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Abstract 

Reliability analysis is critical to power system design and planning, ensuring that electrical 

networks operate efficiently under defined conditions over a specified period. The growing 

integration of Distributed Generation (DG) units, driven by advancements in renewable energy 

technologies such as solar photovoltaic (PV) and wind energy systems, has significantly 

impacted power distribution networks. DG units, which are small-scale power generation 

sources, can be connected at distribution substations or dispersed throughout the network. Their 

implementation influences voltage profiles and reduces power losses, but their increasing 

penetration levels also affect overall system operation. 

This study evaluates the reliability of a distribution network with and without DG integration. 

A numerical model is developed to analyse the impact of DG integration on network 

performance. The IEEE 30-bus system is the test network, incorporating solar PV and wind 

energy conversion systems as DG sources. Numeral Simulations are conducted, implemented 

on the MATLAB/Simulink software. The Newton-Raphson method is employed for load flow 

analysis, determining the network's voltage magnitudes and phase angles. Additionally, the 

Particle Swarm Optimization (PSO) algorithm is utilised to determine the optimal placement 

of DGs, aiming to minimise power losses, reduce operational costs, and improve voltage 

stability under various conditions. A reliability assessment is performed using Monte Carlo 

simulation, which calculates key reliability indices to evaluate system performance. 

The results confirm that the location and capacity of DG units significantly influence network 

reliability. The study establishes that integrating optimally placed DGs enhances power system 

reliability by improving voltage stability and reducing power losses. These findings highlight 

the potential benefits of renewable energy-based DGs in strengthening distribution networks 

and ensuring a more stable and resilient power supply. 
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Chapter 1 

Introduction 

1.1 General Background 

The increasing global demand for electrical energy, driven by population growth and industrial 

expansion, has necessitated the need for more reliable and efficient power generation. 

Traditionally, most electricity is produced from fossil fuels such as coal, diesel, and natural 

gas. However, these conventional energy sources contribute significantly to environmental 

issues, including greenhouse gas emissions and climate change. 

In South Africa, electricity is primarily generated and transmitted by Eskom, with local 

municipalities responsible for distribution [1]. However, the country faces a persistent energy 

crisis due to a generation capacity that falls short of demand. This has led to frequent load 

shedding and power rationing, negatively impacting both the economy and consumers. There 

is a growing focus on integrating renewable energy sources such as solar photovoltaic (PV) 

and wind energy into the national grid to address these challenges. Figure 1.1 shows the energy 

mix for South Africa in 2019. These sources offer a sustainable solution by reducing 

dependency on fossil fuels and mitigating environmental concerns. 

 

Figure 1.1: South African Energy Mix for 2019 [2]   

Large-scale power plants are typically located far from load centres in a traditional power 

system, requiring extensive transmission infrastructure. The construction of new transmission 

lines is both costly and logistically complex. These challenges have increased interest in 

employing the concept of Distributed Generation (DG) which is small-scale power generation 

systems installed closer to consumption points. DG units can be connected at distribution 
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substations or dispersed throughout the power network, offering improved voltage stability, 

reduced transmission losses, and enhanced system reliability. However, integrating DGs into 

an existing power grid presents technical challenges, including potential power quality issues, 

voltage fluctuations, and system protection concerns. The effects of distributed generation are 

short circuit levels are increased, load losses change, voltage profiles change along the network, 

voltage transients will appear, congestions can appear in system branches, power quality and 

reliability may be affected, and the networks protections may not function properly [3]. 

This study examines the impact of DG integration on the reliability of distribution networks. 

By developing a numerical model and conducting simulations, the research evaluates how 

optimally placed DG units can enhance network performance while minimising losses. 

1.2 Problem Statement 

The growing demand for electricity and concerns over greenhouse gas emissions and climate 

change present a significant challenge for power systems worldwide. In South Africa, reliance 

on fossil fuels has contributed to energy shortages, forcing the implementation of load 

shedding. To mitigate this crisis, renewable energy sources such as solar PV and wind power 

are increasingly considered viable alternatives. The integration of DGs into distribution 

networks can improve power system efficiency, but it also introduces complexities. These 

include increased short-circuit levels, voltage fluctuations, power quality concerns, and 

potential disruptions to existing protection schemes. Therefore, it is essential to investigate the 

technical impact of DG integration on power distribution reliability. 

1.3 Motivation 

The conventional centralised power system, where electricity is generated at large-scale plants 

and transmitted over long distances, faces multiple challenges, including transmission losses, 

high infrastructure costs, and environmental concerns. As a result, decentralised power 

generation using Distributed Generation (DG) has emerged as a promising alternative. 

However, the intermittent nature of renewable energy sources like solar PV and wind presents 

operational challenges. Properly integrating these DGs into the distribution network requires 

careful planning to optimise their placement and sizing while ensuring grid stability. By doing 

so, DGs can enhance voltage support, minimise losses, and improve overall network reliability. 
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Integrating wind and solar energy into the electrical grid can significantly increase the available 

power supply, addressing the growing electricity demand. Furthermore, their utilisation is 

crucial in solving the energy trilemma, the balance between energy security, environmental 

sustainability, and economic affordability, as illustrated in Figure 1.2. This study aims to 

model, analyse, and optimise the integration of DG units into the distribution network to ensure 

a more resilient and efficient energy supply, particularly in regions experiencing electricity 

shortages. 

 

 
Figure 1.2: Energy trilemma diagram [4]. 

1.4 Aim and Objectives 

The aim of this study is to evaluate the impact of integrating Distributed Generation (DG) units 

from renewable energy sources into a distribution network. This includes developing a 

numerical model, optimising DG placement and sizing, and assessing the network's reliability 

to enhance system performance. 

To achieve this aim, the study sets out the following objectives: 

1. Develop a numerical model to simulate a distribution network integrated with DG units, 

specifically solar photovoltaic (PV) and wind energy conversion systems. 

2. Perform load flow analysis to evaluate the power distribution characteristics of the 

network. 

3. Optimize the allocation and sizing of DG units using the Particle Swarm Optimization 

(PSO) algorithm to minimise network losses and enhance voltage stability. 
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4. Assess the reliability of the distribution network by calculating key reliability indices and 

comparing system performance with and without DG integration. 

5. Evaluate the technical impact of DGs on the power system, focusing on voltage support, 

power availability, and overall network performance. 

1.5 Scope of Study 

The potential of renewable energy in South Africa has not yet been fully harnessed despite 

increasing government and private sector efforts. Renewable energy sources solve the 

country’s electricity crisis by improving grid stability and enhancing power system reliability. 

This study focuses on the technical aspects of DG integration, particularly regarding reliability 

analysis. The research evaluates how the introduction of DGs affects voltage stability and 

system performance, using reliability indices to determine optimal placement strategies. The 

Particle Swarm Optimization (PSO) algorithm optimises DG locations and minimises network 

losses.  

Areas not covered in this study include fault analysis of the distribution network and real-time 

control of DG systems. The study also does not address economic aspects such as investment 

costs and policy 

1.6 Dissertation Outline  

The thesis is structured into five chapters: 

• Chapter 1: This chapter presents the background of the study and the potential of DGs. It 

includes motivation, the problem statement, aim and objectives of the research and the 

scope of the study. 

• Chapter 2: This chapter focuses on reviewing literature with regards to DGs integration into 

the power systems. The review for the research which includes the concept theory, 

perspectives, and the concept of the integration of DGs. 

• Chapter 3: This chapter presents the modeling and design consideration of DGs and the 

development of the numerical models that were used in the research to carry out the 

computer simulations. 

• Chapter 4: This chapter was used for simulation, presentation of resents and analysis of 

simulation results. 
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• Chapter 5: This chapter was used to summarize the study by providing the appropriate 

conclusion based on the various aspects of this study. Also, the recommendations for 

possible areas for future study were provided based on the findings of this study. 

1.7 Publication  

Ndumiso Gwala, Zanele Lunga and Evans Ojo. 2025 “Simulation and Analysis of the 

Integration of Power from Mini Hydroelectric Power Plant into Microgrid”. Accepted and 

presented at the 2025 SAUPEC Conference, Johannesburg, South Africa, January 29-30, 2025. 
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Chapter 2 

Literature Review 

2.1 Introduction 

This chapter comprehensively reviews existing literature relevant to the reliability analysis of 

distribution networks integrated with Distributed Generation (DG). The review covers 

fundamental concepts, theoretical perspectives, and methodologies for assessing power system 

reliability. A country’s energy consumption is often an indicator of its level of development, 

as economic, industrial, and educational activities rely heavily on a stable and sufficient power 

supply. However, the depletion of conventional energy resources, such as coal, oil, and natural 

gas, combined with the environmental damage caused by their combustion, has significantly 

increased global interest in renewable energy sources. Reliability assessment of electrical 

distribution systems has become a critical area of research, given its direct impact on end users. 

Reliability assessment becomes even more crucial for distribution networks incorporating 

intermittent renewable energy sources (RESs). Integrating RESs into the grid presents various 

challenges, including power stability issues, voltage and frequency fluctuations, phase 

imbalance, and power quality concerns [5]. The primary goal of power system reliability 

assessment is to evaluate a system’s ability to meet customer demand under different operating 

conditions. The increasing penetration of RESs into power grids is driven by several factors, 

including the rising cost of fossil fuels, heightened concerns over greenhouse gas emissions, 

and the need for energy security. As a result, many countries are promoting using renewable 

energy for electricity generation. Wind and solar PV systems have gained significant attention 

as viable alternatives to traditional power generation. These technologies can enhance power 

system reliability and provide an uninterrupted energy supply for residential and industrial 

applications. 

Reliability analysis plays a key role in power system planning and operation. A thorough 

understanding of system performance under different scenarios enables utilities and operators 

to implement strategies that maintain acceptable reliability. Given South Africa’s increasing 

energy demand and constrained power generation capacity, assessing the reliability of 

distribution networks integrated with DG is particularly relevant. This chapter provides a 

detailed review of the reliability assessment of distribution networks. It examines conventional 
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distribution networks (without RESs) and modern networks that incorporate RESs, 

highlighting the critical challenges and opportunities associated with DG integration. 

2.2 Non-Renewable  

Non-renewable energy refers to natural resources that exist in finite quantities and cannot be 

replenished at the rate at which they are consumed. These energy sources, including fossil fuels 

such as crude oil, coal, natural gas, and nuclear energy, have been the backbone of global power 

generation for decades. However, their long-term sustainability is increasingly questioned due 

to their environmental impact and diminishing reserves [6]. 

Fossil fuels are formed from the remains of ancient organic matter subjected to heat and 

pressure over millions of years beneath the Earth’s surface. At the same time, they have 

historically provided a reliable and concentrated energy source; their extraction, processing, 

and combustion result in significant environmental degradation. The primary concern 

associated with fossil fuel consumption is the emission of greenhouse gases (GHGs), 

particularly carbon dioxide (CO₂), contributing to global warming and climate change. 

Additionally, fossil fuel extraction often leads to deforestation, water pollution, and habitat 

destruction, further exacerbating environmental issues [6]. 

In South Africa, coal-fired power stations dominate electricity generation, contributing 

significantly to the national energy mix. Despite coal’s abundance and affordability in the 

region, its environmental consequences, such as high carbon emissions and air pollution, pose 

severe challenges [7]. The continued reliance on coal has also led to increasing international 

pressure for South Africa to transition towards cleaner energy sources in line with global 

sustainability goals. Figure 2.1 illustrates the various energy sources used for electricity 

generation, including conventional fossil fuels and renewable energy. 

Nuclear energy, another non-renewable energy, offers a low-carbon alternative to fossil fuels. 

It relies on nuclear fission to produce large amounts of electricity with minimal greenhouse gas 

emissions. However, nuclear power comes with challenges, including high capital costs, 

concerns over radioactive waste disposal, and the potential risks associated with nuclear 

accidents. Although nuclear energy presents a viable option for reducing carbon emissions, 

public perception and safety concerns continue to limit its widespread adoption [6]. 
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While non-renewable energy sources have historically ensured a stable and continuous power 

supply, their long-term viability is uncertain. The depletion of fossil fuel reserves, rising energy 

demand, and environmental concerns have highlighted the urgent need for energy 

diversification. Many countries, including South Africa, are exploring strategies to integrate 

renewable energy sources to enhance energy security and sustainability. Transitioning to 

cleaner energy alternatives mitigates environmental damage and reduces dependence on finite 

resources, making it a critical step toward a resilient and future-proof energy system. 

 

Figure 2.1: Energy sources for renewable energy and conventional fossil fuel [8]. 

2.3 Renewable Energy Sources 

Renewable energy refers to energy derived from naturally replenishing sources that are 

sustainable over the long term. Unlike fossil fuels, which are finite and environmentally 

harmful, renewable energy sources such as solar, wind, hydropower, biomass, geothermal, 

tidal, and ocean wave energy offer a cleaner and more sustainable alternative for electricity 

generation. As global energy demand continues to rise, renewable energy has gained increasing 

attention as a viable solution to energy security and climate change mitigation [9]. Renewable 

energy sources are characterised by their ability to regenerate naturally and their minimal 

environmental impact. These sources are key to reducing greenhouse gas emissions and 

mitigating the adverse effects of fossil fuel consumption. As illustrated in Figure 2.1, renewable 

energy technologies are being adopted globally to diversify energy production and decrease 

dependence on non-renewable resources. 
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In South Africa, despite abundant renewable energy potential, the country still relies heavily 

on fossil fuels for electricity generation. However, initiatives to promote the use of renewable 

energy are gaining momentum, driven by policy interventions, international commitments to 

reduce carbon emissions, and the need to address ongoing energy supply challenges. The 

Renewable Energy Independent Power Producer Procurement Programme (REIPPPP) 

exemplifies South Africa's commitment to increasing renewable energy capacity [9]. Each 

renewable energy source has unique characteristics and advantages, making them suitable for 

different applications. The following subsections provide an overview of the key renewable 

energy sources and their role in electricity generation. 

2.3.1 Wind Power  

Wind energy is one of the fastest-growing renewable energy sources worldwide. Wind results 

from atmospheric pressure gradients that cause air movement from high-pressure to low-

pressure areas. Wind turbines convert this kinetic energy into mechanical energy, which is then 

transformed into electrical energy using a generator [10]. A typical Wind Energy Conversion 

System (WECS) consists of turbine blades, a gearbox, a generator, a power electronic 

converter, and a transformer. The turbine blades capture wind energy, transferring mechanical 

power through the gearbox to the generator, which is converted into electrical power. The 

efficiency of wind energy generation depends on wind speed, turbine design, and site selection. 

Figure 2.2 illustrates a simplified block diagram of a WECS. 

Wind energy is a clean, renewable, and cost-effective power source but also presents challenges 

such as intermittency, land use constraints, and noise concerns. Modern wind farms incorporate 

advanced forecasting techniques and energy storage systems to mitigate these issues. South 

Africa has considerable wind energy potential, particularly along its coastal regions, where 

consistent wind patterns allow large-scale wind farm deployment [10]. 
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Figure 2.2: Block diagram for wind energy conversion system (WECS) [11]. 

2.3.2 Solar Power 

Solar power harnesses energy from the sun to generate electricity. It is one of the most abundant 

renewable energy sources available. Solar energy can be utilised through two primary 

technologies: solar photovoltaic (PV) systems and concentrated solar power (CSP) systems. 

Solar PV technology converts sunlight directly into electricity using semiconductor materials 

such as silicon. When photons from sunlight strike a PV cell, they excite electrons, generating 

an electric current. The efficiency of solar PV systems depends on factors such as solar 

irradiance, temperature, panel orientation, and shading. Figure 2.3 illustrates how solar 

radiation reaches the Earth's surface. 
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Figure 2.3: Diagram for solar radiation [12]. 

CSP systems, on the other hand, use mirrors or lenses to concentrate solar energy onto a small 

area, generating high temperatures that drive steam turbines for electricity production. While 

CSP systems are adequate for large-scale power generation, they require significant land and 

infrastructure investments. Figure 2.4 illustrates the difference between solar PV and thermal 

systems. South Africa has excellent solar energy potential due to its high solar radiation levels. 

The country has already   as the Northern Cape. The continued expansion of solar energy could 

significantly reduce reliance on fossil fuels and improve energy security [13]. 
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Figure 2.4: Illustration of sun energy as  thermal energy or solar-PV systems [13]. 

