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ABSTRACT 

Nepal's power distribution feeders often struggle with reliability due to aging 

infrastructure and extreme weather, which frequently lead to insulator punctures and 

short-circuit faults. Currently, fault detection and clearance rely on manual inspections, 

making it difficult to visually identify damaged insulators and causing delays in power 

restoration. This contributes to extended outages, negatively impacting economic 

activity and service quality. 

This study introduces a fault localization and classification method based on voltage 

sag analysis and circuit modeling, reducing the need for widespread sensor deployment 

and offering a cost-efficient solution. The approach requires two synchronized time 

measurement units—one at the substation and one at a terminal node—for fault 

classification, while other terminal nodes only need non-synchronized units. 

The method uses voltage data, with synchronized units also providing phase angle 

information. Its linear equation framework simplifies computations, and the impact of 

fault resistance, DG presence, and load variation on accuracy is minimal. The algorithm 

is implemented in Python and OpenDSS and tested on both IEEE 33-bus and real 

Nepalese feeders. GIS integration enhances visualization by mapping fault locations. 

Simulation results confirm high fault localization precision and effective classification 

of fault types, indicating the approach’s potential to strengthen Nepal’s distribution 

system reliability and support future automation and resilience strategies.  
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CHAPTER ONE: INTRODUCTION 

1.1 Background 

 Electric utilities face numerous reliability issues in distribution systems, which directly 

impact consumers through power outages and utilities through revenue losses. The 

power systems in many developing countries were originally designed to serve basic 

lighting and limited industrial loads. However, with improving economic conditions 

and increasing load demand, these systems are now under significant strain. One of the 

primary causes of poor reliability is aging infrastructure, including outdated 

transformers and inadequate distribution line capacity [1].  

Weather conditions play a crucial role in power outages at consumer premises. Extreme 

events with high impact but low probability, such as hurricanes, wildfires, and ice 

storms, can severely damage critical infrastructure like distribution lines. A notable 

example is Hurricane Sandy, which struck the U.S. East Coast in 2012, leaving 

approximately 7.5 million customers without power across 15 states and Washington, 

DC. This event underscores the vulnerability of power grids to natural disasters. 

According to the Congressional Research Service [2], annual revenue losses in the U.S. 

due to outages ranged from $25 million to $70 million. 

The adoption of distributed generation (DG) technologies, such as solar and wind, is 

increasingly prevalent in distribution systems, greatly enhancing power quality in 

distribution feeders. However, operating these advanced technologies necessitates grid 

modernization and the implementation of sophisticated systems to maintain stability. 

Ensuring reliability requires substantial investments in grid upgrades, advanced 

monitoring systems, and resilient infrastructure to guarantee a dependable power 

supply. 

Extensive research and various algorithms have been developed for fault localization 

in transmission lines. However, identifying precise fault locations in distribution 

systems remains a crucial challenge for electric utilities. Accurate fault localization is 

vital for minimizing downtime, reducing repair costs, and ensuring efficient service 

restoration [3]. Traditional methods often rely on manual inspection, which can be time-

consuming, especially in large or remote areas. In contrast, modern systems leverage 
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advanced technologies such as smart meter grids, sensors, phasor measurement units 

(PMUs), and fault indicators to detect anomalies in voltage, current, or impedance. 

The electric distribution network in Nevada experienced approximately 50,000 

customer outage hours that affected 40,000 customers due to sustained fault in the year 

of 2016 AD [4].  

Based on logbook data collected from the Barahathawa Distribution and Consumers 

Services of the Solati distribution feeder, approximately 6,320 consumers experienced 

a total of 936 hours of outages annually due to faults in the 11 kV distribution feeder. 

Considering the average energy interruption and outage duration, the annual revenue 

loss for Nepal Electricity Authority (NEA) is estimated as NRs 6,460,240 in the fiscal 

year 2023.24 AD.  

In rural areas, the distribution feeders (Modified Chapagaun Distribution Feeder) 

extend up to 70.85 km, including branches, making fault identification and restoration 

time-consuming due to the manual fault-clearing process (Source: GIS diagram of 

Chapagaun Distribution Feeder-NEA). When a fault occurs, NEA’s response teams are 

dispatched with spare equipment to identify and repair the issue. The fault-finding 

process often involves patrolling the feeder, visually inspecting for faults, and, in some 

cases, utilizing manual load break switches to sectionalize the feeder and locate the 

fault. 

