circuit fault is confined to a minimal 

transient period, featuring an overshoot of 40V magnitude in contrast to the 450V magnitude 

observed in the initial fault scenario. 

On the other hand, the dynamic response of voltages and currents at the inverter terminal and 

CCP closely aligns with that of the conventional power systems. Specifically, at the inverter 

terminal, the results indicate that in the first fault scenario, PWM voltage exhibits distortion, 

with the pulses deviating from their regular sequence and displaying an imbalance along with 

a slight dip in magnitude. However, in the second scenario, the system demonstrates its ability 

to maintain stability in terms of voltage, as transient oscillations are observed for a significantly 

shorter duration compared to the first scenario.  

Concerning the current at the same point, in the first scenario, a surge was observed for 1 

second during the fault period. Subsequent to fault clearance, the system persisted in a transient 

unstable condition for approximately 3.5 sec, after which it returned to normal operation. 

Conversely, a similar phenomenon was observed in the second scenario, albeit with a shorter 

transient period. Once the fault was cleared, the system swiftly restored to its normal operation, 

indicating the system's resilience in handling such situations. Three-phase voltage and currents 

at the inverter terminal are depicted in Figures 6.12 and 6.13, respectively. 
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(a) 

 
     (b) 

Fig. 6. 12. (a) Voltages (b) Currents at the inverter 

terminal with 3L-G fault applied at 14 km from the 

CCP 

 

(a) 

 

     (b) 

Fig. 6. 13 (a) Voltages (b) Currents at the inverter 

terminal with 3L-G fault applied at 140 km from the 

CCP 

Three-phase voltages and currents at the CCP were then monitored, and the results for both 

short-circuit faults are presented in Figures 6.14 and 6.15, respectively. The impact of the first 

short-circuit fault is somewhat analogous to its effect at the inverter terminal, particularly 

concerning the current. A surge in the current was observed, with a transient period two to three 

times longer, until it returned to normal operation. However, in terms of voltage at CCP, the 

impact of the fault is distinctly manifested by a significant dip in the magnitude of the three 

phases. This can be explained by the influence of the fault on the three phases, wherein, once 

the fault was cleared, the voltage returned to its normal magnitude with some fluctuation during 

the same transient condition for about 3.5 sec.  
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        (a) 

 

       (b) 

Fig. 6. 14. (a) Voltage (b) Current at the CCP with 

3L-G fault applied at 14 km from the CCP 

 

        (a) 

 

(b) 

Fig. 6. 15. (a) Voltage (b) Current at the CCP with 

3L-G fault applied at 140 km from the CCP 

This phenomenon is primarily attributed to the presence of energy-saving components, such 

as inductors and capacitors, as well as the inertia of the components on the grid side. 

Furthermore, in the second fault scenario, a noticeable difference in terms of magnitude and 

time period of the oscillations was observed for both voltage and current, coupled with the 

system's ability to promptly restore normal operation after the fault clearance. An additional 

noteworthy point is the considerable reduction in the voltage dip in the second scenario, 

attributed to the increased distance of the fault location. This observation underscores the 

dependence of fault characteristics on the impedance level between the fault location and the 

installed PV system at the CCP. In the second case, the system maintains a higher level of 

impedance at the CCP, resulting in a lesser dip in the magnitude of the voltage. 
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6.4 LVRT Capability Analysis: 

Short-circuit faults introduce voltage dips, and the grid's stipulation to remain connected 

during the fault period is specified through Low Voltage Ride Through (LVRT) requirements 

[146]. In this study, the LVRT capability of the modelled GCPV system has been analysed in 

accordance with the UK and Libyan grid code. Given the swift advancement of grid connected 

RESs, LVRT has become a mandatory requirement and has been widely incorporated into the 

grid codes of contemporary power systems [146] [195]. This concept is depicted graphically 

in Figure 6.16. In this graph, 𝑉𝑛 indicates nominal voltage, 𝑉𝐹 shows voltage during the period 

of the fault, 𝑉𝐴𝐹 represents voltage after the fault, and 𝑇𝐹 and 𝑇𝑟 denote the period during which 

voltage dipped due to the fault and the recovery time, respectively. According to the LVRT 

requirement, the GCPV system tolerates voltage sags to a specific ratio of the rated voltage for 

a certain period, as illustrated in Figure 6.16. [196]. 

 

Fig. 6. 16. General curve limits of LVRT 

In Figure 6.16, area Ⓐ indicates the normal operation of the GCPV system at the CCP. If the 

voltage magnitude at CCP falls within area Ⓑ, GCPV remains connected for a certain time (𝑇0 

to 𝑇𝐹), and it should also have the ability to regain the nominal voltage magnitude at a certain 

rate. In area Ⓒ, the GCPV system is allowed to be disconnected. The rate of change of the 

voltage varies depending on the grid regulations for different countries. L-G faults, being the 

most prevalent type of fault in power systems, induce severe voltage sags. Therefore, it is 

crucial to analyse the LVRT capability of GCPV systems for the optimized setting and 

coordination of protection equipment. 

To analyse the LVRT capability of the modelled system, a L-G fault was applied at the CCP 

for a duration of 140 ms, a duration recommended for this test [146]. The voltage profile was 
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subsequently monitored and analysed to assess the LVRT capability of the simulated system, 

and the results, in comparison with the UK standard, are depicted in Figure 6.17.  

 

Fig. 6. 17. Comparison of LVRT of the modelled system and UK 

requirement 

It can be clearly observed that during the time of fault, voltage at the CCP drops to 0.7 p.u. 

instantly and maintains the same value until fault is cleared after 140 ms. It is important to 

highlight that according to the UK standard [146], nominal voltage can drop to zero but for the 

modelled system, voltage value was maintained at a higher magnitude of 0.7 p.u.. After 140 ms 

of fault duration, voltage returned to its pre fault value, which is at a higher rate within 20 ms, 

for the modelled system, as compared to the minimum standard rate of the UK requirement.  

 

Fig. 6. 18. Low Voltage Ride Through requirement for Libyan grid codes [197]. 
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According to [197], concerning the LVRT capability of a power generation system, the 

Libyan grid codes permit a voltage drop ranging from 5% to 15% during an asymmetrical fault 

at the CCP, as illustrated in Figure 6.18. 

