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ABSTRACT 

The 2030 Agenda for Sustainable Development, adopted by all United Nations Member States 

in 2015, presents a unified framework designed to promote peace and prosperity for 

individuals and the planet, both in the present and for future generations. At the heart of this 

agenda are the 17 Sustainable Development Goals (SDGs), which call for immediate action 

from all countries regardless of their development status through a global partnership. 

Specifically, SDG 7 seeks to guarantee access to affordable, reliable, sustainable, and modern 

energy for everyone by 2030. South Africa, recognized as one of the most developed nations 

in Africa, is also the continent's largest energy consumer. The combination of a growing 

population and an ongoing power crisis has resulted in heightened electricity demand and a 

need for alternative energy solutions. In recent years, the country has launched various 

projects focused on renewable energy sources (RESs). However, despite these investments, 

the contribution of renewables—particularly wind, solar photovoltaic (PV), and concentrated 

solar power (CSP)—remains limited, accounting for only 13.7% of the total energy mix, which 

decreases to 7.3% when hydroelectric sources are excluded. Nuclear and diesel energy make 

up 4.6% and 1.6%, respectively. The ongoing gap between energy supply and demand remains 

a critical issue. Additionally, transmission line compensation techniques have emerged as a 

promising method to enhance transmission capacity, minimize losses, and improve stability 

within power systems. 

Although these technique increases the energy availability factor, they frequently present 

technical challenges in the routine functioning of power systems, especially regarding 

network protection systems. Protection is crucial not only for ensuring system stability but 

also for the safety of equipment and personnel. Fundamental principles of any protection 

strategy encompass accuracy, selectivity, and reliability. This research introduces a machine 

learning-based protection scheme tailored for a compensated transmission line within a 

renewable energy network. Initially, a simple two-bus network is created, and a series 

capacitor compensation method is integrated to assess the impact of transmission line 

compensation on protection systems. Data is gathered and utilized across three different 

machine learning detection and classification techniques: K-Nearest Neighbours (K-NN), 
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Medium Neural Network (MNN), and Quadratic Support Vector Machine (QSVM). 

Additionally, the network is expanded to incorporate both solar and wind energy sources to 

evaluate performance with the inclusion of renewables. The classifiers are then tested and 

fine-tuned for enhanced performance. Performance metrics, including confusion matrix 

analysis, precision-recall curves, and ROC curves, are employed to assess the effectiveness of 

each machine learning approach. The results indicate that the accuracy and reliability of 

protection are influenced by the application of these techniques, as evidenced by the rate of 

fault misclassification. Moreover, machine learning methods show promise in enhancing the 

protection scheme's performance for a network architecture that includes a compensated 

transmission line and renewable energy sources. Among the classifiers, the SVM has emerged 

as the most effective machine learning classifier, achieving an average accuracy of 99.2%.  
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Chapter one: Introduction  

1.1 Research Background 

South Africa is currently experiencing energy crises because of a mismatch between energy 

supply and demand. Increasing energy demand necessitates adequate operation of 

generation and transmission facilities to maintain the reliability of the power system. 

Transmission line compensation is used to increase the ability to transfer power, thereby 

enhancing system stability, voltage regulation, and reactive power balance. Also, in recent 

years, the introduction of renewable energy sources (RES) has proven to be effective in 

supporting the grid by providing additional energy. As a result, the dynamics of power systems 

have changed, and many developing nations are adopting the integration of renewable 

energy to the grid to increase the aspect ratio of energy availability factor. While both 

techniques contribute to the grid's ability to meet energy demand, they frequently introduce 

technical challenges that affect the stability and protection of the systems.  

According to the Council for Scientific and Industrial Research (CSRI) report from February 

2023, renewable energy technologies such as wind, solar PV, and CSP saw an increase in 

installed capacity in 2022, reaching a total of 6.2 GW and contributing 7.3% to the overall 

energy mix.  Furthermore, the eThekwini Renewable Energy Roadmap technical report, 

building upon the Energy Strategic Roadmap (ESR), outlines the municipality's climate action 

objectives for 2030 and 2050. Through its Municipal Independent Power Producer 

Programme (MIPPP), eThekwini seeks to secure 400 MW of capacity from IPPs to ensure a 

reliable and diverse energy supply. These advancements highlight a clear change in the 

dynamics of power systems, as numerous developing countries are progressively embracing 

the integration of renewable energy to improve their energy accessibility. However, technical 

challenges arise due to this widespread adoption of renewable energy.Compensated 

transmission lines are utilized within power system networks to boost energy transmission 

capacity, enhance system stability, reduce transmission losses, and offer greater flexibility in 

managing power flow[1]. The non-linear properties of a series capacitor used for line 

compensation cause the impedance characteristics of the system to change rapidly, resulting 

in the generation of high-frequency signals. These signals interfere with the proper operation 

of relays by affecting voltage (V) and current (I). Consequently, the relay faces challenges in 

accurately identifying, categorizing, and locating faults[2]. When designing a protection 
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system for a compensated transmission line, two main occurrences must be considered which 

are current inversion and voltage inversion resulting from compensation. The majority of the 

extant literature has conducted the investigation without considering the incorporation of 

RES and the associated complexities. Although certain researchers have assessed the impact 

of RESs on conventional protection schemes, most researchers have investigated for a 

condition where the lines at point of penetration are not compensated, only the 

methodologies involving time-frequency analysis and real-time evaluation have been 

examined and windfarms are used as RES, most schemes are not tested or subjected to 

various system dynamics like power swing, higher levels of compensation. While adaptive 

distance protection strategies have addressed the issue of these schemes not being subjected 

to testing under dynamic system conditions. The investigation of the impact of various 

compensation levels and high penetration of different types of renewable energy sources is 

lacking in the literature. This research aims to investigate the impact of renewable energy 

integration into compensated transmission network, furthermore to develop an adaptive 

protection scheme for such networks. 

 

1.2 Problem statement 

Distance protection schemes generally consist of three sub-components, namely, fault 

detection, classification and location. Reliable performance of the schemes depends on good 

estimation of voltage, current and subsequently, impedance of transmission lines in 

frequency domain. Introduction of series compensation in transmission network as well as 

integration of generation based on renewable energy sources affect the apparent impedance 

seen by protection relays during normal and abnormal situation. In addition, issues like low 

frequency oscillation, voltage and current inversion, voltage regulation, low fault ride through 

are of great concern in modern transmission network with series compensation and a high 

level of renewable energy penetration. In this work we develop an adaptive scheme that can 

dynamically detect, classify faults in such afore mentioned network-based machine learning. 
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1.3 Aim and objectives 

AIM: The aim of this research is to develop an adaptive protection scheme for a heavily 

compensated transmission line with high penetration of RESs can dynamically detect, classify 

and locate faults based on machine learning. 

The Objectives are: 

• Developing a simulation model and investigate the impact of transmission line 

compensation in protection scheme and assess its performance. 

• Developing a machine learning based protection scheme to improve the performance 

of the model above. 

• Developing wind and solar based RES simulation model, integrate this model into the 

existing compensated network to test the impact of RES in protection scheme. 

• Proposing the Best Machine learning detection and classification technique of this 

network architecture. 

 

1.4 Hypothesis 

The combination of high levels of compensation on transmission lines and a high penetration 

RES will have a significant impact on the performance of conventional protective relaying 

systems. This effect will make detection, classification and location of faults in the protection 

of heavily compensated lines more difficult. In order to support this hypothesis, this study will 

investigate the following important points: 

• The effect of heavily compensated lines on system performance: This study will 

examine how the presence of compensation in transmission lines impacts voltage 

regulation, power flow, fault currents, and system stability. 

• The effect of RES integration on heavily compensated lines: This study will 

investigate the effect of renewable energy sources, such as solar and wind, on the 

performance of heavily compensated lines. This will entail studying the variations 

in power generation, reactive power compensation, and fault characteristics 

caused by the intermittent nature of renewable energy sources. 

• Evaluation of existing protective relaying systems: This research will evaluate the 

performance of traditional protection schemes, including distance relays, in the 

context of significantly compensated lines with high penetration of renewable 
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energy sources. The efficacy of fault detection, classification accuracy, and 

coordination between protective devices will be evaluated. 

• Development of a simulation model: Using simulation software such as Dig-Silent 

Power Factory, a detailed model of a power system network with an extensively 

compensated transmission line and high RES penetration will be developed. This 

model will precisely represent the system's electrical properties and dynamics. 

By addressing these objectives and conducting a thorough analysis, the research seeks to shed 

light on the effect of compensation and integration of RES on transmission line protection 

schemes. It also aims to propose an optimized protection scheme that addresses the 

challenges posed by these factors, ultimately contributing to the development of the security 

and dependability of power systems with a significant contribution from renewable energy 

sources. 

 

1.5 Research methodology 

This research uses quantitative approach. Mathematical and simulation models, software 

tools are used to develop the machine learning based protection scheme. The research 

approach/strategy will can be summarised as followed 

1. Developing a mathematical and simulation model of a power systems network that 

consists of heavily compensated transmission lines. Use the model to test the impact 

of degree of compensation energy on existing traditional protection scheme in this 

type of a network. 

2. Use the model developed, integrating a model of the renewable energy source into 

this network to further investigate the impact of RES and compensation combination 

into traditional protection schemes.   

3. Develop a machine learning fault detection and classification scheme for a 

compensated transmission line, a RES integrated network into a compensated line.  

4. Develop a fault location algorithm based on machine learning, to be implemented on 

the above developed network.  
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1.6 Significance of the research 

Transitioning to a low-carbon energy system, meeting renewable energy targets, and 

improving grid efficiency and reliability are all factors driving the market for integrating 

renewable energy sources in heavily compensated transmission lines. More and more nations 

and regions are embracing renewable energy legislation, which means there will be a greater 

need for renewable energy integration solutions. This market is primarily driven by utilities, 

renewable energy developers, researchers and technology providers specializing in grid 

integration solutions. Advanced power electronics, energy storage devices, and grid 

management software are just a few of the tools they offer to facilitate the incorporation of 

renewable energy sources. The current existing literature explores the integration of 

renewable energy, however at the point of coupling most of the lines are not compensated. 

Since transmission line also offers a wide range of advantages into supporting the grid in 

matching the supply with demands, and also improving the system stability it is an exciting 

opportunity to investigate the impact of these technologies combination of traditional 

protection schemes. Furthermore, Literature has also suggested certain proposals that utilize 

signal processing methods, involving a series of mathematical operations, to analyse signals 

of varying characteristics and recently the trend is focused on implementation of machine 

learning techniques to perform the fault detection and classification task which are major 

section for a protection scheme. Based on the literature it is observed that ML techniques are 

being explores as a solution is addressing challenges in transmission line challenges, however, 

this has been limited to un-compensated line are studied . Hence this research investigates 

the application of machine learning faults identification and classification for a compensated 

line using an IEEE 9 bus. 

 

1.7 Limitations and delimitations   

• Only transmission lines will be studied. 

• Only PV and Wind Energy systems are covered in this research. 

• ONE compensation technique will be used at one position along the protected line. 

• The protection scheme only detects and classifies faults. 
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1.8 Contribution of this research 

• In this work we develop an adaptive scheme that can dynamically detect and classify 

faults based on time-frequency measurements and machine learning.  

• The scheme is developed for network with RESs integrated into a compensated line. 

It is tested for various faults and will be fast and accurate. 

 

1.9 Thesis structure  

Chapter 1: Introduction. This chapter elaborates on the research background of the study 

introducing the problem statement, the aim and objectives to solve the existing problem 

Chapter 2: Literature Review. This chapter provides the existing literature in the context of 

transmission network, compensated transmission line, RES integration, different concept on 

adaptive protection schemes and later identify the gaps missing in the literature. 

Chapter 3: Compensated transmission network. This chapter discuses in details models of 

compensation techniques, their principle of operation, the impact of compensation onto 

current and voltage signals as well as the impact of compensation into voltage profile of a 

transmission line.  

Chapter 4: Renewable Energy integration. This chapter discusses into details the concept of 

developing models for renewable energy integration including wind and solar energy sources. 

it also discussed the concept of power conversion circuits for renewable energy integration. 

Chapter 5: Machine learning fault detection and classification scheme. This chapter discusses 

into details the mathematical representation sampling techniques, signals preprocessing, 

future extraction and classification techniques. 

Chapter6: Methodology. This chapter elaborates on modelling and simulation of the models 

from Compensated transmission line, 9bus system and load flow analysis. Furthermore, the 

integration of 12MW RES and development of the Machine learning fault detection and 

classification scheme. 

Chapter 7: Results, analysis and discussion. The findings of the study are discussed in this 

section for all the models developed in chapter 6.  

Chapter 8: Conclusion and recommendations Conclusions on the preceding chapters and 

recommendations for future studies are presented in this chapter. 
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Chapter two: Literature Review 

2.1 Introduction 

Global energy cost increases, combined with the desire to minimize harmful fossil-based 

emissions, are driving the demand for global clean and efficient energy sources and systems 

[3]. As per the Department of Energy's report in South Africa, by the end of June 2017, 3,162 

MW of electricity generation capacity had been added to the national grid through 57 

independent power producer (IPP) projects. According to the CSRI report from February 2023, 

renewable energy technologies such as wind, solar PV, and CSP saw an increase in installed 

capacity in 2022, reaching a total of 6.2 GW and contributing 7.3% to the overall energy mix. 

The Department of Mineral Resources and Energy (DMRE) is inviting interested parties to 

register potential bids for the Seventh Bid Submission Phase (Bid Window 7) of the Renewable 

Energy Independent Power Producers Procurement Programme (REIPPPP). This call for 

proposals aims to solicit bids from Independent Power Producers (IPPs) to develop 5000 MW 

of new generation capacity, including 1800 MW of Solar PV and 3200 MW of Wind Power. 

Furthermore, the eThekwini Renewable Energy Roadmap technical report, building upon the 

Energy Strategic Roadmap (ESR), outlines the municipality's climate action objectives for 2030 

and 2050.  

Through its Municipal Independent Power Producer Programme (MIPPP), eThekwini seeks to 

secure 400 MW of capacity from IPPs to ensure a reliable and diverse energy supply. The 

MIPPP will be implemented in phases, with the aim of having this new generation capacity 

operational by July 2025 or sooner. These advancements highlight a clear change in the 

dynamics of power systems, as numerous developing countries are progressively embracing 

the integration of renewable energy to improve their energy accessibility. However, technical 

challenges arise due to this widespread adoption of renewable energy. These challenges 

include issues such as reduced inertia due to the replacement of traditional synchronous 

generators with virtual synchronous generators, fault ride-through capabilities to ensure the 

continuous operation of renewable energy sources (RES) during faults, uncertainties, voltage 

and frequency fluctuations, high fault currents, low generation reserves, and diminished 

power quality [4]. Compensated transmission lines are utilized within power system networks 

to boost energy transmission capacity, enhance system stability, reduce transmission losses, 

and offer greater flexibility in managing power flow[1]. The non-linear properties of a series 
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capacitor used for line compensation cause the impedance characteristics of the system to 

change rapidly, resulting in the generation of high-frequency signals. These signals interfere 

with the proper operation of relays by affecting voltage (V) and current (I). Consequently, the 

relay faces challenges in accurately identifying, categorizing, and locating faults[2].When 

designing a protection system for a compensated transmission line, two main occurrences 

must be considered: current inversion and voltage inversion resulting from compensation. If 

a fault arises where the total reactance is capacitive, it triggers current inversion, also known 

as current reversal. During this inversion, the current leads the voltage instead of lagging 

behind it. The probability of current inversion increases with greater levels of compensation. 

While current inversion is not a major issue at lower compensation levels, it becomes a 

concern as compensation increases. At higher levels, current inversion can affect faults along 

an extended section of the line, potentially reaching beyond the receiving end of the 

compensated line[5]. If a fault happens on a series-compensated transmission line and the 

impedance from the fault location to the relay point is capacitive while the overall impedance 

from the power system source to the fault stays inductive, it results in what's known as a 

voltage inversion in the power system.[6].  

According to Pilotto in [7] it has been noted that compensating transmission lines can 

unintentionally increase the likelihood of encountering sub-synchronous resonance (SSR). 

This challenge arises from the interplay between an electrical mode of the series-

compensated network and a mechanical shaft mode of a turbine-generator group. The 

repercussions of these interactions could potentially lead to the generation of harmful 

torsional forces. Transmission line are formally compensated using Flexible AC transmission  

system (FACTS) devices brings forth novel power system dynamics that necessitate thorough 

examination by system protection engineers[8]. Normally transmission lines are subjected to 

various fault conditions, such as L-L (line to line), L-G (line to ground), and even three-phase 

fault [9]. When these faults happen the protection, system is expected to isolate faulty 

system, reliability, accuracy and speed is one of the major priorities for any protection 

scheme. Distance protection relay is used to protect transmission line, these schemes used 

the system impedance seen by the relay to issue a trip signal. The effectiveness of the distance 

protection scheme (DPS) is significantly impacted by the integration of FACTS devices, as their 

inclusion may interfere with the coordination of protective relays, leading to both under-

reaching and over-reaching of the relays [10]. Distance relays are commonly employed for the 
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protection of transmission lines. Distance relays face several challenges when protecting 

compensated lines, such as fault detection, classification, and location, due to voltage 

inversion, current inversion, and low-frequency oscillation and the presence of harmonics in 

the context of compensated transmission line protection, hence the relay perceives a defect 

as an impedance mismatch with the compensation surface. From [11] in stated that many 

instances, protective relays for transmission lines have unfortunately triggered due to 

harmonics present in the power system.  

The other concept that affects the distance relay when protecting compensated line is 

compensation level. This is described as the percentage of the reactive impedance to cancel 

the inductive reactance of the line. The added reactive impedance to the system to the 

compensation level is dependent upon the quantity of capacitors connected to the line, and 

a proficient understanding of the compensation level on the relay-side is imperative for the 

accurate functioning of distance relays. The presence of fluctuation in the reactance of 

capacitors requires the implementation of adaptive distance protection mechanisms [12] to 

improve the performance of the relays protecting such systems.  It is hypothesized that the 

complexity of a transmission line protection system may be further increased when the 

integration of RES into a compensated transmission line. Consequently, the conventional 

transmission line protection schemes may not be sufficient, this  necessitates further 

investigation into the impact of integrating RES on existing protection schemes for heavily 

compensated lines [13]. The majority of the extant literature has conducted the investigation 

without considering the incorporation RESs and the associated complexities. Although certain 

literature have assessed the impact RESs on conventional protection schemes, most 

researchers have investigated for a condition where the lines at point of penetration are not 

compensated, and only the methodologies involving time-frequency analysis and real-time 

evaluation have been examined particularly for windfarms, it is also noted that most schemes 

are not tested or subjected to various system dynamics like power swing, higher levels of 

compensation.   

While adaptive distance protection strategies have addressed the issue of these schemes not 

being subjected to testing under dynamic system conditions. The investigation of the impact 

of various compensation levels and high penetration of different types of renewable energy 

sources is lacking in the literature. This research work provides a thorough examination of the 

challenges posed by the integration of Renewable Energy Sources (RES) and the significant 
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compensation levels on transmission line protection schemes. It also explores various 

techniques employed to address these challenges. This paper reviews the techniques 

available in literature to address the challenges presented by lines compensation and RES 

integration into power systems network operation including the protection systems, it then 

makes recommendation for further research that maybe conducted to improve the 

protection system of compensated transmission line with penetration of RES.  

 

2.2 The landscape of renewable energy in south Africa 

Recent investments in renewable energy technologies have not significantly altered the 

energy landscape, as wind, solar photovoltaic (PV), and concentrated solar power (CSP) 

collectively represent a mere 13.7% of the overall energy mix, which drops to 7.3% when 

excluding hydroelectric power. In contrast, coal remains the dominant energy source in South 

Africa, contributing to 80% of the country's electricity generation. Additionally, diesel and 

nuclear energy account for 2.6% and 4.6% of the energy supply [14]. In 2003, South Africa 

introduced a white paper outlining a strategy aimed at generating 10 TWh of electricity from 

renewable energy sources such as biomass, wind, solar, and small-scale hydroelectric power. 

Following this initiative, an integrated resource plan was adopted in May 2011, which set a 

new target to enhance the contribution of renewable energy to the energy mix, aiming for a 

capacity of 17,800 MW by the year 2030  [15]. RSA's annual power demand is predicted to 

increase from 345 TWh to 416 TWh by 2030, compared to the Department of Energy's 454 

TWh projection in the Integrated Resource Plan (IRP) for power document [16]. Furthermore, 

Eskom's Just Energy Transition (JET) Office was founded in early 2020 and has advanced the 

shift towards a greener and cleaner energy future with notable advancements.[17]. "Just" 

clarifies that there won't be any detrimental effects on society, employment, or livelihoods 

from this transition, which is defined as the progressive shift towards lower carbon 

technology. The future growth and sustainability of the nation depend on the Just Energy 

Transition 
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Figure 2. 1 The status of installed RESs in South Africa [18]. 

The installed capacity of renewable energy sources in South Africa is illustrated in Figure 2.1, 

which emphasizes the dominance of hydroelectric, solar, and photovoltaic energy systems. 

This observation is corroborated by the real-time data presented in Table 2.1 on the Eskom 

website. Access to this report is available through the Eskom website[19]. Furthermore, Table 

2.1 outlines the total annual contributions of renewable energy, based on information 

supplied by various operators. The contributions from both Eskom and Independent Power 

Producers (IPPs) are included in the wind energy statistics. Table 2.2 details the annual 

quantity of renewable energy integrated into Eskom's grid for the years 2023–2024 

 

Table 2. 1Renewable energy statistics as at 23/06/2024  

Indicator  Current installed capacity (MWh) 

CPS 500.00 

PV 2287.1 

Wind  3442.6 

Total  6280.2 
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Table 2. 2 Annual contribution of Renewable energy contribution based on operator’s data. 

Year Indicator  CPS PV Wind Total 

All  Annual energy 1670540 5095753 11576709 18186108 

2023-24 Total energy 1307048 5095753 11576709 18186108 

2024-25 Total Energy  229474 941593 2382877 3615973 

 

Figure 2.2 illustrates the hourly contributions to the energy grid. The data presented clearly 

indicates that wind energy serves as the dominant contributor to grid enhancement, with an 

output exceeding 2500 MWh, whereas photovoltaic systems contribute more than 1750 

MWh. This evidence underscores the growing incorporation of renewable energy sources 

within the South African grid network. The integrated resource plan represents a 

comprehensive long-term energy strategy that outlines the necessary infrastructure and 

electricity generation mix for South Africa, aiming to ensure affordable and sustainable 

energy security while minimizing water consumption and reducing carbon dioxide emissions 

[6].  

Eleven geographic areas identified as conducive to the extensive development of solar 

photovoltaic and wind energy are designated as renewable energy development zones. The 

REDZs facilitate geographical dispersion in the placement of renewable energy (RE) facilities 

by optimizing the allocation mix of RE capacity and determining future plant locations within 

the framework of national grid support [20], these zones are shown in figure 2.3 and 

highlights a great potential for renewable energy integration in South Africa.  

The coal industry in South Africa is facing significant job losses, compounded by the absence 

of local manufacturing for renewable energy components. Additionally, high entry barriers 

hinder competitiveness within the renewable energy sector, while a critical skills shortage and 

insufficient grid capacity for integrating renewables in resource-rich areas further complicate 

the situation. To tackle the performance challenges associated with renewable technologies, 

it is recommended to conduct research and perform a cost-benefit analysis on alternative 

complementary technologies that can provide essential grid services. Furthermore, in the 

context of networks that incorporate renewable energy, our research advocates for the 

development of enhanced protective systems, support for grid stability, and improved 
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technologies to facilitate the integration of renewables, thereby ensuring the stability of the 

grid is preserved. 

 

Figure 2. 2 Eskom’s hourly renewable energy generation[21] 
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Figure 2. 3 South African Renewable Energy Development Zones. [22] 

 

2.3 The Concept of Transmission Line Compensation  

Energy transfer plays a crucial role in the functioning of power systems. The management of 

Power Transmission Lines is essential for maintaining voltage stability, minimizing losses, and 

regulating the flow of reactive power to mitigate harmonics. To achieve these objectives, 

Flexible Alternating Current Transmission Systems (FACTS) devices are employed [23]. The 

evolution of contemporary power systems has resulted in heightened complexity in the 

analysis of these systems, simultaneously introducing new challenges related to their stability. 
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This is particularly evident in the domains of transient stability, protection mechanisms, and 

small-signal stability [24]. FACTS devices play a crucial role in the compensation of 

transmission networks. Among these, the Static VAR Compensator (SVC) is one of the 

pioneering types of FACTS devices, specifically engineered to manage voltage levels at 

particular buses. This regulation significantly improves the voltage profile of the electrical 

network. The primary purpose of an SVC is to maintain the voltage at a specified bus by 

providing reactive power compensation, which is accomplished through the modulation of 

the thyristors' firing angle [9]. SVCs have been employed for enhanced performance in both 

steady-state and transient voltage regulation, surpassing traditional shunt compensation 

methods. Additionally, SVCs play a crucial role in mitigating power oscillations, enhancing 

transient stability, and minimizing system losses through the optimization of reactive power 

management [25].  

The Thyristor Controlled Series Capacitor (TCSC) represents a significant component within 

the FACTS family, gaining prominence in contemporary power systems, particularly in the 

context of long transmission lines utilized by utility companies. Its functionality encompasses 

a range of critical roles in the management and regulation of power systems, including the 

optimization of power flow scheduling, the reduction of asymmetrical components, the 

minimization of net losses, the provision of voltage support, the limitation of short-circuit 

currents, the mitigation of sub-synchronous resonance (SSR), the damping of power 

oscillations, and the enhancement of transient stability [24]. The Unified Power Flow 

Controller (UPFC) possesses the capability to independently regulate various parameters due 

to its integration of the Static Synchronous Compensator (STATCOM) and the Static 

Synchronous Series Compensator (SSSC). Numerous studies have indicated that the UPFC 

enhances the stability of both single machine infinite bus (SMIB) systems and multimachine 

systems [26].  

The UPFC possesses the capability to independently regulate various parameters due to its 

integration of the STATCOM and the SSSC. Numerous studies have indicated that the UPFC 

enhances the stability of both SMIB systems and multimachine systems[27, 28]. Transmission 

line compensation can be classified into two main types: shunt compensation and series 

compensation. This study focuses on the effects of series compensation through the use of a 

TCSC safeguarded by a Metal Oxide Varistor (MOV). The analysis is conducted by examining 

the fault characteristics on the R/X plane within a two-bus system. Additionally, a machine 
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significant current inversion can adversely affect line current differential schemes, which are 

predominantly compensated at one terminal and necessitate further analysis to accurately 

establish the operational and restraint parameters of the line current differential. Lowering 

the compensation level to mitigate the severity of the current inversion is not a viable 

solution; instead, an increase in the compensation level is essential to attain the intended 

enhancements in transmission capacity [6]. The inclusion of series compensation within the 

fault circuit can lead to notable phase shifts in various electrical parameters, such as fault 

current, phase currents, sequence currents, and both phase and sequence voltages, relative 

to their inherent positions. For example, figure 2.6 illustrates a loss of directional integrity 

that arises when there is a change of 90 degrees or more in the voltage phase angle due to 

end line compensation, a phenomenon referred to as "voltage inversion." This situation 

typically arises in faults occurring downstream of the series compensator, where the total 

source impedance (ZS) significantly exceeds the impedance of the fault line. 

 

 

Figure 2. 6 current inversion in compensated lines[6] 
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2.4 The impact of FACTS devices on protection  

FACTS devices introduce an innovative concept that utilizes power electronics and controllers 

to enhance the controllability and capacity expansion of transmission networks, while also 

offering opportunities to improve control operations and stability in transmission systems. 

The underlying technology of FACTS involves advanced high-power electronics that 

incorporate various thyristor devices for future advancements. These are supported by 

advancements in digital protective relays, controls, and integrated communication systems. 