This approach heavily depends on the operator’s expertise, prolonging outage 

durations, especially during adverse weather conditions. Rainy seasons, windstorms, 

and floods increase these challenges, with fallen trees frequently contacting lines and 

insulator failures due to punctures. Such failures are particularly difficult to detect, 

resulting in prolonged outages and delayed system restoration. 

In this context, an efficient fault localization and classification system is critical to 

improving the reliability of Nepal’s distribution network. Advanced solutions can 

significantly reduce outage times and enhance NEA’s ability to provide a reliable power 

supply to consumers. 
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1.2 Problem Statement 

Nepal's power distribution system faces significant challenges in maintaining reliability 

due to aging infrastructure, inadequate capacity, and adverse weather conditions such 

as heavy rains, windstorms, and floods. These factors frequently cause faults in 

distribution lines, leading to power outages and service disruptions. However, the lack 

of advanced fault localization mechanisms further exacerbates the issue. Traditional 

fault location finding methods rely on manual inspections and visual assessments, 

which are time-consuming, error-prone, and lead to prolonged restoration times. 

Existing fault localization methods, such as traveling wave-based and impedance-based 

techniques, are well-suited for transmission networks but face limitations in distribution 

systems. The presence of multiple laterals, wave reflections, and the heterogeneous 

nature of distribution feeders significantly reduce their accuracy. Additionally, the 

increasing penetration of distributed generation (DG) sources, such as photovoltaic 

(PV) systems and micro-hydropower plants (MHPs), alters voltage profiles and 

complicates fault location finding. The variability in fault resistance due to 

environmental factors—such as tree contact, insulator failures, or steel pole contact—

further challenges accurate fault localization. 

Machine learning and artificial intelligence (AI)-based fault localization methods offer 

promising alternatives but require extensive datasets for training. However, variations 

in DG penetration and dynamic load conditions significantly impact their accuracy, 

making them less reliable in real-world applications. Given these limitations, there is a 

critical need for a more robust fault localization and classification methodology that 

can effectively utilize voltage sag data and circuit analysis to improve fault detection 

accuracy and response times in Nepal’s distribution network. 

1.3 Objectives 

The major objective of this thesis is to determine the fault location within distribution 

system and integrate this information with Geographic Information Systems (GIS) for 

enhanced fault location visualization. 

In order to achieve the main objective, a number of sub-objectives have been defined, 

which are listed below: 
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 To develop and evaluate fault classification methodology for distribution feeder.  

 To validate the methodology in IEEE 33 bus distribution system and practical 

Nepalese distribution feeder. 

 To check the impact of load variation, DG and line impedance error on the 

accuracy of the fault localization. 

1.4 Scope and Limitation of the Study 

 The developed methodology has been tested in under simulated environment, 

and the meshed distribution network is not considered in the simulation. 

 The distribution feeder analyzed operates at a primary voltage level of 11 kV, 

and the study does not cover the secondary distribution system at 400 V. 

 In the real system, data transmission error and noise in data transmission are 

also presented which in not considered in this research. 

 The loading condition of for the system is considered as rating of transformer 

in this simulation work at 70% loading, 100% loading and 120% loading. Thus, 

variation of load profile is not taken in the study. 

 The location and capacity of distributed generation considered in this study are 

randomly selected to validate the algorithm under future uncertainty conditions.  

1.5 Report Organization 

Chapter One: This chapter contains the introduction, problem statement, objectives, 

scope of the study and limitation of the study. 

Chapter Two: This chapter gives the overview of different fault localization techniques 

with their limitations. This chapter also provides insight into the various earlier research 

works done in the field.  

Chapter Three: This chapter outlines the methodology used to achieve the study's 

objectives. It covers the mathematical background adopted for fault localization, a 

novel fault classification methodology along with its classification logic, and the 

integration of results into a GIS map. Additionally, it provides details on the software 

tools utilized and the test systems employed, including the IEEE 33-bus system and a 

practical Nepalese distribution system. 