Figure 6.18 illustrates the minimum threshold for voltage at the CCP, allowing the system to 

remain connected to the utility grid and sustain stable operation. Here, 𝑈𝑟𝑒𝑡 represents the 

minimum voltage value at CCP during the fault period, 𝑡𝑐𝑙𝑒𝑎𝑟 denotes the time at which the 

fault is cleared, and 𝑈𝑐𝑙𝑒𝑎𝑟 signifies the lower limit of voltage after the fault clearance. 

Additionally, 𝑈𝑟𝑒𝑐1, 𝑈𝑟𝑒𝑐2 denote the minimum voltage values during the recovery period at 

specific points in time, namely 𝑡𝑟𝑒𝑐1, 𝑡𝑟𝑒𝑐2 and 𝑡𝑟𝑒𝑐3. as defined by the Libyan network operator 

(GECOL), as indicated in Table 6.1. 

Table. 6. 1. Parameters of fault-ride-through capability based on Libyan grid Codes [197]. 

 

Therefore, with an emphasis on comparing the simulation outcomes of the 2MW GCPV 

system under asymmetrical L-G short circuit fault presented in section 6.2.1 with the Libyan 

grid codes, it is evident that the system possesses the capability to ride through such faults. 

This is clearly demonstrated by examining the voltage level at the CCP, which only dropped 

to 0.7 p.u. of the rated voltage, while the Libyan grid codes permit a voltage drop of up to 0.15 

p.u. Furthermore, the system swiftly restored to its pre-fault level within 0.2 sec, whereas the 

Libyan grid codes allow such a system 1.5 to 3.0 sec to return to 0.85 p.u. of the voltage level. 

The same holds true for symmetrical 3L-G short circuit faults, as evident from the results 

presented in section 6.3.1. The voltage dropped to 0.20 p.u. at the CCP when the fault was 

applied at a distance of 14km from CCP. Nonetheless, the system swiftly restored to its pre-

fault level within 0.2 sec, with a sustained transient period of about 3 sec. It can be concluded 

that the system aligns with the requirements of the Libyan grid codes regarding LVRT 

capability. 
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6.5 Conclusions   

Short-circuit faults represent the most common cause of disturbances in power systems. 

Therefore, it is a critical aspect that must be taken into account when modelling and integrating 

a PV system into the grid. Consequently, this chapter discusses and evaluates the performance 

of the simulated system by considering two primary short-circuit faults. Among these, L-G 

short-circuit faults are specifically addressed due to their frequency as the most common type 

of short-circuit fault occurring in power systems. The second fault is a 3L-G short-circuit fault, 

which is the most severe fault on the power network. By including these two types of faults, 

both categories of symmetrical and asymmetrical short-circuit faults were covered. The results 

showed that, with the designated control schemes in place, the performance of the PV side 

under L-G faults, including voltage at the DC busbar and MPPT, was not affected by the 

concerned short-circuit fault. More importantly, the system is capable of regaining its stability 

when the fault disappears, with a settling time of less than 0.2 seconds. On the other hand, to 

observe the impact of different distances of faults on the PV system, two fault scenarios with 

distances of 14 km and 140 km from the CCP were applied. The results show that fault 

characteristics and their impacts on the performance of the PV systems are highly related to 

the impedance level between the fault location and the CCP. The designed control system 

supported the system to maintain its stability, but with the increased distance of the fault, its 

impact was significantly reduced in terms of magnitude and period of the transient oscillation, 

as well as voltage sag at CCP. Moreover, it is important to highlight that with the designated 

control strategy in place, the system regained its stability in both fault scenarios once the fault 

was cleared, validating the simulation-based presented results in accordance with the definition 

of power system stability. The transient period after fault clearance was significantly low for 

the case of the second fault scenario. In terms of LVRT, the voltage at the CCP drops to 0.7 

p.u. instantly and maintains the same value until the fault is cleared after 140 ms. It is important 

to highlight that according to the UK standard, nominal voltage can drop to zero. However, for 

the modelled system, the voltage value was maintained at a higher magnitude. After 140 ms of 

fault duration, the voltage returned to its pre-fault value, achieving this restoration at a higher 

rate within 20 ms for the modelled system. 
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Chapter 7:  

Evaluation the energy production of the grid-connected Photovoltaic power 

system under the Libyan weather condition for different sites across Libya 

7.1 Introduction 

The main focus of this chapter is to assess the performance of the GCPV system in terms of 

energy production, with a primary emphasis on Libyan weather conditions, particularly solar 

irradiance and ambient temperature. The evaluation was conducted using MATLAB software 

across nine locations in the country, these locations are illustrated in Figure 7.1. For six of these 

locations, data were acquired from National Aeronautics and Space Administration (NASA) 

satellites through PVsyst software[198], while the remaining three locations relied on actual 

measurements obtained from the Libyan Centre for Solar Energy Research and Studies 

(CSESR). The selection of these sites was guided by two main factors: their proximity to 

residential areas and the goal of studying as much of the Libyan landmass as feasible. 

 

Fig. 7. 1. The potential map for installing PV system at nine locations across Libya. 
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The power production was evaluated using the double stage 2MW PV system developed in 

this work, which is consist of five PV array 400kW each, considering the equation (4.28) 

presented in Chapter 4, as well as the cell temperature obtained from equation (4.29). The 

characteristic P-V and I-V curves for single PV array are shown in Figure 7.2, (a): the PV array 

characteristic at different level of irradiance (b): the PV array characteristic at different 

temperature. 

  

(a) (b) 
Fig. 7. 2. I-V and P-V characteristics of the PV array (a): at different temperature (b): at different 

radiation 

7.2 The energy production based on the satellite data: 

In this segment, the system's assessment was conducted for six sites using NASA's database. 

These sites were selected to be close to areas with the highest population density and to 

encompass the three main regions of the country. These cities include Tiji in the far west, 

AlAziziyah in the west, situated approximately 25km away from Tripoli, the capital of the 

country, Tawergha and Sirt in the middle of the coastal line, Sulug chosen to represent the 

Eastern region, and Sabha, the capital of the southern region, selected to examine the system's 

performance in the far south of the country. Furthermore, the number of houses that such 

system can be capable to provide their monthly energy demand was calculated, considering 

that the average Libyan household consumes approximately 20kWh per day, as indicated by 

[22]. This assumption was derived from the energy bills of a single Libyan household provided 

by General Electric Company of Libya (GECOL) over approximately 219 days throughout the 

year. 
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7.2.1 The energy production in the city of Tiji 

As mentioned earlier, Tiji is situated in the far west of the country, approximately 250 km 

away from Tripoli, the capital. The city experiences a dry climate characterized by long hours 

of sunshine and relatively high ambient temperatures. The hourly solar radiation for this city is 

depicted in Figure 7.3. 