These devices enable the regulation of critical parameters and characteristics of transmission 

lines, such as impedance, admittance, and voltage (both angle and phase), which are 

fundamental constraints on power transmission. Detecting, categorizing, and locating faults 

in transmission lines compensated by FACTS devices and series capacitor (SC) is considerably 

more complex than traditional lines due to the presence of time-variant voltage and current 

sources in the line's structure. Included among these devices are Thyristor-Controlled Series 

Capacitors (TCSC), Static VAr Compensators, Static Synchronous Compensators (STATCOM), 

Static Synchronous Series Compensators, and Unified Power Flow Controllers (UPFC). The 

presence of FACTS devices and SCs in transmission lines results in continuous changes in line 

impedance, presenting significant challenges for line protection[35]. TCSC and UPFC emerge 

as the two most crucial devices, widely deployed on high-voltage transmission lines [36]. 

The UPFC is comprised of a STATCOM and a SSSC , as illustrated as figure 6 of [37]. The 

parameters of voltage (V), current (I), and phase angle can be adjusted independently. This, 

consequently, aids in the autonomous regulation of both active and reactive power flows 

within a transmission line [38]. The voltage and current signals experience significant 

alterations as a result of the UPFC controllers, both during transient conditions and in a steady 

state. Hence the performance of the standard distance relay is significantly affected due to 

the nonlinearity in output power resulting from diverse operational modes of the UPFC [39]. 

The impedance measurement will exhibit an increase as a consequence of the incorporation 

of the UPCF due to the aforementioned phenomenon, it is possible for the impedance relay 

to exhibit overreaching or underreaching. In [40] UPFC was designed to regulate the voltage 

of transmission lines and bus voltages apart from the reactive and active electrical power they 

carry.  It is suggested that factors such as installation point, operating modes, fault location, 
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fault resistances, fault inception angles, fault types, and external faults must all be considered 

while designing the protective system of transmission line compensated using the technique.  

The STATCOM acts as a controller for reactive power compensation, operating in parallel with 

the system. Advances in power electronics, particularly with the GTO thyristor, have made it 

feasible to implement this technology practically, offering a viable alternative to traditional 

SVCs. The torsional properties of remote generators can be modified by implementing an SVC 

within an advanced transmission system that utilizes series capacitors for compensation. The 

torsional interaction is significantly influenced by various parameters such as system loading, 

the level of series compensation, the operating point and control setting of the SVC, and other 

relevant factors[41].The management of reactive power flow is governed by the relationship 

between the AC voltage of the system and the voltage at the STATCOM's AC terminals. If the 

voltage at the STATCOM terminals exceeds the system voltage, the STATCOM functions as a 

capacitor, injecting reactive power from the STATCOM into the system. Conversely, if the 

STATCOM voltage falls below the AC voltage, it behaves as an inductor, causing the reversal 

of reactive power flow. Under normal operating conditions, both voltages are equal, resulting 

in no power exchange between the STATCOM and the system[42].  

The SSSC, as a series-connected FACTS device, has the capability to provide either inductive 

or capacitive voltage regardless of the current in the transmission line, within its rated current 

limits. Additionally, the SSSC has the capacity to exchange both active and reactive power 

with the AC system, primarily by regulating the angular position of the injected voltage.[43]. 

In [44] The SSSC, functioning as a series-connected FACTS apparatus, is capable of supplying 

either inductive or capacitive voltage independently of the current in the transmission line, 

within its specified current limits. Moreover, the SSSC can exchange both active and reactive 

power with the AC system, primarily by controlling the angular position of the injected voltage 

[45]. According to [46] Enhancing the dynamic performance of power systems, regulating 

power factor, voltage management, and stabilizing power flow can be enhanced through the 

integration of a STATCOM. Additionally, it can effectively mitigate Sub synchronous 

Resonance (SSR). However, to adequately suppress SSR, an auxiliary controller needs to be 

incorporated alongside the STATCOM. 

The TCSC consists of a capacitor that is connected in series with a Thyristor Controlled Reactor 

(TCR) and an antiparallel thyristor [47]. To protect the capacitor against over-voltage, a metal 

oxide varistor (MOV) is employed. On the contrary, the TCR alters the impedance of the TCSC 
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by manipulating the firing angle of a thyristor, thereby boosting the fundamental voltage 

across the fixed capacitor. When the voltage is altered, the series capacitive reactance adapts 

correspondingly[9]. Hence the impedance seen by the relay is influenced by the presence of 

a TCSC in the fault loop. These influences affect both the inductive and capacitive modes of 

operation[48]. When thyristors are triggered in close proximity to the zero crossing of the 

capacitor voltage, the capacitive reactance has the potential to increase up to 2-3 times the 

fixed capacitor reactance. Miscoordination, overreaching, and other operational challenges 

arise when the TCSC switches between different modes of operation. To mitigate these 

challenges, it is recommended to employ adaptive and pilot protection schemes. Since the 

positive-sequence impedance as determined by the conventional stand-alone distance relays 

becomes ineffective in determining the fault distance due to rapid changes brought about by 

the associated TCSC control actions in the primary-system parameters, including line 

impedances and load currents, throughout the fault duration[49]. 

Power swings are also a consequential matter arising from line compensation, as the 

impedance seen by the distance relay during a power swing may encroach upon the relay's 

operational region, which is deemed undesirable[50],this occurrence will result in an 

erroneous trip and instigate instability within a system. The occurrence of an out-of-step issue 

may arise when the swing exhibits instability, leading to a loss of synchronization within the 

system [51]. The implementation of an out-of-step blocking (OSB) strategy prevents the 

inhibition of protection relays' activation in the presence of a stable power swing[50, 52]. The 

presence of harmonics introduced by implementing transmission line compensation on the 

power system networks ,affects the accuracy of the distance protection,  the first-zone 

protection would not detect the faults at the reach setting[11].  

In [53] Smart Power Flow controlled (SPFC) is introduced, utilizing a 48-pulse converter, 

compensates for the reactive power of the power grid. The maximum power is achieved in 

SSSC at an injected voltage angle of 90 degrees when using a 48-pulse STATCOM, and 

harmonic distortion is minimized. In[54, 55] a VSC-Base STATCOM is investigated using ANN-

based closed-loop control techniques, this article shows how to regulate the reactive power 

produced by a long transmission line across a broad area, keeping the voltage profile at the 

receiving end constant. Harmonics are reduced to a tolerable level using ANN method and H-

bridge multilevel VSC architecture. Authors in [56] uses of fuzzy logic (FL) based controller for 

UPFC, in their work line currents total harmonic distortion (THD) is reduced below 5%, 
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reactive power adjustment, and voltage sag mitigation. Furthermore, a comparison is made 

between the performance of the proposed FL based UPFC and proportional integral (PI) based 

controller under varying transmission network operating conditions, with the results showing 

that the FL based UPFC provides superior results. 

Depending on the design, these compensation devices may be situated in various locations 

such as the midpoint of the line, at the busbar near the generating station, or at the distant 

busbar toward the load. Determining the optimal placement of these devices is crucial for 

maximizing their benefits. Achieving desired operating characteristics involves continuously 

adjusting the location of the FACTS device along the transmission line [29, 57]. According to 

[58] FACTS devices achieve optimal voltage support when strategically positioned at the 

midpoint of the transmission line. Moreover, an in-depth examination of FACTS device 

applications is presented in article[57] which reviews research from the past decade on 

different methodologies for placing FACTS devices. This research utilizes a meta-heuristic 

approach to address the placement of FACTS devices, aiming to maintain appropriate bus 

voltages, control line flow, and enhance overall system efficiency. Literature provides an 

extensive analysis of the prospective methodologies aimed at mitigating the emerging 

challenges associated with introduction of FACTS devices for transmission line compensation 

this is summarized in table 2.3 highlighting different techniques, their contribution including 

the challenges each work is trying to address 

 

Table 2. 3 summary of problems associated with adding FACTs devices 

Reference  The problem solved  contributions 

[59] The standard fault 

characteristics associated 

with Doubly Fed Induction 

Generators (DFIG) and (TCSC 

have a significant impact on 

the efficacy of traditional 

distance relays 

This article presents a novel relaying algorithm that employs the sign of 

the half-cycle superimposed positive-sequence current for the purpose 

of fault detection. Additionally, it incorporates an empirical mode 

decomposition-assisted random forest classifier for the classification of 

faults, along with a modified impedance method for estimating the 

location of faults 

[31] To investigation the impact 

of sub-synchronous torsional 

An advanced linear state model of the power system is developed that 

allows detailed evaluation of the impact of FACTS controllers for sub 
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interactions, an analytical 

tool is developed  

synchronous torsional interactions (SSTIs) between turbine-generator 

rotors and (SVCs in longitudinal power systems 

[60]   Optimal Positioning of TCSC 

to Enhance Voltage Stability 

Limits While Considering 

Effects on the Settings of 

Distance Protection Relays 

Optimal Positioning of TCSC to Enhance Voltage Stability Limits While 

Considering Effects on the Settings of Distance Protection Relays. 

[61] The research examined how 

various firing control 

strategies influence the SSR. 

 This paper presents a qualitative investigation into the impact of 

thyristor-controlled series capacitors (TCSC) on distance protection 

strategies for power systems. Additionally, it proposes enhancements to 

the traditional distance protection logic 

 

Transmission line compensation can be classified into three distinct categories: shunt 

compensation, series compensation, and a combination of series and parallel compensation, 

as illustrated in Figure 2.7. Additionally, the specific technologies employed within each 

category are detailed for every classification. 

Transmission Line Compensation 
Techniques

Series Compensation

Shunt Compensation

Combined series and shunt 
Compensation

1. TCSC
2.TSSC

1.STATCOM
2.SVS
2. TSC

1. UPFC
2. TCPST
3.SSSC

 

Figure 2. 7 Transmission line compensation 

Also, the fault is applied at a time of 0.5 seconds. Following the occurrence of a fault, from 

figure 2.8 it is observed that the fault current in the uncompensated line reaches its maximum 

value, whereas the fault current in the series capacitor experiences a delayed peak. The 

aforementioned phenomenon results in a temporal lag in the operational functionality of the 
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protection system, as indicated by [62]. Moreover, in the aforementioned series 

compensated illustration, an oscillation characterized by a low frequency range spanning 

from 0.1 to 0.25 is observable. The figure depicted in Figure 2.9 illustrates the manifestation 

of delays in the estimation of impedance caused by series compensation. Both of these 

pathways depict the identical fault scenario, one for a compensated line and the other for an 

uncompensated line. The trip signal from the distance relay can be generated within a time 

frame of 1-2 power-frequency cycles, assuming the absence of a series capacitor that would 

otherwise impede the trajectory's transition from the pre-fault state to the final operating 

region. However, by implementing compensation techniques, the relay is able to cover the 

same distance in approximately 80 milliseconds, thereby enabling the delivery of a trip signal 

within a span of 4-5 cycles. In the realm of safeguarding high-voltage transmission lines, any 

form of delay is deemed unacceptable [63].  

 

 

Figure 2. 8 Fault levels comparison for compensated and uncompensated lines [64]. 

 

 



25 
 

 

Figure 2. 9 Delays caused in impedance estimation in series compensated lines [64]. 

Power swings are a consequential matter arising from line compensation, as the impedance 

encountered by the distance relay during a power swing may encroach upon the relay's 

operational domain, which is deemed undesirable[50], this occurrence will result in an 

erroneous trip and instigate instability within an impacted system. The ability of the 

transmission lines to transfer power and the rotor angle are the key factors that determine 

their stability or instability. At a certain juncture, the power oscillation will reach a state of 

equilibrium. The occurrence of an out-of-step issue may arise when the swing exhibits 

instability, leading to a loss of synchronization within the system [51]. The implementation of 

an out-of-step blocking (OSB) strategy entails the inhibition of protection relays' activation in 

the presence of a stable power swing. In the event of synchronization loss, it becomes 

imperative to effectively isolate the sections that are experiencing faults. This is commonly 

denoted as an out-of-step tripping (OST) scheme[50, 52] 

 

2.5 Renewable energy integration  

While the integration of high-level RESs mitigates adverse environmental effects in contrast 

to traditional fossil fuel-based energy generation, it also presents technical challenges. These 

challenges include decreased total inertia, limited fault ride-through capability, increased 

uncertainties, fluctuations in voltage and frequency, elevated fault currents, diminished 

generation reserves, and reduced power quality. [4]. Another challenge with integration of 

RES into the grid is the significant issues is the increased in short circuit levels (SCLs), which 

can result in poor power quality and the failure of some protection schemes (such as distance 
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and over-current protection) [65]. Solar PV plants have zero inertia to contribute to the power 

grid and variable speed wind turbines have a negligible amount, it is crucial to develop 

suitable controlling mechanism for RESs that mimic the characteristics of a synchronous 

generator to enhance the grid's frequency response. The frequency of RESs integrated 

systems is supported by the notion of virtual inertia technologies, which make use of, energy 

storage systems (ESSs), PE converters and control algorithms. Grid-connected solar PV always 

works at its maximum power point (MPP) with no reserve margin, it cannot contribute to 

frequency management during negative frequency excursion. To address these challenges 

these methods are discussed in the literature which are energy storage devices[66], [67] de-

loading [68-71] and inertial response [72] . Security considerations arise regarding the 

practicality of integrating large-scale wind RES into the current electrical grid, particularly 

concerning transmission infrastructure [46] . Frequency responsiveness of wind integrated 

systems can be enhanced by the application of virtual inertia technologies such de-loading, 

inertia emulation, droop controller, and energy storage.  

 

Also, the prompt response to disturbances by disconnecting photovoltaic (PV) and wind 

plants can have adverse effects on the stability of the system. Hence, it is imperative for 

photovoltaic (PV) and wind power plants to maintain grid connectivity in the event of faults 

for a specified duration, ensuring their fault ride-through (FRT) capabilities.  The stipulation is 

primarily attributed to the contemporary grid code, which may vary across countries based 

on various criteria. The requirements specified by the south African grid code include voltage 

limits of +/-1 per unit (pu), frequency limits of +/-5%, and limits on current/voltage harmonic 

distortions, specifically a total harmonic distortion voltage (THDv) of 0.1% and a total 

harmonic distortion current (THDi) of 5% [73].For the purpose of enhancing fault ride-

through (FRT), a concise summary of various methodologies as presented on the literature is 

categorized in accordance with figure 2.8. They are classified as per their configuration that 

requires auxiliary devices and those that does not require these devices [73]. 
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Fault Ride Through 
Capabilities 

With Auxiliary 
devices

Without Auxiliary 
devices

1. Fault current 
limiters

2. Energy Storage 
systems

3. FACTS devices

1. Improved 
controller 
methods

2. Soft computing

 

Figure 2. 10 Summary of different techniques to improve fault ride through capabilities in 

RES. 

Power electronic converters play a crucial role as the central processing units of a renewable 

energy system and grid integrated systems. The presence of these components induces 

harmonic injection, leading to system destabilization in the entire system. The enhancement 

of power quality in RES is achieved through the implementation of diverse techniques, such 

as the integration of advanced control systems and the utilization of various ancillary 

equipment [74]. These can be classified based into four categories which are use of Facts 

devices, using energy storage technologies, the use of filtering technologies and different 

design for converter control as shown in figure 2.9. Furthermore, each category uses specific 

technologies to achieved an improved power quality for example under battery storage 

system there is use of batteries, supercharged capacitors etc. 
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Improving Power 
Quality

Converter 
control

FACTS

Energy 
Storage

Filters

1. Adaptive
2. sliding modes
3.comprehensive 
and hybrid

1. STATCOM
2. SVC
3.TCSC
4.UPFC
5. UPQC

1. Battery storage
2. Supercharged 
capacitor
3. Hybrid
4. Flywheel

1. Passive
2. Active
3. Hybrid

 

Figure 2. 11 Control strategies used to improve power quality in RES. 

It's evident that integrating RESs affects the operation and stability of the power systems 

network. Frequency fluctuations is one of the challenges these integrated systems encounter. 

The incorporation of frequency support is increasingly crucial in evolving standards for grid-

connected renewable energy sources to maintain the safety and reliability of these power 

systems with low inertia. Given this prevailing situation, it becomes essential to integrate 

inverter-based renewable energy generators to improve the frequency stability of modern 

electrical grid [75]. The primary frequency response (PFR) and inertia work together 

synergistically to actively mitigate power frequency fluctuations, thus preventing potential 

negative outcomes like the activation of under-frequency load-shedding (UFLS) relays, false  

tripping of  protection relays, damage to machinery, or the occurrence of unstable 

frequencies that could result in a blackout [76]. Renewable Energy Storage Systems (RESS) 

maintain a greater power reserve to offset the reduced levels of power system inertia. To 

bolster the grid's resilience against frequency disturbances, an accelerated frequency-Watt 
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response can be integrated [77] . Improvements in frequency response for PV inverters can 

be deemed impractical [78], hence the power reserve is an essential requirement for 

providing complete support to the frequency [79].  

The task of ensuring frequency stability in advanced grids is progressively growing in 

complexity, necessitating the development of grid codes and standards in numerous 

countries as a means to address this challenge. As the adoption of RES increases, the number 

of primary and secondary control reserve power generating units will decrease. This results 

in a rise in frequency deviation, as indicated in [16]. The integration of the ESS into the power 

grid is aimed at facilitating frequency support. Nevertheless, the implementation of this 

particular approach for delivering frequency support is deemed expensive [80]. The 

construction of the ESS can be accomplished through the utilization of diverse energy storage 

devices, such as batteries [81-83] , electric double-layer capacitor[68] , and storage buffer 

units[84]. However the incorporation of virtual synchronous generators (VSG} technology into 

commercial PV power plants is impacted by the prevalence of ESSs, one of the disadvantage 

on using batteries for energy reserve is reduced life span due to when a battery is required to 

sustain a primary frequency, it is subjected to frequent and substantial power fluctuations 

[85].  

Marzebali et.al [86] developed a hybrid energy storage system that incorporates a fuel cell as 

the primary power source, supplemented by a battery for additional power supply. In [87], in 

order to mitigate voltage and frequency fluctuations within the isolated micro grids, it is 

suggested that Battery Energy Storage Systems (BESs) incorporate a synchronized and 

integrated energy management system, known as coordinated energy management system . 

The power outputs of renewable sources exhibit significant variability, whereas battery power 

densities are comparatively low. Following significant voltage fluctuations, batteries 

encounter difficulties in initiating start-up subsequent to rapid oscillation. A higher magnitude 

of reserve power is maintained for PV systems when operating at reduced levels of power 

system inertia.  

Overloading, voltage fluctuations, and insufficient frequency support capacity are among the 

potential issues that may arise from continuous maximum power point tracking (MPPT) 

operation [88], It is advisable to consider the possibility of implementing a faster frequency-

Watt response to enhance grid support during frequency disturbances. In [79] a power 

reserve control technique based on MPPT has been established. This technique enables real-
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time measurement of the MAP at regular intervals, eliminating the requirement for 

supplementary hardware or intricate computations. The coupling of the MAP measuring loop 

with the power reserve loop poses a hindrance to the implementation of the virtual inertia 

control. In order to optimize the frequency response in power networks that have a 

substantial integration of renewable energy resources, it is advisable to implement frequency 

droop-based control [89] . The summary of the techniques implemented for frequency 

support for grid integrated networks is shown in table2.4.   

Table 2. 4The summary of the techniques implemented for frequency support 

reference Technique/problem Contribution  

[90]  Pitch angle controller and a rotor speed controller 

developed to. Assist in restoring grid frequency by 

adjusting its power output as required 

[91, 92] Examine random loading, nonlinearities, time 

delays, reduced inertia, and stochastic load 

fluctuations. 

This has been accomplished through the development 

of Multivector Model Predictive Power Control 

Consistently, the proposed algorithm has shown 

positive responses to these scenarios, effectively 

controlling the voltage and frequency 

[93] Control parameters on frequency stability is 

determined using a root locus analysis  

This scheme can be used as a theoretical framework 

from which to choose control parameters 

[94] Examine the impact of VSG settings on 

transient energy demand (TED) and maximum 

grid frequency deviation (MGFD) considering 

nonlinearities such as droop dead band. 

frequency management using the swing equation, 

which is based on droop control is developed 

[95] Developed a coordination strategy for the 

virtual inertia control and the frequency 

damping control. 

The developed strategy is done using droop-control 

based swing equation. 

[96] An adaptive droop frequency support (ADFS) 

scheme is developed in 

Proposed approach employs an ADFS scheme at each 

receiving end converter to discern and distinguish the 

grid experiencing disturbance from the other 

unaffected grids within the multi-terminal HVDC 

system 
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The methods employed in the literature to address the issue of FRT capabilities have been 

succinctly summarized in Table 2.5. 

Table 2. 5 Improvement of fault ride through capabilities techniques.  

Reference Method/technique used Contribution 

[97] Current limiting A new control approach that uses both positive and negative sequences 

to regulate currents independently is proposed. Positive, negative, and 

zero sequence control is employed simultaneously, and Improved. 

inverter-grid synchronization is achieved via the employment of a Dual 

Second Order Generalized Integrator - Frequency Locked Loop (DSOGI-

FLL) in the presence of asymmetric faults. To lessen the effects of THD 

and power losses, an interleaved DC-DC converter and a Neutral Point 

Clamped Inverter are employed. 

[98] Bridge-type fault current 

limiter (FCL) with 

discharging resistor 

To improve FRT at a low-cost series dynamic braking resistor (SDBR) has 

been adopted. There is no lag time in the operation of a dc reactor, which 

limits the fault current as it increases. Suppressing the immediate voltage 

drop is a useful property of the bridge-type FCL that can enhance the 

transient behaviour of a wind energy conversion system (WECS). 

[99] Hybrid genetic algorithm 

optimized Elman neural 

network controller  

It has been suggested that FRT capabilities could be enhanced by using a 

tailored dynamic voltage restorer controlled by a hybrid intelligent 

control method for proton exchange membrane fuel cell supported 

customized Dynamic Voltage Restorer. 

[100] Novel DVR based Odd-nary 

Cascaded Asymmetric 

Multi-Level Inverter (MLI) 

Compared to earlier types of MLIs, this new type introduces a staircase 

sinusoidal voltage with high level numbers against less switch numbers. 

[101] Nonlinear back stepping 

control scheme  

Lyapunov functions are formulated as the negative definiteness or semi-

definiteness of the derivatives of these at various stages of the controller 

design process. 

[102] Fuzzy Logic Controlled 

Crowbar Protection 

The crowbar switch's timing and the WECS's FRT capability have both 

been enhanced by the addition of a fuzzy logic controller (FLC) block 
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[103] Non-superconducting 

bridge-type FCL 

Other research exploring and implementing low-cost BFCLs needs to fill 

the gap left by the lack of attention paid to proper impedance design as 

a potential option for fault impact mitigation in DFIG wind integrated 

HVDC systems. With BFCL-based fault current control, DFIG wind coupled 

VSC-HVDC systems can improve both their fault ride through capabilities 

and transient stability. 

 

Furthermore figure 2.12 shows a summarized model of strategies that can be used to improve 

frequency response of RES integrated networks. They are categorized into three which are 

mathematically based, Equipment based and control based as shown in figure 7. Also, under 

each category the list of specific technique falling under each category for example under 

mathematically based there is root cause analysis and frequency-based calculations.  

Improving Frequency 
Responce

Mathematically based

Equipment based

Control based

1. Root Local Analysis
2. Frequency based 
calculations

1. Unified Hydrogen 
Electrolytes
2.Energy Storage

1. Coordinated Control
2. Pitch angle control
3. Model predictive control
4. VSG control strategies
5. Optimization Techniques

 

Figure 2. 12 Technique used to improve frequency response of grid connected RES 

In the event of a power system fault resulting in a voltage drop, it is imperative that the 

integrated RESs exhibit the capability to sustain uninterrupted operation while remaining 

connected to the grid for an extended duration. Furthermore, these RESs should promptly 

contribute to the power grid's swift restoration following a fault-induced disconnection. The 

primary objective behind these measures is to guarantee the ongoing safe and stable 

functioning of the grid. Consequently, it is imperative that wind generators possess specific 

low voltage ride-through capability. To ensure a secure and efficient integration into the 

power system, it is necessary that grid-feeding inverters possess significantly improved 

monitoring capabilities for operation and enhanced performance. These specific inverters are 
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required to enhance grid stability during fault conditions while maintaining continuous 

connection to the system. When the primary grid is experiencing an imbalance, addressing 

this situation becomes challenging .According to [98] has been identified that there are two 

primary challenges encountered during a fault condition in RES integrated networks which 

are systems frequency response and fault ride through capabilities  

The investigation of wind energy utilization has been the subject of numerous investigations 

by researchers [66], and recently, there has been a significant increase of wind farms having 

a capacity of one megawatt or higher, to attain Fault Ride Through Capability (FRTC) even 

under zero system voltage conditions, various techniques and their corresponding control 

systems are thoroughly examined during both symmetrical and asymmetrical breakdown 

scenarios.  

The incorporation and integration of renewable energy sources into the current power 

infrastructure have significantly increased the complexity of the network. Managing this 

intricate system presents a considerable challenge for regulatory bodies. It is crucial for wind 

farm developers, manufacturers, and network operators to accurately understand these 

regulations, as they define the operational constraints of renewable energy sources 

connected to the grid. These regulations include essential parameters such as frequency 

range, voltage tolerance, power factor, and fault ride-through capability. The emergence of 

new power-electronic technology assumes a crucial role in facilitating the integration of 

renewable energy sources into the grid. This technology should enable the development of 

power-electronic interfaces tailored to accommodate the highest projected turbine ratings. 

This entails optimizing energy conversion and transmission, managing reactive power, 

minimizing harmonic distortion, achieving high efficiency across a broad power spectrum, 

ensuring reliability, and withstanding subsystem component failures. Additionally, it's 

imperative to comprehend the impact of these device characteristics on protection systems. 

 

2.6 The impact of Renewable energy on protection schemes 

Designing relay tripping characteristics presents a significant challenge for distance relays on 

transmission lines, particularly given the increased pressure on power system operation. The 

increasing presence of non-synchronous and inverter-connected generating plants, driven by 

the rise of RES in electricity generation, poses unique challenges. Unlike conventional plants, 
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RES plants utilize active control systems or sophisticated software to manage disturbances. 

Protecting grid-integrated RES presents several issues, including reduced fault current leading 

to protection blindness, false or sympathetic tripping due to bidirectional fault current flow, 

and coordination problems where relays may trip prematurely. The Distance relay may face 

challenges of both underreach and overreach, due to the factors mentioned. Additionally, 

islanding problems may arise, causing unstable operation, while loss of coordination can 

disrupt relay operation in a cascade manner. Auto-recloser challenges may result in the 

conversion of temporary faults into permanent ones, and selectivity issues can make it 

difficult for relays to distinguish between healthy and unhealthy system conditions. Distance 

relay challenges further complicate the task of accurately detecting faults within the network. 

These complexities highlight the importance of implementing effective protection systems 

for grid-integrated RES.  

Changes in wind conditions notably affect the reach of distance relays designed for 

transmission line protection. Wind speed fluctuations cause voltage level changes at local 

network buses, causing variations in apparent impedance detected by protective relays. 

These fluctuations in impedance also result in adjustments to the distance relay's reach 

setting [104].  

The implementation of new grid regulations regarding FRTC, requiring DFIG to remain 

connected to the grid during fault conditions, may result in converter damage due to current 

fluctuations. In order to safeguard the converter, crowbar protection is employed to divert 

current away from it. As a result of the crowbar resistance, DFIG exhibits varying fault current 

values compared to normal operating conditions for specific durations [105].  

This leads to issues with the reach of transmission line protection connecting these RESs to 

the grid. The short-circuit behaviour of various Distributed Generators (DGs), including 

induction generators and conventional synchronous generators, differs and influences the 

settings for distance protection. Moreover, the increased presence of RES may disrupt the 

operation of transmission line relays. The effectiveness of transmission-line distance 

protection can be influenced by factors such as the capacity, size, and density of RES plants. 

Other factors impacting the performance of distance protection include the proximity of the 

fault to the bus, fault location, the type of fault (transient or steady-state), fault inception 

angle, power swing, voltage level, fault level, frequency matching, mutual coupling, 
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compensation techniques, and the use of FACTS devices in transmission lines to optimize 

power transfer[106].  

These difficulties underscore the importance of exploring novel technologies for safeguarding 

transmission lines. Researchers in the literature have explored various parameters influenced 

by the characteristics of integrated networks. Furthermore, the inclusion of FACTS devices in 

the transmission system significantly influences the performance of distance relays by 

changing apparent impedance. Additionally, the reach setting of the relay is significantly 

affected by ongoing fluctuations in relay end voltage when offshore wind farms are connected 

to the power transmission system. Consequently, developing tripping characteristics for 

suitable operating conditions remains a challenging issue[107]. 