5 
 

Chapter Four: This chapter presents the results obtained for the IEEE 33-bus test system 

and a practical Nepalese distribution feeder. The results include numerical data for fault 

localization, fault visualization on a GIS map, and sensitivity analysis considering the 

impact of load variation. Additionally, it explores the effects of modeling errors in line 

impedance, the impact of distributed generation (DG) penetration, and resistance 

variations. Finally, fault classification results for each system are provided. 

Chapter Five: Conclusion from the research work and future recommendation of this 

works are summarized in this chapter.  
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CHAPTER TWO: LITERATURE REVIEW 

Fault localization in the power system means either finding the exact fault location, 

finding faulted areas, or finding the fault closest to the bus in order to minimize service 

disruption and repair time. There are several methods involved in fault localization 

depending upon the purpose and type of system. 

Figure 1 illustrates the research work on fault localization in distribution systems 

published in IEEE Transactions papers from 2005 to 2024. It is evident that since 2020, 

extensive work has been conducted and published in IEEE Transactions. This surge in 

research highlights both progress and opportunities to address fault localization errors 

in distribution systems. 

 

Figure 1: Number of publications in IEEE for fault localization in the distribution 
system from 2005 AD to 2024 AD 

The paper titled “Fault detection, classification and location in power distribution smart 

grid using smart meters data” is presented in [5]. This paper reviews various fault 

detection, identification, and localization methods while proposing a novel approach 

integrating fuzzy logic and neural networks. The proposed method utilizes sensor and 

smart meter data, tested on the IEEE 37-bus system using the OpenDSS-MATLAB 

platform, achieving 99.9% accuracy. OpenDSS handles system modeling and load flow 

analysis, while MATLAB processes smart meter data for fault analysis. 
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 Fuzzy Logic & Discrete Wavelet Transform: Detects faults and their effects, 

validated on the IEEE 13-bus system and an Indian network. 

 Neural Networks: Applied for fault classification and detection, adapting 

dynamically with a correlation coefficient of 0.93788. 

 Voltage Fluctuation-Based Detection: Neural networks identify and classify 

faults with a 0.2% detection error. 

 Kalman Filter & Euclidean Detector: Enhance fault detection in smart grids 

by handling nonlinear variations and analyzing variable relationships. 

 Linear Regression for Fault Localization: Considers network variability but 

is ineffective for looped microgrids. 

 Protective Relay-Based Detection: Uses nonlinear operations for hidden fault 

detection, achieving 98% accuracy on the IEEE 39-bus system. 

 State Estimation Algorithms: Optimize power loss reduction using smart 

meter data in real distribution networks. 

 Intelligent Fault Management: Enhances grid self-healing through 

autonomous data exchange, analyzing overvoltage events. 

The paper titled “Fault location methods for distribution networks using smart meters” 

is presented in [6]. This paper presents an algorithm that employs a changeable 

weighting matrix-based bad data identification technique for fault location detection. 

The algorithm is independent of fault types, and its accuracy is validated through 

extensive simulations on a real 13.8 kV, 134-node distribution network under various 

fault scenarios. It operates under the assumption that voltage and current measurements 

are available at specific nodes within the distribution network and at the substation. 

Additionally, measured load demand and forecasted data are incorporated as pseudo-

measurements. Given the limited availability of real-time measurements in distribution 

systems, pseudo-measurements are essential to maintain network observability. 

The paper titled “Voltage sag data utilization for distribution fault location” is presented 

in [7]. This paper presents a fault location algorithm that utilizes voltage sag data from 
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selected nodes for fault detection and localization. The algorithm is validated on the 

IEEE 123-node distribution system using Alternative Transient Program Software 

(ATPS) and comprises four key components: Voltage Sag Characterization, Fault 

Resistance Estimation, Load Variation Analysis, and Implementation of the Proposed 

Schemes. 

Simulations are conducted for various fault scenarios, with the generated data compared 

to real-time smart meter data from the distribution center. Unlike conventional 

impedance-based methods, the proposed approach significantly reduces the number of 

smart meters required for accurate fault detection and localization. 