 

Fig. 7. 3. The hourly solar irradiance for the city of Tiji 

As evident from the figure, solar irradiance reaches its peak in the middle of the year, with 

the highest levels recorded during the summer season, particularly in the month of July. 

Conversely, the lowest levels are observed at the end of the year during the winter season, 

specifically in December. Considering that the energy demand in Libya peaks during the 

summer season due to the extensive use of air conditioners, a correlation is noticeable between 

the pattern of solar irradiance and the energy demand, as discussed in Chapter 2. Figure 7.4 

shows the hourly and monthly power and energy production for the PV system in this city. (a): 

The hourly PV output power (MW), (b): The average monthly energy production (MWh).  

It is evident from the figure that the highest energy production was recorded in the month of 

July, equal to 442.44 MWh, followed by June and May with total energy production of 424.75 

MWh and 403.91 MWh, respectively. Conversely, the lowest energy production was recorded 

in the month of December, amounting to 154.47 MWh. In terms of providing for residential 

energy needs, the system is capable of meeting the monthly energy demand for 714 houses in 
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the city during the month of July, the peak month. In the worst-case scenario, the system can 

still cater to the monthly energy demand for 249 houses in the month of December. The 

monthly energy production and the number of houses covered by this system are presented in 

Figure 7.5. 

 

 
(a) 

 

(b) 

Fig. 7. 4. The hourly and monthly Power and energy production in the city of Tiji  

(a): Hourly Power production (b): The average monthly energy production. 
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Fig. 7. 5. The monthly number of houses covered by the energy production of the system in the city of Tiji. 

7.2.2 The energy production in the city of AlAziziyah 

AlAziziyah city is situated in the western region of the country, a mere 25 km away from 

Tripoli. Renowned as one of the world's hottest places, this city has recorded some of the 

highest temperatures on record [199] [200]. The city experiences long hours of sunshine, with 

solar irradiance exceeding 1000 𝑊/𝑚2 during the summer season. Figure 7.6 presents the 

hourly solar irradiance for a period of one year. 

 

Fig. 7. 6. The hourly solar irradiance for the city of AlAziziyah. 
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Clearly, it can be noticed from the figure that the solar irradiance peaks in the middle of the 

year, specifically in the summer season, with a value of 1079 𝑊/𝑚2 in the month of July. 

Meanwhile, the month of December shows the lowest level of solar irradiance. This is directly 

reflected in the monthly energy production of the system. Figure 7.7 demonstrates the hourly 

and monthly power and energy production for the system in this city. (a): The hourly PV output 

power (MW), (b): The average monthly energy production (MWh).  

 

(a) 

 

(b) 

Fig. 7. 7. The hourly and monthly power and energy production in the city of AlAzizyah 

(a): Hourly Power production (b): The average monthly energy production  
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From the figure, it can be clearly noticed that the highest energy production was recorded in 

the month of July, followed by June and May with values equal to 430.93, 414.64, and 396.60 

MWh, respectively. The lowest energy production was recorded in the winter season, with the 

months of December, November, and January having energy values equal to 143.73, 159.48, 

and 163.22 MWh, respectively. Based on this energy production, the system will be capable of 

providing the energy demand for about 695 houses in the month of July during the summer 

season. In the winter season, when the system hits its lowest values, it will be able to provide 

the energy demand for about 232 houses. The monthly energy production and the number of 

houses covered by the system are presented in Figure 7.8 for the city of AlAziziyah. 

 

Fig. 7. 8. The monthly number of houses covered by the energy production of the system in the city of 

AlAziziyah 

7.2.3 The energy production in the city of Tawergha 

This city is located around 250 km to the east of Tripoli and is one of the coastline cities, 

bordered by the Mediterranean Sea to the north. Furthermore, the city experiences quite long 

hours of sunshine, with solar radiation reaching the level of 1000 𝑊/𝑚2. Figure 7.9 shows the 

hourly solar irradiance for a period of one year. 



Chapter 7: Evaluation the energy production of the grid-connected Photovoltaic power 

system under the Libyan weather condition for different sites across Libya  
  

 

 120 

 

Fig. 7. 9.The hourly solar irradiance for the city of Tawergha 

Similar to the previous two locations, solar irradiance reaches its highest value in the summer 

season. However, the highest solar irradiance point was recorded in the month of June, reaching 

1069 𝑊/𝑚2. Nevertheless, in terms of average monthly solar irradiance, July is the highest 

month, while in December, solar irradiance reaches its lowest value. The hourly and monthly 

power and energy production are shown in Figure 7.10. (a): The hourly PV output power 

(MW), (b): The average monthly energy production (MWh).  

Again, it can be seen from the figure that even though temperature has a reverse impact on 

system performance, the highest energy production from the system was in the month of July 

with a total energy production of 446 MWh, followed by the months of June and May, which 

equal 426.73 and 410.40 MWh, respectively. While the lowest was also recorded in the month 

of December with a total energy of 167.35 MWh. The number of houses that the system is able 

to provide energy for is illustrated in Figure 7.11.  

Notably, it can be seen from the figure that the energy production in the month of July could 

be capable of supplying the energy demands for around 719 houses, the highest during the year. 

Whereas in June and May, 688 and 662 houses will be covered by the energy produced by the 

system. While the system in its lowest performance during the month of December will be able 

to supply the energy demands for about 270 houses. 
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(a) 

 
(b) 

Fig. 7. 10. The hourly and monthly power and energy production in the City of Tawergha 

(a): Hourly Power production (b): The average monthly energy production  
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Fig. 7. 11. The monthly number of houses covered by the energy production of the system in the city of 

Tawergha 

7.2.4 The energy production in the city of Sirt 

The city of Sirt is located in the central region of the country, bordered by the Mediterranean 

Sea to the north and the desert to the south. It is approximately 454 km away from Tripoli and 

570 km away from Benghazi, the largest city in the eastern region of the country. The city 

experiences moderate weather conditions with clear sky for long hours, receiving extended 

periods of solar irradiance as presented in Figure 7.12.  

 
Fig. 7. 12. The hourly solar irradiance for the city of Sirt 
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The figure illustrates that the highest solar irradiance was recorded in the middle of the year, 

particularly during the months from May to August, reaching a value of 1000 𝑊/𝑚2. 

Conversely, in the winter season, especially during the months from November to February, 

the surface of the earth receives the lowest level of solar irradiance. The hourly and monthly 

power and energy production are depicted in Figure 7.13. (a): The hourly PV output power 

(MW), (b): The average monthly energy production (MWh).  