 

Figure 2. 13 The impact of RES penetration of protection schemes 

In figure 2.13 the number of factors affecting the performance of the distance relay when 

protecting RESs. From this figure is shown that there are two major contributing factors which 

are the type of RES, penetration level, voltage level which affects parameters such as 

impedance. Furthermore, it can be noted that these parameters affect fault condition, 

systems frequency response etc. which directly affects the effectiveness of the protection 

relay. The influence of source impedance is an essential factor to take into account as it is 
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closely linked to the number of wind farms integrated into the transmission network [107]. 

This is because the equivalent source impedance of the generators will change depending on 

the number of units connected to the bus simultaneously[108].  

The traditional distance protection philosophy, tailored for lines connected to synchronous 

generators (SG), functions effectively due to the homogeneity of SG-connected systems. This 

is not the case for RESs integrated systems, where fault current and its angle are governed by 

control strategies, grid codes, and FRT requirements. Additionally, the distinctive fault current 

behaviour of inverter based generators (IBG) significantly affects the reliability and security 

of distance relays zones of protection [109] for the faults falling within the 3 zones. According 

to [110] due to the current source representation of RESs  integration [2], The phase 

difference between line-end currents during Zone 1 faults can be considerable and depends 

on grid code (GC) specifications. This can lead to inaccurate reactance calculations by the 

distance relay of such systems, potentially compromising relay reliability.  

In the case of Zone 2 faults, discrepancies in both phase and magnitude between local and 

infeed currents could jeopardize relay security and render FRT schemes ineffective within the 

integrated RESs. Alternatively, it might bypass backup protection, depending on the system's 

characteristics. Fast determination of the transient frequency leads to significantly decreased 

delay time in protection compared to using a fixed-delay method. Theoretical analysis 

suggests that both the power frequency component distance relay and the phase-comparison 

distance relay are influenced by the prominent harmonic content and frequency deviation of 

RES systems. Moreover, the fluctuation in power frequency impacts the distance relay 

because of the impedance properties of the line connected to renewable RESs [111] is directly 

affected by frequency variation . the research that has been currently conducted is 

summarized in table 2.6, highlighting the problem address and the proposed solution.  

 

 

Table 2. 6 Improved protection schemes for RESs integrated networks 

Reference Problem solution 

[112] Diminished effectiveness seen 

in traditional distance 

A novel R-L differential equation-based distance protection 

technique is proposed. This innovative method integrates faulted 
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protection systems on the tie 

line of DFIG-based wind farms 

phase selection and considers the influence of high-frequency 

components, power system disturbances, and measurement errors. 

[113]  Implemented a time-domain distance relay using the R-L differential 

equation algorithm specifically designed for integration with wind 

power system. 

[114] Enhance real power generation 

in changing environmental 

circumstances 

Algorithm is employed to. Both solar PV and wind energy systems are 

controlled using the Perturb & Observe (P&O) MPPT algorithm 

 

Additionally, reactive power compensation objectives are achieved by integrating a 

Distributed STATCOM at the coupling point. This indicates that there is a need for protection 

engineers and researchers to focus specifically on enhancing the performance of distance 

protection relays in the presence of RESs. 

 

2.7 Adaptive Distance protection scheme 

Integration of renewable energy affects the performance of conventional protection 

schemes. According to [115] the conventional relay protection employed for the collector line 

of a wind farm encounters issues pertaining to inadequate selectivity and diminished 

sensitivity. This arises due to the utilization of a solitary protection component on the bus-

side of the collector line. The fluctuations in wind speed directly impact the variations in 

voltage, frequency, and power generation of wind farms. Hence, it is of utmost importance 

to implement an adaptive system for distance protection of the transmission lines that 

interconnect said farm with the power grid is essential [116]. The effectiveness of a distance 

relay may be notably influenced by several uncontrolled variables, including fault resistance, 

fault type, fault location, and noise. Furthermore, the integration of photovoltaic power 

plants into electrical grids results in unique fault current characteristics compared to 

conventional power systems with synchronous generators[117]. 

Firstly, the short-circuit level could either decrease or increase. Secondly, FRTC may decline. 

All of these factors could lead to inferior power quality and the malfunction of certain 

protection schemes, such as distance and over-current protection [12]. As the primary aim of 

a protection system is swift fault elimination, while power quality ensures the consistent 
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delivery of reliable power within defined parameters, it's crucial to explore how protection 

systems are impacted by the integration of RES. The challenge stemming from RES integration 

lies in the fluctuating operating conditions of wind farms (WF), which can result in power, 

frequency, and voltage fluctuations, potentially introducing new hurdles for existing 

protection algorithms[118]. The incorporation of renewable energy sources into power 

networks alters the network topologies. Their fault levels are intermittent, and existing 

protection schemes may fail to operate due to their predefined conditions. Therefore, it is 

crucial to design and select an appropriate protection scheme for reliable control and 

operation of renewable integrated power systems, as conventional line protection schemes 

rely on preset settings and are not well-suited for dynamic operating conditions. 

Implementing an adaptive protection scheme may be a viable solution for protecting RES-

integrated systems. According to literature, challenges in protecting RES-integrated networks 

include protection blindness, false or sympathetic tripping, islanding issues, and loss of 

coordination [104].  

According to [119] It has been noted that traditional distance relay features are highly 

susceptible to malfunctions triggered by both under-reaching and over-reaching the fault 

point when a transmission line is compensated. As a result, employing these relay features in 

such situations is considered unsuitable. The influence of positioning the SVC in the middle 

on the ideal impedance characteristic of a distance relay is simulated in [120], Simulation 

outcomes of the adaptive distance protection for the single-source power system are 

examined when a phase A-to-ground fault arises through various transition resistances 

located 70 km away from the relay. The fault resistance is simulated at 0, 10, 50, and 100 

ohms. It is concluded that the proposed scheme remains unaffected by the transition 

resistance and transmission line compensation. According to [121] with the SVC introduced 

in the fault loop, the traditional distance relay features are significantly prone to operational 

errors, including both under-reaching and over-reaching the fault point. Hence, the 

conventional characteristics cannot be effectively utilized when the static SVC is present. The 

impact of the SVC on the ideal impedance profile of the distance relay is analyzed in cases 

where the SVC is positioned at the midpoint and the far end is studied in [122] . The findings 

indicate that when the SVC is not within the fault loop and the fault resistance is zero, there 

is minimal impact on the ideal tripping characteristics of the distance relay. However, when 

the SVC is within the fault loop and the fault resistance is zero, there is a notable alteration in 
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the tripping characteristics. This is particularly evident when the impedance of the SVC shifts 

from inductive to capacitive. In [123] Kalman and adaptive Kalman filters and the average 

classification time of the adaptive model is 1.3 msec. In [124] decision tree-based classifier 

created in real time, providing out-of-phase safety during power swing. ANFIS and SVM are 

also used to clear a three-phase to ground fault with a fault resistance of 1ohm in 0.25 

seconds. The impacts of phase shifting transformer (PST) is investigated [125], using analytical 

and computational methods, for the first time the impacts of PST on the distance relays are 

investigated. Results reveal that the PST causes the distance relays to under-reach. Author in 

[126] used machine learning model to develop overcurrent and distance protection scheme 

for transmission line , a hybrid artificial neural network and support vector machine (ANN-

SVM) model is proposed for state recognition in microgrids, which utilizes the growing 

massive data streams in smart grids. The protection scheme based on impedance complex 

plane is developed in [127] , the proposed scheme is fault-resistance-immune and very 

flexible, making it suitable for use in a wide variety of system configurations. In [128] An 

innovative adaptive scheme has been developed for distance protection in transmission lines 

linked to renewable energy plants, utilizing local data to ascertain the phase angle related to 

the current. This method computes the phase angle of the faulted loop current by 

continuously determining the pure-fault impedance of the renewable plant immediately after 

fault detection, independent of the plant's control scheme. By leveraging this information, 

the method accurately calculates the line impedance up to the point of fault. An Artificial 

Neural Network (ANN) based adaptive protection scheme is developed in [129] ,the proposed 

strategy uses data from locally linked field instruments to calculate fault resistance, which is 

then used to automatically alter the relay settings. An adaptive protection scheme employing 

a Radial Basis Function Neural Network (RBFNN) is discussed in[130] , which utilizes infeed 

current, voltage, and impedance data measured at the remote ends of the transmission line 

by the Remote Terminal Units ,this scheme automatically adjusts its relay operational settings 

based on acquisition of remote end infeed data from the remote substation. In[131], both the 

original heap-based optimization (HBO) and a modified HBO of the algorithms were 

employed. These algorithms successfully addressed challenges in coordinating distance 

protection relays, and their performance was evaluated on a 400MW grid-connected 

microgrid.  
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Authors in [132] a scheme is suggested that relies on the Modified Complete Ensemble 

Empirical Mode Decomposition with Adaptive Noise technique. This algorithm serves as a 

supervisory scheme for determining the backup zone setting zone3 of the distance relay. Pilot 

superimposed impedance is proposed in this scheme and there is no requirement to send the 

voltage readings from the distant bus[133], bandwidth is saved while simultaneously 

increasing the data's dependability. Demonstration of the effect infeed has on the existing 

distance protection approach is discussed in[134], the authors also proposed a novel 

algorithm for distance relays that can adaptively modify for the influence of infeed by 

measuring phasors in synchronization. The model that analyses the hybrid system's response 

to asymmetrical faults involves real-time calculations of the equivalent impedance of the 

power grid and the current flowing through the fault point is discussed in [135]. Authors 

in[136] builds a prototype using an MCU (LPC2368_ARM7TDMI) for experimental purposes. 

This study also explores the impact of mutual coupling. Additionally, a Mho distance relay 

utilizing a phase comparator scheme is developed in [137, 138], The root-mean-square (RMS) 

of the positive sequence current within the faulty loop is contrasted with the TCSC terminal 

current. A phase comparator is suggested for the ground and phase distance elements, 

utilizing the positive sequence voltage as a polarized memory component. In the event of a 

fault occurring on the opposite side of the relay, the adaptive quadrilateral setting will 

transition to the third quadrant of the RX-plane in coordination with the other relays 

safeguarding the additional feeds from the same bus. The study [139] examines the 

adaptability of distance protection in response to fault conditions in an offshore wind farm 

connected via VSC-HVDC. It utilizes the power frequency component of the transmission line. 

In [140] dynamic frequency estimation-based adaptive protection scheme has been devised, 

employing a multiple signal classification approach to gauge the dynamic frequency. When 

the estimated frequency closely aligns with the fundamental frequency, the distance 

requirement is activated. Consequently, the regular distance protection remains unaffected 

by the frequency variation of the fault current. An adaptive distance protection scheme is 

developed in [141] the proposed method revolves around analyzing the influence of 

integration of largescale The proposed approach focuses on examining how Large-Scale RESs 

affect the changes in observed transmission line impedance, enabling accurate fault 

identification and localization. Additionally, the methodology factors in parameters such as 
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fault location, fault resistance, fault type, fluctuations in generation, and varying noise 

conditions when determining the phase angle of the fault loop current. 

2.8 Machine learning approach in Power systems 

2.8.1 Hybrid machine learning approaches. 

Machine learning algorithms are gaining popularity in addressing challenges in the context of 

power systems engineering. However according to [142] there is a critical necessity for 

effective strategies to handle substantial volumes of data in order to facilitate sustainable 

electricity systems, especially with the incorporation of smart grid technologies. It stresses 

the significance of Big Data management and machine learning techniques in tackling the 

challenges posed by contemporary power systems. In [143] Artificial Neural Networks (ANN) 

are utilized to forecast the severity of line outages and the overall performance of the power 

system. This predictive ability enhances readiness and response strategies for potential 

system failures. The practical implications of this paper underscore the transformative 

capabilities of Big Data technologies in improving the efficiency, reliability, and sustainability 

of power systems. Authors in [144] has propose a hybrid deep learning methodology that 

integrates Deep Reinforcement Learning (DRL) with a Quantum Inspired Genetic Algorithm 

(QIGA) to tackle the Optimal Power Flow (OPF) challenge in hybrid renewable energy systems. 

model also minimized power loss to 1.85 MW and achieved a voltage deviation of 0.065, 

indicating improved stability and efficiency compared to traditional optimization algorithms. 

The model successfully reduced power loss to 1.85 MW and attained a voltage deviation of 

0.065, demonstrating enhanced stability and efficiency in comparison to conventional 

optimization algorithms. Jumaili et.al [145]  developed hybrid deep learning methodology 

that integrates Complex Value Neural Networks (CVNNs) and Long Short-Term Memory 

(LSTM) alongside Proportional Topology Optimization (PPTO) significantly improves fault 

detection and multiclass classification precision in power distribution systems. This approach 

surpasses both conventional and advanced techniques, achieving classification accuracies 

ranging from 98.22% to 99.83%.  A hybrid deep learning model that integrates Multilayer 

Perceptron (MLP) and XGBoost classifiers to accurately predict the stability of smart grids 

within the Decentralized Smart Grid Control (DSGC) framework is proposed in [146]. The 

proposed hybrid model surpassed the performance of all individual models, attaining an 

impressive overall F1 score of 97.60%. It demonstrated exceptional capability in accurately 
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classifying both stable and unstable instances, with precision, recall, and accuracy metrics also 

reaching 97.60%. The comparison is done with regards to machine learning algorithms and 

the results are shown in table  

model Accuracy (%) Precision (%) Recall (%) AUC(%) 

Logistic regression 80.2 79.79 80.2 89 

Random forest 92.2 92.22 92.2 99 

Support Vector Classifier 96.10 96.10 96.1 98 

Extreme Gradient Boosting 95 95 95 99 

Hybrid (MLP +XGboost) 97.60 97.60 97.6 100 

 

Hybrid models incorporating convolutional neural networks (CNN) have been created, 

including CNN-RNN, CNN-GRU, and CNN-LSTM in [147]. The findings reveal that the CNN-GRU 

model attained the highest accuracy rate of 93.92%, along with the lowest Mean Absolute 

Error (MAE) and Mean Squared Error (MSE) losses, recorded at 0.14 and 0.05, respectively. 

The CNN-LSTM and CNN-RNN models also demonstrated commendable performance, 

achieving accuracies of 93.05% and 92.85%, respectively. Rafi et.al in [148] proposes a unique 

hybrid model that combines Artificial Neural Networks (ANN) and Support Vector Machines 

(SVM) to detect transmission line faults with accuracy and precision. Hybrid model achieved 

98% precision and 98.43% accuracy. In [149] The ICA-SVM algorithm was developed and 

tested on a 500kV 180km transmission line that was highly penetrated with solar PVs, 

simulated in MATLAB/Simulink. Simulations were conducted for different fault types, signal 

noise levels, and fault resistances. An accuracy of the ICA-SVM algorithm in determining the 

location of faults for the different scenarios was above 99.7%. The fault classification accuracy 

ranged between 99% and 100% for different levels of SNR. However, the method was only 

satisfactory for fault classification up to a SNR of 45dB and the transmission line is not 

compensated. 

2.8.2 Challenges of implementation of ML based algorithms in real world 

network 

In [150] it is mentioned that there isn’t a single commercial relay that uses ML for either 

primary or backup protection at the time. This chapter delves into the complex challenges 

involved in integrating ML into power system protection applications. A significant challenge 
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is the limited interpretability of contemporary machine learning models. Specifically, intricate 

models such as deep neural networks are often regarded as "black boxes," which makes it 

difficult to understand the rationale behind their decision-making processes [151-153]. 

Another major issue in the implementation of machine learning (ML) for power system 

protection is the uncertainty surrounding its performance. Traditionally, the effectiveness of 

ML models is determined through processes of "testing and validation." However, it is 

essential to critically evaluate whether this conventional approach to testing is sufficient for 

vital applications like power system protection and control. For instance, an ML model that 

achieves a 99% accuracy rate during testing may appear impressive in various domains [154, 

155] . According  [156] the limited availability of high-quality data within the power system 

sector poses a significant obstacle to the advancement of data-driven techniques. Machine 

learning models thrive on high-quality data, as their effectiveness is directly influenced by the 

quality of the data utilized. The information produced by these sensors may include noise and 

exhibit imbalances, both of which can negatively impact model performance [157]. Moreover, 

the infrastructure required for efficient data collection frequently proves inadequate. In 

addition, despite the collection and storage of data, a significant portion remains unavailable 

to the broader research community because of security and privacy limitations. Compounding 

these challenges is the disparity between normal and abnormal data. Power systems 

predominantly function in a 'normal' state, with approximately 99.9% of the recorded data 

reflecting this stable condition. However, for the development of a resilient machine learning 

(ML) model, it is essential to incorporate data that represents abnormal or alert conditions. 

The scarcity of 'abnormal' data scenarios compels the model to frequently 'unlearn,' as it has 

limited opportunities to assimilate new information [158]. As a result, constructing an ML 

model based solely on real sensor data proves to be difficult. To address these challenges, it 

may be necessary to integrate real sensor data with simulated data, which could help mitigate 

issues related to data quality, accessibility, and imbalance. This strategy has the potential to 

enhance the model's capacity to predict and respond effectively to both normal and abnormal 

conditions within power systems. A further challenge arises from the presence of adversarial 

examples[159]. These are intentionally designed inputs that seek to mislead a neural network, 

resulting in erroneous classification of specific inputs[160]. The existence of adversarial 

examples presents a considerable hurdle for the effective implementation of machine 

learning in power system protection. Within the realm of power systems, an adversarial 
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example may manifest as a subtly altered input intended to provoke misclassification. In 

summary, the application of machine learning techniques for hardware implementation 

continues to pose challenges that necessitate additional research. 

2.8.4 Summary 

Hybrid methods have been explored for their application in power systems; however, the 

evaluation of protection systems remains unaddressed. These methods have demonstrated 

enhanced performance regarding accuracy. Nevertheless, a comparison conducted in one of 

the studies indicated that Support Vector Machines (SVM) outperformed all other techniques, 

with the exception of the hybrid machine learning approach. Although a significant amount 

of research and development has been documented thus far, many of these initiatives remain 

far from being implemented in practical applications. Therefore, it can be concluded that the 

application of machine learning technology in power system protection is still in its nascent 

phase. 

2.9 Conclusion 

The introduction of FACTS devices presents several challenges across multiple dimensions. 

These include the introduction of harmonics into the system, which can disrupt fault loop 

currents, as well as the torsional interaction and nonlinear and fluctuating characteristics 

inherent in these devices. Factors such as the Ferranti effect, the effects of switching 

operations and firing angles, and the potential rise in reactance observed by relays near zero 

capacitor crossings also need to be considered. Proper placement of these devices along the 

line is critical, as it impacts both transient and steady-state voltage and current signals, 

thereby affecting the performance of distance protection relays in fault detection, 

classification, and localization, due to modifications in the apparent impedance seen by the 

relay. 

Various factors contribute to the malfunction of a Distance protection relay, including 

overreaching and under-reaching. To enhance the performance of distance protection relays 

in terms of accuracy and signal processing speed, schemes based on computational 

intelligence and diverse methodologies are recommended. These include control methods 

based on ANNs, Fuzzy Logic controllers, and PI controllers. Additionally, machine learning and 

data mining techniques, such as decision trees, Kalman filters, and adaptive Kalman filters, 
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along with various associated methods, are being explored. Furthermore, to effectively 

address technical challenges such as the impact of remote in feeds, out-of-step tripping 

during power swings, high-resistance faults, relay accuracy and speed, and the consequences 

of changing transformers and transmission lines, adaptive protection techniques are being 

employed. However, it is noteworthy that these techniques have yet to undergo testing in 

the presence of RESs on compensated transmission lines, and there is a lack of investigation 

into the impact of various compensation levels in the literature.  

Moreover, limited information is available on methodologies involving time-frequency 

analysis and real-time evaluation at the point of integration where the line is compensated. 

The recognized impact of RES integration on the distribution network primarily focuses on 

enhancing frequency response and fault ride-through capabilities, as well as characterizing 

low inertia in RESs, without delving into the analysis of these phenomena in distance 

protection schemes. Researchers have explored the implementation of adaptive distance 

protection for transmission lines connected to wind farms, particularly those without 

compensated transmission lines. Although these methodologies have undergone extensive 

testing under various system operating conditions, they have yet to establish a solid 

foundation within the literature concerning the integration of RES into compensated 

transmission lines.  

protection and resilience of renewable energy and HVDC network systems. Researchers can 

explore ways to enhance the protection philosophy of DC transmission networks. 

Ensuring the reliable and safe operation of hybrid systems, which involve the integration of 

various energy sources and technologies, is paramount. Robust cybersecurity measures are 

essential for protecting hybrid systems, given their reliance on digital controls and 

communication networks. Continuous monitoring, meticulous maintenance, and rigorous 

testing are imperative to guarantee the sustained dependability and safety of these hybrid 

systems. The implementation of the DC optimal power flow (DC-OPF) approach may 

introduce capacity problems that trigger protective systems, data privacy, and cybersecurity 

issues. Therefore, studying the effects of DC-OPF implementation on protection systems is 

worthy of investigation. Furthermore, the Transmission Network Expansion Planning (TNEP) 

model offers significant benefits in terms of cost optimization and anticipating future energy 

requirements. However, it also presents numerous challenges related to complexity, data 

accuracy, compliance, initial expenditures, and the need for continuous adjustment to 
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evolving conditions. The protection system for the Transmission Network Expansion Project 

(TNEP) plays a crucial role in maintaining the stability and security of the transmission 

network. Hence, researchers should thoroughly examine the protection philosophy, 

considering the DC TNEP. 
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Figure 3. 2 Equivalent circuit representation of a transmission line 

Table 3. 1The ABCD parameters of the transmission line can be tabulated as follows: 

Parameter Specification units 

A= 
𝑉𝑠

𝑉𝑅
 Voltage Ratio - 

B: 
  𝑉𝑠

𝐼𝑅
 Short Circuit Ω 

C: 
𝐼𝑠

𝑉𝑅
 Open Circuit mho 

D: 
𝐼𝑠

𝐼𝑅
 Current ratio - 

 

An ABCD matrix is a 2x2 matrix consisting of complex numbers that defines the relationship 

between the input voltage and current and the output voltage and current at a designated 

frequency within a two-port network [161]. Authors in [162] the paper discusses the creation 

and implementation of a Virtual Lab aimed at measuring ABCD parameters within the context 

of a medium-length transmission line experiment. This innovative platform enables 

researchers to select appropriate components, input relevant values, and effectively simulate 

the medium-length transmission line in a hardware-oriented laboratory setting. The ABCD 

matrix is obtained from the line's responses under both open-circuit and short-circuit 

conditions, as determined through frequency domain calculations[163].  

According to [164] A robust methodology for establishing transmission line models within 

solution domains is introduced. This approach streamlines the automatic selection of 

interconnect models and their associated analyses. Specifically, for a given acceptable 

threshold of modelling error, analysis domains are delineated to facilitate the automatic 

selection of models from the classical method of characteristics, a lumped modelling 

approach, and the state-based convolution technique within a simulation and analysis 

context. Importantly, this methodology is versatile and can be applied to a wide range of 
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model and analysis combinations, contingent upon the establishment of criteria for both 

accuracy and efficiency. 

 

3.1.1 Short transmission line 

A short transmission line is characterized as one that extends for less than 80 kilometres and 

operates at a relatively low voltage, specifically below 20 kV. Due to its limited reach, the 

influence of line capacitance is deemed insignificant and can be disregarded. As a result, the 

performance of short transmission lines is predominantly determined by their resistance and 

inductive reactance. The equivalent circuit model for this type of transmission line is depicted 

in figure 3.3 and is further explained by equations (2.1 to 2.3). 

R

L

Vs
Vr

 

Figure 3. 3 Equivalent Circuit of a Short Line [165] 

         

𝑉𝑆 = 𝐴𝑉𝑅 + 𝐵𝐼𝑅 . 3.1 

𝐼𝑆 = 𝐶𝑉𝑅 + 𝐷𝐼𝑅…  3.2 

Which can be further represented as  

𝑉𝑠

𝐼𝑠
= [

𝐴 𝐶
𝐵 𝐷

] 
𝑉𝑅

𝐼𝑅
  

3.3 

 

The mathematical model defined by the equivalent circuit, 𝑉𝑠and 𝑉𝑅 denote the voltages at 

the sending and receiving ends, respectively, while 𝐼𝑠 and 𝐼𝑅 signify the currents at these 

terminals. Additionally, R and X correspond to the resistive and inductive components of the 

transmission line. The ABCD parameters for the short line are characterized by equations 3.4 

to 3.7. 

A=1 3.4 

B=Z 3.5 
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estimation method is generally effective under particular operating conditions of the power 

system, and typically, only a select few parameters from the impedance and admittance 

matrices, represented as [Z] and [Y], respectively, can be estimated with a high level of 

precision. [166] . 

 

3.2 Transmission line compensation 

3.2.1 Introduction 

Transmission line compensation is primarily divided into two fundamental types: shunt 

compensation and series compensation. The details of these categories will be discussed in 

the following subsections. This section discuss into details different techniques used for 

transmission line compensation  

3.2.2 The principle of shunt compensation 

An optimal compensator is characterized as lossless, which guarantees that the active power 

is maintained consistently at the sending end, midpoint, and receiving end. Utilizing the 

phasor diagram presented in Figure 3.7b, it is possible to ascertain the magnitudes of the 

voltage component as derived from Equation 3.20 and the current component as indicated in 

Equation 3.21 [29], The equivalent circuit is illustrated in Figure 3.7a. The voltage of the 

compensator, which is in phase with the midpoint voltage 𝑉𝑚, has an amplitude V that 

corresponds to the voltages at both the sending and receiving terminals. Consequently, it can 

be stated that 𝑉𝑚 = 𝑉 = 𝑉𝑅 = 𝑉𝑠. The midpoint compensator effectively segments the 

transmission line into two separate parts, both parts has an impedance of 
𝑗𝑋

2
 however they 

enable power transfer from the sending end to the middle there after from the middle to the 

receiving end.  
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represented by σ, where 𝜎 =  𝜋 −  2𝛼. When α is set to 0, the switch remains continuously 

closed, thereby having no effect on the inductor current. If the activation of the switch is 

delayed by an angle α relative to the peak value of the supply voltage, denoted as 𝑉𝑚, the 

instantaneous inductor current can be expressed as a function of α, as shown in equation 

3.24. It is essential to note that this condition varies within the interval 𝛼 ≤ 𝜔𝑡 ≥ 𝜋 − 𝜎, a 

relationship illustrated in Figure 3.9 (b). During the subsequent negative half-cycle, the signs 

of the terms in Equation 3.25 are inverted, enabling the calculation of the fundamental root-

mean-square (rms) current of the reactor current, as well as the admittance expressed as a 

function of α, as indicated in equations 3.26. 

𝐼𝐿 =
𝑉𝑚

𝜔𝑡
(sin 𝜔𝑡 − sin 𝛼)  3.24 

𝐼𝐹𝐿 =
𝑉

𝜔𝐿
(1 −  

2

𝜋
𝛼 −  

1

𝜋
sin 2𝛼)  3.25 

𝑌𝐹𝐿(𝛼) =
1

𝜔𝐿
(1 −  

2

𝜋
𝛼 −  

1

𝜋
sin 2𝛼)  3.26 
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𝑖(𝑡) = 𝑉𝑚

𝑛2

𝑛2 − 1
 𝜔𝐶 cos(𝜔𝑡 + 90)

− 𝑛𝜔𝐶(𝑉𝑐𝑜

−
𝑛2

𝑛2 − 1
 sin 𝛼) ∗ sin 𝜔𝑛𝑡 

3.30 

    

3.3.3 The principle of series compensation 

A voltage can be applied in series with the transmission line to regulate the current flow, 

which in turn influences the power transfer from the sending end to the receiving end. An 

ideal series compensator, denoted as the voltage source 𝑉𝐶, is positioned at the midpoint of 

the transmission line, as illustrated in Figure 3.11. The current traversing the transmission line 

is described by equation 3.31. The overall impedance is determined using equation 3.32, 

while the resistance is defined by equation 3.33. The total Active and Reactive power are 

calculated by equation 3.34 and equation 3.35 respectively 

𝐼 =  
𝑉𝑠−𝑉𝑟−𝑉𝑐

𝑗𝑋𝑐
  3.31 

𝑋𝑒𝑞 =  𝑋𝑠 − 𝑋𝑐𝑜𝑚𝑝 = 𝑋 (1 − 𝑟) 3.32 

𝑟 =
𝑋𝑐𝑜𝑚𝑝

𝑋𝑐
  3.33 

𝑃 =
𝑉2

(1−𝑟)𝑋
sin 𝛿  3.34 

𝑄 =
2𝑉2

𝑋
∗

𝑟

(1−𝑟2)
 (1 − cos 𝛿)  3.35 

The existence of considerable series reactive impedance in a long transmission line can 

restrict its power transmission capability. In such cases, the impedance introduced by a series 

compensating capacitor can mitigate some of the line's natural reactance, effectively 

reducing the transmission impedance as though the line had been physically shortened. A 

series compensator functions by injecting a voltage in series with the transmission line. The 

voltage applied in this manner is determined by the product of the variable impedance and 

the current flowing through it. When this voltage is in phase quadrature with the line current, 

the series compensator either supplies or absorbs variable reactive power exclusively. 