For instance, in a single-line-to-ground fault scenario, an impedance-based method 

identifies four possible fault locations when only three smart meters are used, requiring 

39 meters for precise localization. In contrast, the proposed method is more cost-

effective, minimizing the need for extensive smart meter deployment. 

By leveraging voltage sag characterization, the algorithm also reduces data 

transmission requirements to the distribution center. It considers both voltage 

magnitude and phase angle variations during faults while accounting for load 

fluctuations. Finally, a flag value is assigned to each node, with a higher flag indicating 

the faulted location. 

The paper entitled “Enhancing Accuracy While Reducing Computation Complexity for 

Voltage Sag Based Distribution Fault Location” is presented in [8]. This paper leverages 

decision tree (DT) techniques to enhance fault detection efficiency while reducing 

computational complexity by 90%. Two professional software tools are used: Alternate 

Transient Program (ATP) for modeling the IEEE 134-node distribution feeder and 

CART for developing the decision tree to identify faulted segments. The feeder is 

divided into multiple segments based on protective device placement, with each zone 

treated as a segment. 

Load flow analysis is performed using BIBC (Bus Injection to Branch Current) and 

BCBV (Branch Current to Bus Voltage) algorithms, utilizing voltage and current 

phasors from the feeder root and voltage sag data from sparse sensors. Voltage 

measurements are obtained using power quality meters or similar sensors. The DT 

estimates the faulted node by calculating error values, selecting the node with the 
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smallest error. The optimal weighting factor (α) depends on measurement accuracy and 

system modeling, with adjustments made based on error levels. 

Six sensors are deployed in the tested feeder, and an artificial neural network (ANN) is 

trained using 49,210 fault scenarios. Random errors with a 0.5% deviation are 

introduced to reflect real-world conditions. Fault parameters, including resistance, 

location, and pre-fault load patterns, are considered. Completing one scenario for six 

voltage outputs takes three seconds. While placing sensors at every feeder node 

improves accuracy, financial constraints necessitate optimal sensor placement to 

maximize faulted segment identification.  

The paper entitled “Sensitivity Analysis of Voltage Sag based Fault Location with 

Distributed Generation” is presented in [9]. This paper examines the impact of 

distributed generation (DG) on the accuracy of fault location algorithms based on 

voltage sag characterization. A sensitivity analysis is performed on a real-world 

distribution feeder using ATP software for steady-state modeling and SimLab for 

analysis. 

The first step in fault detection is identifying the faulted node by calculating a flag value 

based on voltage sag mismatches, comparing simulated and measured voltage 

magnitudes during faults. The study assumes 15 smart meters placed at the start and 

end of the feeder branches for measuring voltage. The node with the highest flag value 

is selected as the faulted node. Binary search algorithms are then used to pinpoint the 

fault location by halving the search range and calculating flag values for each iteration. 

Results show that DG can cause similar voltage magnitudes at different buses during 

faults, which reduces the accuracy of fault location algorithms. The effect of DG on 

fault detection depends on its location and penetration levels. 

The paper titled “A New Fault Location Algorithm Using Direct Circuit Analysis for 

Distribution Systems” is presented in [10]. This paper introduces a fault location 

algorithm for unbalanced distribution systems using direct three-phase circuit analysis. 

Unlike traditional methods designed for balanced transmission networks, which rely on 

symmetrical components and sequence networks, this approach addresses the 

unbalanced conditions typical in distribution systems due to factors like single-phase 

laterals, loads, and non-transposed lines. 



10 
 

The proposed algorithm eliminates the need for symmetrical components, enabling 

accurate fault location in both balanced and unbalanced systems. By deriving a fault 

location equation using the matrix inverse lemma, the algorithm simplifies the fault 

detection process while maintaining high accuracy. Extensive EMTP simulations 

validate the approach, with results showing a maximum error of just 0.08% in 

unbalanced systems, compared to 25% in conventional methods. 

This research offers a more accurate and practical fault location solution for distribution 

systems, particularly in scenarios where traditional methods are ineffective due to 

system asymmetry. 