2.3.2.1 Solar PV Systems  

Solar PV technology converts sunlight directly into electricity through the photovoltaic effect. 

A solar panel consists of multiple photovoltaic (PV) cells made from semiconductor materials, 

primarily silicon. When sunlight strikes these cells, the energy from photons excites electrons, 

creating an electric current. Figure 2.5 illustrates the photovoltaic effect, showing how 

electrons are transferred between the semiconductor layers, generating a continuous flow of 

electricity. 

 

Figure 2.5: Solar-PV cell [14]. 

A solar PV system consists of multiple photovoltaic cells combined to form a solar panel, and 

a group of solar panels arranged together creates a solar array. This hierarchical structure 

enables scalability, allowing PV systems to be tailored for residential, commercial, or large-
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scale utility applications. Figure 2.6 illustrates the transformation from individual solar cells to 

complete solar arrays. 

 

Figure 2.6: Configuration for the formation of Solar PV array [14]. 

Solar panels produce direct current (DC) electricity, which can be configured in series or 

parallel connections to achieve the desired voltage and current levels. The efficiency of a solar 

PV system depends on several external factors, including: 

• Climate and weather conditions – Rain, clouds, mist, dust, and fog can reduce solar 

radiation reaching the panels 

• Panel orientation and tilt angle – The angle and positioning of panels affect the amount 

of sunlight captured. 

• Shading effects – Shadows from buildings, trees, or other obstructions can significantly 

reduce panel output. 

• Solar radiation intensity – Higher solar irradiance leads to more significant power 

generation. 

• Ambient temperature – Excessive heat can decrease the efficiency of PV cells. 

There are three primary types of solar panels, each with distinct advantages and disadvantages. 

Table 2.1 presents a detailed comparison of these solar panel types. The choice of panel type 

depends on factors such as budget, space availability, and energy requirements. 

Solar PV systems can be categorised into two primary configurations: 

• Off-grid (standalone) systems: used in locations without access to the utility grid. These 

systems typically include battery storage to ensure continuous power availability. 

• Grid-tied systems: connected to the electrical grid, allowing users to export excess 

electricity while drawing power from the grid when needed. 
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Solar PV systems are generally more affordable and easier to install, making them suitable for 

residential and commercial use. However, solar thermal systems are highly efficient for large-

scale energy production, particularly for industrial applications requiring heat energy. Solar 

energy is a critical component of the transition to renewable energy. The choice between solar 

PV and solar thermal depends on specific energy needs, space availability, and budget 

constraints. With its abundant sunshine in South Africa, the expansion of solar energy projects 

presents a significant opportunity to reduce fossil fuel dependence, enhance energy security, 

and create a more sustainable power system. 

2.3.3 Tidal Power 

Tidal power is a form of renewable energy that harnesses the movement of ocean tides to 

generate electricity. This energy source is highly predictable and reliable since the gravitational 

interactions between the Earth, Moon, and Sun drive tides. Unlike wind and solar power, which 

are subject to weather variations, tidal energy benefits from consistent and cyclical tidal 

patterns, making it a promising renewable energy solution [18]. 

Tidal energy can be harnessed through two primary methods: 

• Tidal Barrages use dams or barriers to capture the potential energy of tides. 

• Tidal Stream Generators extract kinetic energy from moving tidal currents. 

These technologies have advantages and challenges, as discussed below. 

2.3.3.1 Tidal Barrage  

Tidal barrages are large dam-like structures built across the mouth of an estuary. They work by 

trapping seawater during high tide and releasing it through turbines during low tide, converting 

water movement into electricity. The process is similar to conventional hydroelectric power 

generation. Figure 2.8 illustrates a typical tidal barrage system. 

The electricity generation potential of a tidal barrage system depends on the tidal range the 

vertical difference between high and low tide. Locations with large tidal ranges are more 

suitable for tidal barrage power plants. The total energy that can be extracted from a tidal 

barrage is given by the (2.1) 

21

2
p A gH=                  (2.1) 

Where, 
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 A is the surface area of the barrage,  

 is the specific density of ocean water,  

g is the gravitational acceleration, and  

H is the tidal range at the site. 

 

Figure 2.8: Diagram of tidal barrage [18]. 

One of the key advantages of tidal barrages is their ability to generate significant amounts of 

electricity. However, they also have environmental and economic drawbacks, including: 

• High construction costs: building tidal barrages requires large-scale infrastructure 

investments. 

• Ecological disruption: barrages can alter estuarine ecosystems by changing water flow, 

sediment transport, and marine habitats. 

• Limited suitable sites: only locations with large tidal ranges and appropriate geography can 

support tidal barrages. 

Despite these challenges, some of the world's most successful tidal barrage plants, such as the 

La Rance Tidal Power Station in France, have demonstrated the long-term viability of this 

technology. 

2.3.3.2 Tidal Stream Generators 

Tidal stream generators, known as tidal turbines, function similarly to underwater wind 

turbines. They are placed in fast-moving tidal currents, where the kinetic energy of flowing 

water turns turbine blades, generating electricity. These turbines are anchored to the seabed 

and do not require considerable barriers or dams, making them a more environmentally friendly 

alternative to tidal barrages [19]. Tidal stream generators consist of the following key 

components, as illustrated in Figure 2.9: 

• Turbine rotor: Captures energy from moving water. 
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• Gearbox: Increases rotational speed for electricity generation. 

• Generator: Converts mechanical energy into electrical energy. 

• Underwater cable: Transmits power to the electrical grid. 

 

 

Figure 2.9: The significant components of tidal stream technologies [20]. 

Figure 2.10 illustrates a tidal stream generator, an energy conversion system that harnesses 

power from moving water masses, particularly tidal currents. The turbine rotor captures kinetic 

energy from the flowing water, with lower stream velocities resulting in reduced turbine 

speeds. The turbine shaft is connected to a gearbox to enhance efficiency, which increases 

rotational speed to optimise power generation. The gear train is linked to an electric generator, 

which converts mechanical energy into electrical energy. The generated electricity is 

transmitted to the power grid via an underwater cable, ensuring integration into the existing 

electrical infrastructure. 

.  

Figure 2.10: Tidal energy conversion system [19]. 
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Unlike tidal barrages, tidal stream systems take advantage of the kinetic energy of tidal currents 

rather than the potential energy of tidal height differences. Their energy output is determined 

by the velocity of water flow and the efficiency of the turbine blades. The power output of a 

tidal turbine can be calculated using (2.2). 

                  (2.2) 

where: 

P is the power generated, 

Cp is the power coefficient of the turbine, 

ρ is the density of seawater, 

A is the swept area of the turbine blades, 

V is the velocity of the tidal current. 

Tidal energy is one of the most predictable and reliable renewable energy sources. While tidal 

barrages offer high power output, they have significant environmental and economic 

challenges. Tidal stream generators, on the other hand, provide a more sustainable solution but 

require strong tidal currents for effective operation. In South Africa, tidal power remains 

largely unexplored, but with ongoing research and technological advancements, it could play 

a role in the country's future energy strategy. Investing in feasibility studies, pilot projects, and 

technology development could unlock the potential of tidal energy as part of a diversified 

renewable energy portfolio. 

2.3.4 Biomass 

Biomass energy is derived from organic materials, including plant matter, agricultural residues, 

forestry waste, and biodegradable municipal waste. It is one of the oldest energy sources used 

by humans, with applications ranging from traditional combustion for heating and cooking to 

modern biofuel production and electricity generation. Unlike fossil fuels, biomass is considered 

renewable, as it can be replenished through sustainable agricultural and forestry practices. 

However, its sustainability depends on responsible resource management and emissions 

control measures [21]. Biomass can be converted into energy through direct combustion, 

biochemical, or thermochemical processes. The conversion method choice depends on the 

biomass feedstock type and the desired energy output. Figure 2.11 illustrates various biomass 

energy sources. 
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Figure 2.11: Biomass energy sources [22]. 

There are both advantages and challenges of biomass energy, which are highlighted below: 

• Advantages 

• Renewable and carbon-neutral: Biomass absorbs CO₂ during growth, offsetting emissions 

from combustion. 

• Versatile energy applications: Biomass can be used for electricity, heating, transportation 

fuels, and industrial applications. 

• Reduces waste: Organic waste materials are repurposed for energy production, reducing 

landfill use. 

• Energy security: Biomass provides a local and sustainable alternative to fossil fuels, 

reducing dependence on imported energy. 

• Challenges 

• Land use and food security: Large-scale biomass production may compete with food crops, 

leading to deforestation and rising food prices. 

• Air pollution: Uncontrolled biomass combustion can release particulate matter and harmful 

pollutants. 

• Supply chain limitations: Biomass collection, processing, and transportation require 

infrastructure and investment. 

South Africa has significant biomass energy potential, with feedstocks including sugarcane 

waste, forestry residues, and agricultural by-products. The country has been exploring biomass-

to-electricity projects, particularly in rural areas where biogas digesters and waste-to-energy 
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plants can improve access to clean energy [23]. However, large-scale deployment remains 

limited due to high capital costs and policy uncertainties. 

2.3.5 Hydropower 

Hydropower, also known as hydroelectric power, is one of the oldest and most widely used 

renewable energy sources. It harnesses the energy of flowing or falling water to generate 

electricity. This process is achieved through hydroelectric power plants, which use turbines 

and generators to convert the kinetic energy of moving water into electrical energy. 

Hydropower is considered a clean, renewable, and reliable source of electricity, contributing 

significantly to global energy production [24, 25]. 

Hydropower plants are classified based on their design and how they utilise water resources. 

The main types include: 

1. Conventional Dams and Reservoirs 

These hydropower plants store water in a reservoir behind a dam. When electricity is needed, 

water is released from the reservoir and directed through turbines, generating power. This type 

of hydropower provides stable and consistent electricity generation. However, large-scale dams 

can have significant environmental and social impacts, such as disrupting ecosystems and 

displacing communities. Figure 2.12 illustrates a typical hydroelectric power plant. 

2. Run-of-River (ROR) Systems 

Run-of-river systems do not require large reservoirs. Instead, they divert a portion of a river’s 

flow through a turbine before returning it to the river downstream. These systems are 

considered more environmentally friendly than conventional dams because they do not involve 

large-scale water storage. However, their power generation depends on river flow, making 

them susceptible to seasonal variations. 

3. Pumped Storage Hydropower 

Pumped storage hydropower (PSH) operates as a grid energy storage system, helping to 

balance electricity supply and demand. During periods of low electricity demand, excess 

energy is used to pump water from a lower reservoir to an upper reservoir. When demand 

increases, the stored water is released to generate electricity. This system improves grid 

stability and integrates well with variable renewable energy sources such as solar and wind. 

4. Micro and Small Hydropower 

Micro and small hydropower plants generate power on a smaller scale, typically below 10 MW. 

They are often used for rural electrification in off-grid areas. These systems are cost-effective 
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and have minimal environmental impact, making them suitable for remote communities and 

small industries. 

 

Figure 2.12: The hydropower plant [25]. 

South Africa has limited large-scale hydropower resources due to its relatively low annual 

rainfall and few major rivers suitable for hydroelectric dams. However, small-scale and 

pumped storage hydropower is essential to the country’s energy mix. Some of the notable 

hydropower projects in South Africa include: 

• Gariep Dam (360 MW) – The largest hydroelectric plant in the country. 

• Vanderkloof Dam (240 MW) – Another central hydropower station supplying 

electricity to the national grid. 

• Drakensberg and Ingula Pumped Storage Schemes – Used to store energy and balance 

grid demand. 

With increasing focus on renewable energy diversification, South Africa is exploring the 

potential of micro-hydropower systems for rural electrification. These systems could provide 

sustainable energy solutions for off-grid communities, supporting economic development in 

remote areas [26]. 

2.3.6 Geothermal Power  

Geothermal power harnesses heat from the Earth’s interior to generate electricity or provide 

direct heating. This energy originates from radioactive decay and residual heat from the 

planet’s formation. Figure 2.13. is an illustration of a geothermal power plant. Unlike solar and 
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wind, geothermal energy offers a stable, continuous power supply with minimal carbon 

emissions. There are three types of geothermal power plants [27]: 

• Dry Steam Plants: Use naturally occurring steam from underground reservoirs to drive 

turbines. 

• Flash Steam Plants: Extract high-pressure hot water, which flashes into steam to generate 

power. 

• Binary Cycle Plants: Use moderate-temperature geothermal fluids to heat a secondary 

working fluid, which evaporates to drive a turbine [25]. 

 

Figure 2.13: Geothermal energy power plant [27]. 

Geothermal energy has the following advantages and challenges: 

• Advantages 

• Reliable & low emissions: Provides baseload power with minimal environmental 

impact. 

•  Efficient land use: Requires less space than wind or solar. 

• Challenges 

•  Geographic limitations: High-temperature reservoirs are needed for electricity 

generation. 

• High upfront costs: Drilling and exploration require significant investment [27]. 

South Africa has limited geothermal potential due to its geological conditions. However, hot 

springs in Limpopo, KwaZulu-Natal, and the Western Cape could support direct-use 

applications such as space heating and industrial processes. While large-scale electricity 
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generation is unlikely, further research and technological advancements could expand its role 

in the country’s renewable energy mix [27]. 

2.4 Hybrid Renewable Energy System 

A Hybrid Renewable Energy System (HRES) combines two or more renewable energy sources 

to enhance reliability, efficiency, and energy security. By integrating different energy sources, 

hybrid systems mitigate the intermittency of renewables such as solar and wind, ensuring a 

stable power supply [28]. HRES typically integrates solar, wind, biomass, hydro, or geothermal 

energy with energy storage or backup power sources. Standard configurations include [29]: 

• Solar-Wind Hybrid System: Utilizes solar PV during the day and wind power at night or 

in high-wind conditions. 

• Solar-Biomass Hybrid System: Solar PV supplies electricity, while biomass provides 

backup power during low solar availability. 

• Solar-Hydro Hybrid System: Hydropower compensates for solar energy fluctuations, 

ensuring continuous power generation. 

• Renewable-Diesel Hybrid System: Diesel generators are a backup when renewable 

sources are insufficient, commonly used in remote areas. 

The schematic diagram to illustrate hybrid renewable sources is shown in Figure 2.14. 

 

Figure 2.14: The schematic diagram of the solar and wind hybrid energy system [33]. 
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HRES has the following advantages and challenges [30]: 

• Advantages 

• Enhanced Reliability: Reduces dependence on a single energy source. 

• Higher Efficiency: Optimizes power generation by complementing variable 

resources. 

• Lower Carbon Emissions: Reduces reliance on fossil fuels. 

• Challenges 

•  High Initial Cost: Requires advanced energy management and storage systems. 

• Complexity: Requires integration planning and grid compatibility. 

Given South Africa’s abundant solar and wind resources, HRES offers a viable solution for 

off-grid electrification and reducing reliance on coal-fired power. Integrating solar, wind, and 

pumped hydro storage could significantly improve the country's energy security and grid 

stability. 

2.5. Traditional Power Systems 

Traditional power systems are centralised energy networks that generate electricity at large-

scale power plants and distribute it to consumers via high-voltage transmission and distribution 

networks. These systems primarily rely on fossil fuels (coal, oil, natural gas), nuclear power, 

and hydropower, with coal being the dominant source in many countries, including South 

Africa [31]. Figure 2.15 illustrates a schematic diagram of a traditional power system, showing 

its key components from generation to end-user delivery. 

 

Figure 2.15: Shows the schematic diagram of a traditional power system. 

A conventional power system consists of three main sections [31]: 

• Generation: Electricity is produced in thermal, nuclear, hydro, or gas power stations at 

high voltages. 
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• Limited Flexibility – Traditional grids are not optimised for integrating renewable 

energy sources 

Many countries, including South Africa, are transitioning from traditional centralised grids to 

modern, decentralised energy systems to address climate change, energy security, and grid 

inefficiencies. Integrating renewables, smart grids, and energy storage is helping to create more 

flexible, sustainable, and efficient power networks [31]. 

2.6 Distribution Network Configuration 

The distribution network delivers electricity from substations to end users, ensuring a reliable 

and efficient power supply. It is a critical part of the power system, bridging the gap between 

high-voltage transmission networks and consumers. The design and configuration of a 

distribution network influence power quality, system reliability, and operational efficiency 

[32]. A typical distribution network consists of the following components [32]: 

 

• Primary Distribution Network: Operates at 11 kV – 33 kV, transporting electricity from 

substations to feeders. 