Consequently, the series compensator can be implemented as a variable impedance device 

(such as a capacitor or reactor) or as a power electronics-based variable source that operates 

at the fundamental frequency, as well as at sub-synchronous and harmonic frequencies, or a 

combination of these, to achieve the desired control strategy. 
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Figure 3. 11 A Series compensation 

A voltage that is in quadrature with the line current is applied, leading to an increase in both 

the current and the power transmission capacity. Series compensation techniques can be 

further categorized as... 

• Thyristor controlled series compensator  

• Thyristor switched series compensator  

• Forced Commutation -controlled series capacitor  

 

3.3.3.1 Thyristor Switched series capacitor 

A thyristor-switched series capacitor (TSSC) is composed of multiple capacitors connected in 

series, with each capacitor featuring a switch constructed from two antiparallel thyristors. 

The schematic diagram of this arrangement is depicted in figure 3.12a. The capacitor becomes 

active when the corresponding thyristor switch is in the off position, while it is bypassed when 

the switch is engaged. Consequently, when all switches are in the off state, the equivalent 

capacitance of the series configuration is determined by equation 3.36. Conversely, if all 

switches are simultaneously activated, the equivalent capacitance is effectively reduced to 

zero. Thyristors are naturally commutated, meaning they turn off when the current reaches 

zero. Therefore, capacitors can only be integrated into the circuit at the zero crossings of the 

line current, a method referred to as zero current switching (ZCS). This technique allows the 

capacitor to charge from zero to its maximum value during one half-cycle of the line current 

and to discharge back to zero in the subsequent half-cycle, resulting in a direct current offset 

voltage that corresponds to the amplitude of the alternating current capacitor voltage, as 

shown in Figure 3.12b. To mitigate the initial surge current through the switch and the 

associated transients, as outlined in equation 3.37, it is advisable to activate the thyristors for 
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replacement of the bidirectional thyristor switch with a bidirectional forced-commutation 

device. When the GTO switch, referred to as SW, is closed, the voltage across the capacitor, 

labelled as 𝑉𝑐, is measured as zero. In contrast, when the switch is opened, the voltage𝑉𝑐,  

attains its peak value. The switch enables the modulation of the alternating current (AC) 

voltage 𝑉𝑐, across the capacitor, depending on a predetermined line current i. Thus, by 

synchronously opening and closing the switch during each half-cycle in accordance with the 

AC system's frequency, the voltage across the capacitor can be effectively managed.  

Figure 3.13 b illustrates the line current i alongside the capacitor voltage 𝑉𝑐, at a delay angle 

γ for both the positive and negative half-cycles. The capacitor voltage can be represented as 

a function of γ, as shown in equation 3.38. The GTO is activated whenever the capacitor 

voltage approaches zero and deactivated at a delay angle, which is measured relative to the 

peak of the line current or the zero crossing of the line voltage. The capacitor voltage 𝑉𝑐, at a 

delay angle γ for both positive and negative half-cycles indicates that the switch SW remains 

on from 0 to γ and off from 𝜋 − 𝛾 𝑡𝑜 𝜋. 𝐹𝑜𝑟 𝛾 = 0, the switch remains permanently open, 

resulting in no impact on the resultant capacitor voltage 𝑉𝑐,. If the switch's opening is delayed 

by an angle γ concerning the line current, this can be expressed in equation 3.40, while the 

capacitor voltage as a function of γ is articulated in equation 3.41. The waveforms of 𝑉𝑐 

corresponding to different values of γ1, γ2, γ3, and γ4 are illustrated in Figure 3.12c. 

Consequently, the FCSC serves as the dual of the TCR, and the fundamental capacitor voltage 

can be derived from equation 3.41, while the impedance as a function of γ is represented by 

equation 3.42. 

𝛾 = (0 ≤ 𝛾 ≥
𝜋

2
)  3.38 

𝑖 = 𝐼𝑚 cos 𝜔𝑡  3.39 

𝑉𝑐(𝑡) =
𝐼𝑚

𝜔𝑡
(sin 𝜔𝑡 − sin 𝛾)  3.40 

𝑉𝑐(𝛾) =
1

𝜔𝐶
(1 −

2

𝜋𝛾
−

1

𝜋
sin 2𝑦)  3.41 

𝑋𝑐(𝛾) =
𝑉𝑐(𝛾)

1
=

1

𝜔𝐶
(1 −

2

𝜋𝛾
−

1

𝜋
𝑠𝑖𝑛 2𝑦)  3.42 
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Series compensated lines display a voltage profile characterized by a continuous variation 

with respect to distance, yet they demonstrate abrupt voltage transitions at the locations of 

the series capacitors. The voltage across each capacitor is contingent upon the current 

traversing the line at that specific point. In the case of an extended transmission line, the 

current behaves as a continuous function of distance, albeit with variations along the line's 

length. Consequently, in a lengthy line featuring multiple series capacitors, the voltage 

differential between two series capacitors may not be uniform. Figure 3.15 illustrates the 

relationship between the current magnitude detected at relay R and the position of the fault. 

In scenarios with minimal compensation, the current magnitude for faults situated to the left 

of the capacitor location closely resembles that of the uncompensated current magnitude. 

However, as the level of compensation increases, this similarity diminishes, albeit the 

variation remains relatively minor. For faults occurring beyond the capacitor bank, typical 

resonances emerge at higher compensation levels; nevertheless, the intensity of these 

resonant peaks is significantly lower compared to situations where capacitors are positioned 

at the line's extremities. 

 

Figure 3. 15 The relationship between the current magnitude detected at relay R and the 

position of the fault 

The relationship between relay voltage and fault location is illustrated in Figure 3.16, which 

highlights the voltage resonance observed at elevated levels of compensation. While the 

voltage peaks at point R are significantly higher than those of the uncompensated line, they 

do not reach the levels seen when capacitors are positioned at the line's terminals, as 

depicted in Figure 3.16 for reference. Figures 3.15 and 3.16 illustrate the magnitudes of 
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phasor current and voltage at various fault locations. At a compensation level of 0.6, a nascent 

resonant condition is observed, though it is not fully developed. Both current and voltage 

show an increase in magnitude; however, neither exhibits a well-defined resonant peak. This 

lack of smoothness in the resonance is due to the presence of the series capacitor, which 

disrupts the resonance pattern[170]. The complex phasor current and voltage for 60% series 

compensation are shown in Figure 3.17. As the fault location varies along the line, resonance 

is detected in both current and voltage. 

 

Figure 3. 16 The relationship between relay voltage and fault location 
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Figure 3. 17 The complex phasor current and voltage corresponding[170] 

The complex phasor representations of current and voltage for a series compensation level 

of 60% are illustrated in Figure 3.17. This can be contrasted with Figure 3.16, which depicts 

the scenario involving capacitors positioned at the line's terminals. As the fault location shifts 

along the line, a resonance phenomenon emerges in both current and voltage; however, this 

is disrupted by the presence of the series capacitor, resulting in a significant alteration, 

particularly in the current. The change in voltage is noteworthy, as it transitions into the third 

quadrant. It is important to observe that at h = 0.5+, the current exhibits a leading behaviour 

relative to the voltage from the perspective of the relay at R. This unique situation is referred 

to as voltage inversion, a concept that will be examined in greater depth subsequently. This 

condition is applicable for faults located beyond the capacitor, extending to h = 0.55, at which 

point the real component of the voltage reverts to a positive value. When the compensation 

level is raised to 80%, the trajectories of the currents and voltages undergo a complete 

transformation, as depicted in Figure 3.18 
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Figure 3. 18 the impact of the degree of compensation on current 

In the context of this elevated compensation degree, the resonances are fully established in 

both current and voltage. Both parameters exhibit a minor resonance on the proximal side of 

the capacitor, yet they demonstrate a significantly pronounced resonance for faults located 

beyond the capacitor. It is important to note that the voltage does not reverse, in contrast to 

the behaviour observed at 60% compensation. Additionally, the current attains exceptionally 

high values and exhibits a leading characteristic. This phenomenon can be attributed to the 

substantial capacitive reactance. The impedance observed by the relay at point R is notably 

complex, as illustrated in Figure 3.18. Predominantly, the impedance resides within the 

nominal mho circle, suggesting that any standard line protection scheme will effectively 

identify the fault. However, for compensation levels exceeding 0.4, the impedance loci 

experience rapid and atypical variations as the fault traverses through the resonant 

conditions just beyond the centre of the line. The impedance tends to loop toward the origin 

during resonance, indicating that the relay significantly overreaches the actual fault location. 

Just past the resonant threshold, the impedance becomes negative, moving outside the 



68 
 

directional mho trip zone, but ultimately returns to the trip zone as the fault approaches the 

far end of the line. This behaviour implies that a conventional distance relay may not achieve 

accurate discrimination for all fault scenarios 

 

3.4 The concept of resonance frequency 

In a plain uncompensated power system, the main energy storage mechanism during faults is 

via magnetic flux, held in the loops and coils of the inductive elements such as overhead lines 

and transformers. From basic electrical theory, any single energy source produces 

exponential transients. Power Engineers recognise the exponential transient as being very 

common in faulted power systems [171]. The introduction of series capacitance provides the 

second alternative form of energy storage. This opens up the possibility of resonance 

between the capacitive and inductive forms. The critical parameter controlling the degree of 

resonance is the losses in the system. Analysis has proven that the losses incurred within the 

metal oxide varistor (MOV) can be significant [172] , The implementation results in a 

significant damping effect. Experimental findings indicate the presence of additional transient 

components across both high and low frequency ranges; nevertheless, these components do 

not prevail in the overall waveforms. The arrangement of the capacitor in series with the 

inductance of the transmission line forms a resonant circuit characterized by a resonant 

frequency, denoted as 𝑓𝑅𝐸𝑆, as defined by equations 3.43 and 3.44. Any perturbation within 

the power system, whether resulting from a switching event or a fault, will induce oscillations 

in the power system at this subharmonic frequency.[6]. 

𝑓𝑅𝐸𝑆 =
1

2𝜋√𝐿𝐶
  3.43 

𝑓𝑅𝐸𝑆 = 𝑓𝑛𝑜𝑚√
𝑋𝑐

𝑋𝑙
  

3.44 

          

3.5 The concept of Voltage and current Inversion 

Consider a network shown in figure 3.19 (a), representing a 2-bus network system, suppose 

the fault is applied at point F the equivalent circuit of the system can be represented by figure 

3.19(b), the current seen by the relay at bus M can be represented by equation 3.45. 

𝐼𝑅 =
𝑉𝑆

𝑅 + 𝑗(𝑋𝑠 + 𝑋𝐿𝐹 − 𝑋𝐶)
 

3.45  
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• Dependence on fault location: The probability of voltage inversion is heightened when 

a fault occurs in proximity to the series capacitor, as the impedance between the fault 

and the measurement point tends to exhibit more capacitive behaviour.  

• Strategies for mitigation: To counteract voltage inversion, specialized protection 

strategies are implemented, including the use of directional relays equipped with 

sophisticated algorithms capable of accommodating potential phase shifts resulting 

from compensation. 

 

3.6 Conclusion 

This section examines the mathematical formulation of transmission line compensation to 

elucidate its effects on parameters such as voltage and current, as well as the impedance 

perceived by the relay during the protection of a compensated line. Additionally, the concepts 

of voltage and current inversion are explored, particularly their influence on voltage and 

current behaviour. This analysis will contribute to a deeper understanding of the 

considerations necessary for designing an effective protection scheme for such networks. It 

is concluded that Series capacitors present two distinct challenges that complicate the relay 

logic's ability to accurately identify faults on the transmission line. Firstly, in the case of close-

in faults, the occurrence of current or voltage inversions leads to a reduction in the apparent 

impedance, placing it within the fourth quadrant. Although this scenario does not impair the 

directional sensing capabilities of the relay logic, it results in the fault being situated outside 

the conventional trip zone. The second challenge arises from current inversions that shift the 

apparent impedance into the second quadrant of the impedance plane. This phenomenon is 

often associated with resonant conditions, which can push the relay's apparent impedance 

beyond the standard trip zone limits, thereby compromising the accuracy of the directional 

measurement. Voltage and current inversions are evidently more probable at elevated levels 

of compensation, and their severity increases when end-of-line capacitors are utilized. In 

contrast, capacitors positioned at the centre of the system exhibit different characteristic 
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Chapter 4 Renewable Energy Integration 

4.1 Introduction 

Renewable energy systems are integrated into the electrical grid at multiple scales, ranging 

from large-scale implementations (megawatt capacity at the transmission level) to smaller-

scale applications (kilowatt capacity at the distribution level). This section specifically focuses 

on the integration of wind energy at the bulk level. The primary emphasis is on the system's 

response to various events, particularly concerning modifications in protection mechanisms. 

It is widely recognized that the fundamental characteristic of wind and solar energy is their 

dependence on weather conditions, which inherently introduces uncertainty and 

unpredictability. To mitigate the effects of this intermittency, renewable energy systems, 

such as wind and photovoltaic power systems, must provide support to the grid [173] The 

architecture of the renewable energy plant is illustrated in Figure 4.1, where the energy 

sources may include either solar panels or wind turbines. 

 

Plant controller
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Inveter
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controller
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controller

Measurements 
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Figure 4.  1 The renewable Plant architecture 
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The Ideal close loop setup of the system is shown in figure 4.2., where there is an interaction 

between the GRID and RESs parameters. Controls plays a crucial role in stabilizing the 

systems. The sections below will discuss the important parameters and technologies used in 

renewable energy integration to maintain the stability of the grid at different fault scenarios. 

Plant controller

Inveter

Inveter controller
Measurements 

PI section

GRID

Relay

 

Figure 4.  2 The close loop setup of a RESs grid connected Plant 

 

4.2 PV model design and integration 

The schematic representation of a grid-connected PV system is illustrated in Figure 4.3, 

highlighting the fundamental components of the system. The process of selecting an 

appropriate converter from the available options, while considering various circumstances 

and criteria, may result in ambiguity. 

PV station

Wind station

DC Bus AC Bus

 

Figure 4.  3 network topology of a grid integrated network 
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expressed as equation 4.4 where 𝑉𝑡 is calculated by equation 4.5 and equation 4.6 represent 

the shunt current. 

𝐼 =  𝑁𝑝𝐼𝑝ℎ − 𝑁𝑝𝐼𝑜𝑒
[

𝑉
𝑁𝑠

+𝐼
𝑅𝑠
𝑁𝑝

𝑛𝑉𝑡
−1]

− 𝐼𝑠ℎ  

4.4 

𝑉𝑡 =
𝑘𝑇

𝑞
  4.5 

𝐼𝑠ℎ =
𝑉

𝑁𝑝

𝑁𝑠
+𝐼𝑅𝑠ℎ

𝑅𝑠ℎ
  

4.6 

 

PV parallel modules are represented by Np,  𝑅𝑠  and Rsh are series and shunt resistance 

respectively and diode thermal voltage is expressed as 𝑉𝑡. The parameters of PV module 

referenced from a manufacture’s datasheet is shown in each equation is model in MATLAB 

Simulink to create a subsystem of the PV module.  

 

4.2.2 Wind turbine design 

The comprehensive configuration of the wind energy system employed in this study is 

illustrated in Figure 4.5 in this section wind turbine, drive train, generator model and pitch 

angle controller will be discussed while the power conversion will be discussed in a separated 

section. 

Wind 
turbine

Machine side 
conveter

Grid side 
conveter

Machine 
side 

controller

Machine 
side 

controllerDC 
Link

Generator

B

Grid 

 

Figure 4.  5 The wind energy conversion system 

The Mechanical output power extracted (𝑃𝑚) from the wind turbine is determined by 4.7 

where V is the wind speed, A is the wind turbine area swept by the rotor, 𝜌 is the wind density 
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which is normally a constant of 1.225Kg/𝑚3, 𝐶𝑝 is the power co-efficient dependent on the 

tip speed ratio (𝜆 ) and the blade pitch angle (𝛽) the coefficient  of power is defined by 4.8  

and A is determined using 4.9 where R represents the radius of the blade in meters  (m). 

𝑃𝑚 = 0.5𝐶𝑝(𝜆, 𝛽). 𝜌. 𝐴. 𝑉3  4.7 

𝐶𝑝(𝜆, 𝛽) = 𝐶1(𝐶2
1

𝛾
− 𝐶3𝛽 − 𝐶4𝛽𝑥 −

𝐶5)𝑒
−𝐶

1

6𝛾  

4.8 

𝐴 = 𝜋𝑅2  4.9 

 

Theoretically the value of power coefficient is assumed to be 0.593 however practically even 

for well-designed wind turbines the value ranges between 0.35 ≤ 𝐶𝑝 ≥ 0.45. and 𝐶1𝑡𝑜 𝐶6 are 

constants 𝐶1 = 0.5 , 𝐶2 = 116, 𝐶3 = 0.4, 𝐶4 = 0, 𝐶5 = 5 𝑎𝑛𝑑 𝐶6 = 21. Gamma (𝛾)is defined 

by 4.10 and the tip speed lambda(𝜆) is defined by 4.11. where 𝜔𝑚 is the angular velocity of 

the Rotor. The rotor toque is determined by 4.12. 

1

𝛾
=

1

𝜆−0.08𝛽
−

0.035

1+𝛽3  4.10 

𝜆 =
𝜔𝑚𝑅

𝑣
  4.11 

𝑇𝑚 =
𝑃𝑚

𝜔𝑚
  4.12 

 

An alternative model of wind turbine is examined by [174]. Wind turbines can be categorized 

into two primary design models based on the orientation of their rotational axis: Horizontal 

Axis Wind Turbines (HAWT) and Vertical Axis Wind Turbines (VAWT). The VAWT, also known 

as the Darrieus rotor, is named after its creator [175]. HAWTs are particularly effective in 

harnessing the maximum amount of wind energy throughout different times of the day and 

across various seasons, and their blades can be adjusted to mitigate the impact of high wind 

storms.  The kinetic energy rate of change defines the power (P) expresses as equation 4.13, 

the flow rate is described by 4.14 and hence the power equation can be simplified as equation 

4.15. 

𝑃 =
𝑑𝐸

𝑑𝑡
=

1

2

𝑑𝑚

𝑑𝑡
 𝑣𝑚

2  4.13 

𝑑𝑚

𝑑𝑡
= 𝜌𝐴𝑉𝜔  4.14 

𝑃 =
1

2
𝜌𝐴𝑉𝜔

2  4.15 
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The mechanical power, denoted as Pw, that is extracted by the rotor blades in watts, is 

determined by the difference between the wind power upstream and downstream, as 

expressed in equation 4.15. In this context, 𝑉𝑢 𝑎𝑛𝑑 𝑉𝑑 represent the velocities of the wind 

upstream and downstream, respectively. It will be demonstrated subsequently that these two 

velocities contribute to the blade tip speed ratio. Furthermore, the expression for mechanical 

power can be streamlined into equation 4.16, which is ultimately encapsulated in equation 

4.17. 

𝑃𝑤 =
1

2
𝜌𝐴(𝑉𝑢 − 𝑉𝑑)2   4.15 

𝑃𝑤 =
1

2
𝜌𝐴[

𝑣𝑢

2
(𝑉𝑢 − 𝑉𝑑)2 +

𝑣𝑑

2
(𝑉𝑢 − 𝑉𝑑)2] 

4.16 

𝑃𝑤 =
1

2
𝜌𝐴(𝑉𝑢)2𝐶𝑝  4.17 

 

The power generated by a turbine is influenced by several factors, including the rotor blade 

area, wind velocity, and the power coefficient. Adjustments to the turbine's output power 

can be made by modifying the rotor system's area and the flow conditions, which underpins 

the control system's functionality. The power coefficient (Cp) is optimized at a specific tip 

speed ratio (λ), which is unique to each turbine's design. By varying the pitch angle (β), one 

can derive performance curves that illustrate the optimal operational range for a given 

turbine. An example of such a performance curve is depicted in figure..., where the pitch angle 

values range from 0° to 240°. 

 

Figure 4.  6 Wind energy conversion system performance curve 
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The data presented in figure 4.6 illustrates that adjusting the pitch of the turbine blades leads 

to a decrease in the coefficient of performance (Cp), dropping from approximately 40% at a 

pitch angle of 0 degrees to around 10% when the pitch angle is increased to 30 degrees. This 

adjustment is advantageous as it effectively regulates the power output of a variable wind 

speed turbine, such as the one under consideration, when wind speeds exceed the rated 

threshold. The moment of inertia is of paramount importance due to its significantly high 

value. Consequently, the wind turbine should be regarded as a "speed source." This 

characterization adheres to the mechanical relationship delineated in equations 4.18 and 

4.19, where 𝑇𝑤𝑡 𝑎𝑛𝑑 𝑇𝑒𝑚  represent the torques of the wind turbine and the electromagnetic 

system, respectively, with f denoting the total viscous friction coefficient. 

Δ𝑇 = 𝑇𝑤𝑡 − 𝑇𝑒𝑚 = 𝑗
𝑑Ω

𝑑𝑡
+ 𝑓Ω  4.18 

Ω =
1

𝑗
∫(Δ𝑡 − 𝑓𝑛)𝑑𝑡  4.19 

The drive transmission system of a wind power turbine primarily consists of a turbine-

generator assembly and a gearbox. The predominant source of inertia within this system is 

attributed to the turbine-generator unit, while the inertia of the gearbox is considered 

negligible due to the minimal impact of the gear teeth. Consequently, the drive transmission 

can be conceptualized as a combination of two substantial components linked by a shaft, 

which incorporates both the inertia and the elements of the shaft itself. The mathematical 

representation of the drive transmission is articulated through equations 4.20 to 4.24, where 

𝑇𝑡 denotes turbine torque, 𝑇𝑠ℎ represents shaft torque, 𝜔𝑡 signifies turbine speed, 𝐾𝑠𝑠 is a 

constant, 𝐾𝑑 is another constant, and 𝑇𝑚 refers to the mechanical torque generated, which is 

constrained by aerodynamic factors to enhance energy capture. 

𝑇𝑡 − 𝑇𝑠ℎ = 2𝐻𝑡
𝑑𝜔𝑡

𝑑𝑡
  4.20 

𝑤𝑡−𝑤𝑟

𝑤𝑏𝑎𝑠𝑒
=

𝑑𝜃𝑠𝑡𝑎

𝑑𝑡
  4.21 

𝑇𝑠ℎ = 𝜃𝑠𝑡𝑎𝐾𝑠 + 𝐾𝑑(𝜔𝑡 − 𝜔𝑟)  4.22 

𝑇𝑏𝑎𝑠𝑒 =
𝑃𝑛𝑜𝑚

𝑤𝑏𝑎𝑠𝑒
  4.23 

𝑇𝑚 = 𝑇𝑏𝑎𝑠𝑒𝑇𝑠ℎ  4.24 

 

Wind Power Plants (WPPs) are typically situated in isolated regions characterized by limited 

distribution network connections. Consequently, the Short Circuit Capacity (SCC), the size of 



79 
 

the WPP, and the ratio of short circuit impedance angle (X/R) play crucial roles in maintaining 

the voltage stability of a distribution system that incorporates WPPs. According to [176] The 

calculation of the Short Circuit Current  can be performed utilizing equation 4.25, while the 

Short Circuit Ratio  is determined through equation 4.26, which pertains to the power output 

from the wind farm in each respective test system.  𝑉𝑟𝑎𝑡𝑒𝑑 is the nominal voltage of the 

distribution feeder, 𝐼𝑆𝐶  is the short circuit current and 𝑃𝑤𝑖𝑛𝑑 is the amount of power 

generated. 

𝑆𝐶𝐶 = √3𝑉𝑟𝑎𝑡𝑒𝑑𝐼𝑆𝐶   4.25 

𝑆𝑅𝐶 =
𝑆𝑆𝐶

𝑃𝑤𝑖𝑛𝑑
  4.26 

 

4.3 Power conversion circuits  

Static power electronic devices that transform direct current (DC) into alternating current (AC) 

at the specified output voltage and frequency are referred to as inverters. Inverters can be 

categorized into two primary types: voltage source inverters (VSIs) and current source 

inverters (CSIs). Within the entire system, the inverter serves as the core component. 

Consequently, this section will explore various configurations of inverters. The fundamental 

building block of the system is illustrated in figure 4.7, which primarily includes an energy 

source (such as photovoltaic or wind energy) connected to voltage VSCs and subsequently 

linked to the grid through a filter. The specific controller, located at a designated point within 

the system, regulates current, voltage, as well as active and reactive power. 
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Figure 4.  7 The basic concept of power conversion in renewable energy[177] 

The fundamental schematic of an inverter is illustrated in Figure 4.7 (b). It comprises four 

switches, which may be either metal-oxide-semiconductor field-effect transistor (MOSFETs) 

or IGBTs, depending on the power capacity requirements. For applications involving low 

power capacity and high-frequency operation, MOSFETs are typically favoured as the 

semiconductor switch; conversely, IGBTs are preferred for higher power applications. The 

input voltage from the PV cell is directed to a DC–DC converter, which stabilizes the direct 

current using a buck-boost converter. The output voltage from the converter is subsequently 

fed into the inverter, where it is transformed into an AC voltage waveform. This waveform is 

then filtered to achieve a sinusoidal form. Understating the mathematical formulation of 
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these power conversion circuit is crucial for design purposes the following section describes 

them into details and these mathematical models are further implemented in MATLAB to 

understand the dynamics of renewable energy integration int protection schemes. In order 

to implement stand alone or combined renewable energy sources which is to be 

interconnected with electrical grid, the DC-DC and DC-AC converter topologies must be 

implemented in the system 

 

4.3.1 DC-DC converters 

To enhance the efficiency of power conversion, DC–DC converters are utilized in the initial 

phase for the extraction of electric power. This section provides a comprehensive 

mathematical modelling of various types of DC–DC converters, including Buck–Boost, Cuk, 

and SEPIC converters. Furthermore, it also introduces the state-space mathematical 

modelling of these converters, which is instrumental in the design of controllers for various 

non-isolated DC–DC converter configurations. The circuits illustrated in Figure 4.8 depict the 

operational states of the power converter. These configurations are instrumental in 

formulating the model of an ideal power converter. The circuit corresponding to equation 

4.38 is applicable when the converter switch is in the 'on' position, whereas the circuit 

associated with equation 4.39 is relevant when the switch is in the 'off' position. Equations 

4.27 through 4.30 pertain to both figures, while equations 4.31 and 4.32 specifically apply to 

Figure 4.8b. 
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Figure 4.  8 Buck Boost converter configuration 

Ju = 1(𝑞𝐿) =
1

2
𝐿𝑞𝐿

2   4.27 

Uu = 1(𝑞𝐶) =
1

2𝐶
𝐿𝑞𝐶

2  4.28 

𝐹𝑞𝐶
𝑢=1 = 0 4.29 
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𝐹𝑞𝐿
𝑢=1 = 𝐸 4.30 

𝐷𝑢 = 1(𝑞𝐶) = 𝑅𝑞𝐶
2 4.31 

𝐷𝑢 = 0(𝑞𝐿 , 𝑞𝐶) =
1

2
𝑅(𝑞𝐿 + 𝑞𝐶)2 

4.32 

J is the circuit kinetic energy, which is caused for stored energy in the power inductor; u is the 

potential energy related to the stored energy in the capacitor; D represents elements that 

generate heat not reusable for the device; and F represents all the signals that excite the 

system in such a way that its state of operation has changed. The D and F terms are defined 

as generalized forces. Using the energy expressions in the Euler–Lagrange formalism, the ideal 

converter dynamical model is given by equation 4.33 and 4.34. 