The paper titled “Fault Location in Distribution Systems Based on Smart Feeder 

Meters” is presented in [11]. This paper presents a fault-location method that leverages 

smart feeder meters with voltage sag monitoring to estimate fault locations. By 

correlating voltage deviations at different buses with estimated fault currents and using 

the bus impedance matrix, the method accurately identifies the faulted section. Unlike 

traditional substation-based techniques, this approach offers improved accuracy 

through distributed voltage measurements from feeder meters. 

The study validates the method through extensive simulations on a real distribution 

system, showing that fault resistance, meter placement, and load variations have 

minimal impact on accuracy. This makes the method practical and scalable for modern 

distribution networks. The integration of automated outage mapping further enhances 

fault location precision, reducing the need for multiple estimations and lowering 

computational effort. 

This research highlights the potential of smart meter technology in improving fault 

localization while reducing infrastructure costs, offering a foundation for modernized 

fault management in smart grids. 

The paper titled "Fault Location in Distribution Networks by Compressive Sensing" is 

presented in [12]. This paper presents a new method for locating faults in distribution 

networks using compressive sensing and voltage sag measurements from smart meters. 

The method estimates the fault location by calculating a sparse current vector and 

performing ℓ1-norm minimization. It is robust to noise, effective in various fault 

conditions, and does not require expensive infrastructure like Phasor Measurement 
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Units (PMUs). Compared to existing methods, it performs better in noisy environments, 

with low fault resistances, and in cases where synchronized load data is unavailable. 

The method was tested on a 13.8-kV, 134-bus network, showing accurate fault location 

estimates. 

2.1 Type of Fault  

A fault in the power system refers to abnormal condition in system that causes flow of 

current in unintended path as well as larger magnitude. The type of short circuit fault 

can be classified as below [5]: 

1. Symmetrical Short Circuit Fault: A symmetrical short circuit fault occurs 

when a short circuit affects all three phases equally. In this condition, the 

magnitude of current flowing through each phase remains the same, while the 

phase angles remain unchanged. Although this type of fault is rare, it has severe 

consequences on the power system. Symmetrical short circuit faults can be 

further classified into Three-Phase Fault (LLL) and Three-Phase to Ground 

Fault (LLLG). 

2. Unsymmetrical Short Circuit Fault: During the short circuit condition either 

one or two phase involve, this type of fault is termed as unsymmetrical fault. 

During this type of fault magnitude of fault current through each phase are 

different as well as change in phase angle. Further, this type of fault can be 

classified as single phase to ground (LG) fault, double line to ground (LLG) 

fault, and double line (LL) fault. 

a) Single Line to Ground (LG) Fault: In case of LG fault, there is 

involvement of only single line to ground. When bolted LG fault occurs, the 

healthy phases voltage may vary from phase voltage to line voltage that 

depends upon the earthing condition.  

b) Double Line (LL) Fault: In case of LL fault, there is involvement of two 

line. When bolted LL fault occurs in system, the healthy phase voltage 

remains as same. 

c) Double Line to Ground (LLG) Fault: In case of LLG fault, there is 

involvement of two phase to ground. When bolted LLG fault occurs in 

system, the healthy phase voltage varies from phase voltage to 1.5 times of 

phase voltage depending upon condition.  
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Figure 2 illustrates classification of short circuit faults, in which symmetrical fault LLL, 

LLG, unsymmetrical fault LG, LL, and LLLG are shown in a, b, c, d, and e respectively. 

 

Figure 2: Classification of short circuit fault 

2.2 Occurrence Probability of Fault 

Various of short circuit fault types, the relative frequency of occurrence [13] of fault in 

distribution system in order to decreasing severity is presented in Table 1. 

Table 1: Relative frequency of occurrence of fault 

Type of Faults Relative Frequency of Occurrence 
Three phase (3L) faults 5% 
Double line to ground (LLG) faults 10% 
Double line (LL) faults 15% 
Single line (LG) faults 70% 

 

2.3 Fault Localization Approaches 

There are a various of methods are applied in transmission line for fault localization, 

and are working with high accuracy. But in case of distribution line, there is presence 

of laterals, load tap, heterogenous nature, and varying loading condition, it is difficult 
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to locate fault in real distribution system [9]. The popular method for fault localization 

is listed below with brief summary about its strength as well as limitations. 