 

(a) 

 
(b) 

Fig. 7. 13.The hourly and monthly power and energy production in the city of Sirt 

(a): Hourly Power production (b): The average monthly energy production 
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The same phenomenon was observed in this city, where solar irradiance reaches its peak 

values during the summer, thereby influencing energy production. The highest energy 

production was observed in the month of July, equal to 444.48 MWh, followed by June and 

May with total energy production of 423.79 and 408.29 MWh, respectively. Meanwhile, the 

lowest energy production occurred in the month of December, with amount of 181.49 MWh. 

The number of houses that the system is able to provide energy for is illustrated in Figure 7.14.    

 

Fig. 7. 14.The monthly number of houses covered by the energy production of the system in the city of Sirt 

The figure illustrates that the system is capable of producing enough energy to meet the needs 

of 717 houses in the month of July. In the months of June and May, the system will be able to 

meet the energy demand for 684 and 659 houses, respectively. Nevertheless, at its lowest 

performance, the system will be able to supply energy to 293 houses in the city of Sirt in the 

month of December. 

7.2.5 The energy production in the city of Sulug 

Sulug city is one of the cities located in the eastern region of the country, approximately 60 

km away from Benghazi. The data provided for this city indicates that it experiences solar 

irradiance reaching a value of 1000 𝑊ℎ/𝑚2,  with long hours of sunshine throughout the day. 

Figure 7.15 displays the hourly solar irradiance for a period of one year. 
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Fig. 7. 15. The hourly solar irradiance for the city of Sulug 

As demonstrated by the figure, the same pattern of solar irradiance was observed here, with 

the highest level recorded during the summer season in the month of August, reaching a value 

of 1044 𝑊/𝑚2. However, in terms of the average monthly level, July stood out as the highest, 

while the lowest average monthly level was recorded in December. The hourly and monthly 

Power and energy production for this city are shown in Figure 7.16. (a): The hourly PV output 

power (MW), (b): The average monthly energy production (MWh).  

The pattern of energy production in this city matches that of the other cities mentioned above, 

where the highest energy production consistently occurred in the month of July, equal to 418.31 

MWh. This energy output is sufficient to meet the energy needs of approximately 675 houses 

in July. Furthermore, the system will be capable of providing energy for 658 and 641 houses 

in the months of June and May, respectively. However, the lowest energy production was 

recorded in the month of December, which is sufficient to cover the energy needs of 257 

houses. Figure 7.17 presents the monthly number of houses covered by the system in the city 

of Sulug.   
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(a) 

 

(b) 

Fig. 7. 16.The hourly and monthly power and energy production in the city of Sulug 

(a): Hourly Power production (b): The average monthly energy production.  
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Fig. 7. 17.The monthly number of houses covered by the energy production the system in the city of Sulug. 

7.2.6 The energy production in the city of Sabha 

Sabha is one of the largest cities in Libya, situated in the southern region of the country and 

772 km away from Tripoli. The city features a desert climate with relatively dry weather. The 

sun shines for extended hours, and the solar irradiance reaches 1000 𝑊/𝑚2 during the 

summertime. Despite the fact that the southern region of Libya experiences higher levels of 

solar irradiance than the northern and eastern regions, as indicated by [27] [30], the high 

temperatures and dust have a negative impact on the system's performance in terms of energy 

production. Figure 7.18 illustrates the hourly solar irradiance for a period of one year. 

 
Fig. 7. 18.The hourly solar irradiance for the city of Sabha 
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Clearly, the figure illustrates the high levels of solar irradiance reaching the Earth's surface, 

peaking during the summer season from May to August. The lowest solar irradiance level 

occurs in the month of December. This pattern is reflected in the energy production of the 

system in this city. Figure 7.19 depicts the hourly and monthly power and energy production 

in Sabha. (a): The hourly PV output power (MW), (b): The average monthly energy production 

(MWh).  

 
(a) 

 
(b) 

Fig. 7. 19.The hourly and monthly power energy production in the city of Sabha 

(a): Hourly energy production (b): The average monthly energy production  

As is customary, the month of July boasts the highest energy production level, totalling 

419.24 MWh, sufficient to meet the energy needs of 676 houses. Following closely, the months 
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of June and August contribute with total energy productions of 401.02 and 387.26 MWh, 

capable of supplying the energy needed for 647 and 625 houses, respectively. Conversely, the 

lowest energy production is recorded in the month of December, generating a total energy 

output of 193.08 MWh, enough to cover the energy demand for 311 houses in the city. Figure 

7.20 illustrates the monthly number of houses covered by the PV system in the city of Sabha.  

 

Fig. 7. 20. The monthly number of houses covered by the energy production of the system in the city of 

Sabha. 

To conclude this section, a common thread is evident across all locations in terms of solar 

irradiance levels and, consequently, monthly energy production. The energy production pattern 

reaches its zenith during the summer season, notably in the month of July. Conversely, the 

lowest energy production is observed in the winter season, particularly in December. This 

variance can be attributed to the prevailing weather conditions, with winter bringing an 

increased likelihood of cloud cover, unlike the summer season characterized by predominantly 

clear skies. Figure 7.21 illustrates the total annual energy production alongside the total number 

of houses per year for these six sites, where their data was obtained based on NASA satellites 

using PVsyst software. 
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Fig. 7. 21. The annual number of houses covered by the energy production of the PV system in the six sites 

It is evident that there are no significant differences in the total annual energy production 

among the six sites. Sabha city recorded the highest annual energy production, totalling 

3798.96 MWh/year, capable of satisfying the annual energy demand for around 520 houses. 

Sirt follows closely with a slightly lower figure, achieving a total energy production of 3795.19 

MWh/year, sufficient for the annual energy needs of 519 houses. Conversely, AlAziziyah city 

registered the lowest annual energy production, amounting to 3464.30 MWh/year, which is 

ample to meet the annual energy demand for 475 houses.  

7.3 The energy production based on actual measurement:   

The primary objective of this section is to assess the system's performance in terms of power 

production using actual readings for solar irradiance levels and ambient temperature. These 

authentic measurements were sourced from the CSESR and pertain to three locations in Libya: 

Tajoura (the centre’s location), Mselata, and Murzuqh. The data, collected every ten minutes 

throughout the year, was converted to an hourly basis to facilitate a comprehensive year-round 

analysis. The secondary goal is to compare these actual measurements with the data presented 

in the previous section, serving as validation, and paving the way for the study of additional 

locations across the country. 
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7.3.1 The energy production in the city of Tajoura 

Tajoura, situated among Tripoli's counties and bordered by the Mediterranean Sea, hosts the 

CSESR. Its coastal location results in mild weather, a clear sky, and extended hours of 

sunshine, particularly during the summer season. Figure 7.22 illustrates the hourly solar 

irradiance levels for the entire year. 