𝐿
𝑑

𝑑𝑡
𝑖𝐿 = (1 − 𝑢)𝑉𝑐 + 𝑢𝐸 

4.33 

𝐶
𝑑

𝑑𝑡
𝑉𝑐 = −(1 − 𝑢)𝑖𝐿 +

1

𝑅
𝑉𝑐 

4.34 

 

The output of photovoltaic systems is typically low. To effectively integrate this PV system 

with the electrical grid, it is essential to gradually elevate the output to the necessary level 

while ensuring that the voltage remains stable. Consequently, a boost converter should be 

positioned between the photovoltaic system and the DC grid. Recent studies have introduced 

an innovative DC-DC converter topology designed to achieve a tenfold increase in input 

voltage, as illustrated in figure 4.9 [178]. The DC/DC Converter topology described below is 

engineered to attain a significant voltage gain while minimizing voltage stress on the power 

switch. This is accomplished through the integration of coupled inductors and a switched 

capacitor. Additionally, the converter is designed to simultaneously accommodate three 

distinct types of renewable energy sources[179]. It enables the extraction of maximum power 

from all connected sources, facilitating effective voltage regulation at the output. This 

regulation is achieved through the operation of inductors L1 and L2, along with the control of 

switches S1, S2, and S3 at varying switching frequencies. When L1 is connected to the energy 

sources, it allows for energy storage in L2. By appropriately activating one of the two switches, 

both inductors can be configured in series to deliver power to the load, thus ensuring a high 

voltage gain[180]. 
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sources [10]. When the output voltage is generated from the solar panels, Diode D2 remains 

continuously activated, while the corresponding switch S1 and Diode D1 are engaged. During 

this period, the converter operates as a Cuk converter, and the voltage gain is described by 

equation 4.35. In this context, 𝑉𝑜 and 𝑉𝑃𝑉 are the panels input and output voltages 

respectively, d1 is the duty cycle of the switch S1. The voltage gain can be expressed as 

equation 4.36. 

𝑉𝑂

𝑉𝑃𝑉
=

𝐷1

1 − 𝐷1
 

4.35 

𝑉𝑂

𝑉𝑊
=

𝐷2

1 − 𝐷2
 

4.36 

 

The output voltage delivered to the load RL is influenced by the modulation of the Ton and 

Toff parameters of the switches within this configuration. In the initial operational mode, 

Source-1 provides power to the load by activating switches Sp1 and S2 while deactivating Sp2. 

When treating Source-1 as a voltage source, the voltage gain can be expressed as equation 

4.37, where T represents the switching period and d1 denotes the duty cycle of switch Sp1. 

Conversely, when Source-2 is engaged in supplying the load, switches Sp2 and S1 are 

activated, while S2 remains deactivated. Consequently, the voltage gain in this scenario can 

be articulated as equation 4.38. 

 

𝑉𝑂 =
2𝑉1

1−𝐷1
[1 + √1 +

8𝐿𝑎

𝑅𝑜𝑇(1−𝐷1)2  
4.37 

𝑉𝑂 =
2𝑉2

1−𝐷2
[1 + √1 +

8𝐿𝑎

𝑅𝑜𝑇(1−𝐷1)2  
4.38 

The specified values of inductors and capacitors prevent the addition of the input sources. 

 

4.3.2DC-AC converters 

DC-AC inverters can be categorized into two primary types: Pulse Width Modulation (PWM) 

inverters and Multilevel Modulation inverters. Among these, PWM inverters, which include 

VSI and CSI are the most widely utilized[181]. The recent surge in the incorporation of 

renewable energy sources into the electrical grid has resulted in a heightened deployment of 

converters across various technologies, including wind turbines, photovoltaic systems, fuel 

cells, energy storage systems, and FACTS devices. Simultaneously, the substantial power 
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𝐶
𝑑𝑉𝑑𝑐

𝑑𝑡
= ∑ 𝑖𝑘𝑆𝑘 − 𝑖𝐿

𝑐
𝑘=𝑎   

 

4.40 

 

4.3.3 Voltage source converters 

A diverse array of voltage source converters (VSC) is currently available. The advent of the 

insulated-gate bipolar transistor (IGBT) has significantly enhanced the popularity of three-

phase VSCs, which are now widely utilized across various applications. Among the notable 

types of three-phase VSC converters are the diode clamped (NPC), flying capacitors (FCs), and 

cascaded H-bridge (CHB) configurations, to name a few [183]. These converters are classified 

as multi-level converters and are based on the two-level converter depicted in figure 4.12. 

This figure illustrates a simplified circuit diagram of a three-phase, two-level voltage source 

converter, which comprises six switches, designated as s1 through s6, each associated with 

an antiparallel free-wheeling diode. The switches can be realized using either IGBT or IGCT 

devices, depending on the specific power and voltage requirements of the converter. In 

renewable energy systems, this type of converter is typically connected to an electric grid, 

enabling the efficient transfer of power generated by the generator to the grid. 

 

Figure 4.  12 The simple two-level converter configuration 

The converter is referred to as a 2-level converter due to its capability to operate at two 

distinct voltage levels, namely VDC and −VDC, on the AC side. This converter facilitates 

bidirectional power transfer between the DC side and the three-phase AC system [184]. The 

control mechanism employed for the converter utilizes pulse width modulation (PWM) as its 
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switching strategy. The terminal voltages on the AC side of the ideal converter are 

characterized by equations 4.41 and 4.42, which pertain to phases a, and b, respectively, 

where m(t) represents a balanced three-phase modulation signal 

𝑉𝑡𝑎 = 𝑚𝑎(𝑡)
𝑉𝐷𝐶

2
  4.41 

𝑉𝑡𝑏 = 𝑚𝑏(𝑡)
𝑉𝐷𝐶

2
  4.42 

 

Figure 4.13 illustrates the connection of the VSC converter to both the grid and a DC source, 

alongside the current-controlled real and reactive power controller. The control mechanism 

operates within the dq-frame. This setup enables the converter to manage power flow using 

straightforward PI controllers as compensators. To facilitate this control, seven 

measurements are required, including phase voltages, phase currents, and the DC voltage, 

with the DC current also being monitored[185]. These measurements are subsequently 

transformed into the dq-frame and input into the compensators, which adjust either the 

currents id and iq or the 𝑉𝐷𝐶 to align with a specified reference value. The compensator then 

generates the modulation signals in the dq-frame. 

 

Figure 4.  13 Schematic diagram of a current-controlled real-/reactive-power controller in 

dq-frame. 

With this it is possible to control active and reactive power flow of the converter. It also shows 

the current controlled real/reactive power controller. The control is performed in the dq-

frame. With this configuration the converter can regulate the power flow with simple PI 
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controllers as compensators. Seven measurements are needed for the control, phase 

voltages, phase currents and the DC voltage. It is also good to monitor the DC current. These 

are then transformed into the dq-frame and fed into the compensators which either regulates 

the currents id and iq or VDC to a reference value. The compensator then returns the 

modulation signals in dq-frame[186]. If the AC system is assumed to be ideal with a balanced 

sinusoidal three-phase source which has a constant frequency, the dynamics from of figure 

4.15 can be described by equation 4.43-4.45 

𝐿
𝑑𝑖𝑎

𝑑𝑡
= 𝑣𝑡𝑎 − 𝑣𝑎 − 𝑅𝑖𝑎  4.43 

𝐿
𝑑𝑖𝑏

𝑑𝑡
= 𝑣𝑡𝑏 − 𝑣𝑏 − 𝑅𝑖𝑏  4.44 

𝐿
𝑑𝑖𝑐

𝑑𝑡
= 𝑣𝑡𝑐 − 𝑣𝑐 − 𝑅𝑖𝑐  4.45 

 

To achieve the desired power output in a three-phase voltage source converter (VSC) system, 

it is essential to implement a closed-loop compensator for effective control  [187] ,  

To regulate a current 𝑖(𝑡) at a reference value 𝑖(𝑡)𝑟𝑒𝑓 ref within a three-phase system, it is 

essential to recognize that this current represents a sinusoidal signal that must be accurately 

followed. Consequently, the sinusoidal signals from a balanced three-phase system can be 

transformed into a DC signal, thereby facilitating a more straightforward control design. The 

mathematical representation of a balanced three-phase sinusoidal system is provided in 

equations 4.46-4.48 [188] 

𝑉̂𝑎(𝑡) = 𝑉̂ cos(𝜔𝑡 + 𝜃𝑜)  4.46 

𝑉̂𝑏(𝑡) = 𝑉̂ cos(𝜔𝑡 + 𝜃𝑜 −
2𝜋

3
)  4.47 

𝑉̂𝑐(𝑡) = 𝑉̂ cos(𝜔𝑡 + 𝜃𝑜 −
4𝜋

3
)  4.48 

 

In the event that the quantities pertain to voltages, 𝑉𝑎,𝑏,𝑐  represent the phase voltages, while 

V ̂ denotes the peak values. The initial phase angle is indicated by 𝜃0 . The time response of 

the phases is illustrated in figure 4.16. This system can also be characterized by a space vector, 

which is a complex function of time. In its polar representation, it is expressed by equation 

4.49. 

𝑣⃗(𝑡) =
2

3
(𝑣𝑎(𝑡) + 𝑒𝑗

2𝜋

3 𝑣𝑏(𝑡) + 𝑒𝑗
4𝜋

3 𝑣𝑐(𝑡)  4.49 
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The phase-lock-loop (PLL) is used to transform 𝑉𝑎𝑏𝑐𝑡𝑜 𝑉𝑑𝑞 and dynamically adjust the 

rotational of the 𝑑𝑞 − 𝑓𝑟𝑎𝑚𝑒 and to keep 𝑣𝑞 at zero. Hence the space vector is written as 

equation 4.50 and further simplified to equation 4.51 and 4.52. The block diagram of a PLL is 

shown in figure 4.14. By choosing 𝜃(𝑡) = 𝜔𝑡 + 𝜃0 the desired result of keeping 𝑣𝑞 =  0 is 

obtained.  

𝑉⃗⃗(𝑡) = 𝑉̂𝑒𝑗(𝜔+𝜃0)  4.50 

𝑣𝑑 = 𝑉̂ cos(𝜔𝑡 + 𝜃0 − 𝜃(𝑡))  4.51 

𝑣𝑞 = 𝑉̂ sin(𝜔𝑡 + 𝜃0 − 𝜃(𝑡))  4.52 

 

 

Figure 4.  14 the block diagram of the PLL 

The input signal 𝑣𝑞 is fed into the PI controller which outputs the angular frequency 

deviation ∆𝜔. 𝜔 = 2𝜋𝑓 is then added to this which is finally integrated into 𝜃 As which can 

be formulated by equation 4.53 

𝜃 = ∫ 𝜔𝑔𝑑𝑡 = 𝜔 + ∫ ∆𝜔𝑔𝑑𝑡  4.53 

 

The extensive versatility of the dq-current controller presents significant incentives to explore 

and suggest alternative regulatory frameworks that can address the axis coupling challenges 

associated with renewable integrated systems[189]. This provides some advantages over 

ABC-frame because , d- and q-components are DC variables which result in an easy 

controllability simple PI compensators can be used in the control loop[190]. In [191] The 

control of the d and q axis inverter currents is achieved through the implementation of two 

proportional-integral (PI) controllers. This approach is effective because the parameters of 

both the grid and the inverter are converted into dq components, resulting in the d and q axis 

inverter currents being represented as direct current (DC) values. The role of the PI controller 

is to eliminate the steady-state error, ensuring that the reference currents𝐼𝑑&𝐼𝑞 align 

precisely with the actual currents produced by the inverter. According to [188] the output 
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voltage of inverter according to the mathematical model of grid- connected inverter is given 

by equation 4.54 and 4.55. 

𝑈𝑑 = 𝐿
𝑑𝑖𝑑

𝑑𝑡
+ 𝑅𝑖𝑑 − 𝜔𝐿𝑖𝑞 + 𝑒𝑑  4.54 

𝑈𝑞 = 𝐿
𝑑𝑖𝑞

𝑑𝑡
+ 𝑅𝑖𝑑 + 𝜔𝐿𝑖𝑞 + 𝑒𝑞  4.55 

 

Where 𝑈𝑑and 𝑈𝑞  are the dq components of the park transformation of inverter output 

voltage. 𝑒𝑑and 𝑒𝑞 are the dq components of the park transformation of the grid voltage.  

 

4.4 Conclusion 

This chapter has examined the mathematical framework associated with renewable energy 

sources. It encompassed the generation sources, energy conversion processes, and their 

regulation. Power electronics components play a vital role in ensuring system stability and 

managing both active and reactive power outputs. Furthermore, this analysis provides 

valuable insights into the essential steps and parameters necessary for modelling a renewable 

integrated system. The research aims to investigate the effects of integrating renewable 

energy into a compensated network, a topic that will be elaborated upon in Chapter 6 

(methodology). The next chapter discusses the theoretical formulation of a fault detection, 

classification and location in the context of power systems network 
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Chapter 5: Fault Detection and Classification 

5.1 Introduction  

Series compensation enhances the efficiency of transmission voltage, a critical aspect to 

consider, as technical challenges often arise during its operation, particularly concerning low 

and high voltage conditions. The fault identification mechanism for series compensation is 

influenced by the nature of the fault and the variations in fault voltages, which can be 

represented as a positive sequence, alongside changes in fault current, also expressed as a 

positive sequence. Most fault classification methodologies analysed rely on specific values, 

whether they pertain to phasor voltage or current, which are derived from measurements 

taken by voltage and current transformers located at substations or conversion points. This 

process is essential for gathering data through transformers connected to the terminal ends 

of sub-transmission or transmission lines. This chapter examines fault detection techniques 

applicable to compensated transmission lines and proposes a novel fault detection and 

classification scheme utilizing machine learning. The efficacy of this scheme is evaluated 

based on accuracy and misclassification rates across various fault types, including single-

phase to ground (L-G), double-phase (L-L), double-phase to ground (L-L-G), and three-phase 

faults (L-L-L). Initially, current and voltage signals are sampled, and these sampled data points 

are forwarded to a feature extraction module. This module extracts relevant features utilized 

by the fault detector, classifier, and locator. The outputs consist of the identified fault type 

and its location, as determined by the fault classifier and locator, respectively. This chapter 

primarily emphasizes the mathematical formulation underlying these schemes. A crucial 

aspect of fault identification schemes is the extraction of features from the signal. This section 

discusses various components of the protection scheme, including sampling methods, data 

sampling, feature extraction, fault detection classification, and fault location 

 

5.2 Sampling / signal processing  

Numerous signal processing techniques have been explored for the purpose of identifying 

faults in transmission lines. These techniques include the discrete Fourier transform (DFT), 

Hilbert-Huang transform (HHT), principal component analysis (PCA), wavelet transform (WT), 

Hilbert transform (HT), and Gabor transform (GT). The following section describes each of 

these schemes from a critical viewpoint. In the event of a fault occurring within the power 
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system, the resulting fault signal can be characterized as a synthesis of a steady-state 

sinusoidal component and an exponentially decaying DC component. Consequently, this 

relationship can be articulated mathematically as represented in equation 5.1 

𝑥𝑓(𝑡) =  𝑋0𝑒−𝑡/𝜏 + 𝑋 cos(𝜔𝑡 + ∅)  5.1 

In this context, 𝑋0 is the DCC amplitude, while τ signifies the time constant associated with 

this amplitude. Is the magnitude of the sinusoidal component, with the phase shift φ on signal 

𝑥𝑓(𝑡), 𝜔 corresponds to the angular frequency. The kth sample of 𝑥𝑓(𝑡) is therefore shown 

by equation 5.2 

𝑥𝑓(𝑘) =  𝑋0𝑒𝑘𝜆Δ𝑡 + 𝑋 cos(𝛿𝑘 + ∅)  5.2 

 

Where ∆𝑡 =
1

𝑓𝑠
 is the sampling interval, N denotes samples/cycle, 𝜆 =

−1

𝜏
 , 𝑠 = 𝜔Δ𝑡 and 𝑡 =

𝑛Δ𝑡. The first-order Taylor series expansion indicates that, equation 5.2 can be expressed as 

equation 5.3. 

𝑋𝑓(𝑘) = 𝑋0 + 𝜆𝑘Δ𝑡 + 𝑋 cos(𝛿𝑘 + 𝜙) 5.3 

Should this expansion take place at a central point 𝑋𝑓 (𝑘), the samples on the left and right 

sides can be represented by equations 5.4 and 5.5, respectively. The summation of equations 

5.4 and 5.5 results in equation 5.6 

𝑋𝑓(𝑘 − 𝑛) = 𝑋0 + 𝜆(𝑘 − 𝑛)Δ𝑡 +

𝑋 cos(𝛿(𝑘 − 𝑛) + 𝜙)  

5.4 

𝑋𝑓(𝑘 + 𝑛) = 𝑋0 + 𝜆(𝑘 + 𝑛)Δ𝑡

+ 𝑋 cos(𝛿(𝑘 + 𝑛) + 𝜙) 

5.5 

 

𝑋𝑓(𝑘 − 𝑛) + 𝑋𝑓(𝑘 + 𝑛) =

2𝑋𝑓(𝑘) cos(𝑛𝛿) + 2(𝑋0 + 𝜆𝑘Δ𝑡)(1 −

cos(𝑛𝛿)  

 

5.6 

  

If n is a small integer, then for high𝑓𝑠, cos(𝜔𝑛Δ𝑡) = cos(𝑠𝛿) 𝑎𝑛𝑑 𝑖𝑠 𝑎𝑙𝑚𝑜𝑠𝑡 𝑒𝑞𝑢𝑎𝑙𝑠 𝑡𝑜 1. 

Hence, equation (above) can be approximated as equation 5.7 and 5.8 

𝑋𝑓(𝑘 − 𝑛) + 𝑋𝑓(𝑘 + 𝑛) ≈ 2𝑋𝑓(𝑘)  5.7 

𝑋𝑓(𝑘) ≈
𝑋𝑓(𝑘−𝑛)+𝑋𝑓(𝑘+𝑛)

2
  5.8 
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5.2.1. Fourier transform (FT) 

The Fourier Transform (FT), including its fast variant known as the Fast Fourier Transform 

(FFT), has been utilized across numerous applications, demonstrating significant 

effectiveness. However, it is important to acknowledge the following limitations associated 

with its use [192]. 

• The concept of time is absent in the Fourier transform, presenting challenges when 

attempting to apply this theory to power systems that depend on signals propagating 

over time. 

• The application of window limitation is not feasible when the signal experiences rapid 

or even minor fluctuations, particularly during transitional phases [193]. 

The Fourier transform, denoted as 𝐹(𝑤), and its computationally efficient counterpart, the 

fast Fourier transform 𝐹𝑘(F_k), are articulated in equations 5.9 and 5.10, respectively. Here, 

k and n represent integers that correspond to the number of samples. In 1946, Dennis Gabor 

introduced an innovative methodology to address the limitations of the FFT. His approach 

utilized a tripartite representation of signals to tackle the temporal resolution issue. 

Additionally, to overcome the constraints associated with windowing, he advocated for the 

application of multiple windows instead of relying on a single window and the Short-Time 

Fourier Transform (STFT) is represented by equation 5.11. 

𝐹(𝑤) = ∫ 𝑓(𝑡)𝑒−𝑖𝜔𝑡∞

−∞
𝑑𝑡  5.9 

𝐹𝑘 = ∑ 𝑥𝑛𝑒−
𝑗2𝜋𝑘𝑛

𝑁𝑁−1
𝑛=0   5.10 

𝑆𝑇𝐹𝑇{𝑓(𝑡)}(𝜏, 𝜔) = 𝐹(𝜏, 𝜔) =

∫ 𝑓(𝑡)𝑤(𝑡 − 𝜏)𝑒−𝑖𝜔𝑡∞

−∞
𝑑𝑡  

5.11 

The Short-Time Fourier Transform (STFT), while effective in addressing certain challenges and 

yielding satisfactory results, exhibits limitations in particular contexts, notably in the analysis 

of power system signals. To mitigate these identified deficiencies, wavelet transforms have 

been proposed as viable alternatives to the traditional methods 

 

5.2.2 Wavelength transform 

The Wavelet Transform has attracted considerable attention and is currently extensively 

applied in the domains of image and speech processing [194-197]. The mother wavelet is 
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described by equation 5.12 Where 𝑎, 𝑏𝜖ℝ & 𝜓𝑎𝑏 is the wavelength 𝜓𝑎𝑏
∗represents its 

complex conjugate. 

𝐶𝑊𝑇(𝑎, 𝑏) = ⟨𝑓, 𝜓𝑎,𝑏⟩ =

1

√𝑎
∫ 𝑓(𝑡). 𝜓𝑎,𝑏(

𝑡−𝑏

𝑎

∞

−∞
) 𝑑𝑡  

5.12 

 

Fourier transforms represent signals as a combination of waves with varying frequencies, 

whereas wavelet transforms depict signals through wavelets that differ in both scale and 

position[194].  Wavelet analysis relies on two primary equations: the scaling function φ(t) and 

the wavelet function ψ(t), as articulated in equations 5.13 and 5.14. These functions 

represent two-scale difference equations derived from a selected scaling function, commonly 

referred to as the mother wavelet. They possess characteristics that fulfil the criteria outlined 

in equations 5.15 and 5.16. 

𝜓(𝑡) = √2 ∑ ℎ𝑘𝜓(2𝑡 − 𝑘)𝑘   5.13 

𝜓(𝑡) = √2 ∑ 𝑔𝑘𝜓(2𝑡 − 𝑘)𝑘    5.14 

∑ ℎ𝑘
𝑁
𝑘=1 = √2  5.15 

∑ ℎ𝑘ℎ𝑘+2𝜄 = 1 𝑖𝑓 𝜄 = 0, 0 𝑖𝑓 𝚤ℇ𝑍,   𝚤 ≠ 0𝑁
𝑘=1   5.16 

The sequences ℎ𝑘  and 𝑔𝑘are indicative of discrete filters that address each equation 

presented in 5.17. The scaling and wavelet functions serve as prototypes for a category of 

orthonormal basis functions, as described in equation 5.18. 

𝑔𝑘 = (−1)𝑘ℎ𝑁−1−𝑘  5.17 

𝜑𝑗,𝑘(𝑡) = 2
𝑗
2𝜑(2𝑗𝑡 − 𝑘); 𝑗, 𝑘 ∈ 𝑧 

5.18 

The parameter j governs the dilation or compression of the function with respect to both time 

scale and amplitude. Meanwhile, the parameter k is responsible for the translation of the 

function in the temporal domain. The variable z represents the set of integers. After 

establishing a wavelet system, it becomes possible to express a function f(t) in terms of the 

basic functions, as illustrated in equation 5.19. 

𝑓(𝑡) = ∑ 𝑐(𝜄)𝜑𝜄(𝑡) + ∑ 𝑑(𝑗, 𝑘)𝜑𝑗𝑘(𝑡)
𝑗−1
𝑗=0𝜄∈𝑧   5.19 

 

Where the coefficients 𝑐(𝑙)  and 𝑑(𝑗, 𝑘) are calculated by inner product of equation 5.20 

and 5.21 respectively. 
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𝑐(𝜄) = ⟨𝜑𝑡𝜄|𝑓⟩ = ∫ 𝑓(𝑡)𝜑𝑡(𝑡)𝑑𝑡 
5.20 

𝑑(𝑗, 𝑘) = ⟨𝜑𝑡𝜄|𝑓⟩ = ∫ 𝑓(𝑡)𝜑𝑗𝑘(𝑡)𝑑𝑡 
5.21 

The expansion coefficients 𝑐(𝑙) serve to approximate the original signal with a resolution of 

one point for every 2^j points of that signal. In contrast, the coefficients 𝑑(𝑗, 𝑘) capture the 

details of the original signal across various resolution levels. Both 𝑐(𝑙) 𝑎𝑛𝑑 𝑑(𝑗, 𝑘) can be 

derived through direct convolution of the signal samples 𝑓(𝑡) with the coefficients ℎ𝑘  and 𝑔𝑘 

which are specific to the selected mother wavelet 

 

5.3 Feature extraction 

The process of feature selection is referred to feature engineering which is defined as the 

process of using domain knowledge to transform the most relevant variable from raw data 

when creating a predictive model using machine learning of statistic model. The main goal of 

feature extraction is to improve the performance of machine learning algorithms. The process 

can be simplified as shown in 5.1, the whole process is then divided into two subsections 

namely Selection and extraction. Selection is the technique used to find the smaller subset on 

many dimensional (set of features) datasets to create a data model. The complexity depends 

on data sample (N), the number of inputs (d) and the selected demission (k), it is therefore 

simplified as technique of finding k features of d dimension that give the most information 

and discard (d-k) dimension. There are three main methods under supervised models on 

feature selection which are filter methods, wrapper methods and embedded methods and 

one method for unsupervised mode which is data dimension criteria.  
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Feature selection model

Supervised Model Un-Supervised Model

Filter Mathods Wrapper Methods Embedded Methods Data dimensions crateria

 

Figure 5. 1 Feature selection model 

The current and voltage signals inherently encompass all necessary information; however, it 

is often challenging to translate these raw signals into a structured framework of rules and 

criteria that can effectively interpret the underlying messages they convey. This challenge 

highlights the utility of feature extraction techniques, which are designed to extract pertinent 

information while minimizing the influence of variability within the system under 

investigation. By employing appropriate feature extraction methods, researchers can 

enhance their understanding of fault classification and localization issues, thereby addressing 

these challenges in a more systematic and effective manner. Additionally, reducing the 

dimensionality of the data can enhance the performance of certain algorithms utilized in 

classification or localization tasks, yielding more precise and reliable outcomes in a timely 

fashion. This section will outline various methods employed for feature extraction, 

accompanied by detailed examples of their applications. Furthermore, a concise overview of 

fault detection methods, which heavily relies on the feature extraction process, will be 

provided at the conclusion of this section. The foundation of most detection and classification 

techniques is a well-curated dataset of fault features. Ideally, this set of relevant features 

should be compact and computationally efficient. In practical applications, however, relevant 

features are often obscured by redundancy and noise, making it essential to extract this 

information in a cost-effective manner without compromising the integrity of the valuable 

data[198]. 
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5.3.1 Fourier Transform (FT) 

The Fourier Transform (FT) decomposes an input signal into its constituent frequencies 

represented by various sinusoids. This method is particularly effective and straightforward 

when applied to static signals. However, accurately conveying information becomes 

problematic for transient or nonstationary signals, as some characteristics may be obscured 

during the transition from the frequency domain back to the time domain. The mathematical 

representation of the FT for a signal 𝑥(𝑡) is provided in equation 5.22, which can be succinctly 

summarized in equation 5.23, illustrating the inner product between the signal 𝑥(𝑡) and the 

complex sinusoid 𝑒𝑗2𝜋𝑓𝑡 

𝑥(𝑓) = ∫ 𝑥(𝑡)𝑒𝑗2𝜋𝑓𝑡𝑑𝑡
−∞

∞

 
5.22 

𝑥(𝑓) =  𝑥(𝑡)𝑒𝑗2𝜋𝑓𝑡 5.23 

 

5.3.2 Wavelet Transform 

The Wavelet Transform (WT) facilitates the attainment of both time and frequency resolution 

for a given signal by localizing various frequency components in time. In the WT process, the 

input signals undergo translation—referring to shifts along the time axis—and dilation, which 

involves the expansion of the wavelet. This manipulation transforms the signal into a different 

representation that reveals its structure over time and scale, as illustrated in figure 5.2. The 

wavelet transform assesses the correlation between the input signal and a scaled and 

translated version of the 'mother wavelet,' which is characterized by a finite duration and a 

zero mean[172].  

 

Figure 5. 2 The concept of wavelength transforms 
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Nonstationary signals are decomposed into low-frequency and high-frequency components, 

known as approximation and detail coefficients, respectively, which demonstrate a diverse 

array of resolution scales[199]. The system employs filters that possess a range of cut-off 

frequencies, enabling the analysis and observation of a signal at various levels of resolution. 