a) Travelling wave-based method: When a fault occurs in the distribution line, 

the fault point generates traveling waves that propagate in both directions—

toward the substation end and the opposite end. The waves travel at a speed 

nearly equal to the speed of light. The location of the fault is determined by 

detecting the time difference between two consecutive traveling waves. This 

approach necessitates high-frequency sampling, which depends on the tower 

configuration. Moreover, it requires expensive high-sampling-rate equipment 

capable of capturing waveforms moving at speeds close to that of light. The 

traveling wave-based method accurately localizes faults in transmission lines; 

however, its application in distribution systems is highly complex due to the 

presence of multiple laterals and the resulting reflected waves [14].  

b) Impedance based method: Fault localization using impedance-based methods 

involves calculating the virtual fault impedance from measurements taken at 

specific points within the distribution network, typically at the substation. When 

a fault occurs, there is a sudden drop in voltage and a significant rise in current. 

By taking the ratio of voltage to current, the virtual fault impedance is estimated. 

This impedance is then compared with the known impedance profile of the 

distribution system. Since the impedance of a line is proportional to its length, 

the location of the fault can be determined accordingly.  However, these 

methods often present challenges by providing multiple possible fault locations. 

One of the tested cases in the paper demonstrates that for a single line-to-ground 

fault, the impedance-based algorithm identifies four potential fault locations 

when only three smart energy meters are deployed in the system [7]. 

c) Super imposed components method: It calculates the faulted system's state by 

superimposing the normal (pre-fault) system state with the deviation caused by 

the fault, known as the superimposed components. By isolating these 

deviations, the method simplifies fault location and analysis by focusing only 

on the incremental changes. This approach is effective for analyzing transient 

and steady-state fault behavior, especially in radial distribution systems. 

However, its limitations include sensitivity to measurement inaccuracies, 

dependency on accurate pre-fault conditions, and reduced effectiveness in 



14 
 

complex, meshed systems where multiple pathways can dilute the superimposed 

signals. Additionally, integrating it with real-time monitoring systems can be 

computationally intensive [7]. 

d) Intelligent system-based method: It employs artificial intelligence (AI) 

techniques, such as neural networks, fuzzy logic, expert systems, and machine 

learning, to analyze and locate faults in power distribution systems. These 

methods utilize historical and real-time data to identify patterns and anomalies 

associated with faults. They can handle the complexities of nonlinear, dynamic 

systems and adapt to changing system conditions, making them suitable for 

modern smart grids. However, their limitations include the need for large 

datasets for training, potential overfitting, and challenges in interpreting the 

model's decision-making process. Additionally, their accuracy heavily depends 

on the quality and quantity of input data and the robustness of the system’s 

design [7]. 

e) Voltage sag-based method: The voltage sag-based method identifies and 

locates faults in distribution systems by analyzing the voltage sags caused by 

faults. When a fault occurs, it creates a characteristic drop in voltage magnitude 

at different buses, with the severity and pattern of the sag depending on the 

fault's location, type, and impedance. By comparing the measured voltage sags 

with a pre-calculated fault signature database or using analytical models, the 

fault's location can be pinpointed [7]. 

The voltage sag during different type of fault occurrence with fault duration is reported 

in Table 2 [15]. 

Table 2: Voltage sag during different type of fault 

S.N. Type of Fault Voltage Sag Magnitude 
(pu) 

Typical Duration 
(ms) 

1. Single Line to Ground (LG) 
Fault 

0.5 – 0.9 60 – 600 

2. Double Line (LL) Fault 0.7 – 0.9 60 – 600 
3. Double Line to Ground (LLG) 

Fault 
0.3 – 0.7 60 – 600 

4. Three Phase (LLL) Fault 0.0 – 0.3 60 – 600 
5. Three Phase to Ground Fault 

(LLLG) 
0.0 60 – 600 
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2.4 Research Gap 

While reviewing research paper [9], [6], [8] and [15] following research gaps are 

identified that are presented below:  

Most existing research on fault localization has concentrated on transmission systems, 

where techniques such as impedance-based methods or intelligent system-based 

approaches, like those using artificial intelligence, have shown accurate results. 