• Feeders: Main lines that carry power to different locations within the network. 

• Distributors: Branch out from feeders to supply electricity to different areas. 

• Service Mains: Provide the final connection to residential, commercial, and industrial 

consumers. 

Figure 2.17 illustrates a schematic distribution network diagram showing how power is 

delivered from the substation to end-users. 
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networks offer better redundancy and fault tolerance. As South Africa modernises its power 

grid, transitioning to more resilient configurations will enhance system stability and efficiency. 

South Africa primarily uses a radial distribution network in rural areas due to its low cost and 

more straightforward design. In urban and industrial areas, a ring or interconnected system 

enhances reliability and minimises outages [32]. 

2.7.1 Loop Distribution Network  

A loop (ring) distribution network is an electrical distribution system where power flows in a 

closed-loop configuration. This design allows electricity to be supplied from multiple 

directions, enhancing reliability and fault tolerance compared to radial systems. Figure 2.18 

illustrates the structure of a loop distribution network, showing how power can be rerouted in 

case of a fault. 

 

Figure 2.18: Diagram illustrating a typical Loop distribution system [32] . 

From Figure 2.17, it is observed that the network consists of a continuous loop connecting 

substations and loads. Each consumer or distribution point can receive power from two or more 

directions. If a fault occurs at any point, the affected section can be isolated, and power can 

still be supplied from the alternate path. 

A loop distribution network offers enhanced reliability, load balancing, and fault management, 

making it ideal for densely populated and high-demand areas. While it comes with higher costs 

and operational complexity, its benefits outweigh these challenges in regions requiring 

uninterrupted power supply. Loop distribution networks are commonly used in urban and 

industrial areas, where high power reliability and quality are essential. In South Africa, loop 

networks are employed in business districts, industrial zones, and regions with critical power 

demands, ensuring uninterrupted supply in case of localised faults [33]. 
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2.7.2 Radial Distribution Network  

A radial distribution network is the most straightforward and commonly used electrical 

distribution system, particularly in rural and suburban areas. In this configuration, power flows 

in one direction from the substation to consumers, with each feeder supplying electricity to 

multiple distribution points. Figure 2.19 illustrates a typical radial distribution network, 

showing its straightforward structure and power flow. 

 

Figure 2.19: Diagram illustrating a radial distribution system [32]. 

Figure 2.18 shows that power originates from a single substation and is distributed through 

main feeders to different loads. Each consumer or distribution point is connected to only one 

power source, meaning a fault on a feeder affects all downstream customers. Power flow is 

unidirectional, simplifying control and protection compared to loop or mesh systems [34]. 

Radial distribution networks require fewer components, making them cheaper to install and 

maintain. The network can be easily extended to accommodate new loads. It is efficient for 

low-density areas with lower power demand. However, a fault on a feeder cuts off supply to 

all consumers downstream, making the network less reliable. The Power quality decreases over 

long distances, affecting end users, and there are no alternative supply routes in case of failures, 

requiring longer repair times [35]. 

2.7.3 Parallel Feeders Distribution System 

A Parallel Feeders Distribution System is a configuration where multiple feeders run in parallel 

from the substation to the load centres, ensuring higher reliability and improved power supply 

capacity. This system is commonly used in areas with high power demand, such as industrial 

zones, commercial districts, and metropolitan areas. Figure 2.20 illustrates a typical parallel 

feeder distribution system.  Multiple feeders originate from the same or different substations 
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and supply power to the same area or critical loads. If one feeder fails, power can be rerouted 

through an alternate feeder, minimising outages. The network is used to balance load 

distribution and prevent overloading of a single feeder. 

 

Figure 2.20: Diagram illustrating a parallel feeder distribution system [32]. 

A parallel feeder distribution system provides enhanced reliability, load balancing, and 

redundancy, making it ideal for high-demand areas. While it requires higher investment and 

operational complexity, its ability to minimise power disruptions makes it a valuable solution 

for critical infrastructure and economic hubs. Major cities like Johannesburg and Cape Town 

in South Africa utilise parallel feeders to ensure continuous power supply to essential services 

and businesses. 

2.8 Distributed Generation 

Distributed Generation (DG) refers to small-scale electricity generation that occurs near the 

point of consumption, reducing the need for long-distance power transmission. Unlike 

centralised power plants, which generate electricity at a large scale and distribute it via high-

voltage transmission lines, DG systems are typically connected to the distribution network or 

serve individual consumers directly. Figure 2.21 illustrates the concept of distributed 

generation and its integration into the grid. 

 

Figure 2.21: Distributed Generation Technologies [36]. 
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Various professional organisations define DG based on size, location, and grid integration. The 

International Energy Agency (IEA) defines DG as generating plants supplying a customer on-

site or supporting the network at distribution voltage levels [32]. The Institute of Electrical and 

Electronics Engineers (IEEE) describes DG as electricity generation from smaller units than 

centralised plants, capable of interconnection at almost any point in a network [37]. Despite 

differences, all definitions emphasise DG’s decentralised nature and proximity to consumers. 

The characteristics and structure of DG systems are [37, 38] 

• Location: DG units are positioned close to end-users, reducing transmission losses and 

enhancing grid efficiency. 

• Grid Connection: Can operate grid-tied (integrated with the primary grid) or off-grid 

(standalone systems). 

• Scale: Typically ranges from a few kilowatts (kW) to several megawatts (MW), serving 

residential, commercial, or industrial consumers. 

• Energy Sources: Can be powered by renewables (solar PV, wind, biomass, small hydro) 

or conventional sources (gas turbines, diesel generators). 

DG technologies can be classified into three categories, as shown in Figure 2.22:  

• Renewable DG Sources: These include wind turbines, solar photovoltaic (PV), small 

hydropower, and biomass systems. 

• Non-renewable DG Sources: Include diesel generators and fuel cells. 

• Energy Storage Systems (ESS): Batteries and other storage technologies that enhance grid 

stability and reliability. 
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Figure 2.22: Classification of distributed generation technologies [38]. 

DG units can operate in two main configurations [38, 39]: 

• Islanded Mode: The DG unit functions independently, supplying off-grid power to a 

specific site or community. 

• Grid-Connected Mode: The DG unit is integrated with the primary grid at sub-

transmission or distribution levels, allowing surplus power to be exported 

2.8.1 Integration of DGs into the Distribution Network  

Due to advancements in various DG technologies, DG technologies are expected to play a vital 

role in future energy generation. The International Energy Agency (IEA) highlights several key 

factors driving the increased adoption of distributed generation (DG) [40]:  

• Technological advancements in DG systems. 

• Growing demand for reliable electricity from consumers. 

• Liberalization of electricity markets, allowing more competition. 

• Climate change concerns, prompting a shift away from fossil fuels. 

• Restrictions on new transmission line construction due to costs and land-use constraints. 

• Uncertainty in fuel costs, increasing interest in energy diversification. 

Solar PV and wind power deployment have grown significantly, making their optimal 

integration into the grid a key focus in the renewable energy industry. Besides their role as 
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clean energy sources, grid-connected solar and wind DG systems offer the following benefits 

[41]: 

• Improved Power Quality (PQ): Enhances voltage stability and reduces network 

disturbances. 

• Reduced Active Power Losses: Minimizes energy dissipation in the system. 

• Enhanced Reliability: Provides additional power sources to support the grid during peak 

demand. 

Among DG technologies, solar PV has a significant global footprint due to its inexhaustible 

energy source and environmental benefits. Similarly, wind energy has experienced rapid 

growth due to its potential to alleviate energy crises and its clean, renewable nature [42]. 

However, integrating DG into existing power networks introduces several challenges; existing 

grids may need upgrades to accommodate DG connections. Voltage regulation, frequency 

control, and system stability must be managed, and poor Power Quality (PQ) can negatively 

affect network loads, leading to voltage fluctuations, harmonic distortion, and grid instability 

[43]. Despite these challenges, DG is transforming modern power systems, enhancing energy 

security, reducing transmission losses, and promoting renewable energy adoption. While 

technical and regulatory challenges exist, DG remains a key solution for a more resilient, 

decentralised, and sustainable energy future in South Africa and globally. 

2.9 Power Quality  

The increasing demand for electricity and technological advancements have made power 

quality (PQ) a critical concern for modern electrical systems [44]. Utilities face significant 

challenges in ensuring a stable and high-quality power supply due to various factors, many of 

which are influenced by integrating new technologies. Several key aspects drive the importance 

of PQ. As society becomes more dependent on electrical power, even minor disruptions can 

have severe economic consequences, particularly for industrial customers where a short outage 

may result in substantial financial losses. Prolonged interruptions can affect nearly all aspects 

of modern society, emphasising the need for a stable and reliable power supply. 

Furthermore, most industrial and residential processes now rely on electrical equipment that is 

highly sensitive to variations in power quality. The increasing use of sophisticated electronic 

devices, including those used in continuous-process industries and information technology 

systems, has heightened the demand for high-quality electrical power. Poor PQ can 
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significantly impact these devices' efficiency and operational life, leading to costly downtime 

and maintenance [44]. Additionally, the widespread adoption of power electronic devices such 

as variable speed drives, inverters, and computers has necessitated stricter compliance with PQ 

standards outlined in grid codes to prevent adverse effects on network performance. 

The growing penetration of distributed generation (DG) systems, particularly those based on 

wind and solar energy, has also contributed to PQ challenges. The intermittent nature of these 

renewable energy sources results in fluctuating power outputs, which can introduce voltage 

and current disturbances in the grid. DG technologies utilise power electronic devices to ensure 

effective integration, which, while improving grid compatibility, also increases the likelihood 

of voltage and current harmonic distortions [45]. 

2.9.1 Frequency Variations 

Frequency stability is a fundamental requirement for maintaining PQ in power systems. While 

frequency variations are relatively rare in well-regulated utility grids, they can occur in systems 

with inadequate infrastructure, high penetration of power electronics, or overloaded generation 

sources. Voltage source converters, commonly used in power systems, can cause frequency 

deviations due to their harmonic emissions. In weak power networks, frequency variations can 

become more pronounced, mainly when generators operate under high loads  [46]. 

The permissible frequency ranges vary depending on regional grid codes and standards. 

According to the IEEE Standard 1547, the acceptable frequency range for electrical distribution 

systems is between 59.3 Hz and 60.5 Hz [47]. However, the South African grid code specifies 

an operating frequency range of 49 Hz to 51 Hz for all DG categories, with the nominal system 

frequency set at 50 Hz. This slight difference reflects regional operational standards tailored to 

local grid conditions [48]. Addressing frequency variation issues requires identifying sources 

of instability, upgrading power infrastructure, and implementing advanced frequency control 

mechanisms within DG systems [46]. 

2.9.2 Harmonics 

The increased use of power electronic converters in modern electrical networks has increased 

harmonic distortions, negatively impacting PQ. Harmonics refer to voltage and current 

waveforms that deviate from their ideal sinusoidal shape due to multiple frequencies of the 

fundamental system frequency. In the case of South Africa, where the fundamental frequency 
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is 50 Hz, harmonics manifest as unwanted components that alter the waveform, reducing 

system efficiency and increasing losses [49]. 

Power electronic converters used in DG systems, particularly those interfacing wind and solar 

PV generators with the grid, are significant sources of harmonics. Other contributors include 

semiconductor-based switching devices and nonlinear loads such as motor drives, LED 

lighting, and uninterruptible power supply (UPS) systems [49]. The adverse effects of 

harmonics extend across the entire power network, from generation and transmission to 

distribution and end-user equipment. These effects include increased transformer and motor 

heating, waveform distortion leading to inefficient energy usage, and overloading of neutral 

conductors [49]. 

Regulatory bodies have established limits on harmonic distortion levels to mitigate their impact 

on power systems. According to IEEE Standard 1250, the maximum allowable Total Harmonic 

Distortion (THD) varies by voltage level [49]. 

≤ 5% at 2.3 kV - 69 kV 

≤ 2.5% at 69 kV - 138 kV 

≤ 1.5% above 138 kV 

Harmonic mitigation strategies include passive and active filters, optimised power electronic 

designs, and network-wide compensation techniques to improve PQ [50]. 

2.9.3 Voltage Fluctuations 

Voltage fluctuations occur due to continuous or intermittent variations in voltage levels, often 

resulting from sudden changes in power demand or the integration of renewable energy 

sources. These fluctuations can degrade PQ by affecting the stability and efficiency of electrical 

networks. The variability of wind speeds directly impacts the voltage output of wind energy 

conversion systems (WECS), while solar PV systems experience fluctuations based on changes 

in solar irradiance. Such inconsistencies can lead to voltage profile instability, negatively 

affecting network operators and end-users [42, 51]. 

Voltage fluctuations are classified based on their duration. Long-duration variations persist for 

over one minute and may manifest as over or undervoltage. Overvoltage occurs when the root 

mean square (RMS) AC voltage exceeds 110% of the nominal system voltage for an extended 

period. In comparison, undervoltage occurs when RMS AC voltage drops below 90% of the 
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nominal voltage [42]. Common causes of long-duration variations include excessive load 

demand, system overloading, and switching operations within the network [46]. 

Short-duration voltage variations, on the other hand, last between 0.5 AC cycles and one 

minute. The energisation of large electrical loads with high starting currents, transformer inrush 

currents, or loose conductor connections often causes these. Unlike harmonics and steady-state 

waveform distortions, which persist for each cycle, short-duration variations typically result 

from transient disturbances in the system [46]. 

Mitigating voltage fluctuations requires deploying voltage regulation devices such as tap-

changing transformers, automatic voltage regulators, and static VAR compensators. Advanced 

power system monitoring techniques, including innovative grid technologies, enable real-time 

voltage control and improve network stability. Proper system planning, incorporating robust 

network design and renewable energy forecasting, can further enhance voltage stability and 

reduce PQ issues associated with DG integration [46]. 

The increasing reliance on DG and power electronic devices has introduced new challenges in 

maintaining PQ. Frequency variations, harmonic distortions, and voltage fluctuations present 

challenges to grid stability, equipment performance, and energy efficiency. Effective 

regulatory compliance, system upgrades, and advanced PQ monitoring technologies are 

essential for maintaining a stable and reliable power system [42, 51]. 

2.10 Grid Code for Renewable Energy Integration 

The grid code establishes a comprehensive set of technical, operational, and safety 

requirements for integrating renewable energy sources into the power system. As DG 

penetration increases, ensuring compatibility between intermittent renewable energy sources, 

such as solar PV and wind energy, and the existing grid infrastructure becomes critical in 

maintaining power system stability and reliability. The grid code defines the conditions under 

which renewable energy plants connect, operate, and interact with the utility grid, ensuring that 

these systems do not negatively impact power quality, grid security, or overall system stability 

[52]. 

The primary objectives of the grid code for renewable energy integration include [53]: 

• Ensuring the safe and stable operation of the power system when integrating renewable 

energy sources. 
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• Defining the technical requirements for connecting DG units to the grid, including voltage 

and frequency regulations. 

• Establishing performance standards for renewable energy generation, such as reactive 

power control and fault ride-through capability. 

• Protecting grid infrastructure from disturbances caused by variable renewable energy 

generation. 

• Facilitating fair and transparent market participation for renewable energy generators [53]. 

The grid code classifies DG units into different categories, each with specific requirements for 

grid integration. Table 2.5 summarizes the grid code requirements for each DG category. Grid-

connected renewable energy systems must comply with technical and operational requirements 

outlined in national and international grid codes. These requirements cover voltage and 

frequency control, power factor regulation, fault ride-through capability, and power quality 

standards. 

Table 2.5: The summary of grid code requirements for each DG category [40]. 

Category A1 A2 A3 B  C 

Output power [KVA] 0 – 13.8 13.8 -

100 

100 -1000 >1000 -

20000 

 >20000 

Voltage level LV MV  MV/HV 

Operating frequency  49-51Hz 

Operating voltage range -15 to + 10%  ±5% 

Operating power range  20 -100% 

Low voltage ride through 60% for 0.15s  0% for 0.15s 

High voltage ride through N/A  120% for 2s 

Power factor operating 

range (leading and 

lagging) 

0.95 0.975  0.95 

 

Renewable energy sources must operate within specified frequency limits to prevent instability 

in the power network. In South Africa, the nominal system frequency is 50 Hz, with grid code 

regulations requiring DG units to remain operational within an allowable range depending on 

their category. Figure 2.23 illustrates the acceptable frequency ranges of DG units during a 

frequency disturbance. The frequency tolerance requirements ensure that DG units remain 
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connected during minor frequency deviations while disconnecting safely during major 

disturbances to prevent cascading failures in the grid [54]. 