[200]. The wavelet transform employs high-pass filters to examine the high-frequency 

components of a signal, while low-pass filters are utilized to analyse the low-frequency 

components [201]. According to [202] Two stages of decomposition are performed. Initially, 

the signal is divided into components A1 and D1, as illustrated in figure 5.3. In the subsequent 

stage of decomposition, A1 is further broken down into A2 and D2. Following this process, 

the energy is computed from the detailed coefficients, which is mathematically expressed in 

equation 5.24, where x(t) represents the signal and E signifies the energy over a specified time 

interval (𝑡𝑎, 𝑡𝑏). 

𝐸(𝑡𝑎, 𝑡𝑏) = ∫ (|𝑥(𝑡)|)2𝑑𝑡
𝑡𝑏

𝑡𝑎
  5.24 

 

Signal

A1 D1

A2 D2

Level 1

Level  2
 

Figure 5. 3 Two levels of decomposition 

The technique of feature selection plays a critical role in ensuring precise fault detection and 

classification. Features are extracted from faulty signals utilizing discrete wavelet transform. 

In this study, the input is determined based on features that include the peak values of 

wavelet coefficients. High-frequency signals present in the fault current significantly influence 

these features. To capture these high-frequency signals, the signals are decomposed to the 

second level[202]. Subsequently, the differential wavelet energy (DWE) is calculated by 

subtracting the wavelet energy content of one cycle post-fault from that of one cycle pre-

fault, and the absolute value is taken, expressed mathematically as: DWE = abs (WE (one cycle 



99 
 

post-fault) – WE (one cycle pre-fault)). The DWE values observed in the faulted phases are 

notably higher in comparison to those in other phases of the network being analysed. The 

main aim of feature extraction is to provide the significant information for the classifier to 

classify the type of event through the features calculated, using standard deviation (SD) and 

energy values. The detailed information of this is discussed as follows. The SD is defined as 

the statistical measure of variation or dispersion that exists in the original signal and is given 

as equation 5.25 

𝑆𝐷 = √
1

𝑛 − 1
[∑(𝑥𝑖 − 𝑥⃗)2

𝑛

𝑡=1

 

5.25 

Where 𝑥⃗ =
1

𝑛
= ∑ 𝑥𝑖

𝑛
𝑖=1 , 𝑥 represent the data vector and n is the number of elements in x. To 

test the effectiveness of the proposed classifier, this work uses another approach to calculate 

features based on the energy of the decomposed current signal. The spectral energy of the 

decomposed signal can be obtained using equation 5.26, n denotes the quantity of detailed 

coefficient levels, while x signifies the data vector. To derive the features, a moving window 

encompassing one complete cycle of the current wavelet coefficient is utilized, from which 

the features are extracted for the purpose of training the classifiers. 

𝐸 = ∑|𝑥𝑖|
2

𝑛

𝑡=1

 
5.26 

 

5.3.3 S-transform 

This method was originally developed for the analysis of geophysical signals and serves as a 

tool for time-frequency analysis. Like other techniques in this domain, the S-transform allows 

for the observation of a signal's energy distribution across both time and frequency domains. 

It builds upon the principles established by wavelet and short-time Fourier transforms. The S-

transform utilizes a Gaussian window function whose width inversely correlates with 

frequency, thereby eliminating the necessity of selecting a specific window function and 

overcoming the constraints associated with fixed window widths. Furthermore, the phase 

spectrum corresponding to each frequency component in the S-transform's time-frequency 

representation is intricately connected to the original signal, enabling the extraction of more 

distinctive features for fault analysis. Consequently, the S-transform is capable of capturing 
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frequency information at specific moments within a designated frequency band, as well as 

the amplitude information of the signal at particular frequencies. By integrating the wavelet 

transform with a phase factor, the S-transform effectively combines the strengths of both 

methodologies, thereby enhancing their respective characteristics. 

 

5.3.4 The Principal component analysis (PCA) 

The dimensionality reduction process can be divided into two primary steps: feature selection 

and feature extraction. Feature selection may utilize methods such as embedded, filter, or 

wrapper techniques, while feature extraction commonly employs principal component 

analysis (PCA)[203]. The primary objective of PCA is to diminish the dimensionality of high-

dimensional datasets by linearly projecting the data onto a lower-dimensional space, thereby 

minimizing the reconstruction error associated with this projection. The benefits of employing 

PCA include[204]: 

• An optimal representation of high-dimensional observations within a reduced space;  

• The transformation of original variables into new, linearly independent variables, 

facilitating easier data interpretation 

In order to develop an intuition for PCA, an essential condition for applying Principal 

components (PCs) is centring the variables of the data matrix X, this operation converts 

original variables into new ones[205]. Given the n × p data matrix X, where n represents the 

number of observations and p the number of variables, the p × p variance-covariance matrix 

S contains the variances of the p variables in its diagonal elements and the covariance in the 

elements outside the diagonal. Variance is a measure of variability. It quantifies how disperse 

the observations of one variable are. Covariance measures how two variables change 

together. If both variables vary together in the same direction, then the covariance is positive. 

On the other hand, if they vary in opposite direction, the covariance is negative[206]. If the 

variables are uncorrelated, which means no-linear dependency, the covariance is zero. The 

general expression for the variance –covariance matrix is given by equation 5.27.  

𝑆 =
1

𝑛
∑ (𝑥1 − 𝑥̅),(𝑛

𝑖=1 𝑥2 − 𝑥̅)  5.27 

 

Where xi is a 1 × p vector corresponding to the i observation and 𝑥̅ is the 1 × p mean vector 

which contains the mean of each one of the p variables. Additionally, eigenvalues and 
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eigenvectors of the S matrix are the basis for obtaining the PCs In general, the PCs scores can 

be calculated with equation 5.28 where U is the p × p matrix of coefficients (column 

eigenvectors of S sorted in accordance to the eigenvalues) necessary for computing the n × p 

matrix Y which contains the PCs scores of original data[207]. 

𝛾 = 𝑋 ∗ 𝑉  5.28 

The data exhibit a distribution along a primary axis represented by the U-axis, while the 

secondary axis, denoted as the V-axis, is orthogonal to U. When the U–V axis system is 

positioned at the mean of the data, it facilitates a bidirectional representation. [208]. The 

transformation of the X–Y coordinate system into the U–V coordinate system results in the 

de-correlation of the data. The directions represented by U, V, and others are referred to as 

the principal components, as illustrated in figure 5.4. 

y

X

U

 

Figure 5. 4 Distributed data set and direction of variation of data 

PCA uses the mean and standard deviation to form covariance matrix of a multidirectional 

data set and, from there, finds out eigenvalues and eigenvectors of the covariance matrix.  To 

develop a PCA algorithm  

Step1: //A distributed data set is obtained with m variables and n observations [𝑋]𝑛∗𝑚  

Step2: //Find the mean (𝜇) and variance (𝜎) of  

Step3: //Form data adjust matrix XA by normalizing (autoscaling) X matrix; scaling XA to zero 

mean and unit variance using equation 5.29 

[𝐴]𝑋𝑁 = [𝑋𝑖 −
𝜇𝑖

𝜚𝑖
⁄ ]   5.29 

 

Step4: //Calculate covariance matrix[𝐴]𝑚∗𝑚 , then Calculate Eigenvectors and Eigenvalues 

of the covariance matrix. There are two methods that can be used which are using direct 

analysis and using singular value decomposition (SVD)   
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Method 1 Using direct axis: in this method 

o Eigenvalues: By finding the roots of the characteristic equation (CE) 

▪ Determinant of (𝐴 − 𝜆𝐼) = 0, where 𝐼 = 𝑚 ∗ 𝑚 identity matrix and 

this CE has m roots, 

o Eigenvector: If 𝜆 is an eigenvalue, there exists 𝑎 vector 𝑒 such that: (𝐴𝑒 =

𝜆𝑒), where 𝑒  is called an eigenvector associated with the eigenvalue 𝜆 

▪ Formation of Feature Vector: Arrange eigenvectors in the descending 

order of eigenvalues. 

▪ Feature vector = (𝑒𝑖𝑔𝑣1, 𝑒𝑖𝑔𝑣2, … , 𝑒𝑖𝑔𝑣𝑚)  

• i.e Feature vector(𝑒1, 𝑒2, … , 𝑒𝑚) 

o The principal components are constructed as a linear transformation of X by 

described by T below 

▪ 𝑇 = 𝐸𝑇𝑋, where 𝑇 = [𝑡1, 𝑡2, … . . , 𝑡𝑚]𝑇     

• where  𝑡1, 𝑡2, … . . , 𝑡𝑚   are the PCs of X in the descending order 

of variance 

▪ /Row Feature Vector: Matrix with the eigenvectors in the columns 

transposed  

▪ //Row Data Adjust: Mean-adjusted data transposed  

▪ //Final data or principal component scores (PCS) PCS ¼ Row Feature 

Vector Row Data Adjust 

Method 2: Using singular value decomposition (SVD)  

• //A being symmetrical, it can be computed via the singular value 

decomposition (SVD), determined by 

o 𝐴 = 𝐸𝑇 − 𝜆𝐸 , where 𝐸𝑇𝐸 = 𝐸𝐸𝑇 = 𝐼 

▪ Where I is the identity matrix, 𝜆 = 𝑑𝑖𝑎𝑔(𝜆1, 𝜆2, … . . 𝜆𝑚) is 

the 𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒 𝑚𝑎𝑡𝑟𝑖𝑥 with elements in a decreasing 

order of magnitude, and 𝐸 = (𝑒1, 𝑒2, … … . , 𝑒𝑚) is the 

eigenvector matrix corresponding to eigenvalues of 𝜆  

▪  
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5.4 Fault Detection and Classification 

5.4.1 Introduction 

The identification, categorization, and localization of defects within power systems can be 

significantly enhanced through the application of machine learning (ML) methodologies 

[17,18]. The figure 5.5 summarises the concept of these ML, the highlighted (supervised ML) 

is related to this research work. Unlike traditional approaches, deep learning (DL) algorithms 

operate end-to-end, eliminating the necessity for a dedicated feature extractor. Techniques 

such as convolutional neural networks (CNNs) and recurrent neural networks (RNNs) are 

capable of autonomously learning features directly from raw data, thereby removing the 

need for manual feature engineering. The capacity of DL models to derive hierarchical 

representations from data enhances their flexibility and proficiency in recognizing intricate 

patterns and relationships within defect data. Furthermore, these models are particularly 

adept at managing nonlinear and non-stationary data due to their ability to learn and predict 

nonlinear dynamics. DL algorithms have demonstrated effective performance in defect 

classification across various fields, including image analysis, audio processing, and sensor data 

evaluation. As a result, DL methodologies present considerable advantages over traditional 

fault classification techniques by automating feature extraction, capturing complex fault 

patterns, adapting to new fault scenarios, minimizing data pre-processing requirements, and 

effectively scaling to large datasets. However, it is important to note that DL approaches 

typically demand substantial computational resources when analysing intricate datasets or 

training extensive models. The training process often benefits from the use of high-

performance graphics processing units (GPUs) or specialized hardware accelerators. Sufficient 

computational resources are also essential for efficiently analysing input data during the 

inference phase, where the trained model is employed for real-time classification. In this 

section different machine learning based fault detection and classification schemes are 

discussed. 
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Figure 5. 5 The concept of ML 

5.4.2 KNN classifier development classifier 

The nearest neighbour algorithm represents a category of instance-based learning methods 

wherein the function is approximated in a localized manner, with all computational efforts 

deferred until the classification stage. This technique is regarded as one of the most 

fundamental and straightforward classification methods, particularly in scenarios where 

there is minimal or no prior knowledge regarding the data distribution. The k-nearest 

neighbour’s (kNN) algorithm offers several advantages, including its resilience to noisy 

training data, effectiveness with large datasets, the absence of a dedicated training phase, 

and its capacity to model complex relationships. However, it also presents certain challenges, 

such as the difficulty in determining the optimal number of neighbour’s and its limited 

applicability in high-dimensional spaces, which can result in reduced computational 

efficiency, increased data sparsity, and substantial storage requirements [209].  

The selection of an appropriate distance metric remains uncertain, and the associated 

computational expenses are notably substantial. K-NN is a supervised learning algorithm 

applicable to both regression and classification tasks. This method aims to ascertain the 

correct class for a given test instance by measuring the distance between the test instance 
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and all training data points. Subsequently, it identifies the K nearest points to the test 

instance. KNN is recognized as a fundamental and straightforward classification approach, 

especially in scenarios where there is limited or no prior understanding of the data 

distribution. The strengths of KNN include its resilience to noisy training data, effectiveness 

with extensive training datasets, the absence of a formal training phase, and its capacity to 

model complex relationships with relative simplicity. Conversely, the algorithm is not without 

its drawbacks, including the challenge of selecting the optimal number of neighbour’s, 

difficulties encountered in high-dimensional spaces that can lead to diminished 

computational efficiency, increased sparsity of data, and significant storage demands. 

Furthermore, the ambiguity surrounding the choice of a suitable distance metric persists, 

alongside the potential for high computational costs.[210]. 

The KNN algorithm assesses the likelihood that a given test data point is associated with the 

classes represented by 'K' training data points, ultimately selecting the class with the highest 

probability. In regression scenarios, the output is determined by calculating the mean of the 

'K' training points that have been selected. Depending on the chosen value of K and the 

distance metrics employed, KNN can be further classified into categories such as Fine KNN, 

Medium KNN, Coarse KNN, Cosine KNN, Cubic KNN, and Weighted KNN. The distinct features 

of each KNN variant are detailed in Table 5.1  [211]. The efficacy of the proposed KNN classifier 

is evaluated using a range of K values, specifically 1, 10, and 100, alongside various distance 

metrics, including Euclidean, cosine, and cubic distances. In the context of weighted KNN, the 

classification decision is determined by applying a weighting function derived from the 

Euclidean distance measurement. 

Table 5.  1The classification of KNN classifiers 

Classifier type K value Distance function Distance (d)= 

Fine, Medium, Course  1, 10, 

100 

respectiv

ely 

Euclidean distance 

√∑(𝑃𝑖 − 𝑞𝑖)2

𝑛

𝑖=1

 

Cosine KNN 100 Cosine distance 𝑃̅𝑄̅

|𝑃⃗⃗||𝑄⃗⃗|
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Cosine KNN 10 Cubic Distance  
(∑|𝑝1 − 𝑞𝑖|

3

𝑚

𝑖=1

)
1
3 

Weighted KNN 10 Distance weighting and 

Euclidean distance 
𝑤 =

1

𝑑2
 

 

5.4.3 Artificial Neural Network classifiers 

5.4.3 Artificial Neural Network classifiers 

Certain classification tasks necessitate the prediction of multiple class labels, indicating that 

class labels or membership are not mutually exclusive. Such tasks are commonly known as 

multi-label classification. In this context, each input sample may yield zero or more labels as 

outputs, which are generated concurrently. The underlying assumption is that the output 

labels depend on the input data. This study utilizes numerical values of three-phase voltages 

and currents to predict various types of faults, including single-phase faults and single-phase-

to-ground faults within three-phase systems. Neural networks typically consist of three layers, 

as illustrated in figure 5.6. 

 

Figure 5. 6 The ANN layers 

Artificial neural networks (ANNs) are sophisticated mathematical constructs designed to 

emulate the processing capabilities of the human brain. They consist of basic units referred 

to as artificial neurons, which are organized into layers. In the case of ANNs featuring a single 

layer of neurons, the input, represented as a vector of features𝑥′ = 𝑥1, … … … … … … , 𝑥𝑛)  , 

is processed within the neuron using weights denoted by ω_i, where i ranges from 1 to n. This 
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processing yields a value z, which is subsequently transformed into the final output y through 

a specific function (𝜑, 𝛾 = 𝜑(𝑧).  (φ, γ = φ(z)). The entire process can be summarized as 

equation 5.28, 𝑧 is the result of processing the n-inputs of 𝑥𝑖  through the weights 

(𝜔1, … . , 𝜔𝑛): b is called bias attempt to imitate the human filter. This is achieved by 

processing the affine function described in equation 5.29. The bias can be considered 

analogous to a weight 𝑏 =  𝑤0 for an initial input 𝑥0  =  1, thus allowing the processing of 

inputs within a neuron to be interpreted as a linear function described by equation 5.30 

𝑧 = (𝜔1, … . , 𝜔𝑛), (

𝑥1

…
𝑥𝑛

) + 𝑏 = ∑ 𝜔𝑖𝑥𝑖 + 𝑏 = 𝜔𝑡. 𝑥 + 𝑏𝑛
𝑖=1 …….1 

5.28 

𝑧=∑ 𝜔𝑖𝑥𝑖 + 𝑏 = 𝜔𝑡. 𝑥 + 𝑏𝑛
𝑖=1 . 5.29 

𝑧 == (𝑏 = 𝜔0,𝜔1, … . , 𝜔𝑛), (

𝑥0=1, 𝑥1

…
𝑥𝑛

) + 𝑏 = ∑ 𝜔𝑖𝑥𝑖 + 𝑏 = 𝜔𝑡. 𝑥 + 𝑏𝑛
𝑖=1 …….2 

 

5.30 

 

For ANNs with more than one layer (MLP multilayer perceptron), let us consider the previous 

process as a mathematical function on the inputs: 𝑦 =  𝐹1 (𝑥1, . . . , 𝑥𝑛), 𝑥 =  𝜙(𝜔1𝑥 +  𝑏1 ). 

The generalization for multilayers is simple: inputs entering a neuron become outputs after 

adequate processing inside (mostly, a linear combination of inputs as seen), which are sent 

as inputs to other neurons (the propagation of information from one layer to the next is 

known as feed-forward). Mathematically a multilayer perceptron can be defined as a function 

F : ℝ𝑛 → ℝ𝑚,   is characterized as 𝑎𝑛 𝑛– 𝐿– 𝑚 − 𝑝𝑒𝑟𝑐𝑒𝑝𝑡𝑟𝑜𝑛,  where n represents the number 

of inputs, L denotes the number of hidden layers, and m indicates the number of outputs. The 

function takes the form equation 5.31 for affine functions  fi(x)  =  ωix +  bi , one has the 

linear multilayer perceptron expressed as equation 5.32  

𝐹(𝑥)  =  𝜙(𝐹𝐿(𝑓𝐿−1(. . . 𝑓1(𝑥)))), 𝑓𝑜𝑟 𝑥𝑡  =  (𝑥1, . . . , 𝑥𝑛). 5.31 

𝐹(𝑥) =  𝜙(𝜔𝐿 . . . (𝜔2 (𝜔1 𝑥 +  𝑏1 ) + 𝑏2 ). . . + 𝑏𝐿 )  5.32 

 

5.4.4 Support Vector Machine Classifiers 

One prominent classifier encountered in the study of machine learning is the Support Vector 

Machine (SVM). This algorithm ranks among the most widely utilized classification techniques 

within the field. In this section, we will explore the mathematical principles underlying SVM 
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in the context of classification problems, examine its class classification process, and 

understand how it generates predictions. Support Vector Machines are presently considered 

a robust method for supervised learning, as they focus on determining a hyperplane that 

optimally separates two adjacent classes[212]. This optimization is essential for reducing the 

generalization error associated with the classification model. In Figure 5.7, The classes are 

organized in a linear fashion, with the margin defined as the distance from the decision 

boundary to the nearest training samples. This margin is determined by support vectors, 

which play a crucial role in defining the classification functions. In situations where data points 

are grouped in such a way that linear separation is not possible, they can be mapped into a 

higher-dimensional space, allowing for linear separation via a hyperplane [213]. 

N-dimensional inputs denoted as 𝑥𝑖 = (𝑖 = 1,2,3, … , 𝑚) ,  m indicates the total number of 

samples in either class one or class two, are assigned labels yi=1 for the first class and 𝑦𝑖 = 1 

for the second class. In cases where the data can be separated linearly, a hyperplane defined 

by  𝑓(𝑥) = 0  is established to distinguish the two classes, as articulated in equation 5.33 

𝑓(𝑥) = 𝜔𝑇𝑥 + 𝑏 = 0 5.33 

ω denotes the n-dimensional vector, while b signifies the intercept term. The hyperplane that 

distinguishes the two vectors is determined by their respective positions and adheres to the 

constraints 𝑓(𝑥) ≥ 0 where 𝑦𝑖 = 1 and  𝑓(𝑥) ≤ −1 where 𝑦𝑖 = −1 ,  thereby establishing a 

functional margin as described in equation 5.34. 

𝑦𝑖𝑓(𝑥𝑖) = 𝑦𝑖(𝜔𝑇𝑥𝑖 + 𝑏) ≥ 1, 𝑓𝑜𝑟 𝑖 = 1,2,3, … , 𝑚 

 

5.34 
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Figure 5. 7 Maximum margin classification with Support Vector Machines. 

The optimal separating hyperplane is characterized as the hyperplane that maximizes the 

distance between itself and the nearest data point, as depicted in Figure 5.7. The geometric 

margin is calculated as
1

2
‖𝜔‖2 . To incorporate noise, the variable 𝜁𝑖  is introduced as a slack 

variable, while 𝐶𝑖serves as an error penalty. The determination of the optimal hyperplane is 

achieved by solving a convex quadratic optimization problem, represented by equations 5.35 

to 5.37. 

min
𝜔,𝑏

1

2
‖𝜔‖2 + 𝐶 ∑ 𝜁𝑖

𝑚
𝑖=1   5.35 

𝑠. 𝑡. 𝑦1 = (𝜔𝑇𝑥𝑖 + 𝑏) ≥ 1 −

𝜁𝑖   𝑎𝑛𝑑𝑖 = 1,2,3, … , 𝑚  

5.36 

𝜁𝑖 ≤ 0, 𝑓𝑜𝑟 𝑖 = 1,2,3, … , 𝑚  5.37 

 

In equation 5.33, the minimization of ‖𝜔‖ is synonymous with minimising. Equation 5.34, 

describes the quadratic programming problem which is formalized into Lagrange formula by 

incorporating both objective functionsmin
𝜔,𝑏

1

2
‖𝜔‖2 and (𝜔𝑇𝑥𝑖 + 𝑏) ≥ 0. It is then possible to 

formulate from the Lagrange equation 5.38 
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min
𝛼

𝜔(𝛼) = ∑ 𝛼𝑖 −
1

2
∑ 𝑦𝑖𝑦𝑗𝛼𝑖𝛼𝑗⟨𝑥𝑖, 𝑥𝑗⟩

𝑚

𝑖=1

 
5.38 

 

Subject to the constraints 0 ≤∝𝑖≤ 𝐶 𝑎𝑛𝑑 𝑖 = 1,2,3, … , 𝑚 , the equation ∑ 𝛼𝑖𝑦𝑖 = 0 must 

hold. To determine the values of𝛼𝑖, it is necessary to solve the dual Lagrange problem. In the 

context of a two-class problem derived from SVM, the decision boundary can be expressed 

as follows, utilizing the kernel function 𝐾(𝑥⃗(𝑖), 𝑥⃗) for a new pattern 𝑥⃗(𝑖) (intended for 

classification) and the training pattern as outlined in equation 5.39. 

𝐷𝑥 = ∑ 𝛼𝑖𝑦
(𝑖)𝑚

𝑖=1 𝐾(𝑥⃗(𝑖), 𝑥⃗) + 𝑏  5.39 

the values of 𝛼𝑖, 𝑠,   are all set to zero, except for those corresponding to the support vectors. 

The kernel function employed for SVM is the Radial Basis Function (RBF), which is articulated 

in equation 5.40. 

𝐾(𝑥𝑖𝑗𝑖) = 𝑒−‖𝑥𝑖−𝑥𝑗‖
2

/𝜎2
  5.40 

 

5.4.5 Extreme learning machine  

Extreme Learning Machine (ELM) represents an innovative learning algorithm tailored for 

single layer feedforward neural networks (SLFNs), characterized by its superior learning speed 

compared to conventional feedforward methods. Support Vector Machines (SVMs), initially 

developed for binary classification tasks, have undergone various adaptations to 

accommodate multiclass classification scenarios. Notable extensions include the One-Versus-

One (OVO) and One-Versus-Rest (OVR) approaches. The subsequent section will elucidate the 

mathematical frameworks underpinning both the OVO and OVR SVM methodologies  

For OVO a training dataset is presented as indicated in equation 5.41, where𝑥𝑖  𝑎𝑛𝑑 𝑦𝑖 i are 

defined in equations 5.42 and 5.43, respectively. Here, the class index of x_i is denoted, and 

k represents the total number of classes. The One-Versus-One approach formulates a model 

as described in equation 5.44, with each model being trained using data from two distinct 

classes. To address the training data from the 𝑖𝑡ℎ and the 𝑗𝑡ℎ  classes, the problem is 

articulated through equation 5.45. 

 

𝑥𝑖 = [𝑥𝑖1;  𝑥𝑖2; … … … … . . 𝑥𝑖𝑛]    

5.41 

𝑦𝑖 ∈ [1, … … … … … . . , 𝑘]  5.42 
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𝑘(𝑘−1)

2
 ……………………..(n) 5.43 

Minimize
1

2
 ∑ ∑ 𝑦𝑚𝑦𝑛𝐾(𝑥𝑚𝑥𝑛)𝛼𝑖𝑗

𝑚𝛼𝑖𝑗
𝑛 ∑ 𝛼𝑖𝑗

𝑚
𝑁
𝑚=1

𝑁
𝑛=1

𝑁
𝑚=1 ……………….[84]  5.44 

Subjected to ∑ 𝑦𝑚𝛼𝑖𝑗
𝑚 = 0, 0 ≤ 𝛼𝑖𝑗

𝑚 ≥ 𝐶𝑁
𝑚=1  5.45 

 

In this context, 𝐶 > 0 represents the penalty parameter, while 𝐾(𝑥𝑚𝑥𝑛) denotes the kernel 

function. Upon resolving the optimization problem (o), one obtains (n) decision functions. 

Classification is performed utilizing the "Max Wins" strategy, as outlined in equation 5.46. If 

the test instance x is classified as belonging to the 𝑖𝑡ℎ class, the vote for that class is 

incremented by one; conversely, if it is classified as belonging to the𝑖𝑡ℎ class, the vote for the 

𝑖𝑡ℎ class is increased by one as indicated by equation 5.47-5.48. No votes are recorded if the 

test instance does not belong to either the 𝑖𝑡ℎ or 𝑖𝑡ℎ class. Consequently, the test data x will 

be assigned to the class that receives the highest number of votes. 

Minimize  
1

2
 ∑ ∑ 𝑦𝑚𝑦𝑛𝐾(𝑥𝑚𝑥𝑛)𝛼𝑖

𝑚𝛼𝑖
𝑛 − ∑ 𝛼𝑖

𝑚
𝑁
𝑚=1

𝑁
𝑛=1

𝑁
𝑚=1 ………………. {1 5.46 

Subjected to ∑ 𝑦𝑚𝛼𝑖
𝑚 = 0, 0 ≤ 𝛼𝑖

𝑚 ≥ 𝐶𝑁
𝑚=1  5.47 

∶= 𝑎𝑟𝑔 max
𝑖=1….,𝑘

∑ 𝑦𝛼𝑖
𝑚

𝐾(𝑥𝑚𝑥)𝑁
𝑛=1 + ℩𝑏2  5.48 

 

5.4.6 Classification accuracy and analysis 

The evaluation of classifiers is conducted to gauge their performance, employing a confusion 

matrix to derive specific metrics. A critical measure of performance is accuracy, which reflects 

the degree of correctness in classifications. Additional metrics utilized include recall and 

precision [41], with their definitions provided by equation 5.49 to 5.52. 

𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃+𝑇𝑁

𝑑
∗ 100%  5.49 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑇𝑃

𝑇𝑃+𝐹𝑃
∗ 100%  5.50 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑇𝑁

𝑇𝑁+𝐹𝑃
∗ 100%  5.51 

𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑇𝑃

𝑇𝑃+𝐹𝑁
∗ 100%  5.52 

 

TP denotes the count of True Positive classifications, reflecting the number of instances that 

are accurately identified as belonging to the “x” category by the classifier. FN represents the 

count of False Negatives, which are instances that should be classified as “x” but have been 

misclassified into another category. The True Negatives, indicated by TN, represent the 
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number of instances that correctly do not belong to class “x” and have been classified as such. 