However, when applied to distribution systems, these methods tend to be less effective 

due to the unique complexities present in such networks. Distribution systems often 

include laterals (branching lines), exhibit diverse configurations, and experience highly 

variable loading conditions, making fault localization more challenging. 

Moreover, very few methodologies effectively account for the impact of distributed 

generation (DG), such as solar or wind power, on the accuracy of fault detection. The 

presence of DG can alter voltage profiles and fault characteristics, complicating the 

localization process. Another critical challenge is the variability of fault resistance, 

which can change significantly depending on environmental factors like weather 

conditions. For example, wet or rainy weather often reduces fault resistance, while dry 

conditions can increase it, further affecting detection accuracy. 

A significant limitation of many existing techniques is their failure to identify the 

specific phase of the fault. Fault phase identification is crucial for precise fault 

management and restoration, as it enables more targeted repairs and faster resolution of 

issues. 

These limitations emphasize the need for a more cost-effective and reliable approach to 

fault localization. Such an approach must be specifically designed to address the distinct 

challenges of Nepalese distribution systems, including their complex topology, the 

integration of distributed generation, and variable fault conditions.  
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CHAPTER THREE: METHODOLOGY 

To meet the proposed objectives of the thesis, the following methodology has been 

adopted. 

3.1 Literature Review 

The literature review focused on analyzing research papers concerning current fault 

localization and classification methods in distribution networks. This examination 

revealed a research gap, which prompted the development of a proposed methodology 

for fault localization and classification within the system. The majority of the reviewed 

papers were sourced from IEEE Transactions. 

3.2 Fault Localization and Classification Methodology 

 

Figure 3: Fault localization and classification methodology 

For the implementation of the fault localization and classification algorithm, some 

assumptions are taken into account. The assumptions are listed below: 

Assumptions: 

 The distribution system should be equipped with a fault indicator to accurately 

detect the fault condition in the system. 
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 Two nodes (the substation node and one end of a lateral) should be equipped 

with synchronized time measurement units capable of capturing voltage 

magnitude and phase angle data both before and during a fault, which is then 

transmitted to the data center. 

 Intelligent Electronic Devices (IEDs) should be installed at the ends of laterals, 

enabling them to transmit voltage magnitude data both before and during fault 

conditions. 

 All IEDs installed along the distribution line must function flawlessly, ensuring 

that no measurement errors occur during operation. 

 During the fault condition, the power consumptions of the load should remain 

constant for this short transient period. 

Figure 3 illustrates the integrated methodology for fault localization and classification 

in the distribution feeder. The distribution system is modeled by integrating OpenDSS 

with Python. To model the distribution feeder, line parameters such as conductor length 

and type, line configuration, node details along with their geographical information 

system (GIS) coordinates, and load types with their magnitudes and connections at 

buses are organized in an Excel file. This Excel file serves as the input interface for 

distribution network modeling, meaning that if data for any distribution feeder is 

entered into this file, the system automatically generates the corresponding model. 

The subsystem of the distribution feeder involves dividing the network into multiple 

laterals, extending from the substation node to the terminal ends of the laterals, with the 

primary consideration being the series impedance between these points. The number of 

subsystems formed corresponds to the number of terminal buses. These terminal buses 

are identified using the Breadth First Search (BFS) algorithm. Once the subsystems are 

established, the admittance matrix for each subsystem is extracted from OpenDSS. By 

inverting this admittance matrix, the impedance matrix for each subsystem is derived. 

3.2.1 Subsystem Creation 

Figure 4 illustrates a sample 7-node distribution feeder used to demonstrate the 

formation of subsystems. This feeder is equipped with two types of Intelligent 

Electronic Devices (IEDs): one type includes synchronized time measurement units, 

such as micro-phasor measurement units (μPMUs), phasor measurement units (PMUs), 



18 
 

or other similar sensors, and the other type consists of smart meters capable of 

transmitting data to the server during transient conditions. The synchronized time 

measurement units are represented as IED1.1 and IED1.2. 

 

Figure 4: Sample 7 node distribution feeder 

The non-synchronized time measurement units are represented by 2.1 and 2.2 [16]. The 

number of synchronized time measurement units is independent of the topology of the 

distribution feeder i.e. only two measurement units is required. 