 

Fig. 7. 22. The hourly solar irradiance for the city of Tajoura 

At first glance at the figure, it is evident that the solar irradiance pattern throughout the year 

aligns with that of other cities presented in the previous section. The solar irradiance peaks 

during the summer season, from May to August, while the lowest levels are recorded in the 

winter season, from November to February. This pattern directly influences the system's 

performance in terms of energy production. Figure 7.23 illustrates the hourly and monthly 

Power and energy production. (a): The hourly PV output power (MW), (b): The average 

monthly energy production (MWh).  
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(a) 

 
(b) 

Fig. 7. 23. The hourly and monthly power and energy production in the city of Tajoura 

(a): Hourly Power production (b): The average monthly energy production  

The figures clearly show that the month of July exhibits the highest performance in terms of 

energy production, reaching a value of 426.12 MWh. May and June follow closely with total 

production of 404.34 and 403.95 MWh, respectively. In contrast, the month of December 

records the lowest monthly energy production, amounting to 174.29 MWh. Furthermore, these 

energy production levels are sufficient to meet the energy demand for 687 houses in July, 652 

houses in May and June, and 281 houses in December. Figure 7.24 illustrates the monthly 

number of houses covered by the system in the city of Tajoura. 
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Fig. 7. 24. The monthly number of houses covered by the energy production of the system in the city of 

Tajoura 

7.3.2 The energy production in the city of Mselata 

This city, situated in the western region of the country, lies 104 km away from Tripoli. The 

GECOL has chosen this location for the installation of a wind farm due to its relatively high 

wind speed. Additionally, according to [31] [201], the city experiences relatively high solar 

irradiance. Proximity to the coastal line contributes to its mild weather and long hours of clear 

sky. The hourly solar irradiance levels for this city are depicted in Figure 7.25. 

 

Fig. 7. 25. The hourly solar irradiance for the city of Mselata 
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This city exhibits a similar pattern of solar irradiance, with levels increasing from May to 

August during the summer season and reaching their lowest average in December. These 

variations directly impact the system's performance in terms of energy production. Figure 7.26 

provides a visual representation of the hourly and monthly power and energy production for a 

2MW system installed in this city.   

 

 
(a) 

 
(b) 

Fig. 7. 26. The hourly and monthly power energy production in the city of Mselata 

(a): Hourly Power production (b): The average monthly energy production.  
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It's evident that the monthly energy production reaches its peak in July, totalling 428.50 

MWh, and gradually decreases until it reaches its lowest average in December, with a value of 

167.66 MWh. Consequently, the highest number of houses meeting their energy needs from 

this system was recorded in July, with a value of 691 houses. Conversely, at the lowest level, 

the system is capable of providing energy demand for 270 houses in the city of Mselata. Figure 

7.27 visually represents the monthly number of houses covered by this system. 

 

Fig. 7. 27. The monthly number of houses covered by the energy production of the system in the city of 

Mselata. 

7.3.3 The energy production in the city of Murzuqh   

The city of Murzuqh, situated in the southern region of Libya like other cities in the south, 

experiences a dry climate with elevated ambient temperatures. The sun shines for extended 

hours throughout the day, particularly in the summer season. The solar irradiance reaches the 

level of 1000 𝑊/𝑚2 multiple times during the year, especially from the end of March to the 

end of August. The hourly solar irradiance levels are illustrated in Figure 7.28. 
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Fig. 7. 28. The hourly solar irradiance for the city of Murzuqh 

It is evident that the average solar irradiance level in this city is slightly higher than in other 

cities, and this is reflected in the performance of the system. The hourly and monthly power 

and energy production is depicted in Figure 7.29. (a): The hourly PV output power (MW), (b): 

The average monthly energy production (MWh).  

As seen from the average monthly energy production, the system’s energy output surpasses 

the 350MWh level multiple times from March to September. The highest level was recorded 

in July, with a total energy production of 423.23MWh, while the lowest was in February, 

totalling 255.87MWh. Furthermore, the monthly number of houses covered by this system is 

presented in Figure 7.30. The results demonstrate that the system will be capable of providing 

the energy demand for 683 houses in July, and for seven months of the year, the system will 

supply the energy needs for more than 550 houses each month. For the remaining four months, 

the system will produce enough energy for over 400 houses. Thus, it can be concluded that the 

average annual production is higher than all previous locations. 
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(a) 

 
(b) 

 Fig. 7. 29. The hourly and monthly power and energy production in the city of Murzuqh 

(a): Hourly Power production (b): The average monthly energy production 
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Fig. 7. 30. The monthly number of houses covered by the energy production of the system in the city of 

Murzuqh. 

The total annual energy production and the number of houses covered by the system for the 

three cities presented in this section are illustrated in Figure 7.31. The results show that 

Murzuqh city has the highest annual energy production among all cities, with a total energy 

production of 4018 MWh/year. This is capable of supplying the annual energy demand for 550 

houses in the city. Tajoura and Mselata follow closely, with total energy production of 3622.26 

and 3607.28 MWh/year, respectively, providing annual energy for 496 and 494 houses.  

 

Fig. 7. 31. The annual number of houses covered by the energy production of the system in the three sites. 
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Considering that the data obtained from both databases exhibit relative consistency, wherein 

the pattern of solar irradiance demonstrates an increase during the summer season and reaches 

its lowest levels during the winter season, and further noting that the irradiance levels fluctuate 

within similar ranges across both databases, it is deemed pertinent to conduct a comparative 

analysis across all locations. This analysis aims to ascertain the optimal location for the 

installation of GCPV systems to support the grid. To this end, the performance of a 2MW grid-

connected system was monitored across the four seasons. For the purpose of comparison, the 

system's performance during two key seasons was selected: the summer season, characterized 

by the system's peak performance, and the winter season, representing its lowest performance. 

The outcomes of this comparison are depicted in Figure 7.32 and Figure 7.33, respectively. 

 

Fig. 7. 32. The performance of the system at nine locations during summer season.  