FP signifies the count of False Positives, which are instances erroneously classified by the 

model as belonging to class “x” when they do not actually belong to that category. The 

variable d represents the total number of samples in the test set. An additional metric often 

utilized alongside these classifications for evaluating classifier performance is the confusion 

matrix, also known as the contingency table. This matrix offers a clear and straightforward 

method for summarizing classification results. It illustrates binary classification scenarios 

through a two-by-two matrix format.  

 

5.5 Fault Locations 

5.5.1 Introduction 

This section provides a brief overview of the concept of fault location in transmission lines. 

While the focus of this study is limited to detection and classification, it is essential to address 

this topic briefly, as it constitutes a fundamental component of protection schemes 

 

5.5.2 Traveling wave refraction methods 

The initial phase in the formulation of the proposed algorithm involves evaluating the 

relationship between the harmonic frequencies produced by the TCSC and the traveling 

waves detected by relays during a fault occurrence. For illustration, let us examine a 

transmission line equipped with a TCSC, as depicted in Figure 5.8. It is widely recognized that 

following a fault event, two traveling waves propagate in opposing directions along the 

transmission line. Typically, the voltage at any designated point "x" along the transmission 

line can be expressed by equation 5.53 [214]. 

𝑉𝑥 = 𝑉_𝑒−𝑥𝛾 + 𝑉𝑒+𝑥𝛾 5.53 

 

Where γ denotes the propagation coefficient of the transmission line, , 𝑉𝑒+𝑥𝑦  signifies the 

voltage of the incident wave, while 𝑉𝑒−𝑥𝑦 indicates the voltage of the reflected wave 

originating from the remote end. As illustrated in Figure 5.7, in the scenario of a fault 

occurring between the local end and the TCSC (case 1), the traveling waves reach the relay 

(R) at the local end with minimal disturbance. This situation does not present significant 

challenges for conventional traveling wave relays. Conversely, in the event of a fault occurring 
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between the TCSC and the remote end (case 2), the traveling waves encounter an impedance 

change at the TCSC terminals prior to reaching relay (R). This alteration can lead to distortion 

and modification of the traveling waves as they arrive at the local end. The reflection 

coefficient at the transition point is expressed as equation 5.54 

ρv =
V−e+xγ

V−e−xγ =
Zx−Zo

Zx+Zo
  5.54 

 

R TCSC

Travelling waves

Case 1 Case2

Local end
Remote end

Vle Vre

Travelling waves

 

Figure 5. 8 The concept of Travelling waves in a TCSC Network 

 

In this context, 𝑍𝑥 represents the impedance of the TCSC, while 𝑍𝑜 denotes the characteristic 

impedance of the transmission line. The reflection and refraction coefficients serve as 

analytical tools to assess the modifications that the TCSC introduces to the characteristics of 

traveling waves as they reach the relay (R) at the local end during a fault condition. It is 

observed that the magnitude of these traveling waves diminishes to approximately one-third 

of its initial value after a specific time constant. This duration is considered excessively long 

to exert any meaningful influence on the magnitudes of traveling waves utilized in high-speed 

relaying applications. Consequently, when the thyristors are in an open state, the traveling 

waves pass through the TCSC with minimal attenuation. Key parameters for system analysis 

include line voltage, length, inductance, zero-sequence impedance, and compensation 

capacitance.  

According to [215] To comprehend the interaction between traveling waves and the TCSC, it 

is essential to examine both scenarios: open and closed states. When the thyristors are in the 

open state, specifically for the time interval 0 ≤  𝑡 <  𝛼, the high-frequency impedance 

encountered by the traveling waves is described by equation 5.55. Consequently, the 

reflection coefficient can be determined using equation 5.56  
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𝑍𝑥(𝑠) = 𝑍0
1

𝑆
𝐶𝑇𝐶𝑆𝐶𝐶𝐹

𝐶𝑇𝐶𝑆𝐶+𝐶𝐹

  5.55 

𝜌𝑣 =
1

2𝑍0𝐶𝐸(𝑆)+1
  5.56 

 

The term 𝐶𝐸  denotes the equivalent capacitance for both𝐶𝑇𝐶𝑆𝐶  and𝐶𝐹 , while s represents 

the variable in the Laplace transform. By converting ρ_v into the time domain, it can be 

expressed through equation 5.57. When the thyristors are in a closed position. The 

performance of the TCSC closely resembles that of the earlier scenario. The high-frequency 

impedance encountered by the traveling waves reaching the terminals is described by 

equation 5.58, and the final expression for the reflection coefficient is provided in equation 

5.59 

𝜌𝑣 = 𝑒−𝜏𝑡 = 𝑒−2𝑍𝑜𝐶𝐸𝑡  5.57 

𝑍𝑥(𝑠) = 𝑍𝑜 +
1

𝑆𝐶𝐹
+

1

𝑠𝐶𝑇𝐶𝑆𝐶
𝑠𝐿𝑇𝐶𝑆𝐶

1

𝑠𝐶𝑇𝐶𝑆𝐶
+𝑠𝐿𝑇𝐶𝑆𝐶

  
5.58 

𝜌𝑉 =
𝑠2𝐵+1

𝑠3𝐴+𝑠2𝐵+𝑠𝐶+1 
  5.59 

 

Where: A=2𝑍𝑜𝐿𝑇𝐶𝑆𝐶𝐶𝑇𝐶𝑆𝐶𝐶𝐹 

 B=𝐿𝑇𝐶𝑆𝐶(𝐶𝑇𝐶𝑆𝐶 + 𝐶𝐹) 

 C= 2𝑍𝑜𝐶𝐹 

The linear circuit is characterized by the state variable vector x, which includes the inductor 

current as represented in equation 5.60 and the capacitor voltage as outlined in equation 

5.61. When these equations are expressed in state-space form, they are reformulated as 

indicated in equation 5.62. 

𝑥̇ = 𝐴1𝑥 + 𝐵1𝑉𝑔  5.60 

𝑦 = 𝐶1𝑥  5.61 

𝐴1 = [
−

𝑅𝑂𝑁

𝐿
0

0 −
1

𝑅𝐶

] , 𝐵1 = [
1

 𝐿

0
] , 𝑥 = [

𝑖𝐿

𝑉𝑐
]  

5.62 
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5.6 Conclusion 

This chapter focused on the principles of fault detection, classification, and localization 

through an examination of the mathematical formulations associated with various models. 

The traditional mathematical frameworks analysed include the Fourier transform and 

wavelength transforms, while more sophisticated methodologies involve Principal 

Component Analysis (PCA), Support Vector Machines (SVM), and Artificial Neural Networks 

(ANN). These mathematical frameworks provide the essential groundwork for the 

development of machine learning detection and classification strategies, as described in the 

methodology section, which elaborates on the formulation of the simulation model pertinent 

to this research before its testing and implementation in MATLAB. The subsequent chapter is 

organized into three distinct models, each addressing the specific objectives outlined in the 

first chapter. 
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Chapter 6 Methodology 

6.1 The impact of compensation in transmission line. 

A standard transmission line is illustrated in Figure 6.1, which represents a power system 

network linking points A and B. This line facilitates the transfer of electrical power from the 

generator station to the load located at the receiving end bus bar. The relationships between 

the sending voltage 𝑉𝑠  and the receiving voltage𝑉𝑅  are articulated in Equations 6.1 and 6.2 

respectively, which depend on the angular difference 𝛿 between the voltages at the 

respective bus bars. By replacing an ideal lossless transmission line with a real transmission 

line that incurs losses, the transmitted power can be determined using Equations 6.3 and 6.4. 

In this context, 𝑋𝑡  denotes the nominal series reactance of the line, as outlined in Equation 

6.5. 

𝑉𝑠 = 𝑉𝑠∠𝛿  6.1 

𝑉𝑅 = 𝑉𝑅∠0  6.2 

𝑃 =
𝑉𝑅𝑉𝑆

𝑋𝑡
sin 𝛿  6.3 

𝑄 =
𝑉𝑅𝑉𝑆 cos 𝛿−𝑉2

𝑋𝑡
  6.4 

𝑋𝑡 = 𝑋𝑠 + 𝑋𝑙  6.5 

Initially the study a two-line bus system is modelled in MATLAB Simulink shown in figure 6.3. 

The objective is to examine the performance of the system when subjected to different faults 

including single phase to ground (L-G), double line(L-L), double line to ground (L-L-G) and 

three phase faults (L-L-L). The system model is a 300km, and segmented to two equal parts 

(150kM) as shown in figure 6.2 . Table 6.1 shows the data of the segmented transmission line. 
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Rij, Xij

Si,Pi,Qi Sj,Pj,Qj

Vi,ẟi Vj,ẟj

 

Figure 6. 1Transmission line single line diagram 

 

Figure 6. 2 Model of a two-bus system 

Table 6. 1 Transmission line parameters  

parameter Values  

Length 300km 

Nominal Frequency 50 Hz 

Voltage 765kV 

Line resistance 0.01273Ω/km 

Line Inductance 0.9337mH/km 

Line capacitance 12.74nF/km 

Zero sequence resistance 0.03864Ω/km 

Zero sequence inductance 4.1264mH/km 
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Zero sequence capacitance 7.75nF/km 

 

The Metal-Oxide Varistor (MOV) becomes conductive when the instantaneous phase voltage 

of the Series Capacitor Bank surpasses a specified maximum threshold. Consequently, the 

MOV is capable of conducting current only during certain segments of the positive and 

negative half cycles of the SCB voltage waveform. This behaviour results in a nonlinear 

correlation between the instantaneous MOV current (i) and the voltage (v). Furthermore, 

while the MOV is in a conductive state, the relationship between (i) and (v) does not adhere 

to a linear model; instead, it follows an exponential function. To analyse the relationship 

between the voltage and the current flowing through the MOV during fault conditions, 

equation 6.6 to 6.12 are employed with reference to phase A, and it is essential to recognize 

that the same methodology applies to phases B and C. 

𝑉𝑐𝑎 = 𝑉𝑔 + 𝑘1𝐼𝑛𝑎,𝑎    6.6 

Where 𝐼𝑛𝑎,𝑎can be represented by equations (6.7) or (6.8). Equation (6.9) represents the 

transmission line current. When we substitute equations 6.8 and 6.9 the current to series 

capacitor including MOV can be represented by equation 6.10. Assuming 1/K1=A and 

Vg/K1=B, current is then by equation 6.11 and the voltage by equation 6.12 

𝐼𝑛𝑎,𝑎 = (
𝑉𝑐𝑎−𝑉𝑔

𝐾1
)   6.7 

𝐼𝑛𝑎,𝑎 = 𝑉𝑐𝑎𝑗𝜔𝐶  6.8 

𝐼𝑛𝑎 = 𝐼𝑛𝑎,𝑎 − 𝐼𝑛𝑎,𝑐  6.9 

𝐼𝑛𝑎 = 𝑉𝑐𝑎 (
1

𝐾1
− 𝑗𝜔𝐶) −

𝑉𝑔

𝐾1
  6.10 

𝐼𝑛𝑎 = 𝐴𝑉𝑐𝑎 − 𝐵  6.11 

𝑉𝑐𝑎 = 𝜌𝐼𝑛𝑎 + 𝛾  6.12 

 

The Metal-Oxide Varistor (MOV) serves as a protective measure against overvoltage for the 

capacitor. This protective arrangement includes a capacitor bank, a bank of metal-oxide 

varistors, a triggered bypass air gap, a damping reactor, and a bypass switch, as illustrated in 

Figure 6.4. In the event of high transient voltages, the MOV limits the voltage to a safe 

threshold and converts the excess energy into heat, thereby safeguarding the circuit 

components from overvoltage and preventing potential damage to the system. A notable 

challenge associated with this system is the nonlinear characteristics of the MOV. The total 



119 
 

reactive impedance of the line at 0% compensation is determined using equation 6.13, which 

employs positive sequence inductance. For varying levels of compensation, defined as a 

specific percentage reduction of the transmission line's inductive reactance through the 

addition of capacitive reactance, the necessary impedance is calculated using equation 6.14, 

while the total capacitance required is specified by equation 6.15 

 

𝑋𝑡 = 2𝜋𝑓𝐿1  6.13 

𝑋𝑐 = (𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 %)𝑋𝑡  6.14 

𝐶 =
1

2𝜋𝑓𝑋𝑐
  6.15 

The necessary MOV protection level to safeguard the capacitors is established at 2.5 times 

the nominal voltage of the capacitors, which is defined at a line current of 2 kA rms. 

Consequently, equation (6.16) specifies the voltage that must be achieved for adequate 

protection 

𝑉𝑝 = 2 ∗ 2000 ∗ 𝑋𝑐 ∗ √2  6.16 

 Furthermore, the line is compensated with series capacitor protected by an MOV and this 

model is implemented on the previous model of a transmission line compensation is varied 

in 3 intervals 50%, 100% and 120% to further investigate the impact of different levels of 

compensation. The MOV model is shown in figure 6.3. 

 

Figure 6. 3 The SIMULINK MOV model 
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6.2 The implementation on an IEEE-9 Bus system  

6.2.1 Load flow analysis 

A bus is defined as any node where multiple components, such as electric generators and 

transmission lines, are interconnected. In the field of electrical engineering, the bus is 

associated with four key parameters: currents, potential difference, phase angle, and both 

active and reactive power[209]. Analyzing load flow is crucial for planning and ensuring the 

stable operation of the system. Such analyses utilize systematic and analytical methods to 

assess the various voltages at the bus, phase angles, and the flow of reactive and active power 

across different branches of the load, including generators and transformers, once steady 

state is achieved. In load flow analysis, two variables are predetermined while the remaining 

two must be calculated. Buses are classified into three distinct types based on the particular 

quantity under examination: generation bus, load bus, and slack bus.  

In P-V buses, the voltage magnitude associated with the generated voltage and the true or 

active power P, as per its rating, is defined. The voltage magnitude is kept constant at a 

predetermined level by the injection of reactive power. It is necessary to calculate the reactive 

power generation Q and the phase angle δ of the voltage. These buses are connected to 

generators, which means that the power generation at these locations is regulated by a prime 

mover, while the terminal voltage is managed through the excitation of the generator. 

Maintaining a constant input power via turbine-governor control, alongside ensuring a stable 

bus voltage through the use of an automatic voltage regulator, allows us to define constant 

values for and 𝑃𝑖  at 𝑉𝑖these buses. Consequently, these buses are commonly designated as P-

V buses. It is important to recognize that the reactive power provided by the generator, 

denoted as 𝑄𝑖, is contingent upon the configuration of the system and cannot be 

predetermined. Additionally, it is necessary to determine the unknown angle δi associated 

with the bus voltage. 

The slack bus in a power system plays a crucial role in managing the active and reactive power 

within the network, either absorbing or supplying it as needed. Notably, this bus does not 

support any load. At the slack bus, both the voltage magnitude and phase angle are defined, 

with the phase angle typically set to zero. The active and reactive power associated with this 

bus is generally calculated through the resolution of relevant equations. In load flow analysis, 

this bus is conventionally designated as bus number 1. It serves as the angular reference point 
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for all other buses in the system. The flow of real and reactive power between two voltage 

sources is determined by the angular difference between them; thus, the specific angle of the 

slack bus itself is not critical. Nevertheless, it establishes the baseline against which the angles 

of all other bus voltages are referenced, which is why the angle of the slack bus is commonly 

assigned a value of 0°. Additionally, it is presumed that the voltage magnitude at this bus is 

known. IEEE-9 bus system shown in figure 6.4 complexity and real-world applicability make it 

a benchmark for power system analysis and optimization. This section describes a method for 

IEEE-9 bus load flow and dispatch analysis.  

 

RRR

 

Figure 6. 4 IEEE 9 bus system model in MATLAB SIMULINK 

Load dispatch analysis focuses on optimizing the allocation of generators to satisfy load 

requirements, while load flow analysis is concerned with identifying the steady-state 

operational parameters, such as voltage levels, phase angles, and power flows. In load flow 

analysis, the Newton-Raphson method is employed iteratively to calculate bus voltages, 
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thereby ensuring both system stability and adherence to voltage constraints. Evaluating line 

flows and losses provides insights into the overall performance of the system. A critical aspect 

of the solution methodology involves determining the polar angle of the voltage at PQ buses 

and the polar voltage angles at PV buses, as outlined in equation 6.17. 

𝑆𝑖 = 𝑃𝑖 + 𝑗𝑄𝑖 = 𝑉𝑖 ∑ 𝑉𝑖𝑘𝑉𝑘
𝑛
𝑘=1   6.17 

 

      

On further disintegration the above equation can be separated as sum of two individual 

equations of active power and reactive power which can be expressed as shown in equation 

6.18 and 6.19 respectively. 

𝑃𝑖 =

𝑉𝑖𝑉𝑖𝑖𝑌𝑖𝑖 cos ∅𝑖𝑖 + ∑ 𝑉𝑖𝑉𝑘𝑉𝑖𝑘 cos(𝛿𝑖 −𝑛
𝑘=1

𝛿𝑘 − ∅𝑖𝑘)  

6.18 

𝑄𝑖 =

𝑉𝑖𝑉𝑖𝑖𝑌𝑖𝑖 cos ∅𝑖𝑖 + ∑ 𝑉𝑖𝑉𝑘𝑉𝑖𝑘 sin(𝛿𝑖 −𝑛
𝑘=1
𝐾≠1

𝛿𝑘 − ∅𝑖𝑘)  

6.19 

       

Utilizing the appropriate tools, construct the specified IEEE system model in MATLAB Simulink 

as illustrated in figure 6.5. Subsequently, the load flow analysis is conducted. The load flow 

study for a 9-bus system, employing the Newton-Raphson iterative solution method, is 

elaborated upon in chapter 7. 

 

6.3 Fault Detection and classification 

6.3.1 Data Sampling 

This research work uses voltage (V) and current (I) signals collected at the relay bus during 

different types of faults as described in data collection section above. The data set are 

numerical values of (V) and (I), and the categorical data representing each fault scenario 

shown in Table 6.2 while figure 6.5 shows a sample of current signals and figure 6.6 voltage 

signals  

 

Table 6. 2 : Fault type representation 
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Fault type code 

No fault 0000 

L-G 1001 

L-L 0110 

L-L-G 1011 

L-L-L 1110 

L-L-L-G 1111 

 

 

Figure 6. 5 Graphical representation of sample current signal 

 

Figure 6. 6 Graphical representation of voltage signals 

The data that has been gathered is organized into a numerical table. It is crucial to emphasize 

that the chosen data represents a sample from the time preceding the fault and during the 

fault itself; data following the fault's occurrence has been excluded from this selection. The 

table includes voltage and current signals, which serve as the input signals for the fault 

detection classifier, specifically the three-phase instantaneous voltage and current signals. 
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which was established in the preceding section. Utilizing the MATLAB platform, this study 

develops and simulates three distinct algorithms for fault detection and classification 

specifically tailored for compensated transmission lines. Initially, data is gathered from an 

IEEE 9-bus system featuring series compensation on line 4-6. Subsequently, feature extraction 

is performed using principal component analysis (PCA), followed by the deployment of fine K-

nearest neighbours (KNN), Medium Neural Network (MNN), and quadratic support vector 

machine (QSVM) classifiers. A thorough performance evaluation is conducted, focusing on 

the accuracy of each classifier in identifying and categorizing various types of faults. Figure 

6.8 summarises the selection criteria for the classifiers used.  

K-NN

MNN

SVM

1. simplicity, 
2. ease of implementation, 
3. ability to handle non-linear 
decision boundaries,

1. Predict a class label or a 
numerical value.
2. Automatically extract feature 
from dataset
3.detect complex nonlinear 
relationships

1. Classification task is categorical
2. binary classification
3. linear and non-linear data

1. Best when training records is not 
great, 
2. Requires less NO. of  predictors 
3. Needs  active computer memory.

1. Prone to overfitting hence required 
high computing capacity.

1. Not always suitable for large-scale 
datasets

Classifier Capabilities Drawbacks

 

Figure 6. 8 Classifier selection criteria 
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6.3.3.1 KNN Classifier 

For this research there is a need to be able to define similarity measure in the data space. In  

ℝ𝑞 , the Minkowsink metric (P-norm) is applied as equation 6.21 [216].  

⟦𝑋 , − 𝑋𝑗⟧
𝑃

= (∑ ⌊(𝑥𝑖)
, − (𝑥𝑖)𝑗|

𝑝
)

1
𝑝⁄𝑛

𝑖=1   6.21 

 

The expression aligns with the Euclidean distance when p equals 2. In alternative data spaces, 

it is essential to select appropriate distance functions. The detrimental distance in ℤ𝑞 is 

considered. For binary classification, the label set 𝛾 = {1, −1}  is employed, and the K-nearest 

neighbours (KNN) algorithm is articulated through equation 6.22. 

𝑓𝐾𝑁𝑁 = {
1 𝑖𝑓 ∑ Υ1 ≥ 0𝑖∈𝑁𝑘(𝑥),

− 𝑖𝑓 ∑ Υ1 < 0𝑖∈𝑁𝑘(𝑥),
  

6.22 

 

The neighbourhood size K and with the set of indices 𝑁𝑘(𝑥), of the K-nearest patterns. The 

choice of K defines the locality of KNN. For K = 1, little neighbourhoods arise in regions, where 

patterns from different classes are scattered [217]. The efficacy of the k-NN model can be 

assessed through various metrics. A widely utilized parameter for this evaluation is the 

average accuracy, which is articulated by the equation 6.23. In this context, TP represents 

true positives, TN denotes true negatives, FP signifies false positives, and FN indicates false 

negatives. The subscript i corresponds to a specific category, while l represents the total 

number of categories [218]. 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = ∑
𝑇𝑃𝑖+𝑇𝑁𝑖

𝑇𝑃𝑖+𝐹𝑁𝑖+𝐹𝑃𝑖+𝑇𝑁𝑖
/𝑙𝑙

𝑖=1   6.23 

 

6.3.3.2 Medium Neural Network 

The procedure of adjusting weights and biases to reduce errors is referred to as 

backpropagation (BP) algorithms. In the context of machine learning, the error function𝐸𝜔  

,commonly known as the cost or loss function, along with the scale factor ∈, identified as the 

learning rate, play crucial roles. 𝐸𝜔 quantifies the discrepancy between the outputs of the 

artificial neural network (ANN), denoted as (𝑦), and the target value  (𝑦̂) One specific 

measure of error is the mean square error, which is articulated in equation 6.24. Furthermore, 

equations 6.25 to 6.26 illustrate the Root Mean Square Error (RMSE), which is employed to 
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eliminate the constant during gradient computation, as well as the mean bias error (MBE) and 

the mean absolute error (MAE), respectively 

 

𝑀𝑆𝐸 =
1

𝑛
∑ (𝑦𝑖 − 𝑦̂𝑖)

2𝑛
𝑖=1   6.24 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑦𝑖 − 𝑦̂𝑖)2𝑛

𝑖=1    
6.25 

MAE= 
1

𝑛
∑ |𝑦𝑖 − 𝑦𝑖̂|

𝑛
𝑖=1  6.26 

 

The GDM algorithm is used to minimize the error, it the weights co-ordinates are described 

by   𝑦(𝜔𝑖) = 𝜑 ∑ (𝑛
𝑖=0 (𝑦𝑖 − 𝑦̂𝑖)

2 there for the MSE can be re-described by equation 6.27. The 

partial derivative of MSE is represented by equation 6.28, this applies for a case where the 

activation function 𝜑 is assumed to be being the identity of functionℸ, 

𝑀𝑆𝐸 =
1

𝑛
∑ 𝑦(𝜔𝑖) − 𝑦𝑖̂

𝑛
𝑖=1 )2 =

1

𝑛
∑ (𝜑 ∑ (𝜔𝑖. 𝑥𝑖 − 𝑦𝑖)̂

2𝑛
𝑖=0

𝑛
𝑖=1   

6.27 

𝜕

𝜕𝜔𝑖
𝑆𝐸 = 𝑦(𝜔𝑖 − 𝑦̂𝑖)𝜑,(𝑧). 𝑥𝑖  

6.28 

 

For a particular case where the activation function is equal to the identity function, the 

learning algorithm results in s specific error function. Convergence of the method is ensured 

following this method 

𝑖𝑓  𝑚𝑎𝑝 𝑓 ∶  ℝ → ℝ 𝑖𝑠 𝑐𝑎𝑙𝑙𝑒𝑑 𝑎 𝐿𝑖𝑝𝑠𝑐ℎ𝑖𝑡𝑧 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑡ℎ𝑎𝑡 𝑒𝑥𝑖𝑠𝑡 𝑓𝑜𝑟   𝑘 𝜖 ℝ, 𝑘 >

0𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟𝑦. 𝑤ℎ𝑒𝑛 0 ≤ 𝑘 < 1, 𝑓 𝑖𝑠 𝑐𝑎𝑙𝑙𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 the function is described by 

equation 6.29. for the construction to be continuous the function is described by equation 

6.30 

|𝑓(𝑥) − 𝑓(𝑦)| ≤ 𝑘|𝑥 − 𝑦|, ∀𝑥, 𝑦 𝜖 ℝ 6.29 

|∇𝑓(𝑥) − ∇𝑓(𝑦| ≤ 𝑘|𝑥 − 𝑦|, ∀𝑥. 𝑢 ∈ ℝ 6.30 

The subsequent theorem delineates the criteria pertaining to the error that must be satisfied 

to guarantee convergence. 

𝑐𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑜𝑓 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡) 𝑠𝑢𝑝𝑝𝑜𝑠𝑒 𝑡ℎ𝑒 𝑓𝑢𝑐𝑡𝑖𝑜𝑛 𝐸 ∶  ℝ𝑛 →

ℝ 𝑖𝑠 𝑐𝑜𝑛𝑣𝑒𝑥 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑏𝑙𝑒 𝑎𝑛𝑑 𝑘 −
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𝑠𝑚𝑜𝑜𝑡ℎ. 𝑇ℎ𝑒𝑛 𝑖𝑓 𝑤𝑒 𝑟𝑢𝑛 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑑𝑒𝑠𝑐𝑒𝑛𝑡 𝑓𝑜𝑟 𝑎 𝑟 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ 𝑎 𝑓𝑖𝑥𝑒𝑑 𝑠𝑡𝑒𝑝 𝑠𝑖𝑧𝑒 𝑡 ≤

1

𝑘
, 𝑖𝑡 𝑤𝑖𝑙𝑙 𝑦𝑒𝑎𝑙𝑑 𝑎 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝐸(𝑟) 𝑤ℎ𝑖𝑐ℎ 𝑠𝑎𝑡𝑖𝑠𝑓𝑖𝑒𝑠 equation 6.31 

𝐸((𝜔(𝑟)) − 𝐸(𝜔∗) ≤
|𝜔(𝑜)−𝜔8|

2𝑓𝑟
  6.31 

 

𝐸(𝜔∗)  represents the minimum value, indicating that the gradient descent method is assured 

to converge. 

6.3.3.3 Quadratic Support vector machine (QSVM) 

The objective of Support Vector Machines (SVM) is to identify a hyperplane that maximizes 

the geometric margin {𝑥𝑖𝑦𝑖}
𝑛

𝑖 = 1
, ,for a linearly separable dataset. The minimum geometric 

margin is articulated in equation 6.32 

𝑦(𝑤, 𝑏) ≔ min
𝑥𝑖𝐷

|𝑥𝑖
𝑇𝑤+𝑏|

‖𝑤‖2
  6.32 

The goal expands to finding (𝑤, 𝑏)𝑠. 𝑡. which separates the data and maximize𝛾(𝑤, 𝑏) which 

is defines as equation 6.33 and the s.t. is defined in equation 6.34 

max
𝑤,𝑏

𝛾(𝑤, 𝑏)  6.33 

𝑆. 𝑇 ∀𝑖,𝛾(𝑤𝑇 , 𝑥2 + 𝑏) ≥ 0  6.34 

When we plug in the definition of 𝛾(𝑤, 𝑏) the geometric margin can be summarized as 

equation 6.35 and 6.36 

max
𝑤,𝑏

1

‖𝑤‖2
 , min

𝑥2

⌊𝑤𝑇𝑥1 + 𝑏) ≥ 0  6.35 

𝑆. 𝑇 ∀2,𝛾1(𝑤𝑇, 𝑥2 + 𝑏) ≥ 0  6.36 

It is important to note that margin and hyperplane is scale invariant for and (𝑤, 𝑏), it can be 

always be scaled by some constant to have equation 6.37. 

min
𝑥2

|𝑤𝑇 , 𝑥2 + 𝑏| = 1  6.37 

Without the loss of generality, the focus is on (𝑤, 𝑏) pairs with min
𝑥2

|𝑤𝑇 , 𝑥2 + 𝑏| = 1 , 

constrains can be further simplifier to equation 6.38 to 6.40. 

min
𝑖

‖𝑤‖2
2

  6.38 

𝑆. 𝑇 ∀2,𝛾1(𝑤𝑇, 𝑥2 + 𝑏) ≥ 0  6.39 

min
𝑥2

|𝑤𝑇 , 𝑥2 + 𝑏| = 1  6.40 
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Where 𝛾1(𝑤𝑇 , 𝑥2 + 𝑏) ≥ 0 is an optimal function margin of (𝑤, 𝑏) pair, points where 

(𝑤𝑇 , 𝑥2 + 𝑏) = 1 are called support vectors. 