 

Figure 2.23: The acceptable frequency ranges of DG units during a frequency disturbance 

[52]. 

Voltage ride-through (VRT) capability ensures that DG units can withstand temporary voltage 

disturbances without immediate disconnection. The grid code defines specific VRT 

requirements based on the category of the DG unit. For low and medium voltage DG units 

(Categories A1 and A2), the ride-through capability is limited, meaning they may disconnect 

sooner during significant voltage disturbances. Figure 2.24 illustrates the VRT capability for 

these DG units. 

 

Figure 2.24: Voltage-ride-through capability of DGs in category A1 and A2 [52]. 
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For high voltage and extra-high voltage DG units (Categories A3, B, and C), the grid code 

mandates stricter VRT requirements. These DGs must remain connected during transient 

voltage dips and support system recovery. Figure 2.25 depicts the VRT capability of these DG 

technologies [52]. 

 

Figure 2.25: Voltage-ride-through capabilities for the DG technologies of category A3, B and 

C [52]. 

By enforcing VRT requirements, the grid code ensures that DG units contribute to system 

stability rather than exacerbating voltage disturbances [55]. To maintain grid voltage stability, 

renewable energy generators must support reactive power compensation. The grid code 

specifies that DG units must operate at a power factor close to unity (1.0) or within a prescribed 

range (e.g., 0.95 lagging to 0.95 leading). Larger DG plants are also required to participate in 

voltage regulation by adjusting reactive power output [56]. 

Renewable energy generators must adhere to harmonic distortion limits, flicker levels, and 

voltage fluctuation constraints to prevent PQ issues. The grid code mandates compliance with 

IEEE Standard 519, which specifies maximum allowable total harmonic distortion (THD) 

based on voltage level. Excessive harmonics from power electronic converters used in wind 

and solar systems can lead to waveform distortions, negatively impacting both grid stability 

and end-user equipment [57]. 

In South Africa, the Grid Connection Code for Renewable Power Plants (RPPs) defines the 

technical and operational standards for renewable energy integration. This grid code applies to 

all wind, solar PV, biomass, and hydroelectric plants connected to the national grid at 

transmission or distribution voltage levels. Key compliance requirements include: 

• Voltage and frequency regulation to maintain grid stability. 

• Reactive power and power factor control to support voltage regulation. 
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• Fault ride-through capabilities to prevent widespread system instability. 

• Harmonic distortion limits to maintain power quality. 

Grid codes for renewable energy integration play a crucial role in ensuring the stability, 

reliability, and efficiency of modern power networks. By defining requirements for frequency 

tolerance, voltage ride-through, reactive power control, and power quality compliance, these 

codes help maintain grid security and accommodate increasing levels of distributed generation.  

2.11 Reliability of Distribution Systems Integrated with DGs 

The reliability of a distribution system refers to its ability to deliver continuous and stable 

power to consumers while minimizing outages and disruptions. With the increasing integration 

of DG, assessing and improving the reliability performance of modern distribution networks 

has become a critical concern. DGs, particularly solar PV and wind power, offer advantages 

such as reducing transmission losses, supporting peak demand, and enhancing energy security. 

However, their intermittent nature and grid integration challenges necessitate careful planning 

and system reliability analysis [53].   

The integration of REs introduces several technical, operational, and economic challenges to 

distribution system reliability. These challenges can be categorized into four key areas, as 

illustrated in Figure 2.26. 

 

Figure 2.26: Classification of potential challenges in integration of Res [53]. 
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The major challenges affecting reliability include power quality issues, protection system 

coordination, grid stability concerns, and operational uncertainties [58]. Addressing these 

challenges is essential to ensure that DG-integrated networks maintain high reliability levels 

while accommodating increasing shares of renewable energy. Integrating DG into a 

distribution network significantly affects reliability metrics by influencing power availability, 

fault response, and system performance. The effects of DG penetration on system reliability 

can be categorized into positive and negative impacts: 

• Positive Impact: 

• DG integration enhances reliability by reducing transmission constraints and improving 

voltage stability, especially in remote areas with weak grid infrastructure.  

• By supplying power closer to the demand centers, DGs help reduce dependency on 

long-distance transmission lines, thereby minimizing transmission losses and voltage 

drops.  

• Additionally, during grid outages, DGs operating in island mode can maintain power 

supply to critical loads, improving system resilience. 

• Negative Impact: 

• DG integration also presents challenges that may compromise reliability.  

• The variability of solar and wind power leads to fluctuating power outputs, which can 

cause voltage instability, frequency deviations, and power quality disturbances.  

• Moreover, uncoordinated DG penetration may lead to reverse power flow issues, 

requiring advanced protection and control strategies. 

The reliability of a distribution network is typically evaluated using quantitative reliability 

indices. The commonly used indices include: 

• System Average Interruption Frequency Index (SAIFI): Measures the average 

number of power interruptions per consumer per year. A lower SAIFI indicates better 

reliability. 

• System Average Interruption Duration Index (SAIDI): Represents the total duration 

of power interruptions per consumer per year. It highlights the severity of outages. 

• Customer Average Interruption Duration Index (CAIDI): Provides the average 

duration of an outage experienced by consumers. 

• Average Service Availability Index (ASAI): Measures the percentage of time the 

system is available to consumers. 
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• Expected Energy Not Supplied (EENS): Quantifies the amount of energy lost due to 

system failures. 

The presence of DGs can influence these indices positively or negatively, depending on their 

location, dispatchability, and reliability. Proper DG placement can reduce SAIFI and SAIDI 

values, whereas poor DG integration may lead to frequent voltage violations and system 

instability [59]. To improve reliability in DG-integrated distribution networks, the following 

strategies can be adopted: 

1. Optimized DG Placement and Sizing 

Proper placement and sizing of DG units ensures they provide maximum reliability benefits by 

reducing feeder congestion and enhancing voltage profiles. 

2. Energy Storage Systems (ESS) 

Integrating battery energy storage systems (BESS) with DGs mitigates the intermittency of 

solar and wind power, thereby ensuring continuous power supply during low-generation 

periods. 

3. Advanced Protection Schemes 

Traditional overcurrent protection devices may not function effectively in bidirectional power 

flow scenarios. Upgrading to adaptive protection systems helps mitigate false tripping and 

miscoordination issues. 

4. Microgrid Implementation 

The formation of microgrids, where DG units operate autonomously during main grid failures, 

enhances the self-sufficiency and resilience of distribution networks. 

5. Smart Grid Technologies 

Deploying real-time monitoring, automated fault detection, and intelligent switching systems 

allows proactive fault prevention and faster restoration of supply. 

2.12 Conclusion 

In South Africa, the reliability of distribution systems is a major concern due to aging 

infrastructure, load shedding, and increasing renewable energy penetration. The reliability of 

distribution networks integrated with DGs depends on various factors, including DG 

placement, power output stability, and system protection coordination. While DGs can enhance 

reliability by reducing transmission losses and providing backup power, they also introduce 

challenges such as voltage instability and intermittent generation. Implementing advanced 

control strategies, energy storage solutions, and smart grid technologies can significantly 
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improve system reliability, ensuring a stable and resilient power supply, particularly in regions 

with high renewable energy penetration. 
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Chapter 3 

Numerical Modelling  

This chapter presents an in-depth discussion on power system reliability, emphasizing the 

impact of distributed generation (DG) integration. The chapter outlines reliability indices, 

evaluation techniques, modelling approaches, and optimization techniques for DG placement. 

Various methodologies, including Markov models, Monte Carlo simulations, Failure Mode and 

Effect Analysis (FMEA), and Newton-Raphson load flow analysis, are explored. Furthermore, 

the modelling of solar PV and wind energy conversion systems is presented, along with Particle 

Swarm Optimization (PSO) for optimal DG placement. 

3.1 Power System Reliability 

Power system reliability refers to the ability of an electrical network to consistently deliver 

power without unexpected failures or service interruptions. As energy demand grows, 

distribution networks face increasing challenges in maintaining stable power supply, 

particularly with the integration of renewable energy-based DG. Ensuring a reliable 

distribution network requires proper DG planning, grid reinforcement, and advanced 

optimization techniques [60]. Figure 3.1 illustrates a typical power system network from the 

point of generation to the end-user. 

 

Figure 3.1: Typical power system  [61]. 



 

46 

 

The fundamental objective of distribution systems is to provide electricity to consumers. 

However, the integration of DG units, particularly renewable energy-based DGs, alters the 

operational characteristics of distribution networks due to bidirectional power flows. If 

improperly sized or located, DGs can introduce power losses, voltage fluctuations, and stability 

issues. Therefore, effective DG planning, sizing, and placement are crucial to ensuring a stable, 

efficient, and reliable power distribution system  [61]. 

The global demand for electrical power is rapidly increasing, whereas generation capacity is 

expanding at a slower pace. One approach to bridging this gap is the deployment of DGs near 

load centres. The integration of DGs provides multiple benefits, including loss reduction, 

voltage profile enhancement, and improved system reliability. Additionally, DGs help reduce 

operational costs, are easier to install, and have lower capital investment requirements 

compared to conventional power plants [60]. Despite these benefits, the high penetration of 

DGs introduces challenges such as reverse power flow, voltage rise and increased operational 

complexity. To maintain system stability and reliability, it is essential to perform reliability 

assessments and adopt optimal DG placement strategies that minimize power losses, improve 

voltage stability, and enhance overall grid performance. 

3.2 Reliability Indices 

Reliability assessment is fundamental to evaluating power system performance. Power supply 

interruptions occur due to component failures, and reliability indices are used to quantify the 

frequency, duration, and severity of these interruptions [62]. Reliability indices are categorized 

into Load Point Reliability Indices and System Reliability Indices. 

3.2.1 Load Point Reliability Indices 

These indices assess reliability at specific load points in the distribution network. The 

commonly used indices include: 

• Failure rate (λ): Probability of a component failing over a specific period. 

The reliability index is assessed as the probability of failure occurrence during a specific 

period for load point [62]. This index is the load point average interruptions caused by 

system components failure in a period, and is evaluated with (3.1) [62]:  

    
1

N

i

i

 
=

=                     (3.1) 
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Where, 

 𝜆 is the failure rate of the series components from the source point to load point and i is the 

failure rate of the 
thi component.  

• Average outage time (U): The expected total outage time per load point per year. 

This index is the average interruption time of load point in a specific period [63]. This index 

reflects average customer interruption hours in a period. The higher this value, the less 

reliable the system supplies power to this load point. The average interruption time of a 

network composed of N components with series structure can be given by (3.2) [63]. 

      
1

N

i i

i

U r
=

=                              (3.2) 

Where, 

ir is average restoration time of network component 
thi and U is the corresponding repair time. 

• Average interruption duration time (r): The mean time required to restore service after 

an outage. For a network composed of N components with series structure, the average 

interruption duration time can be evaluated with (3.3) [63]: 
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3.2.2 System Reliability Indices 

System reliability indices quantify the overall power supply reliability of a distribution system. 

These indices are widely used, primarily focusing on customer satisfaction. Some indices are 

presented in pairs, where the "System" (S) variant represents an average across all customers, 

while the "Customer" (C) variant applies only to affected customers, those who experienced at 

least one interruption [64] . These indices are typically calculated over a defined period, usually 

a year. Common reliability indices include the System Average Interruption Frequency Index 

(SAIFI), System Average Interruption Duration Index (SAIDI), Customer Average 

Interruption Frequency Index (CAIFI), Customer Average Interruption Duration Index 

(CAIDI), and Average Service Availability Index (ASAI). 

• The System Average Interruption Duration Index (SAIDI) is a widely used metric for 

assessing the average duration of power interruptions experienced by customers. It 
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quantifies the total duration of sustained interruptions per customer over a one-year period 

[64]. SAIDI is calculated using (3.4) [63]:  

 

SAIDI = 
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑖𝑛𝑡𝑒𝑟𝑟𝑝𝑡𝑒𝑑 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑠𝑒𝑟𝑣𝑒𝑑
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• System Average Interruption Frequency Index (SAIFI) represents the average number 

of power interruptions per customer. It quantifies the frequency of sustained interruptions 

that customers experience over a one-year period [63]. SAIFI is calculated (3.5) [63]: 

 

SAIFI =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑖𝑛𝑡𝑒𝑟𝑟𝑝𝑡𝑒𝑑.

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑠𝑒𝑟𝑣𝑒𝑑
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Where, 

iN  is number of customers per load point. 

• The Customer Average Interruption Frequency Index (CAIFI) represents the average 

number of interruptions experienced by customers who encountered at least one 

interruption during the analysis period. It is calculated by dividing the total number of 

interruptions by the total number of affected customers within the analysed system as 

indicated in (3.6) [63]. This index provides insight into the reliability of service for 

impacted customers. 

 

CAIFI =
 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑖𝑛𝑡𝑒𝑟𝑟𝑝𝑡𝑒𝑑.

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑠𝑒𝑟𝑣𝑒𝑑 𝑤ℎ𝑜 ℎ𝑎𝑑 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛
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• The Customer Average Interruption Duration Index (CAIDI) represents the 

average duration of power outages experienced by affected customers. It indicates the 
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typical time required to restore service after an interruption. CAIDI is calculated using 

(3.7) [63]. 

CAIDI = 
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑖𝑛𝑡𝑒𝑟𝑟𝑝𝑡𝑒𝑑 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑒𝑑.
                

1

1

N

i i

i

N

i i

i

U N
SAIDI

CAIDI
SAIFI

N

=

=

= =



                 (3.7) 

• The Average Service Availability Index (ASAI) measures the percentage of time an 

electric power system successfully supplies service compared to the total requested hours. 

It reflects the probability of all loads being served within a given period and is calculated 

with (3.8) [63]. 

      ASAI =  
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 ℎ𝑜𝑢𝑟𝑠 𝑜𝑓 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑠𝑒𝑟𝑣𝑖𝑐𝑒

𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 ℎ𝑜𝑢𝑟𝑠 𝑑𝑒𝑚𝑎𝑛𝑑
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• Expected Energy Not Supplied (EENS) quantifies the total amount of energy expected to 

be undelivered to loads due to interruptions, using (3.9) [63]. 

EENS = 
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑛𝑜𝑡 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑠𝑒𝑟𝑣𝑒𝑑.
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3.3 Reliability Evaluation Techniques 

This section outlines commonly used reliability evaluation methodologies for power 

distribution systems. Reliability can be assessed using two main techniques: analytical and 

simulation methods: 

Analytical methods involve mathematical models and probabilistic calculations to estimate 

system reliability indices. These models provide approximate solutions, particularly in 





 

51 

 

• Partially Observable Markov Decision Processes (POMDPs): Suitable for systems 

where both control actions and uncertainty in state observations exist  

 

3.3.2 Reliability Evaluation Techniques: Simulation 

3.3.2.1 Monte Carlo Simulation 

Monte Carlo simulation is one of the most widely used techniques in power system reliability 

analysis. This method randomly samples possible system states and evaluates performance 

over multiple iterations to generate probabilistic reliability indices. It is useful for modeling 

complex systems with multiple failure modes and uncertainties [65]. The technique provides 

accurate estimates for failure rates, downtime, and energy not supplied (EENS). 

There are two types of Monte Carlo simulation methods: Non-Sequential Methods and 

Sequential Methods. 

Non-Sequential Methods 

The non-sequential Monte Carlo method simulates system states randomly over its lifespan 

without considering time progression. The service period is reproduced multiple times to obtain 

statistically reliable averages. System states depend on the combination of component states, 

determined probabilistically. Two main non-sequential techniques are used in power system 

reliability evaluation [65]: 

State Sampling Approach 

• System states are obtained by randomly sampling component states without considering 

event chronology. 

• A random number generator determines component states (up/down) based on forced 

unavailability. 

• If an abnormal state occurs, load curtailment is assessed. 

• The process is repeated until statistical variation falls below a threshold. 

• This method cannot accurately determine frequency indices. 

State Transition Sampling Approach 

• System indices are calculated based on system state transitions rather than component 

states. 

• The initial state assumes all components are operational (up state). 