The figure illustrates that the performance of the system during the summer season exhibits 

relatively consistent levels across the nine locations, with energy production ranging between 

1180 MWh and 1280 MWh. Notably, the lowest performance was observed in Murzuqh city, 

likely attributable to its geographical location in the southern region of the country, 

characterized by desert terrain and high temperatures, as well as elevated levels of dust. 

Conversely, the highest performance during this season was recorded in Tawergha city, 

situated in the northern part of the country. This outcome may seem unexpected, however, it 

could be attributed to the city's proximity to the coastline, resulting in extended periods of clear 

skies and moderate temperature levels. Similarly, Sirt city, which shares similar weather 

conditions, also demonstrated comparable performance levels. 
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Fig. 7. 33. The performance of the system at nine locations during Winter seasons. 

Conversely, during the winter seasons, the system's performance reached its lowest levels, as 

depicted in Figure 7.33. The figure clearly indicates that Murzuqh city exhibited the highest 

performance, followed by Sabha and Sirt, with energy production levels of 808 MWh, 669 

MWh, and 622 MWh respectively. In contrast, AlAziziyah city recorded the lowest 

performance during this season, with an energy production of 511 MWh. This comparison 

highlights the reverse impact of temperature and dust on the system's performance. For 

instance, while Murzuqh and Sabha cities demonstrated lowest performance during the summer 

seasons, they exhibited the highest performance during the winter season. Generally, the 

performance of the system across all cities decreases to half or less during the winter season, 

except for Murzuqh city. This anomaly can be attributed to the consistent high irradiance 

experienced throughout the year in Murzuqh city. 

7.4 Conclusions  

In this chapter, the performance of the PV system in terms of energy production under Libyan 

weather conditions has been investigated. The analysis was based on two data resources: first, 

satellite data using NASA's database, and second, actual measurements obtained from the 

CSESR. The results reveal a consistent pattern in solar irradiance levels across all cities from 

both data sources. Solar irradiance peaks in the middle of the year, from May to August, 

reaching its zenith in July. Conversely, during the winter season, irradiance levels decrease, 

reaching their lowest point in December. 
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The findings highlight Murzuqh City as having the highest solar energy production, with a 

total annual output of 4018 MWh/year, sufficient to meet the annual energy needs of 550 

houses in the city. Additionally, the performance of the 2MW system across all nine sites 

indicates a collective annual energy generation of approximately 33,180.84 MWh/year. This 

output is substantial, meeting the annual energy demand for 4544 houses. 
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Chapter 8:  

8.1 Conclusion 

Renewable energy resources represent one of the most promising avenues for modern energy 

provision, with the potential to significantly address global energy demands. Many nations 

have formulated strategic plans to augment the contribution of these resources within their 

energy sectors. Solar energy, in particular, holds a prominent position among renewable 

options due to its inherent characteristics. Libya is among the countries endeavouring to 

diversify its energy portfolio by embracing various renewable energy technologies, notably 

solar and wind energies. The primary objective of this thesis is to conduct an in-depth 

examination of the feasibility of solar energy utilization in Libya. This entails a comprehensive 

analysis encompassing regional climate, geographical features, and technical considerations. 

Additionally, the project aims to develop a prospective map delineating suitable locations for 

the installation of grid-connected Photovoltaic (PV) systems nationwide, thereby bolstering the 

national grid's capacity to mitigate energy shortages. In Chapter 2 of this thesis, an overview 

of the current energy situation in Libya is provided, along with a discussion of the primary 

factors contributing to the energy crisis that has affected the country over the past decade. 

Furthermore, this chapter examines the current utilization of solar energy within the country, 

its potential, and the prospective role this energy source could play in shaping the future of 

Libya's power sector. As a conclusion to this chapter, it is evident that solar energy holds 

significant promise and is expected to play a pivotal role in bolstering the Libyan grid to address 

its energy crisis. Consequently, the outcomes of this chapter align with the first part of the first 

objectives outlined in Chapter 1. 

Furthermore, Chapter 3 of this thesis offers a comprehensive literature review that centres on 

recent research endeavours within the field. The chapter commences by delving into the 

significance of solar energy and its accessibility, followed by an elucidation of the photovoltaic 

phenomena and its underlying mechanisms. Moreover, various solar system configurations and 

the primary components of a double-stage grid-connected PV system are highlighted. 

Additionally, different inverter topologies and a range of MPPT techniques are discussed. 

Furthermore, this chapter addresses challenges stemming from grid-connected PV systems and 

outlines pertinent standards and requirements essential for the safe integration of such systems 

into the grid. Moreover, this chapter also highlights some of the most common short-circuit 

faults that occur in power systems, while also emphasizing the importance of LVRT capability 
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as a critical requirement for the integration of PV systems. The overarching aim of this chapter 

is to provide comprehensive knowledge about PV systems, encompassing their intricacies, 

challenges, and necessary conditions. 

Based on the discussions and presentations in Chapter 3, a double-stage grid-connected PV 

system was selected for this study. Consequently, in alignment with the second objective 

outlined in Chapter 1, Chapter 4 presents the dynamic modelling of the grid-connected PV 

system. This chapter commences with a comprehensive description of the chosen system and 

the modelling of the PV array. Subsequently, focus shifts to the modelling of the DC-DC boost 

converter, which is designed to increase the DC voltage to a predetermined level, thereby 

facilitating the implementation of the MPPT technique. The discussion then proceeds to the 

modelling of the LC filter, which aims to mitigate high-frequency components introduced by 

the PWM inverter. This process ensures that the THD level remains within the acceptable 

range, aligning with the specifications outlined in the IEEE 519 standard. Furthermore, within 

this chapter, the control strategy of the DC-DC boost converter has been elucidated. The P&O 

MPPT technique has been employed to ensure the extraction of maximum power from the PV 

array under diverse weather conditions. Additionally, the control strategy of the DC-AC 

inverter has been devised to maintain the constancy of the DC voltage at the input terminal of 

the inverter. Simultaneously, this strategy facilitates the conversion of the DC voltage and 

current generated by the PV array into AC signals in accordance with grid requirements. 

Moreover, the primary objective of these control strategies is to restore the system to its 

equilibrium operational point following any encountered disturbances. Finally, this chapter 

provides the principle of calculating the output power of the modelled system. In this regard, 

this chapter clearly satisfies the second objective presented in Chapter 1. 