6.4 Renewable integration 

The incorporation of RERs into electrical grids presents considerable challenges related to the 

reliability and stability of the grid. This integration also affects the operation of protection 

schemes within networks that experience renewable energy penetration. In this section, the 

addition of PV systems and wind farms to the grid will be examined to assess the influence of 

RESs on the efficacy of the established fault detection and classification mechanisms. Critical 

factors to consider when integrating wind energy into the grid include ensuring stable grid 

operation, designing effective controllers, and responding appropriately to various 

operational scenarios. The primary objective of this research is to analyze the effects of grid 

integration on protection schemes; therefore, the PV and wind farms will be modelled and 

incorporated into the compensated network. Detailed discussions regarding these models 

can be found in sections 6.4.1 and 6.4.2. The concepts outlined in Chapter 5 will be utilized 

and implemented in MATLAB, with references made to relevant equations from that chapter. 

The system will undergo testing under various fault scenarios to assess its performance in 

terms of accuracy and response time. The subsequent sections will outline the comprehensive 

methodology employed to design these systems using MATLAB software. 

 

6.4.1 Generating mechanism 

6.4.1.1 PV Module design 

The current-voltage (I-V) characteristic shown in figure 6.9, of the modules is derived from 

the Shockley equation of a diode, while also incorporating additional parameters to more 

accurately represent the measured data from the PV array. The parameters of PV modules 

are provided by manufacturers based on Standard Test Conditions (STC), which include a 

temperature of 25 °C and solar radiation of 1000 W/m². However, these conditions are rarely 

met in real-world scenarios. Typically, solar radiation falls short of 1000 W/m², and the 

operating temperature of the cells often exceeds 25 °C. This discrepancy leads to a decrease 

in the output power of the PV module.  
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𝐶𝑝 = 𝑡𝑎𝑏𝑙𝑒𝑙𝑜𝑜𝑘𝑢𝑝(𝛽𝑅𝑒𝑓 , 𝜆𝑅𝑒𝑓, 𝐶𝑝,𝑅𝑒𝑓 , 𝛽, 𝜆𝑆𝑚𝑜𝑜𝑡ℎ, 𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 =

𝑙𝑖𝑛𝑒𝑎𝑟, 𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑛𝑒𝑎𝑟𝑒𝑠𝑡)  

𝐶𝑇 = 𝑡𝑎𝑏𝑙𝑒𝑙𝑜𝑜𝑘𝑢𝑝(𝛽𝑅𝑒𝑓, 𝜆𝑅𝑒𝑓 , 𝐶𝑇,𝑅𝑒𝑓, 𝛽, 𝜆𝑆𝑚𝑜𝑜𝑡ℎ, 𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 =

𝑙𝑖𝑛𝑒𝑎𝑟, 𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑛𝑒𝑎𝑟𝑒𝑠𝑡)  

Where the reference pitch angle and tip speed ratio is represented by 𝛽𝑅𝑒𝑓 and, 𝜆𝑅𝑒𝑓 is the 

respectively. 𝐶𝑝,𝑅𝑒𝑓 and𝐶𝑇,𝑅𝑒𝑓 are the power coefficient table and Thrust coefficient table 

parameters, respectively, 𝜆𝑆𝑚𝑜𝑜𝑡ℎ is the smoothed tip speed ratio. Equation 6.41 is used to 

define the basis of the instantaneous tip speed ratio. Where R is 𝜔 is the differential angular 

velocity and V is the is the incident air velocity on the rotor. This value is the physical signal 

input port V.  

𝜆 =
𝑅𝜔

𝑉
  6.41 

The smoothed version of the instantaneous tip speed ratio equation is defined by equation 

6.38, where 𝑉𝑇ℎ𝑟 is the wind velocity threshold parameter, the power and thrust equations 

are defined by equation 6.42 and 6.44 respectively. 

𝜆𝑆𝑚𝑜𝑜𝑡ℎ =
𝑅𝜔𝑉

(𝑉2+𝑉2
𝑇ℎ𝑟)2  

6.42 

𝑝𝑜𝑤𝑒𝑟 =
1

2
𝐶𝑝𝜌𝐴𝑉3 = 𝑇. 𝜔  6.43 

𝑇ℎ𝑟𝑢𝑠𝑡 =
1

2
𝐶𝑟𝜌𝐴𝑉2  6.44 

 

Where ρ represents the air density, A denotes the area of the circle covered by the turbine 

blades, with A calculated 𝑎𝑠 𝜋𝑟². To connect the block parameters to the mechanical power 

rating of the wind turbine, it is essential to evaluate the turbine's power at the peak power 

coefficient and the rated wind speed. The rated power is associated with the block 

parameters as outlined in equation 6.45, where𝐶𝑝𝑚𝑎𝑥 signifies the peak power coefficient, 

the highest value found in the Power coefficient table, 𝐶𝑃(𝛽, 𝜆)  . 𝑉𝑟𝑎𝑡𝑒𝑑  indicates the rated 

wind speed, which typically ranges from 10 to 15 m/s. Wind turbine controller designs may 

modify their strategy at this wind speed to ensure the maintenance of rated power. 

𝑃𝑟𝑎𝑡𝑒𝑑 =
1

2
𝐶𝑝𝑚𝑎𝑥𝜌𝐴𝑉2  6.45 
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Furthermore, the block uses numerically smoothed equations for the thrust, power, and 

torque, such that they are defined by equations 6.46-6.49. The wind turbine characteristics 

is shown in figure  

 

𝑃 =
1

2
𝐴𝐶𝑝|𝑉|3  6.46 

𝑇𝑠𝑚𝑜𝑜𝑡ℎ = {
0
𝑃

√𝜔2+𝜔𝑇ℎ𝑟
2

𝑖𝑓 𝜔 < −𝜔𝑇ℎ𝑟

𝑖𝑓𝜔 > 0
  

6.47 

𝑃𝑠𝑚𝑜𝑜𝑡ℎ = 𝑇𝑠𝑚𝑜𝑜𝑡ℎ(𝑡)  6.48 

𝑇ℎ𝑟𝑢𝑠𝑡𝑠𝑚𝑜𝑜𝑡ℎ =
1

2
𝐶𝑟𝜌𝐴(𝑉2 + 𝑉2

𝑇ℎ𝑟)  6.49 

 

 

Figure 6. 10 the wind turbine characteristic 

The double Fed induction generator (DFIG) shown in figure 6.11 is used, its present numerous 

benefits, including a lower converter rating, cost-effectiveness, and diminished losses, all 

contributing to enhanced efficiency. Additionally, they facilitate the straightforward 
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implementation of power factor correction strategies, support variable speed operation, and 

provide capabilities for active and reactive power control across four quadrants. The 

equivalent circuit of a DFIG in a general reference frame that rotates at a synchronous angular 

speed of ω is illustrated in. The stator and rotor voltages 𝑉𝑠 𝑎𝑛𝑑 𝑉𝑅 in the synchronous 

reference frame are expressed by equations 6.50 and 6.53 respectively while equations 6.48 

and 6.49 represents the flux linkages. while table 6.1 show the specification as implemented 

in MATLAB. 

𝑉𝑠 = 𝑅𝑠𝐼𝑠 +
𝑑𝜔𝑠

𝑑𝑡
+ 𝑗𝜔𝑠𝜆𝑠  6.50 

𝑉𝑅 = 𝑅𝑟𝐼𝑟 +
𝑑𝜆𝑟

𝑑𝑡
+ 𝑗(𝜔𝑠 − 𝜔𝑟)𝜆𝑟  6.51 

𝜆𝑠 = 𝐿𝑠𝐼𝑠 + 𝐿𝑚(𝐼𝑠 + 𝐼𝑟)  6.52 

𝜆𝑟 = 𝐿𝑟𝐼𝑟 + 𝐿𝑚(𝐼𝑠 + 𝐼𝑟)  6.53 

 

 

 

Figure 6. 11 The equivalent circuit of a DFGI 

 

6.4.3 Power conversion circuits 

6.4.3.1 PV controller 

To develop an effective control system, it is essential to possess an accurate model of the 

buck-boost converter. This study employs the transfer function model derived from the state-

space averaging technique for the buck-boost converter. The open-loop transfer function 

model of the uncompensated system is formulated based on the mathematical 

representation of the buck-boost converter, and the controller is designed utilizing frequency 

domain analysis[219]. The operation of the buck-boost converter circuit can be categorized 

into two distinct modes: DCM and CCM. he critical value of the inductor, denoted as LC, can 
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illustrated in Figure 6.13. In the subsequent phase, known as mode 2, the transistor Q is 

deactivated, allowing the current that was previously flowing through the inductor L to now 

circulate through L, C, VD, and the load R. During this phase, the inductor continues to play a 

crucial role in the energy transfer process. Using Middlebrook models the Mode 1 operating 

is While the switch Q is in open position [219]. Applying Kirchhoff’s voltage law (KVL), the 

inductor current, capacitor voltage are described as equations 6.58 and 6.59 respectively  

𝑑𝑖𝐿

𝑑𝑡
= −𝑖𝐿

(𝑅𝑜𝑛+𝑟𝐿)

𝐿
+

𝑉𝑔

𝐿
  6.58 

𝑑𝑉𝑐

𝑑𝑡
= −

𝑉𝑐

𝑅𝐶
  6.59 

 

6.4.3.2 Wind controller 

The active and reactive power supplied by the DFIG to the grid is regulated through the 

management of the rotor currents DFIG [220-222].The operation rotor side controller is 

showing in figure 6.13,  

 

Figure 6. 13 Rotor side controller topology 

In the context of Stator Voltage Orientation (SVO), and assuming the resistive voltage drop 

across the stator is negligible, the active and reactive powers for both the stator and rotor are 

quantified as equations 6.60 to 6.63, respectively. These equations clearly indicate that the 

power delivered to the grid can be adjusted by altering the components of the rotor current. 

Furthermore, the management of these rotor current components can be effectively 

achieved through the application of vector control methodologies. 
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𝑃𝑠 = 1.5
𝐿𝑚

𝐿𝑠+𝐿𝑚
∗ 𝑉𝑠𝑑𝐼𝑟𝑑  6.60 

𝑄𝑠 = 1.5
𝑉𝑠

𝐿𝑠+𝐿𝑚
(

𝑉𝑠𝑑

𝜔𝑠
+ 𝐿𝑚𝐼𝑞𝑟)  6.61 

𝑃𝑟 = 1.5(𝑉𝑟𝑑𝐼𝑟𝑑 + 𝑉𝑟𝑞𝐼𝑟𝑞)  6.62 

𝑄𝑟 = 1.5(𝑉𝑟𝑞𝐼𝑟𝑑 + 𝑉𝑞𝑑𝐼𝑟𝑞)  6.63 

 

 

 

Figure 6. 14 The Grid side converter of a DFIG based wind energy system. 

The grid-side converter illustrated in figure 6.14 is engineered to uphold a stable DC link 

voltage, independent of the direction of power flow from the rotor. To ensure this voltage 

stability, it is essential to incorporate a bidirectional converter within the rotor side circuit. 

When the system operates below synchronous speed, this converter acts as a rectifier; 

conversely, when operating above synchronous speed, it functions as an inverter. This dual 

functionality guarantees that all power generated is delivered to the grid at a uniform DC link 

voltage. 

 

6.4.4 Maximum Power Tracking 

6.4.4.1 PV 

Photovoltaic (PV) power generation is significantly influenced by environmental factors and 

weather conditions, including solar irradiance and ambient temperature. Due to the reliance 

on a singular control condition, any variations in the external environment can lead to 

inaccuracies in the initial response of the converter duty cycle when employing the traditional 

Maximum Power Point Tracking (MPPT) incremental conductance algorithm, resulting in 
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erroneous assessments. To enhance the efficiency and cost-effectiveness of PV systems, an 

advanced incremental conductance algorithm for MPPT control strategy has been 

implemented[223]. The complete configuration of the MPPT algorithm is illustrated in Figure 

6.15 within the MATLAB Simulink environment. 

 

Figure 6. 15 The MPPT algorithm in Simulink 

According to [223] the conventional algorithm can be confused when the solar irradiation 

increases. The authors proposed a new and improved algorithm. The proposed algorithm is 

shown in the flow chart in figure 6.16. When the irradiance changes, the current and voltage 

will be affected accordingly. This algorithm thus uses the instantaneous changes of current 

and voltage of PV modules. This research as adopted this improved algorithm. 



138 
 

Start

dV(V(k)-V(k-1)
DI=I(k)-I(k-1)

dV=0 dI=0
yes

d(k)=d(k+1)

yes

dI>0

dV=0

I+V*(di/dV)>0

No

No

I+V*dI/
dV>0

No

dV*dI>0

dI>0

d(k)=d(k-1)-
step

d(k)=d(k-1)

d(k)=d(k-
1)+step

d(k)=d(k-1)-
step

d(k)=d(k-
1)+step

d(k)=d(k-1)-
step

V(k+1)=V(k)
I(k+1)=I(k)

Return

yes

No
No

No

yes

yes

yes

No

 

Figure 6. 16 The incremental conductance algorithm for MPPT of a PV system 

 

6.5 Conclusion 

In summary the integrated network system as shown in figure 6.17 compromises of a 

renewable energy intergraded into a compensated line with a series capacitor (TSCS) 

protected by an MOV. The total renewable energy is 12MW system which compromises of 

3MW PV and 9MW Wind system. This final model is implemented in MATLAB and subjected 

to different faults, voltage and current signals are collected to develop a Machine learning 

based fault detection and classification scheme as done for a compensated line. 
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Figure 6. 17 The compete model of Renewable Energy system integrated into a 

compensated line 
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Chapter 7 Results and discussions 

7.1 The impact of transmission line compensation 

The model of a transmission line shown I figure 6.2 is implemented in MATLAB Simulink, with 

the line parameter in table 6.1. The series compensation model as shown in figure 6.3 is 

implemented in each phase and the parameters are used as per equation 6.13 to 6.16. This 

section discussed the results for each model used to investigate the impact of transmission 

line compensation in the impedance response. Firstly, the results for the compensated 

network without faults is discussed in order to make reference point. Furthermore, different 

types of faults are applied to see their impact if the network is uncompensated, and lastly the 

levels of different compensation are tested to further investigate the impact. The results are 

discussed in section 7.1.1 to section 7.1.4, while the application of machine learning to assess 

the impact of transmission line compensation is discussed in section 7.1.5 

7.1.1 Normal Network without faults 

This section examines the RX response of the compensated network in the absence of a fault. 

The graph illustrates that as compensation increases, the normal impedance decreases, 

shifting towards the capacitive region, The capacitive region is characterised by the positive 

values of the impedance  X . Initially, when the network is uncompensated, as shown in 

Normal graph (3), the reactive impedance is higher, but it diminishes as the level of 

compensation rises. This trend is evident in Normal impedance (2), which corresponds to a 

50% compensation level, and further illustrated by (1), which represents a 100% 

compensation level. It is crucial to note that the overall impedance perceived by the relay is 

influenced regardless of whether a fault is present. The Relay may maloperates should the 

impedance falls within the pre-set impedance zone. 
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Figure 7. 1 The RX Plane when no fault is applied 

7.1.2 Three phase faults (L-L-L) applied to the network 

Figure 7.2 (a) illustrates the R/X response of an uncompensated transmission line subjected 

to a three-phase fault (L-L-L). The data indicates that the reactive impedance ranges from -

j60 to j60 ohms, with a primary emphasis on the resistance, which is approximately 30 ohms. 

Figure 7.2 (b) depicts the impedance response of a compensated network across various 

compensation levels. To further analyse the effects of transmission line compensation, a 

comparison of these two graphs is conducted. It is observed that each graph have shifted 

further into the capacitive region on the R/X plane, with the reactance becoming increasingly 

inductive as the compensation level rises. The impedance experienced by the relay is 

associated with the data presented in both graphs a and b. This comparison leads to the 

conclusion that such changes may result in the maloperation of traditional distance 

protection relays. 
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(a) L-L-L response for uncompensated line            (b) L-L-L response for a compensated line 

Figure 7. 2 The impedance response during a L-L-L fault 

 

7.1.3 Double phase faults (L-L) applied to the network 

The impedance response is further examined in the context of a double phase fault, 

specifically in a line-to-line (LL) scenario, where a notable shift towards the capacitive region 

is observed. The results for an uncompensated system are illustrated in Figure 7.3(a) while (b) 

are results for a compensated line at different levels. In this instance, at 100% compensation, 

the graph exhibits a more capacitive nature, consistent with the observations made in Figure 

7.2(b). Additionally, while the resistance perceived by the relay has altered, it can be inferred 

that the overall impedance is also influenced. 
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7.1.5 Using Machine learning based to analyze the impact of transmission line 

compensation 

The analysis presented in Figure 7.5 illustrates the machine learning evaluation of the effects 

of a 50% compensated transmission line. The results indicate that the model misclassified 

0.1% of instances with no faults, 0.1% for line-to-ground (L-G) faults, 2.6% for line-to-line-to-

ground (L-L-G) faults, 0.1% for line-to-line (L-L) faults, 40.8% for line-to-line-to-line (L-L-L) 

faults, and 59.9 % for line-to-line-to-line-to-ground (L-L-L-G) faults. These findings suggest 

that the network is predominantly influenced by three-phase faults. In comparison, the 

performance for other fault types shows slight variations when contrasted with an 

uncompensated line. At 100% compensation, the network's performance faces additional 

challenges, as evidenced by the data in Figure 7.5. The misclassification rates at this level of 

compensation are recorded as 0% for no faults, 0% for L-G faults, 2.6% for L-L-G faults, 0% for 

L-L faults, 1.2% for L-L-L faults, and 3.4% for L-L-L-G faults.  

 

 

Figure 7. 5 Machine learning analysis of the impact of transmission line for a 50% 

compensated line 

The True Positive Rate (TPR) indicates how often a model correctly predicts positive 

outcomes, while the False Negative Rate (FNR) represents the percentage of correct 

predictions for negative outcomes. It is evident with the 40.8% and 59.9% that the network is 

highly affected with the application of three phase faults The performance of the network is 

further compromised at full compensation, as illustrated in Figure 7.6. The misclassification 
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rates are as follows: 0% for no faults, 7.8% for line-to-ground (L-G) faults, 12.9% for line-to-

line-to-ground (L-L-G) faults, 8.5% for line-to-line (L-L) faults, 28.2% for line-to-line-to-line (L-

L-L) faults, and 86.9% for line-to-line-to-line-to-ground (L-L-L-G) faults. 

 

Figure 7. 6 Machine learning analysis of the impact of transmission line for a 100% 

compensated line 

The influence of transmission line compensation on impedance response is analyzed, 

highlighting its significance in fault detection and classification through machine learning 

techniques. The findings indicate that the incorporation of capacitive reactance alters the 

impedance perceived by the relay, thereby affecting its overall performance and accuracy. 

Consequently, it is advisable for protection engineers to consider these effects when 

designing protection schemes for such networks. 

 

7.2 Load flow analysis on a 9-bus system 

 A model of a 9-bus system as developed in section 6.2 is  also implemented in MATLAB 

Simulink, with the compensation between line 4-6.  Investigating load flow is essential for the 

effective planning and maintenance of system stability. Such investigations employ 

systematic analytical techniques to evaluate various parameters, including bus voltages, 

phase angles, and the active and reactive power traversing different branches of the load, 

such as generators and transformers, once a steady state is reached. Load Flow Analysis 
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represents one such analytical approach. It plays a vital role in planning, economic scheduling, 

operational efficiency, and the distribution of power among various sources. In this study, 

load flow analysis is conducted prior to the installation of renewable energy sources, utilizing 

the Gauss-Seidel Method to assess bus voltages, power angles, active power, and reactive 

power. While further analyses could be performed, this study is constrained by specific 

limitations. Figure 7.7 shoes the voltage magnitudes at each bus while figure 7.8 and 7.9 show 

the active and reactive power respectively.  

 

Figure 7. 7 Voltage Magnitudes at all bussed 
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Figure 7. 8 The reactive power at each bus 

 

Figure 7. 9 The Reactive power at each bus 
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7.3 Machine learning fault classification and detection scheme 

In this section, as per the discussion in section 6.3.1 the raw voltage and currents data than 

was selected and prepossessed for the three selected classifiers as discussed in figure 6.8 for 

testing and validation. The main focus is to investigate the performance of these classifiers in 

terms of accuracy and speed. It is also important to note that only detection and classification 

is covered in this study. The performance matrices include confusion matrix, ROC curve and 

precision recall curve for each model the results are discussed below.  

7.3.1 The Compensated Transmission network 

Amongst the tested classifier the KNN was the least performing, this classifier has a challenge 

in classifying three phase faults as evident in figure 7.7 below. The misclassification 

percentage for the L-L-L faults is 33.9% and for the L-L-L-G faults it is 34.2%, however in can 

be noted for all other faults the classifier is the best amongst the three. The overall 

performance of this classifier is 89.9% 
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7.3.2 Performance summary 

This research investigated the potential of employing machine learning technologies to tackle 

challenges within protection schemes, particularly concerning compensated transmission 

lines. While transmission line compensation presents an opportunity to enhance energy 

availability, the nonlinear characteristics of the devices used pose significant challenges for 

protection schemes. Therefore, it is essential to explore the application of machine learning 

techniques to address fault detection and classification issues in compensated transmission 

lines. Each classifier exhibits both strengths and weaknesses; for instance, the fine KNN 

classifier achieves a lower overall accuracy of 88.9%, yet it is particularly affected by three-

phase faults while performing well for other fault types. This limitation was addressed in the 

SQVM classifier. The summary of three classifiers is presented in table 7.1 below. Future 

research endeavors could focus on developing a fault location scheme based on machine 

learning, as well as testing various system dynamics such as power swings, among other 

considerations. The graphical representation comparing three classifiers is shown in figure 

7.17 and 18 Respectively. In figure 7.18 the speed of these classifiers is compared.  

 

Table 7. 1  performance comparison of classifier for a compensated network 

classifier No-Fault L-G L-L-G L-L L-L-L L-L-L-G 

Fine KNN 100 98.1 97.9 99.4 33.9 34.2 

MNN 99.8 98.2 97.4 99.6 96.5 94.4 

SQVM 100 100 97.4 100 98.8 98.2 
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Figure 7. 19 Accuracy comparison for three classifiers 

 

Figure 7. 20 Prediction speed comparison for three classifiers 
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7.4 The impact of renewable energy integration 

7.4.1 Power output  

The models of Wind and PV modelled in chapter 5Renewable energy sources were added into 

a compensated transmission line, the total power is 12MW which compromises of 3MW PV 

and 9M wind energy. Figure 7.18 shows the V-I and V-P characteristic of the integrated PV 

system. Figure 7.19 shows the output reactive active power of the wind energy conversion 

system (WECS) while the active power is shown for figure 7.20. it is important to note that 

the performance of converters is not discussed in this report, however it was important to 

show the intergraded power into the compensated network. Each system was developed and 

tested individually and later integrated to the compensated line.  

 

Figure 7. 21 The output power curve of a PV energy system 
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Figure 7. 22 The output active Power of Wind Energy conversion system (WECS) 

 

Figure 7. 23 The output Reactive Power of Wind Energy conversion system (WECS) 
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Table 7. 4 Comparison of Classification results for an MNN classifier 

Network No-Fault L-G L-L L-L L-L-L L-L-L-G 

No RES 99.8 98.2 97.4 99.5 96.5 94.4 

With RES 100 99.7 98.9 100 80.7 80 

 

Table 7. 5 Comparison of ROC curve results for MNN Classifier 

Network No-Fault L-G L-L L-L L-L-L L-L-L-G 

No RES 0.9978 0.9923 0.9986 0.9998 0.9985 0.9979 

With RES 0.9962 0.9804 0.9794 0.9847 0.9042 0.8747 

 

 

Figure 7. 26The Classification results of MNN Classifier with RES integrated 
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Chapter 8 Conclusion and Recommendations  

8.1 Conclusion  

This research investigates the efficacy of a power systems network utilizing two 

methodologies aimed at reducing the disparity between energy supply and demand. The 

methodologies under consideration include transmission line compensation and the 

integration of renewable energy sources. Both approaches pose considerable challenges to 

the conventional protection systems currently in place. The models employed in this study 

are executed using MATLAB. A segment of the network characterized as a compensated 

transmission line is examined to evaluate the effects of this methodology. An analysis in the 

R/X plane is conducted, focusing on the impedance perceived by the relay under various fault 

conditions. The findings indicate that the implementation of compensation tends to shift the 

impedance into the capacitive domain, which may lead to maloperation of the relay, as the 

functioning of distance relays is contingent upon the impedance detected by the relay. 

Additionally, three machine learning-based classification techniques are developed for the 

compensated scenario. The performance of these classifiers is ranked from 1 to 3, utilizing 

performance metrics such as accuracy, ROC curves, and precision-recall curves. The SQVM 

classifier demonstrated the highest overall performance; however, each classifier exhibited 

specific advantages and disadvantages depending on the type of fault encountered. 

A 12MW renewable energy system has been integrated, comprising 9MW from wind sources 

and 3MW from PVs systems. To evaluate the effects of incorporating sources RES into a 

compensated transmission network, the three classifiers previously utilized in the network 

analysis are employed once again. A comparative analysis is conducted for two scenarios: one 

without renewable energy and the other with its integration. The results indicate that while 

the ranking of the classifiers remains consistent, the accuracy diminishes in the presence of 

RES. Specifically, the overall performance of the fault detection and classification scheme for 

a compensated transmission line with renewable energy integration is recorded at 97.3%, 

compared to 99.2% in the absence of RES. 

The objectives specified in the first section have been successfully met. The initial model 

created to evaluate the influence of compensation on the impedance response of 

transmission lines has confirmed that it indeed impacts the transmission line's performance. 

Additionally, the incorporation of renewable energy sources (RES) has further influenced the 
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effectiveness of the protection system, particularly regarding accuracy and response time, in 

alignment with the hypothesis. While the use of machine learning techniques has the 

potential to enhance the protection system's performance, the need for substantial 

computing power remains a significant challenge in increasing the speed of the classifiers. 

8.2 Recommendations  

Rigorous testing of the network topology under various system dynamics is essential to 

ensure both speed and accuracy. Additionally, the utilization of internet of things (IoT) 

technology presents several challenges, including real-time situational awareness, rapid and 

precise fault localization, fault detection, fault classification, cost reduction, and condition-

based maintenance. These challenges can be addressed through the implementation of a 

wireless sensor network IoT for monitoring and managing transmission and distribution lines. 

Advancements in IoT offer improved methods for overcoming protection challenges and 

implementing smart grid policies. Further research can explore the impact of RES on 

protection systems, particularly in scenarios where underground cables are utilized at the 

point of connection, considering their unique characteristics. Various aspects such as fault 

detection and localization, fault clearance, ground fault protection, cable thermal protection, 

communication and coordination, maintenance and testing, and cybersecurity can be 

investigated within the context of digital protection schemes. Moreover, the integration of 

renewable energy networks into High Voltage Direct Current (HVDC) systems requires a 

comprehensive approach encompassing cybersecurity measures, physical security measures, 

resilient monitoring, and response systems. Establishing an effective collaboration framework 

among government agencies, energy providers, technology vendors, and cybersecurity 

experts is crucial. Further more the practical implementation for the developed scheme is 

recommended which may include using real time digital simulator (RTDS) . The application of 

Hybrid machine learning approaches to improve the performance of the protection in terms 

of speed and also in terms of reliability is recommended. 
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