• Component state transitions trigger system state transitions assessed using random number 

generation. 
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• A long sequence of transitions is required for accurate index evaluation. 

• The process stops when statistical variation meets a predefined criterion. 

• This method is more time-consuming but provides accurate frequency indices. 

Sequential Monte Carlo Simulation 

In this method, chronological state transitions are generated for all components based on their 

state duration distribution functions. Unlike non-sequential techniques, sequential Monte Carlo 

considers the time-dependent behaviour of components. Any type of distribution function can 

be applied. The procedure for Reliability Evaluation follows [66]: 

• The initial state of each component (up/down) is assumed. 

• Chronological state sequences for each component are determined. 

• The system state sequence is obtained by combining individual component states. 

• Reliability indices are computed based on the system state transitions. 

• Steps (1–4) are repeated until the coefficient of variation for a specified index meets the 

criterion. 

This method provides accurate frequency indices but requires significant computational time 

and memory. It also depends on detailed component state duration distributions. In this study, 

the Monte Carlo simulation algorithm was applied to the test distribution network using the 

sequential Monte Carlo method. 

3.4 Failure Mode and Effect Analysis (FMEA) 

Failure Mode and Effect Analysis (FMEA) is a structured approach for identifying potential 

failure modes in a system and evaluating their consequences. This technique allows engineers 

to prioritize failure modes based on severity, frequency, and detectability [67]. 

3.4.1 Classes of FMEA analysis  

• Design Failure Mode and Effects Analysis (DFMEA): Focuses on potential failures in 

system design before implementation. 

• Process Failure Mode and Effects Analysis (PFMEA): Evaluates potential risks associated 

with operational processes. 

• Functional Failure Mode and Effects Analysis (FFMEA): Assesses failure modes in terms 

of system functionality and performance. 
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3.5 Load Flow Analysis: Newton-Rapson Technique 

Load flow analysis is essential for evaluating voltage profiles, power losses, and system 

stability. Among various techniques shown in Table 3.2, the Newton-Raphson (NR) method is 

widely preferred due to its high accuracy and fast convergence . Unlike other methods, the NR 

method effectively handles non-linear load flow equations with fewer iterations, making it 

suitable for large-scale power systems [68]. 

Table: 3.2 Comparison of the Load Flow Methods 

Load flow method Speed Accuracy Solution Robustness 

Gauss-Seidel Very Slow Approximate Robust 

Newton Raphson Slow Accurate Robust 

Fast Decoupled Fast Accurate Less Robust 

 

The NR method transforms non-linear equations into linear ones, solving them efficiently using 

iterative techniques. Its convergence is independent of the number of buses, requiring fewer 

iterations for power flow calculations [69]. NR’s characteristic graph is shown in Figure 3.3. 

 

Figure 3.3: Newton-Raphson characteristic graph [70] . 

The NR method applies Taylor series expansion to approximate solutions iteratively. Given a 

non-linear function f (x), the iterative solution follows [70]: 

( ) 0f x =                   (3.10) 

Since ( )f x  is non-linear direct solutions are not possible, requiring an iterative approach 

(3.11) [71]. 
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0 0x x x= +                                         (3.11) 

The function is rewritten as shown in (3.12) and expanded using the Taylor series (3.13)- 

(3.14). 

0 0( ) 0f x x+  =                  (3.12) 
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Where, 

' 0 0( ),....... ( )nf x f x are the derivatives of ( )f x     

If the difference between iterations is small, higher-order terms are neglected, resulting in a 

linearized form (3.15) [72]. 

0 0 0( ) '( ) 0f x f x x+  =                  (3.15) 

The initial solution is derived using (3.16), and the new solution is obtained iteratively as shown 

in (3.17). 
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The iterative equation follows (3.18), and this process continues until the error is within a 

predetermined tolerance. 

1k k kx x x+ = +                              (3.18) 
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= −  

For a set of non-linear equations, the general solution is given by (3.19) [73]. 

( ) ,K K KF X J X= −   and 1K K KX X X+ = +                                      (3.19) 

Where, 

J is the Jacobian matrix, containing all derivative elements. 
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The NR method can be implemented using either rectangular or polar coordinates for load flow 

analysis. 

Rectangular Coordinates: 

The general power flow equation, along with voltage, active, and reactive power equations, is 

given by (3.20)-(3.22) [74]. 

*

i i iV e jf= +                                                    (3.20) 
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Where, 

ijG  and ijB  refers to conductance and susceptance of the bus system.  

The correction equation for power mismatch is formulated as (3.23).  

F J V = −                             (3.23) 

Where, 

F  is a matrix containing real powers ' ',i s i sP Q  and ' .i sV V  is the matrix containing 

'i se  and 'i sf   and  The Jacobian matrix consists of partial derivatives of real and reactive 

powers with respect to voltage magnitude and phase angle [73]. 

Polar Coordinates: 

The voltage magnitude equation and real/reactive power equations are represented in (3.24)- 

(3.26). 

* (cos sin )i iV V j = +                 (3.24) 

1

( cos sin )
n

i i j ij ij ij ij

j

P V V G B 
=

= +                (3.25) 

1

( cos sin )
n

i i j ij ij ij ij

j

Q V V B G 
=

= +               (3.26) 

Where, 

ij i j  = −  and is the angle difference between bus i  and bus j . 
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Jacobian Matrix Formation 

The phase angle difference between buses is shown in (3.27) and the Jacobian matrix is 

structured as shown in (3.28)-(3.32). 

/

P
J

Q V V

   
= −      

 or 
1

D

P H N
J

Q K L V V


−

     
= −     

      

            (3.27) 
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 and          (3.28) 

1

2

. .

. .

. .

D

m

V

V V

V

 
 

=
 
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               (3.29) 

H is a ( 1) ( 1)n n−  −  matrix, and its element is  i
ij

j

P
H




=


 

N is a ( 1)n m−   matrix, and its element is 
i

ij j

j

P
N V

V


=


                         (3.30) 

K is a ( 1)m n −  matrix, and its element is 
i

ij

j

Q
K




=


           (3.31) 

L is a m m  matrix, and its element is 
i

ij j

j

Q
L V

V


=


           (3.32) 

These parameters are the defining one in forming Jacobian matrix and hence to perform load 

flow solution. Calculation of calP  and calQ . The real and reactive powers can be calculated 

using the following equations: 

,

1

( cos sin )
n

i cal i i j ij ij ij ij

j

P P V V G B 
=

= = +              (3.33) 

2

1

( cos sin )
n

i ii i i j ij ij ij ij

j

P G V V V G B 
=

= + +  and                        (3.34) 

,

1

( sin cos )
n

i cal i i j ij ij ij ij

j

Q Q V V G B 
=

= = +              (3.35) 



 

57 

 

2

1

( sin cos )
n

i ii i i j ij ij ij ij

j

P B V V V G B 
=

= − + +              (3.36) 

The powers are computed at any ( 1)thr +  iteration by using the voltages available from 

previous iteration. The elements of the Jacobian are found using the above equations as: 

Elements of 1J  

 
1

( sin ) cos
n

i
i j ij ij ij ij

ji
j i

P
V V G B 
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
= − +


              (3.37) 
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Elements of 4J  
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Elements of 2J  
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Thus, the linearized load flow equation can be rewritten as: 

P H N
V

Q K L
V

 
     =         

 

                           (3.44) 

3.6 Modelling Distribution Generations  

The various forms of DG were discussed in Chapter 2. In this study, solar PV and wind energy 

conversion systems (WECS) are considered as the renewable energy sources for DG. These 

sources are integrated into the system as solar farms and wind farms, respectively. Solar energy 

operates only during daylight hours, making it less erratic, whereas wind energy functions both 

day and night but is highly variable. The objective is to assess whether these renewable sources, 

integrated at a specific bus, can supply power to the distribution system while operating in 

parallel with the utility supply. 

The following subsections present the mathematical models used to simulate the power input 

from solar PV and wind energy conversion systems. 

3.6.1 Solar PV System Modelling 

The PV module topology is illustrated in Figure 3.4, where multiple arrays are arranged in 

series and parallel configurations to achieve the desired voltage and current output. The parallel 

connections increase current output, while the series connections increase voltage output. 

 

Figure 3.4: Utility connected Solar PV systems. 

A solar cell equivalent circuit is shown in Figure 3.5, where a real diode is modelled in parallel 

with an ideal current source. The current output is proportional to solar irradiance, as expressed 

in (3.45). 
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SC d

p

V
I I I

R
= − −                 (3.45) 

 

Figure 3.5: Equivalent circuit of the solar cell with the load connected [75]. 

 

The current-voltage characteristics of a real PV cell are mathematically represented by (3.46)- 

(3.47), defining its electrical behavior. 

38.9( 1)Vd d
SC O

p

V
I I I e

R

 
= − − −  

 
               (3.46) 
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V IR
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+ 
 
 

 +
= − − −  

 
              (3.47) 

3.6.2 Wind Energy Conversion System (WECS) Modelling 

Figure 3.6 shows the diagram of a utility-scale wind energy conversion system (WECS). A 

typical WECS consists of the following subsystem: 

• Rotor (consist of blades and hub) 

• Drive-train (shaft, gearbox, coupling, mechanical brakes, and electrical generator) 

• Nacelle and main frame (housing, bedplate, and yaw) 

• Tower and foundation 

• Electrical system (cables, switchgear, transformer, and power electronics 

converters) 
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Figure 3.6: Modern utility-scale wind diagram [76]. 

Power is extracted from the kinetic energy of wind and converted to mechanical energy as the 

rotor spins. The kinetic energy in the wind is given by (3.48) 

21

2
wE m V=                                          (3.48) 

Where, 

m is air mass and 
wV  is the velocity of the wind. 

The mass of air passing through the rotor blades over time is derived using (3.49), considering 

air density 𝜌, rotor radius 𝑅, and wind speed [80]. 

2

w wm v V A t V R t   =  =    =                              (3.49) 

Where, 

𝜌 is the air density in (Kg/m3) , 𝑡 is the time, 𝑅 is the radius of circular area in (meters) swiped 

by the wind turbine blade.   

Substituting (3.48) into (3.49) results in (3.50), which expresses energy conversion efficiency.

3 21

2
wE V R t =                                  (3.50) 

Then the stream power of the wind 
WP  through a cross-sectional area normal to the wind is 

calculated using (3.51). 

2 31

2
W wP R V =                                (3.51) 

The power coefficient (𝐶𝑝) represents the efficiency of capturing wind energy, defined as the 

ratio of mechanical power output 
MP  to available wind power (3.52)-(3.53). 
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31
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P P
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= =                            (3.52) 
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( , ) ( )

C
x

PC C C C C C e    


−

= − − −                         (3.53) 

Where, 

1 2 3 4 50.5, 116, 0.4, 0, 5C C C C C= = = = = and 
6 21C =  

The maximum theoretical efficiency is determined by (3.54)-(3.55). 

With  defined as 3

1 1 0.035

0.08 1   
= −

+ +
                         (3.54) 

Hence,  

 

31

2
M PP AV C=                                                                                                            (3.55)                                                                                                                       

 

Due to aerodynamic losses (blade-tip, rotation, and blade root losses), the actual power 

coefficient ranges between 30-45% [77]. The tip-speed ratio (𝜆), which influences power 

output, is defined in (3.56). The power coefficient curve is given in Figure 3.7. 

2 31
( , )

2
M pP R V C  =                                      (3.56) 

The rotor blade speed is calculated using (3.57) and the mechanical torque on the rotor is 

given by (3.58). 

2 3( , )

2

M P
M

M M

P C R AV
T

   

 
= =                                     (3.57) 

3 21

2
M TT C R V=                                      (3.58) 
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Figure 3.7: Power coefficient curve [78].  

The tip-speed ratio can be calculated using (3.59) 

rotor rotor

wind

R

V


 =

                                                                                                                                    (3.59) 

Where, 

rotor
 is the angular velocity of the motor, rotorR  is the length of the rotor blade and  windV

is 

the wind speed.                              

At steady-state, rotor power (𝑃m) equals the electrical power output (𝑃𝑒), expressed in (3.60).

M eP P=                              (3.60) 

Where, 

Pe  is power used to drive the generator (3.61):  

P Te g g=                              (3.61) 

Where, 

Tg  is the torque of the generator and g is the generator speed.  

A Permanent Magnet Synchronous Generator (PMSG) is used to convert mechanical energy 

into electrical energy. The d-q axis equivalent circuits for the generator are shown in Figure 

3.8. The d-axis and q-axis dynamic equations are represented by (3.62)-(3.63) [79]. 

ds
ds s ds s r s qs

di
V R i L L i

dt
= − − +  

      (3.62) 
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qs

q s qs s r s ds r r

di
V R i L L i

dt
  = − − − +  

(3.63) 

 

Figure 3.8: The equivalent d-axis and q-axis circuits of the PMSG [80]. 

The mechanical equation governing PMSG operation is given by (3.64). 

r
e m r

d
J T T B

dt


= − −  

(3.64) 

Through mathematical rearrangement, the mechanical torque and angular velocity of the rotor 

influence the electromagnetic torque, as defined in (3.65) [79]. 

r
e m r

d
T J T B

dt


= + +   

(3.65) 

Where, 

J  represents the moment of inertia, rd

dt


 represents the rate of change of angular velocity over 

time, mT  represents the mechanical torque, B  represents the friction coefficient, r  represents 

the angular or rotational velocity of the turbine rotor and eT  represents the electromagnetic 

torque.  

Through mathematical rearrangement, the mechanical torque and angular velocity of the rotor 

influence the electromagnetic torque, is defined in (3.65) [79]. 

( )
3

.
2 2

e r qs d q ds qs

P
T i L L i i = − −

 
  

(3.66) 

Where, 

 P represents the number of poles, r represents the magnetic flux of the rotor, qi  and  di  

represent the currents in the dq-axis, and qL and dL  represent the inductance in the dq-axis.  

For non-salient pole PMSGs, dL = qL . leading to the simplified torque equation in (3.67). 
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( )
3

4
e r qs

P
T i=   

(3.67) 

Through mathematical rearrangement, the final expression for q-axis current (𝑖𝑞) is given in 

(3.68). 

4

3

e
q

r

T
i

P
=   

(3.68) 

3.7 Distribution Network: IEEE 30 Bus System 

 

Figure 3.9: The IEEE 30 bus system  

To model the distribution network for this study, the IEEE 30-bus system is used, as shown in 

Figure 3.9. This system consists of 30 buses, 32 generators, and 38 transmission lines, providing a 

standardized test network for power system analysis. The IEEE 30-bus system is widely used for 

load flow analysis, stability studies, and distributed generation integration due to its well-defined 

structure and industry relevance. The parameter for this configuration and the generation data are 

presented in Chapter 4. The results from Chapter 4 will compare system performance with and 
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without DG integration, highlighting improvements in power quality, voltage stability, and 

reliability. 

 3.8 Reliability Evaluation of Distribution Networks with Distributed 

Generation 

This section presents the reliability evaluation of a distribution network integrated with DG. 

Various DERs exist, such as wind, solar, and geothermal. In this study, the distribution network 

incorporates PV and WECS, which contribute to supplying part of the load during grid-

connected mode. Given the stochastic nature of solar and wind resources, probabilistic models 

are employed to simulate their random variations and assess their impact on system reliability. 

A well-planned DG placement is essential for minimizing its adverse effects on utility 

networks. Optimal placement and sizing require a thorough understanding of the network 

characteristics where DG will be integrated. This process relies on optimization techniques 

during the grid integration planning stage to ensure efficient system operation. Commonly used 

methods for determining the optimal DG location and size include Particle Swarm 

Optimization (PSO) and Genetic Algorithm (GA) [81]. Effective DG integration planning 

involves optimizing multiple factors, including the type of DG technology, number and 

capacity of DG units, location, and network connection type [81]. Additionally, the impact of 

DG integration on power quality, power losses, stability, and reliability must be carefully 

assessed. Among available optimization techniques, PSO is selected for this study due to its 

fast convergence and ability to handle complex non-linear problems, making it well-suited for 

DG allocation. 