In accordance with the presentations and models developed in Chapter 4, the system's 

performance was assessed in Chapter 5. This chapter evaluated the system under various levels 

of solar irradiance with a fixed temperature. Four irradiance levels were selected for the study: 

1000, 750, 500, and 250 𝑊/𝑚2, while maintaining a temperature of 25℃. Subsequently, the 

system was evaluated under different temperature levels while maintaining solar irradiance at a fixed 

level. The four temperature levels considered were 15, 25, 35 and 45℃ with an irradiance of 1000 

𝑊/𝑚2. This chapter also incorporates FFT analysis to ensure that the system and its 

components have the capability to reduce the THD to an acceptable range. The findings reveal 

that the system demonstrated rapid responsiveness to environmental fluctuations, with solar 

irradiance exerting a more significant influence than temperature. Particularly noteworthy is 
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the substantial impact of variations in solar irradiance on the system's power output, while 

maintaining a constant DC voltage. The most notable changes were observed in the system's 

current. 

FFT analysis reveals that the THD remained within the limits specified by the IEEE 519 

standard under both irradiance and temperature scenarios. Specifically, the results demonstrate 

that the designated LC filter effectively reduced THD levels to a range between 0.92% and 

1.84% for voltage across the four irradiance levels, and between 1.58% and 4.12% for current. 

Meanwhile, under varying temperature conditions, THD levels for voltage ranged from 0.95% 

to 1.47%, with further improvement observed at the CCP, where THD ranged between 0.49% 

and 0.71%. Conversely, the THD level for current did not exceed 2% at any of the specified 

points. It is noteworthy that the current exhibited a higher THD level than voltage, possibly 

due to the voltage-based control strategy employed and the selection of system parameters at 

STC, while the evaluation was conducted at relatively low levels of irradiance and high 

temperatures. In conclusion, this chapter satisfies a part of the main aim of this thesis by 

studying the system under various technical considerations. 

Further technical considerations are presented in Chapter 6. Short circuit fault analysis was 

conducted in this chapter to evaluate the behaviour of the system under short circuit fault 

scenarios and to investigate its  LVRT capability. The first scenario considers L-G short circuit 

faults, recognized as the most frequent fault in power systems. The second scenario examines 

3L-G short circuit faults, acknowledged as the most severe fault in power systems. The results 

reveal that the GCPV system demonstrated greater equilibrium and quicker restoration to its 

operational point when subjected to L-G short circuit faults. Notably, the power output 

remained unaffected by this fault, and the DC-DC boost converter, particularly employing the 

P&O MPPT strategy, efficiently extracted maximum power despite the applied fault. 

Furthermore, the control strategy implemented in the DC-AC inverter successfully maintained 

the DC voltage at the busbar consistently, even during the fault occurrence. On the AC side of 

the system, the impact of this fault was more pronounced, resulting in voltage sag and current 

surge at the inverter and CCP terminals. However, the system exhibited the capability to swiftly 

restore its equilibrium operational point, accomplishing this within a very short timeframe, 

specifically less than 0.2 ms. 

On the contrary, the dynamic behaviour of the PV system under 3L-G faults was relatively 

more adverse. These faults were introduced at two distinct points: the first at a distance of 14 
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km from the CCP, and the second at a distance of 140 km from the CCP. The results 

demonstrated that the power system responded differently to these two kinds of faults. It can 

be observed that the impacts of the short circuit faults highly depend on the physical distance 

between the fault point and the CCP. The power output of the system experienced severe 

repercussions when the fault occurred at a distance of 14 km from the CCP, displaying 

substantial fluctuations. Similar observations were noted for the voltage and current at various 

points in the system. Upon fault clearance, the system remained in a transient state for 

approximately 3.5 seconds before regaining its equilibrium point. Nevertheless, when the fault 

occurred at a greater distance, the dynamic behaviour of the system exhibited greater balance, 

and the impact of the fault on power output became negligible. Similarly, the DC voltage at the 

busbar demonstrated minimal transient fluctuations, underscoring the effectiveness of the 

control strategy implemented in the DC-AC inverter to maintain constant DC voltage during 

the fault. Additionally, the voltage sag experienced a reduction when the fault was applied at a 

longer distance. This observation highlights the dependence of fault characteristics on the 

impedance level between the fault location and the installed PV system at the CCP. In the 

second scenario, the system maintained a higher level of impedance at the CCP, resulting in a 

less pronounced dip in the voltage magnitude. Furthermore, the system swiftly returned to its 

normal operating point once the fault was cleared, achieving a very brief settling time of less 

than 0.2 ms. The outcome of this chapter supports and satisfy the main aim of this thesis as 

well as the third objective.  

Transitioning to Chapter 7, the evaluation of the system's performance in terms of energy 

production across various locations in Libya, the study encompassed nine locations spanning 

the country's three primary regions. The principal objective of this chapter is to assess the 

energy production of the 2MW system and conduct a comparative analysis between online data 

obtained from NASA satellites using PVsyst software and actual measurements collected by 

the CSESR. Additionally, to create a potential map for the installation of GCPV systems to 

support the grid in facing its energy crisis, the main aim of this chapter is to fulfil the primary 

objective of the thesis and identify a realistic horizon for solar energy technology in Libya. 

The findings indicate a consistent pattern of solar irradiance across all nine locations, reaching 

its peak during the summer season and registering the lowest levels in winter. A parallel pattern 

is observed in the energy production of the system. This variability can be attributed to 

prevailing weather conditions, with winter introducing an increased likelihood of cloud cover 

in contrast to the predominantly clear skies during the summer season. 
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For locations relying on satellite-derived data, there are no significant differences in the total 

annual energy production among the six sites. Sabha city recorded the highest annual energy 

production, totalling 3798.96 MWh/year, capable of satisfying the annual energy demand for 

approximately 520 houses. Sirt closely follows with a slightly lower figure, achieving a total 

energy production of 3795.19 MWh/year, sufficient for the annual energy needs of 519 houses. 

Conversely, AlAziziyah city registered the lowest annual energy production at 3464.30 

MWh/year, ample to meet the annual energy demand for 475 houses. 

For locations relying on actual measurements, the results underscore Murzuqh City as 

exhibiting the highest solar energy production, boasting a total annual output of 4018 

MWh/year. This capacity is adequate to fulfil the annual energy needs of 550 houses in the 

city. Furthermore, the overall performance of the 2MW system across all nine sites indicates a 

cumulative annual energy generation of approximately 33,180.84 MWh/year. This substantial 

output can cater to the annual energy demand of 4544 houses.  