3.8.1 Particle Swarm Optimization Method  

Particle Swarm Optimization (PSO) is a population-based heuristic optimization technique, 

first introduced by Kennedy and Eberhart in 1995, inspired by the social behaviour of bird 

flocking and fish schooling [81]. It is widely used to solve optimization problems, including 

the optimal placement of Distributed Generation (DG) in power distribution systems. In PSO, 

a swarm of particles represents potential solutions. Each particle moves through the solution 

space, adjusting its position based on both its personal best solution and the global best solution 

found by the swarm. The primary objective in DG allocation is to minimize total real power 

loss by adjusting the particle positions iteratively. The fitness function evaluates the 
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performance of each particle, guiding the optimization process. The main parameters used to 

model the PSO are  [82]: 

•  1 2( ) , ,...., :nS n S S S= a swarm of n  particles 

• iS : an individual in the swarm with a position ip and velocity , 1,iv i n  

• ip : the position of a particle iS  

• iv : the velocity of a particle ip
 

• ipbest : the best solution of a particle 

• gbest : the best solution of the swarm 

• f : fitness function 

• 1 2,c c : acceleration constants 

• 1 2,r r : random numbers between 0 and 1 

• t : the iteration numbers. 

 

PSO is modelled using key parameters, including a swarm of particles, each with a position 

and velocity that evolve over iterations [82]. The velocity of each particle is updated using 

(3.69) [82], which incorporates cognitive and social components influenced by acceleration 

constants and random factors.  

1

1 1 2 2( ) ( )t t t t t t

i i i i iv v c r pbest p c r gbest p+ = + − + −                                 (3.69) 

Where, 

1c and 2c are acceleration factor coefficients of related to the individual and social aspects, as 

trust parameters. 

1r  and 2r , are random numbers that define the stochastic effect of cognitive and social 

behaviors of the swarm. 

The new particle position is then determined using (3.70) [82]. The relationship between 

velocity and position is interdependent, ensuring particles move toward optimal solutions 

dynamically.  

1 1t t t

i i ip p v+ += +                                        (3.70) 

Figure 3.10 illustrates the motion of a particle in the optimization process, demonstrating how 

particles adjust their velocity and position based on individual and collective experiences. 
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Figure 3.10: PSO moving particle diagram [83]. 

The PSO-based approach for solving the Optimal Placement of Distributed Generation 

(OPDG) problem follows these steps [83]: 

1. Input line and bus data along with bus voltage limits. 

2. Compute initial power loss using load flow analysis via the backward-forward sweep 

method. 

3. Generate an initial population of particles with random positions and velocities within 

the solution space. 

4. Evaluate each particle’s fitness value, ensuring voltage limits are met; infeasible 

particles are discarded. 

5. Compare each particle’s objective value with its individual best (Pbest) and update 

accordingly. 

6. Identify the global best (Gbest) among all particles, which corresponds to the best overall 

solution. 

7. Update each particle’s velocity and position using (3.69)-(3.70). 

8. Repeat steps 4-7 until the maximum number of iterations is reached. 

9. Output the optimal DG locations and sizes, ensuring minimum total real power loss. 

Figure 3.11 provides a flowchart representation of the PSO algorithm, detailing its iterative 

execution. 
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Figure 3.11: PSO flowchart [83]. 

 

Advantages of PSO in DG Allocation 

PSO offers several advantages in optimizing DG placement and sizing [83]: 

• Determines the optimal DG location and size to minimize power loss. 

• Reduces overall system costs by optimizing DG parameters. 

• Enhances the voltage profile of the distribution system. 

• Increases power transfer capacity, improving grid performance. 

• Minimizes total harmonic distortion, ensuring better power quality. 

Due to its fast convergence and efficiency in handling non-linear optimization problems, PSO 

is selected for this study to achieve an optimal DG integration strategy in the distribution 

network. 
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3.9 System Configuration and Simulation Model 

To effectively evaluate the impact of DG integration on the reliability and performance of 

power distribution networks, a simulation model was developed based on the IEEE 30-bus 

system. The configuration of this model was designed to incorporate renewable energy-based 

DGs, specifically PV systems and wind energy conversion systems WECS. This section 

provides a detailed description of the system configuration, including the power flow model, 

integration of DG units, and simulation methodology. 

A modified version of this IEEE 30-bus system was adopted in this study, incorporating two 

DG sources at strategic locations to assess their impact on the system’s reliability and 

operational efficiency. Figure 3.12 presents a schematic representation of the IEEE 30-bus 

distribution system with integrated DGs. The parameters and characteristics of the IEEE 30-

bus system, including bus voltage levels, generator capacities, and transmission line data, are 

documented in Chapter 4, where the simulation results are analysed. 

 

 

Figure 3.12: The designed simulation model. 

Each DG unit was integrated into a selected bus in the network, ensuring that their operation 

closely resembles real-world conditions. The selection of the DG locations was based on 

optimal placement strategies to minimize power losses, enhance voltage profiles, and improve 

reliability indices. 

The solar PV system was modelled as a grid-connected photovoltaic array, providing active 

power injection into the system during daylight hours. The behaviour of the PV system was 

simulated based on irradiance levels and temperature variations. The WECS was integrated 
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into the network as a variable-speed wind turbine coupled with a permanent magnet 

synchronous generator (PMSG). A wind speed dataset was used to simulate the fluctuations in 

wind power output, ensuring that the DG model captured the intermittent nature of wind 

energy. 

The Newton-Raphson method is used for power flow analysis to assess the impact of DG 

integration on: 

• Voltage Stability – Evaluating voltage deviations at different buses. 

• Power Losses – Quantifying reductions in active and reactive power losses. 

• Load Balancing – Assessing the impact of DG units on system-wide power distribution. 

To quantify the effect of DGs on system reliability, various reliability indices are evaluated 

before and after DG integration. The reliability indices are computed using historical failure 

rate data and Monte Carlo simulations, ensuring realistic representation of grid disturbances 

and DG contributions. 

The simulation model is implemented in MATLAB/Simulink, integrating: 

• IEEE 30-bus system model 

• Power flow solver using Newton-Raphson method 

• Renewable DG models (Solar PV and Wind Turbine) 

• Reliability assessment algorithms (Monte Carlo simulations) 

The implementation model in MATLAB/Simulink environment is provided in Appendix A. 

The MATLAB simulation framework allow for: 

• Dynamic power flow analysis under varying load and generation conditions 

• Evaluation of voltage profiles, system losses, and reliability indices 

• Comparison of system performance with and without DG integration 

The designed simulation model serves as the foundation for the analyses presented in Chapter 

4, where the simulation results and findings are discussed in detail.  
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Chapter 4 

Simulations, Results and Analysis  

4.1 Computer Simulations  

Reliable power distribution is a key priority for utilities, necessitating ongoing assessments to 

enhance system performance and meet regulatory standards while ensuring customer 

satisfaction. Power system reliability assessments help identify areas of improvement, allowing 

utilities to implement strategic enhancements for sustained power quality. One of the most 

effective tools in this endeavour is computer-based simulations, which facilitate planning, 

design, and performance evaluation. This chapter presents the simulation models, results, and 

analysis conducted to assess the reliability and performance of a distribution network integrated 

with DG sources. The simulations were developed using MATLAB/Simulink, incorporating 

PV and WECS. The computational model allowed for detailed load flow analysis, DG 

integration, and reliability assessments based on key indices. The obtained results are 

systematically analysed to derive meaningful conclusions regarding DG deployment. 

4.2 System Specifications 

The first distributed generation unit (DG1) is a solar PV farm. The specifications of the solar 

panels used in this simulation are outlined in Table 4.1. 

Table 4.1: The solar PV specifications  

Module 

STC: irradiance level 1000W/m2, spectrum AM 1.5 and cell temperature 25°C 

Parameter Symbol Value 

Rated power  355W 

Peak power   355W 

Module efficiency   13.4% 

Maximum system voltage   1000V(UL); 1015V (TUV) 

Peak power voltage   43.40V 

Peak power current  8.18A 

Open circuit voltage   51.90V 

Short circuit current  8.68A 

Nominal voltage   12 

The abbreviation ‘mpp’ stands for Maximum Power Point 

RP

mmpP



sysV

mmpV

mmpI

OCV

SCI

V
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Similarly, DG2 represents a wind farm modelled with a WECS, whose specifications are 

detailed in Table 4.2. 

Table 4.2: The Specifications for the WECS 

Parameter Value Unit 
Blade Radius  36 m 

Rated Power 1.5 MW 
Rated Apparent Power  1.67 MVA 

Number of Pole Pairs 4  

Rated Stator Flux Linkage 1.2748 Wb (rms) 

Rated Stator Flux Linkage 1.2096 Wb (rms) 

Stator Winding Resistance,  0.180  

Rotor Winding Resistance  1.397  

Stator Leakage Inductance  0.323 mH 

Rotor Leakage Inductance  0.323 mH 

Magnetizing Inductance  1.935 mH 

 

The IEEE 30-bus system is adopted as the test network model for this study. While a local 

municipal network with DG integration would have been ideal, confidentiality constraints 

necessitated using the standardized IEEE 30-bus model. The network specifications include 

generator data, transmission line parameters, and power limits, as detailed in Tables 4.3 and 

4.4. 

The MATLAB/Simulink environment was used to develop simulation models for the power 

system, incorporating the solar PV farm, wind energy system, and distribution network. These 

models were designed to analyse load flow, DG integration, and network reliability. Figure 4.1 

presents the MATLAB/Simulink model developed for the solar PV system, integrating a PV 

array, MPPT controller, and boost converter. The system was designed to deliver 8 MW of 

power to the grid. The wind energy simulation model, shown in Figure 4.2, consists of a rotor 

blade system, PMSG generator, and power electronic converters. The wind farm operates at a 

constant speed of 12 m/s and generates 6.5 MW. The distribution network simulation model 

was built using MATLAB script functions, implementing the Newton-Raphson method for 

load flow analysis. 
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Table 4.3: The line parameters for IEEE 30-Bus System [84] 

Line 

Number 

From 

Bus 

To 

Bus 

Line impedance Half Line Charging 

Susceptance per unit Resistance/unit Reactance/ unit 

1 1  2 0.0192 0.0575 0.0528 

2 1  3 0.0452 0.1652 0.0408 

3 2  4 0.0570 0.1737 0.0368 

4 3  4 0.0132 0.0379 0.0084 

5 2  5 0.0472 0.1983 0.0418 

6 2  6 0.0581 0.1763 0.0374 

7 4  6 0.0119 0.0414 0.0090 

8 5  7 0.0460 0.1160 0.0204 

9 6  7 0.0267 0.0820 0.0170 

10 6  8 0.0120 0.0420 0.0090 

11 6  9 0.0 0.2080 0.0 

12 6  10 0.0 0.5560 0.0 

13 9  10 0.0 0.1100 0.0 

14 4  12 0.0 0.2560 0.0 

15 12  14 0.1231 0.2559 0.0 

16 12  15 0.0662 0.1304 0.0 

17 12  16 0.0945 0.1987 0.0 

18 14  15 0.2210 0.1997 0.0 

19 16  17 0.0524 0.1923 0.0 

20 15  18 0.1073 0.2185 0.0 

21 18  19 0.0639 0.1292 0.0 

22 19  20 0.0340 0.0680 0.0 

23 10  20 0.0936 0.2090 0.0 

24 10  17 0.0324 0.0845 0.0 

25 10  21 0.0348 0.0749 0.0 

26 10  22 0.0727 0.1499 0.0 

27 21  22 0.0116 0.0236 0.0 

28 15  23 0.1000 0.2020 0.0 

29 22  24 0.1150 0.1790 0.0 

30 23  24 0.1320 0.2700 0.0 

31 24  25 0.1885 0.3292 0.0 

32 25  27 0.1093 0.2087 0.0 

33 28  27 0.0 0.3960 0.0 

34 27  29 0.2198 0.4153 0.0 

35 27  30 0.3202 0.6027 0.0 

36 29  30 0.2399 0.4533 0.0 

37 8  28 0.0636 0.2000 0.4028 

38 6  28 0.0169 0.0599 0.0130 

39 9  11 0.0 0.2080 0.0 

40 12  13 0.0 0.1400 0.0 

41 25  26 0.2544 0.3800 0.0 
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Table 4.4: The power (MW) Limits for Branches in IEEE 30-Bus System [84]  

From Line To Line  MW Limit (pu) 

1 – 2 2 1.0400 

1 – 3 3 1.0400 

2 – 4 4 0.5200 

3 – 4 4 1.0400 

2 – 5 5 1.0400 

2 – 6 6 0.5200 

4 – 6 6 0.7200 

5 – 7 7 0.5600 

6 – 7 7 1.0400 

6 – 8 8 0.2560 

6 – 9 9 0.5200 

6 – 10 10 0.2560 

9 – 10 10 0.5200 

4 – 12 12 0.5200 

12 – 14 14 0.2560 

12 – 15 15 0.2560 

12 – 16 16 0.2560 

14 – 15 15 0.1280 

16 – 17 17 0.1280 

15 – 18 18 0.1280 

18 – 19 19 0.1280 

19 – 20 20 0.2560 

10 – 20 20 0.2560 

10 – 17 17 0.2560 

10 – 21 21 0.2560 

10 – 22 22 0.2560 

21 – 22 22 0.2560 

15 – 23 23 0.1280 

22 – 24 24 0.1280 

23 – 24 24 0.1280 

24 – 25 25 0.4800 

25 – 27 27 0.1280 

28 – 27 27 0.5200 

27 – 29 29 0.1280 

27 – 30 30 0.1280 

29 – 30 30 0.1280 

8 – 28 28 0.2560 

6 – 28 28 0.2560 

9 – 11 11 0.5200 

12 – 13 13 0.5200 

25 – 26 26 0.1280 
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Figure 4.1: MATLAB/Simulink simulation model for Solar PV. 

 

Figure 4.2: MATLAB/Simulink simulation model for WECS. 

4.3 Simulation Results  

This section presents the simulation  results and subsequent analysis conducted to evaluate the 

performance of the distribution network under various conditions. The simulations focused on 

evaluating the performance of the network with and without DG integration, employing solar 
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Figure 4.4: The inverter output voltage from the solar PV system 

 

Figure 4.5: The inverter output current from the solar PV system 

These waveforms indicate a stable sinusoidal output, confirming that the solar farm can 

effectively contribute to the distribution network without introducing harmonic distortions. 

4.6 Simulation Result for WECS  

The wind farm (DG2) was modelled in MATLAB/Simulink using a three-blade wind turbine, 

a gearbox, a Permanent Magnet Synchronous Generator (PMSG), and a power converter 

system. The wind turbine was simulated at a constant wind speed of 12 m/s, generating an 

output power of 6.5 MW. 

The efficiency of the WECS is determined by the power coefficient (𝐶𝑝), which quantifies how 

effectively kinetic energy is converted into mechanical energy. The turbine power coefficient 

curve, shown in Figure 4.6, illustrates the relationship between wind speed, power coefficient, 

and turbine output power. 
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Figure 4.8: The inverter output current from the WECS 

The wind farm was expected to produce 6.5 MW, and the simulation confirmed the system's 

ability to achieve this target under steady-state conditions. The results validate the feasibility 

of integrating the WECS into the distribution network, ensuring efficient power generation and 

stability. 

4.7 Computer Simulation Result for Load Flow 

Load-flow studies play a crucial role in power system planning and operation, providing 

insights into voltage stability, power losses, and network efficiency. These studies are essential 

for future system expansion and optimizing the operation of existing power grids. The key 

outcomes of a power flow study include the voltage magnitude and phase angle at each bus 

and the real and reactive power flow in each transmission line. 

 

For this study, the Newton-Raphson method was implemented in MATLAB to conduct a load 

flow analysis of the IEEE 30-bus system. The analysis involved: 

• Bus admittance matrix formation 

• Conversion of polar to rectangular coordinates 

• Solving power flow equations 

The results of the Newton-Raphson load flow analysis provide valuable insights into the 

electrical behaviour of the IEEE 30-bus system, particularly concerning voltage regulation, 

phase angle variations, and power distribution. The findings reveal how increasing reactance 

loading affects system stability, voltage performance, and power losses. Below is a detailed 

discussion of the key findings presented in Tables 4.5 and 4.6. 
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Voltage Profile and System Stability 

The voltage magnitude across the 30-bus system varies from 1.0600 p.u. (Bus 1) to 0.9953 p.u. 

(Bus 30). However, some buses, particularly Buses 18, 19, 29, and 30, experience voltage 

magnitudes below the acceptable limit of 0.95 p.u., which raises concerns regarding voltage 

instability. The presence of low voltage levels at Buses 18, 19, 29, and 30 indicates that these 

buses are located far from the main power sources (generators) and are affected by high 

impedance in the transmission network. These buses represent weak points in the system where 

voltage drops occur due to high reactance and insufficient reactive power support. The low 

voltage levels suggest poor voltage regulation, which can lead to issues such as equipment 

malfunction, reduced power quality, and system instability. 

As reactance loading increases, voltage levels tend to drop due to the greater impedance of the 

system, which restricts power transfer. The voltage profile indicates that buses located further 

from the slack bus experience significant voltage drops. The lack of reactive power 

compensation in weak areas further exacerbates voltage instability. Without DG integration, 

voltage regulation relies heavily on the main grid's voltage control mechanisms (tap changers, 

capacitor banks, and synchronous condensers). The analysis suggests that placing DGs at weak 

voltage buses (such as Buses 18, 19, 29, and 30) can significantly improve voltage stability by 

injecting active and reactive power locally. 

Table 4.5: Results for load flow  

Newton Raphson Load Flow Analysis 

Bus No. V (pu) Angle 

degree 

Injection Generation Load 

MW MVar MW MVar MW MVar 

1 1.0600 0.0000 260.93 -17.12 260.93 -17.12 0.00 0.00 

2 1.0430 -5.3474 18.30 35.07 40.00 47.77 21.70 12.70 

3 1.0217 -7.5448 -2.40 -1.20 -0.00 0.00 2.40 1.20 

4 1.0129 -9.2989 -7.60 -1.60 0.00 0.00 7.60 1.60 

5 1.0100 -14.1542 -9420 16.97 -0.00 35.97 94.20 19.00 

6 1.0121 -11.0880 0.00 -0.00 0.00 -0.00 0.00 0.00 

7 1.0035 -12.8734 -22.80 -10.90 -0.00 0.00 22.80 10.90 

8 1.0100 -11.8039 -30.00 0.69 0.00 30.69 30.00 30.00 

9 1.0507 -14.1363 0.00 -0.00 0.00 -0.00 0.00 0.00 

10 1.0438 -15.7341 -5.80 17.00 0.00 19.00 5.80 2.00 

11 1.0820 -14.1363 -0.00 16.27 -0.00 16.27 0.00 0.00 
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Table 4.6: Results for load flow in terms line flow and losses 

12 1.0576 -14.9416 -11.20 -7.50 0.00 0.00 11.20 7.50 

13 1.0710 -14.9416 0.00 10.25 0.00 10.25 0.00 0.00 

14 1.0429 -15.8244 -6.20 -1.60 -0.00 -0.00 6.20 1.60 

15 1.0384 -15.9101 -8.20 -2.50 -0.00 0.00 8.20 2.50 

16 1.0445 -15.5487 -3.50 -1.80 -0.00 0.00 3.50 1.80 

17 1.0387 -15.8856 -9.00 -5.80 0.00 0.00 9.00 5.80 

18 1.0282 -16.5425 -3.20 -0.90 -0.00 -0.00 3.20 0.90 

19 1.0252 -16.7273 -9.50 -3.40 -0.00 0.00 9.50 3.40 

20 1.0291 -16.5363 -2.20 -0.70 0.00 -0.00 2.20 0.70 

21 1.0293 -16.2462 -17.50 -11.20 -0.00 0.00 17.50 11.20 

22 1.0353 -16.0738 -0.00 -0.00 -0.00 -0.00 0.00 0.00 

23 1.0291 -16.2528 -3.20 -1.60 -0.00 0.00 3.20 1.60 

24 1.0237 -16.4409 -8.70 -2.40 -0.00 4.30 8.70 6.70 

25 1.0202 -16.0539 -0.00 -0.00 -0.00 0.00 0.00 0.00 

26 1.0025 -16.4712 -3.50 -2.30 0.00 0.00 3.50 2.30 

27 1.0265 -15.558 0.00 0.00 0.00 0.00 0.00 0.00 

28 1.0109 -11.7436 0.00 -0.00 0.00 -0.00 0.00 0.00 

29 1.0067 -16.7777 -2.40 -0.90 -0.00 0.00 2.40 0.90 

30 0.9953 -17.6546 -10.60 -1.90 0.00 0.00 10.60 1.90 

Total   17.528 20.921 300.928 147.121 283.400 126.200 

Line Flow and Losses 

From Bus To 

Bus 

P(W) Q 

(MVar) 

From 

Bus 

To 

Bus 

P(W) Q 

(MVar) 

Line loss 

MW MVar 

1 2 176.11 -18.11 2 1 -165.09 33.62 11.20 15.51 

1 3 90.08 6.25 3 1 -82.54 5.14 7.54 11.39 

2 4 45.62 5.19 4 2 -40.72 -2.11 4.90 3.08 

3 4 82.17 3.77 4 3 -80.98 6.23 1.73 2.46 

2 5 84.57 4.03 5 2 -77.22 8.34 7.35 12.37 

2 6 62.39 1.40 6 2 -56.49 4.50 5.90 5.91 

4 6 72.73 -17.52 6 4 -71.17 19.75 1.56 2.23 

5 7 -13.81 11.80 7 5 16.04 -11.39 2.23 0.41 

6 7 39.07 -1.20 7 6 -36.96 2.37 2.11 1.17 

6 8 29.95 -3.21 8 6 -28.93 3.57 1.02 0.36 

6 9 29.06 -19.33 9 6 -28.42 8.96 0.64 -10.37 

9 10 27.80 7.04 10 9 -27.80 -6.22 0.00 0.82 

4 12 50.82 -19.33 12 4 -47.37 -10.62 3.46 -29.95 

12 13 -0.00 -10.12 13 12 0.00 10.25 0.00 0.13 
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Phase Angle Variations and Reactive Power Demand 

Phase angles provide crucial insights into the power flow direction and reactive power demands 

within the network. As expected, Bus 1 (slack bus) is set at 0°, serving as the reference point 

for all voltage angles. This bus acts as the primary generator bus, supplying both real and 

reactive power to balance network demand. Bus 30 has the most negative phase angle (-

17.6546°), which suggests that this bus is experiencing high reactive power demand and is at 

the receiving end of significant power flows. A large negative phase angle generally indicates 

that a bus is far from the main power generation sources and requires additional reactive power 

support to maintain stability. This suggests the need for voltage-supporting devices such as 

DGs and capacitor banks, at Bus 30. 

Power Injection and Load Distribution 

The power flow results reveal how active and reactive power is distributed across the network 

and how different buses contribute to power balance. Bus 1 is the primary power source, 

supplying 260.93 MW and -17.12 MVar to the system. The high-power supply indicates that 

12 14 7.79 2.39 14 12 -7.72 -2.24 0.07 0.15 

14 15 1.52 0.64 15 14 -1.51 -0.63 0.01 0.00 

16 17 3.96 1.50 17 16 -3.95 -1.47 0.01 0.03 

15 18 6.29 1.83 18 15 -6.25 -1.74 0.04 0.09 

18 19 3.05 0.84 19 18 -3.04 -0.83 0.01 0.01 

19 20 -6.46 -2.57 20 19 6.47 2.60 0.02 0.03 

10 20 8.75 3.47 20 10 -8.67 -3.30 0.08 0.17 

10 17 5.07 4.37 17 10 -5.05 -4.33 0.01 0.03 

10 21 18.29 11.76 21 10 -18.13 -11.44 0.15 0.33 

10 22 5.78 3.11 22 10 -5.75 -3.05 0.03 0.06 

21 23 0.63 0.24 23 21 -0.63 -0.24 0.00 0.00 

15 23 4.45 2.59 23 15 -4.42 -2.54 0.02 0.05 

22 24 4.75 3.05 24 22 -5.71 -2.98 0.05 0.07 

23 24 1.89 1.18 24 23 -1.85 -1.17 0.01 0.01 

24 25 -1.14 1.75 25 24 1.15 -1.73 0.01 0.01 

25 26 3.54 2.37 26 25 -3.50 -2.30 0.04 0.07 

25 27 -4.69 -0.63 27 25 4.72 0.68 0.02 0.04 

28 27 18.59 5.46 27 28 -18.59 -4.14 -0.00 1.32 

27 29 6.19 1.67 29 27 -6.10 -1.51 0.09 0.16 

27 30 7.09 1.66 30 27 -6.93 -1.36 0.16 0.30 

29 30 3.70 0.61 30 29 -3.67 -0.54 0.03 0.06 

8 28 1.57 -0.24 28 8 2.80 0.24 4.37 0.00 

6 28 25.33 -3.09 28 6 -11.97 3.30 13.36 0.21 

Total Loss        68.828 14.624 
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the grid relies heavily on centralized generation, leading to high transmission losses. This 

centralized dependency highlights the potential benefits of DG integration, which can reduce 

power flow stress on transmission lines. High power demand at buses 2, 5, 7, and 8; these buses 

draw significant real and reactive power, making them critical load centres. The demand at 

these buses impacts the system’s overall performance, particularly in terms of voltage stability 

and reactive power requirements. If power demand continues to grow, the network might 

require additional voltage support mechanisms such as reactive power compensation or local 

generation through DGs. Certain buses exhibit negative reactive power injections, which 

indicates the presence of inductive loads (such as motors and transformers) that consume 

reactive power or components supplying reactive power to improve voltage stability. This  

suggests that the system is attempting to self-compensate for reactive power imbalances, but 

DGs could enhance system performance. 

The findings also demonstrate that increasing reactance loading influences voltage regulation 

and stability: 

1. Voltage Regulation Challenges 

As reactance increases, the system becomes more resistive to power transfer, resulting in 

greater voltage drops across transmission lines. Buses at the periphery (such as Buses 18, 19, 

29, and 30) experience the most significant voltage degradation, reinforcing the need for 

reactive power compensation in those areas. 

2. Losses in the System 

Increased reactance loading leads to higher transmission losses, which reduces overall system 

efficiency. Table 4.6 confirms that lines experiencing the highest power losses correspond to 

those with significant reactance loading and phase angle differences. 

3. Reactive Power Compensation is Necessary 

To maintain a stable voltage profile, the system requires reactive power support through 

capacitor banks or DG integration. Optimally placed solar PV and wind DGs can supply both 

active and reactive power, mitigating the adverse effects of reactance loading. 

The results from Tables 4.5 and 4.6 illustrate that reactance loading negatively impacts voltage 

regulation, increases power losses, and causes significant phase angle variations across the 

network. 
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4.8 Simulation Results for Placement and Sizing of DGs Using PSO 

This section presents the results of the Particle Swarm Optimization (PSO) algorithm applied 

to determine the optimal placement and sizing of distributed generation (DG) units within the 

IEEE 30-bus system. The primary objective of this optimization was to enhance voltage 

stability, minimize power losses, and improve overall system reliability. A MATLAB-based 

numerical model was used to analyze three key scenarios: a base case without DGs, a case with 

a single solar PV system (DG1) integrated at an optimal bus location, and a case with both 

solar PV (DG1) and a wind energy conversion system (DG2) integrated into the network. 

The PSO-based simulation iterated through different DG placement possibilities to identify 

optimal locations and sizes that would maximize power quality and minimize system losses. 

The comparative analysis of the three cases focused on evaluating voltage profiles, system 

power losses, and overall network stability. 

4.8.2 Simulation Results for the Base Case (Without DGs) 

The first scenario represents the base case, where the IEEE 30-bus system operates without any 

distributed generation. This scenario serves as a baseline for comparison with cases involving 

DG integration. After executing the Newton-Raphson power flow analysis in 

MATLAB/Simulink, the voltage magnitudes at various buses were obtained. 

The results indicate that the voltage magnitudes across the system ranged between 0.9953 p.u. 

and 1.0600 p.u., with some buses experiencing voltage drops below the acceptable lower limit 

of 0.95 p.u. Notably, buses 18, 19, 29, and 30 exhibited the lowest voltage levels, identifying 

them as weak points within the network where voltage instability is most likely to occur. 

Overall, only 50% of the buses were within the acceptable voltage range, while the remaining 

buses operated near their lower voltage limits. 

Power losses in the system were significant, with high active power losses contributing to 

inefficiencies in power delivery. Additionally, reactive power demand was high, placing stress 

on the system’s voltage regulation capability. Buses at the farthest ends of the network, 

particularly Bus 30, exhibited noticeable voltage drops, reinforcing the need for localized 

power generation or voltage support. 

The poor voltage regulation in this scenario suggests that without DGs, the system is 

susceptible to instability, especially at buses with high reactive power demand and long 
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transmission distances. These findings highlight the necessity of DG integration to improve 

voltage stability and reduce transmission losses. Figure 4.9 illustrates the voltage profile for 

the IEEE 30-bus system without DGs, visually demonstrating the weak voltage conditions in 

certain parts of the network. 

 

Figure 4.9: Result showing the voltage profile for the IEEE 30-bus without DGs. 

4.8.2 Simulation Results with DG1 (Solar PV Only) 

In the second scenario, a single distributed generation unit (DG1), represented by a solar farm, 

was integrated into the network. The PSO algorithm determined that Bus 26 was the most 

optimal location for DG1 in terms of voltage stability and power loss reduction. The optimal 

size of DG1 was found to be 9.0863 kVA. The results reveal a significant improvement in 

voltage levels across the network, particularly in buses 19 to 30, where most buses achieved 

the acceptable voltage threshold of 0.95 p.u. The overall voltage stability of the system 

improved, increasing from 50% in the base case to 64% after the integration of DG1. Moreover, 

the voltage at Bus 18, which was previously one of the weakest buses, improved from 0.9114 

p.u. to 0.9315 p.u., indicating a substantial enhancement in power quality. 

A considerable reduction in both active and reactive power losses was also observed, further 

improving the system's efficiency. The presence of the solar PV system provided localized 

power injection, reducing the reliance on long-distance power transmission from the main grid. 

However, while voltage stability improved, buses 10 to 18 still exhibited voltage levels below 
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the required threshold, suggesting that a single DG unit may not be sufficient to fully enhance 

system stability. This result underscores the potential need for additional DG integration to 

further improve voltage support. Figure 4.10 presents the improved voltage profile resulting 

from the integration of DG1 (solar PV), showcasing the enhanced performance in previously 

weak areas of the network. 

 

Figure 4.10: Result showing the voltage profile for the IEEE 30-bus with DG1 

4.8.3 Simulation Results with Both DG1 (Solar PV) and DG2 (WECS)  

The third scenario evaluates the combined effect of two DG units, DG1 (solar PV) and DG2 

(WECS), on voltage regulation and power loss reduction. Figure 4.11 illustrates the improved 

voltage profile across the IEEE 30-bus system, demonstrating the system-wide benefits of 

optimized DG placement.  
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Figure 4.11: Result showing the voltage profile for the IEEE 30-bus with DG1 and DG2. 

Using PSO, the optimal placement for DG1 was determined to be Bus 18, with a size of 9.3407 

kVA, while DG2 was best placed at Bus 26, with a size of 7.215 kVA. The results indicate a 

substantial enhancement in voltage stability, with most buses achieving the acceptable voltage 

level of 0.95 p.u. The previously weak buses (10, 11, 12, 13, 29, and 30) still exhibited slightly 

lower voltages, but overall, they experienced marked improvements. Bus 18’s voltage 

increased further to 0.9381 p.u., proving that the integration of both solar PV and wind energy 

provided better voltage support compared to a single DG unit. 

The combined DG operation also led to a notable reduction in active power losses, significantly 

improving grid efficiency. By distributing power generation between two sources, the system 

achieved better load balancing, reduced line losses, and enhanced power quality. Additionally, 

integrating both solar PV and wind energy sources ensured power availability under varying 

weather conditions, as the wind system continued to generate power at night when solar PV 

was inactive. 

Overall, the introduction of both DG1 and DG2 resulted in a fully optimized voltage profile, 

reduced transmission losses, and an overall enhancement of the system’s performance.  

The comparative analysis of the three scenarios provides critical insights into the impact of DG 

placement and sizing on power system performance. The introduction of DGs significantly 
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improved voltage stability, reduced power losses, and enhanced overall network efficiency. 

Voltage stability improved considerably with DG1, but the integration of both DG1 and DG2 

yielded the best results, with almost all buses reaching stable voltage levels. Power loss 

reduction was also significantly more effective in the dual DG scenario, demonstrating the 

advantage of integrating multiple distributed generation sources. The placement of DGs at 

Buses 18 and 26 proved to be the most effective, reinforcing the importance of strategic DG 

positioning in weak areas of the network. These findings suggest that future DG installations 

should prioritize locations where voltage support is most needed. 