To this end, it can be noted that the main aim and objectives of this thesis were met. As a 

general conclusion, it is worth mentioning that the potential of solar energy exists, and the 

performance of the system at all locations was satisfactory. Therefore, it is expected that this 

energy source can and will play a significant role in supporting the Libyan grid, enabling it to 

address its energy crisis. It is also anticipated that this research and its associated achievements 

will be implemented by the General Electricity Company of Libya (GECOL) and other Libyan 

authorities in future energy plans to tackle the current energy crisis in the country. Finally, the 

main research contributions and future work are summarized in the next two sections.     

8.2 Contribution of the research 

1- This thesis includes the creation of a potential map for installing a centralized solar 

system. The system is evaluated at nine different locations across Libya, spanning the 

country's three main regions. Consideration is given to the proximity of these locations to 

residential areas, aiming to minimize the distance between generating points and 

consuming points to mitigate power losses during the transmission stage. 

2- This thesis provides an evaluation of a 2 MW grid-connected PV system in terms of power 

production at nine locations across the country and calculates the number of houses that 

can benefit from this power production, considering the energy consumption for a typical 

Libyan house. Electricity bills obtained from the General Electricity Company of Libya 

(GECOL) were used for this calculation. 
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3- The thesis also presents a comparison between two weather data resources, including 

online data obtained from the NASA database and actual data measurements obtained 

from the Libyan Centre for Solar Energy Research and Studies (CSESR).  

8.3 Recommendation and future work  

Although significant work has been undertaken in this thesis concerning the current energy 

situation and the potential of solar energy in Libya, as well as the modeling of grid-connected 

Photovoltaic (PV) systems, including different components of the system, further investigation 

in certain areas is recommended. 

1- In this work, the performance of the GCPV system under short-circuit faults was 

studied from the perspective of transient stability in interconnected systems, aiming to 

ensure the system remains in synchronism until the faulty section of the power system 

is isolated. Therefore, it is recommended that further analysis on short-circuit faults, 

such as the calculation of short-circuit current, could be a fruitful area of research. 

2- In this thesis, two main short-circuit faults on the grid side have been studied. However, 

it is highly recommended to investigate the performance of the GCPV system under 

additional short-circuit fault scenarios, including L-L, 2L-G, and 3L together short-

circuit faults. Additionally, studying the system's performance under short-circuit faults 

at the DC side, such as short-circuit faults at the DC-DC boost converter and short-

circuit faults at the PV array, would be beneficial. 

3- The performance of the system at different locations in Libya was investigated. 

However, it is highly recommended to extend the study to encompass more locations 

throughout the country. 

4- Although the LC filter has successfully maintained the THD at the CCP within the 

acceptable level recommended by the IEEE 519 standard, the use of LCL filter 

configuration is worthy of further study. 

5- The focus of this work was on grid-connected Photovoltaic (PV) system technology. 

However, exploring more solar energy technologies could be a fruitful area of research, 

such as concentrated solar power (CSP). 

6- Studying the performance of other renewable energy technologies in Libya is highly 

recommended to assess their capability in helping the country overcome its energy 

crisis.     
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Standard Test Conditions”, The 11th IET International Conference on Renewable 

Power Generation, London, UK, Sep 2022 

3. Arjmand Khaliq, Hussin Zahloul and Hamed Hamzehbahmani, “Performance 

evaluation of VSC based control strategy for a large-scale grid connected PV system 

and harmonics analysis under sudden changes in weather conditions” IET Renewable 

Power Generation and Future Power Systems Conference, 15 - 16 November 2023, 

Glasgow UK 

Submitted journal papers: 
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Advanced Control Strategy for Grid Connected PV System under Grid Fault 
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Appendix B 

➢ MATLAB CODE FOR P&O MPPT  

function D  = PandO(Param, Enabled, V, I) 
 

% MPPT controller based on the Perturb & Observe algorithm. 
 

% D output = Duty cycle of the boost converter (value between 0 and 1) 
% 
% Enabled input = 1 to enable the MPPT controller 
% V input = PV array terminal voltage (V) 
% I input = PV array current (A) 
% 
% Param input: 
Dinit = Param(1);  %Initial value for D output 
Dmax = Param(2);   %Maximum value for D 
Dmin = Param(3);   %Minimum value for D 
deltaD = Param(4); %Increment value used to increase/decrease the duty cycle D 
% ( increasing D = decreasing Vref ) 
%   
 

persistent Vold Pold Dold; 
 

dataType = 'double'; 
 

if isempty(Vold) 
    Vold=0; 
    Pold=0; 
    Dold=Dinit; 
end 
P= V*I; 
dV= V - Vold; 
dP= P - Pold; 
 
if dP ~= 0 & Enabled ~=0 
    if dP < 0 
        if dV < 0 
            D = Dold - deltaD; 
        else 
            D = Dold + deltaD; 
        end 
    else 
        if dV < 0 
            D = Dold + deltaD; 
        else 
            D = Dold - deltaD; 
        end     
    end 
else D=Dold; 
end 
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if D >= Dmax | D<= Dmin 
    D=Dold; 
end 
 
Dold=D; 
Vold=V; 
Pold=P; 
 
 

➢ MATLAB CODE FRO POWER OUTPUT OF PV SYSTEM  

solar=xlsread('Tiji_1.xlsx',1,'B14:B8773')';         %% solar irradiance data 
W/m^2 
Temp=xlsread('Tiji_1.xlsx',1,'C14:C8773')';           %% temperature data 0C 
T_amb=Temp;                                        %% ambient temperature 0C  
 
 
Gref=1000;                %% reference solar radiation (W/m^2) 
NOCT=47;                  %% Nominal  operating cell temperature 
TC=-3.7e-3;               %% Temperature coeeficient  
T_ref=25;                  %% Temperature at reference condition 
Tc=T_amb+((NOCT-20)/800).*solar;  % cell temperature  
P_max=0.315;                %%  Rated power under reference condition (kwh)              
G=solar;                  
PV_out=6375*(P_max.*(G/Gref)).*(1+TC.*(Tc-T_ref));         %PV output power 
(kW) 
pp=PV_out; 
 
figure ;plot(pp);axis tight;box  on;xlabel('Time (hours)');ylabel('PV output 
power (kW)');title(' Output power generated from PV','Fontsize',15) 
 
%%%%%% solar radiation%%%%%%%___ 
figure ;plot(G);axis tight;box  on;xlabel('Time (hours)');ylabel('radiation 
(W/m^2) (kW)');title(' Solar Radiation','Fontsize',15) 
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Appendix C 

➢ The submitted journal article. 
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