4.9 Simulation Results for Reliability Analysis: Monte-Carlo Simulation 

This section presents the results of the reliability analysis of the IEEE 30-bus system, 

evaluating the impact of DG integration using the sequential Monte Carlo simulation (MCS) 

technique. The reliability assessment was performed for three scenarios: the base case without 

DGs, a system with DG1 (solar PV), and a system with both DG1 (solar PV) and DG2 (WECS). 

The objective of this analysis is to quantify how DG placement and size influence system 

reliability, measured using key reliability indices such as the System Average Interruption 

Frequency Index (SAIFI), System Average Interruption Duration Index (SAIDI), Customer 

Average Interruption Duration Index (CAIDI), Expected Energy Not Supplied (EENS), and 

the Availability Indices (ASAI and ASUI). These indices provide insight into the frequency, 

duration, and impact of system interruptions, allowing for an assessment of the potential 

reliability improvements offered by DG integration.  

The MCS method was chosen due to its ability to simulate random failure events, incorporating 

historical failure data, customer demand, and component outage rates to estimate the system’s 

performance under varying operating conditions. The results of the simulation for the three 

cases are summarized in Table 4.7, which presents the calculated SAIFI, SAIDI, CAIDI, 

EENS, ASAI, ASUI, and AENS values for each scenario. 
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Table 4.7: Reliability indices values for IEEE 30 bus without and with DGs 

Network 

Configuration 
SAIFI SAIDI CAIDI EENS ASAI ASUI AENS 

IEEE 30-bus System 

without DG 
1.752 6.908 0.4226 26.436 0.9992 0.00091 0.1024 

IEEE 30-bus System 

with DG 1 
0.513 4.282 0.4511 15.147 0.9996 0.00043 0.0714 

IEEE 30-bus System 

with DG 1 and DG 2 
0.427 2.629 0.4776 9.211 0.9997 0.00032 0.0521 

 

The results in Table 4.7 demonstrate significant improvements in system reliability following 

the integration of DG, particularly when both solar PV and WECS are deployed. The MCS 

effectively captured the impact of DG placement and sizing on key reliability indices, including 

SAIFI, SAIDI, CAIDI, EENS, ASAI, ASUI, and AENS. The findings underscore the crucial 

role of DGs in reducing outage frequency and duration while enhancing overall system 

availability and stability. One of the most notable improvements is the reduction in the System 

Average Interruption Frequency Index (SAIFI), which measures the average number of service 

interruptions per customer. In the base case, SAIFI was recorded at 1.752, indicating frequent 

interruptions across the IEEE 30-bus system. With the integration of DG1, the SAIFI value 

dropped significantly to 0.513, reflecting a 71% reduction in the frequency of power outages. 

When both DG1 (solar PV) and DG2 (WECS) were incorporated, SAIFI further decreased to 

0.427, marking a 76% overall improvement. This decline highlights the role of localized power 

generation in reducing dependency on the main grid, thereby minimizing the likelihood of 

cascading failures and ensuring a more resilient distribution network. 

 

Similarly, the System Average Interruption Duration Index (SAIDI) and the Customer Average 

Interruption Duration Index (CAIDI) exhibited substantial improvements. SAIDI, which 

represents the total duration of interruptions per customer per year, was initially measured at 

6.908 hours. With the integration of DG1, SAIDI decreased to 4.282 hours, and with both DGs, 

it further dropped to 2.629 hours. This 62% reduction in outage duration underscores the ability 

of DGs to provide continuous power supply during grid failures, effectively reducing customer 

downtime. While CAIDI, which measures the average restoration time per outage, experienced 

a slight increase with DG1 (from 0.4226 to 0.4511 hours per outage), it later improved to 

0.4776 hours per outage with the dual DG setup. This indicates that DGs facilitate quicker 
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restoration times, as they allow for an immediate transition to local power sources during 

outages. The Expected Energy Not Supplied (EENS) metric further reinforces the reliability 

benefits of DGs. In the base case, EENS was measured at 26.436MWh, indicating a significant 

amount of energy unavailability due to system interruptions. With the integration of DG1, this 

value decreased to 15.147MWh, signifying a 43% reduction in unserved energy. When both 

DG1 and DG2 were implemented, EENS was further reduced to 9.211MWh, amounting to a 

65% improvement. This substantial decrease in EENS illustrates the critical role of DGs in 

maintaining supply adequacy, particularly in mitigating the impact of grid disturbances. 

 

The system availability indices also demonstrated marked improvements. The Average System 

Availability Index (ASAI), which measures the fraction of time the system is operational, 

increased from 0.9992 in the base case to 0.9997 with both DG1 and DG2. Conversely, the 

Average System Unavailability Index (ASUI), which quantifies the proportion of time the 

system is unavailable, decreased from 0.00091 to 0.00032. These results indicate that DG 

integration significantly enhances long-term system reliability, reducing the probability of 

extended service disruptions. A similar trend was observed for the Average Energy Not 

Supplied (AENS) index, which measures the average amount of unserved energy per customer. 

Without DGs, AENS was recorded at 0.1025 MWh. Following the integration of DG1, this 

value dropped to 0.0714 MWh, and with both DG1 and DG2, it was further reduced to 0.0501 

MWh. The 51% improvement in AENS highlights the effectiveness of DGs in ensuring energy 

availability, particularly in areas prone to frequent supply interruptions. The impact of DG 

integration on voltage stability was analyzed through the comparative results presented in 

Table 4.8. The weakest buses in the network, particularly Buses 18, 19, 29, and 30, 

demonstrated substantial voltage improvements following DG deployment. In the base case, 

Bus 18 had a voltage magnitude of 0.9114 p.u., which increased to 0.9315 p.u. with DG1 and 

further to 0.9381 p.u. with both DG1 and DG2. The phase angles across the network also 

indicated enhanced stability, as evidenced by a more balanced distribution of voltage 

magnitudes across buses. 
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Table 4.8: Comparison of outcomes for three scenarios: with no DG, DG1, and DG2 

 

 

Figure 4.12 graphically illustrates these voltage improvements, reinforcing the importance of 

strategic DG placement in enhancing system reliability. The results confirm that the presence 

of DGs improves voltage profiles and mitigates the risks associated with voltage fluctuations, 

particularly in regions with high reactive power demand. The MCS reliability analysis confirms 

the substantial benefits of DG integration in modern power distribution systems. The presence 

of both solar PV and wind energy sources reduced outage frequency by 78% and outage 

No. bus  
Voltage (p.u) Phase angle (radians) 

 
 

 With no DG DG1 DG2 

1 0.99 0.99 0.99 0 

2 0.987361909 0.98839807 0.988611889 0.000259999 

3 0.975047766 0.980258249 0.981602667 0.001723388 

4 0.968912347 0.975515549 0.97767822 0.002898754 

5 0.962919297 0.973814949 0.973773792 0.004087408 

6 0.947959626 0.967687694 0.962815453 0.003372353 

7 0.944492279 0.964136759 0.960780389 -0.000684543 

8 0.939635765 0.959410824 0.957598401 -9.10549E-05 

9 0,933367898 0.953228921 0.952726771 -0.001435431 

10 0.927554391 0.947498811 0.948243171 -0.002594905 

11 0.926691852 0.946660206 0.947602431 -0.002477978 

12 0.925187881 0.945197191 0.946550691 -0.002295255 

13 0.919083595 0.93916242 0.943385882 -0.003976928 

14 0.916829931 0.936902712 0.943252123 -0.005387571 

15 0.915423765 0.93550073 0.942895563 -0.006070008 

16 0.914059096 0.934149475 0.942123821 -0.006499961 

17 0.912048192 0.932127806 0.939782028 -0.007888792 

18 0.911442577 0.931528629 0.938098905 -0.008067504 

19 0.986498788 0.987535396 0.98775415 -6.3108E-05 

20 0.982888405 0.983927092 0.984169944 -0.001267872 

21 0.982177912 0.983216849 0.985607795 -0.001615271 

22      0.98153538 0.982574469 0.987711846 -0.001980301 

23 0.971433069 0.976675192 0.981991667 0.001169746 

24 0.964709026 0.976675192 0.979663428 -0.000415639 

25 0.961358169 0.970914579 0.974090527 -0.001199393 

26 0.946782416 0.966755587 0.961702795 0.00408639 

27 0.945271737 0.965582454 0.960276474 0.005098908 

28 0.938319093 0.958895136 0.953721933 0.00790662 

29 0.933500816 0.954276466 0.949181626 0.01026565 

30 0.931822618 0.952707205 0.947599249 0.012123006 
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duration by 62%, reinforcing the importance of multi-DG integration. Additionally, the 

significant 62% improvement in EENS and AENS highlights the role of DGs in maintaining 

continuous energy supply, especially in mitigating the impact of unplanned outages. The 

enhanced voltage stability and improved availability indices further validate the effectiveness 

of DG placement in increasing overall system resilience. 

 

 

Figure 4.12: Comparison graph of DG systems. 

 

These findings emphasise the need for optimised DG placement and sizing strategies to 

maximise power system reliability. The MCS provides valuable insights into how DGs can be 

leveraged to enhance grid resilience and minimise disruptions, proving that hybrid renewable 

energy integration is a key strategy for modern power distribution networks. 

4.11 Conclusion 

This chapter analysed the impact of distributed generation (DG) integration on the IEEE 30-

bus system using MATLAB/Simulink simulations. The results demonstrated that incorporating 

DGs significantly improved voltage stability, reduced power losses, and enhanced overall 

system reliability. 

The PSO-based optimisation effectively identified optimal DG placement and sizing, leading 

to substantial voltage improvements at weak buses and a notable reduction in system losses. 

The Monte Carlo simulation reliability assessment confirmed that DGs decrease outage 
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frequency and duration while increasing system availability. Overall, the findings validate the 

effectiveness of DG integration in improving power distribution performance. The 

combination of solar PV and wind energy sources provided the best results, highlighting the 

potential of hybrid renewable energy in modern power systems. 
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Chapter 5 

Conclusion and Recommendations 

This study analysed the impact of distributed generation (DG) integration on power system 

reliability, voltage stability, and power loss reduction within the IEEE 30-bus distribution 

network. The research leveraged advanced simulation techniques, including load flow analysis, 

Particle Swarm Optimization (PSO) for optimal DG placement and sizing, and Monte Carlo 

Simulation (MCS) for reliability assessment. The results demonstrate that integrating solar 

photovoltaic (PV) and wind energy conversion systems (WECS) significantly enhances system 

performance, reduces power losses, and improves voltage stability. 

5.1 Summary of Key Findings 

• Voltage Stability: Including DGs significantly improved the voltage profile across weak 

buses. Without DGs, certain buses experienced voltage drops below the acceptable 0.95 

p.u. Threshold. DG1 (solar PV) integration improved stability, and the combined operation 

of DG1 and DG2 (WECS) resulted in the best voltage regulation across the network. 

• Power Loss Reduction: The IEEE 30-bus system, without DGs, exhibited significant 

active power losses due to high transmission distances and reactive power demands. The 

PSO algorithm determined that optimal DG placement at Bus 18 and Bus 26 substantially 

reduced power losses, thereby improving overall system efficiency. 

• Reliability Enhancement: The Monte Carlo Simulation results indicated that DG 

integration led to a drastic improvement in reliability indices: 

• SAIFI (System Average Interruption Frequency Index) was reduced by 78%, indicating 

fewer service interruptions. 

• SAIDI (System Average Interruption Duration Index) decreased by 62%, reflecting 

shorter outage durations. 

• EENS (Expected Energy Not Supplied) improved by 62%, ensuring better energy 

availability for consumers. 

• ASAI (Average System Availability Index) increased, demonstrating greater system 

resilience. 
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• Optimized DG Placement is Crucial: The PSO-based optimisation identified Buses 18 

and 26 as the most effective DG placement locations, showing that proper DG siting is 

essential for maximising system benefits. 

• Hybrid DG Integration is Superior: The combined operation of solar PV and wind energy 

provided the best overall improvements in voltage profile, power loss reduction, and 

reliability, proving the effectiveness of hybrid renewable energy systems in modern 

distribution networks. 

5.2 Contributions of the Study  

This research makes several significant contributions to the field of power system reliability 

and distributed generation planning: 

1.  Development of an Optimized DG Integration Framework 

By employing PSO for optimal DG placement and sizing, this study provides an efficient 

method for improving power system performance, which can be applied to real-world 

networks. 

2.  Reliability Assessment Using Monte Carlo Simulation 

The study utilises sequential Monte Carlo Simulation (MCS) to quantify the impact of DGs on 

power system reliability, offering data-driven insights into outage frequency, duration, and 

energy availability. 

4. Enhancement of Voltage Stability and Loss Reduction 

The findings confirm that strategic DG placement improves voltage stability and minimises 

system losses, contributing to better grid efficiency. 

5. Validation of Hybrid Renewable Energy Integration 

The research proves that a hybrid approach combining solar PV and wind energy provides 

superior grid performance compared to a single DG unit. 

 

5.3 Limitations of the Study 

While the findings of this research are impactful, the following limitations must be 

acknowledged: 

• Use of a Standard Test System 

The study was conducted on the IEEE 30-bus test system rather than a real-world power 

network. Although this system is widely used for research, real-world networks may exhibit 
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additional complexities, such as dynamic load variations, unbalanced loads, and network 

reconfiguration. 

• Weather-Dependent Renewable Energy Sources 

The study assumes constant solar and wind energy availability, but these resources are 

intermittent. Future work should incorporate probabilistic models for solar irradiation and wind 

speed variations. 

• Limited DG Types Considered 

The research focuses on solar PV and wind energy conversion systems, whereas other DG 

technologies, such as fuel cells, microturbines, and biomass generators, were not explored. 

• Computational Complexity of PSO Optimization 

While PSO provided excellent results, its computational time increases with network size. 

More advanced hybrid optimisation techniques (such as Genetic Algorithms (GA) combined 

with PSO) could be explored to improve efficiency. 

5.4 Recommendations for Future Work 

Given the promising results of this study, the following areas are identified for further 

investigation: 

1. Application of the Proposed Framework to Real-world Networks 

Future research should apply the PSO-based DG placement methodology to actual power 

distribution networks, considering real-time load variations, dynamic power flows, and 

operational constraints. 

2. Integration of Advanced Energy Storage Systems 

The variability of renewable energy sources could be mitigated by incorporating battery energy 

storage systems (BESS) to store excess energy during peak generation periods and supply 

power during shortages. 

3. Incorporation of Demand-Side Management (DSM) Techniques 

A demand-response model could be integrated to optimise energy consumption patterns, 

further enhancing system reliability and efficiency. 

4. Comparison of PSO with Other Optimization Algorithms 

Future studies could compare PSO with other metaheuristic algorithms such as Genetic 

Algorithms (GA), Artificial Bee Colony (ABC), and Differential Evolution (DE) to determine 

the most effective method for DG placement. 

5. Economic and Environmental Impact Assessment 
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Future research should evaluate the economic feasibility of DG integration, considering 

installation costs, return on investment (ROI), and environmental benefits such as carbon 

emission reduction. 

6. Hybrid Microgrid Development 

The concept of hybrid microgrids, where DGs operate autonomously or in grid-connected 

mode, should be explored to enhance system resilience and energy security. 

This research has demonstrated that optimally placed distributed generation can drastically 

improve power system reliability, voltage stability, and efficiency. By leveraging PSO for DG 

placement and Monte Carlo Simulation for reliability assessment, the study provides a robust 

framework for enhancing modern power distribution networks. The findings underscore the 

importance of hybrid renewable energy integration as a sustainable solution for addressing 

power quality challenges in contemporary electrical grids. As power systems evolve towards 

decentralised and renewable-based networks, this study contributes to making electricity more 

reliable, efficient, and resilient. The research findings serve as a foundation for future 

advancements in DG planning, supporting the transition toward smart grids and sustainable 

energy solutions.  
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Appendices 

Appendix A: The intergration of wind network, solar network and the distribution generator 

which forms the system on MATLAB/SIMULINK Model. 
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Appendix B: The interconnection of the distribution network model integrated on 

MATLAB/SIMULINK. 

 

 

 

 

 

 