The feeder includes three terminal buses, leading to the formation of three subsystems. 

Each subsystem comprises the series impedance between the substation node and the 

end of each lateral. Figure 5 demonstrates the subsystem formation for the 7-node 

distribution feeder. In this setup, Subsystem 3 is equipped with synchronized time 

measurement units, which provide two nodal current sources at terminal nodes 7 and 1. 

By summing these two nodal currents, the total fault current is obtained. Similarly, the 

other subsystems, which lack synchronized time measurement units, are responsible for 

calculating the error between the computed voltage sag and the actual voltage sag at the 

terminal buses. For simplicity in demonstration, all sections of the distribution feeder 

are assumed to be of equal length. Since the distribution line segments share the same 

length and conductor type, they provide an identical impedance matrix. 
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Figure 5: Subsystem formation for 7 node distribution feeders 

3.2.2 Impedance Matrix Creation 

Figure 6 illustrates a section of a three-phase distribution feeder. In which (a) represents 

healthy system, (b) represents fault at various point, and (c) represents fault current are 

modeled as two current sources.  
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Figure 6: Section of three phase distribution system 

The bus voltages at bus i, j, and impedance matrix is presented in (1), (2), and (3), 

respectively [4].  
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For a three-phase distribution line, the impedance matrix between two buses is a 3×3 

matrix, incorporating both the series impedance of the line and the mutual coupling 
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impedance between phases. The diagonal element represents series impedance, while 

off-diagonal impedance represents mutual impedance coupling.  

In fault localization, it is essential to consider the 3×3 matrix for each line section. 

While a simplified per-phase representation may be used for easier representation of 

the mathematical background, the actual implementation must account for all three 

phases. 

The three-phase pre-fault and during-fault current can be calculated using (4), and (5), 

respectively. 

𝐼௜௝
௣௥௘

= 𝑍௜௝
ିଵ × ൫𝑉௜

௣௥௘
− 𝑉௝

௣௥௘
൯                                    4  

𝐼௜௝
ௗ௨௥௜௡௚

= 𝑍௜௝
ିଵ × ൫𝑉௜

ௗ௨௥௜௡௚
− 𝑉௝

ௗ௨௥௜௡௚
൯                   5  

The fault current is considerably greater than both the pre-fault and during-fault load 

currents. Therefore, the fault current can be calculated by subtracting the pre-fault 

current from the during-fault current. Consequently, the final equation for the fault 

current is expressed in (6). 
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The voltage sag for a nth bus is calculated using (7). 
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Voltage sag in a distribution feeder is influenced by the fault resistance during a fault 

event. Since the Intelligent Electronic Devices (IEDs) installed in the feeder are tasked 

with measuring real-time voltage data, the resulting voltage sag is determined as a 

function of the fault resistance. The behavior of the line current during phase unbalance 

differs from that during a fault, leading to distinct voltage drop characteristics in each 

scenario. Additionally, a fault indicator is installed on the distribution line to distinguish 

between fault conditions and phase unbalance conditions. 

The three-phase impedance between the substation node and the lateral end node, where 

IEDs are installed, is calculated using relation (3) and a step-by-step Zbus building 
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algorithm. The fault currents injected at nodes 1 and 7 are determined using equation 

(8). 
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The fault current is calculated by summing up two individual currents of buses, which 

is calculated by using (9). 
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The inclusion of distributed generation (DG) in the distribution feeder has a notable 

impact on voltage sag compared to a system without DGs. However, in this 

methodology, the effect of DGs is already incorporated during the fault current 

calculation. Consequently, the process of creating subsystems remains consistent, 

irrespective of whether DGs are present in the system or not. 

3.2.3 Finding Closest Fault Bus 

The fault current calculated using equation (9) is injected into every bus of each 

subsystem, and the corresponding voltage sag is computed in the virtual environment. 

For the demonstration subsystem illustrated in the Figure 5, subsystem 3 is selected to 

calculate the voltage sag by injecting the fault current. In equation (10), the fault current 

is injected at node 1, and the resulting voltage sag is calculated at nodes 1, 2, and 7, 

where IEDs are installed. Similarly, the fault current is injected at nodes 2 and 7, and 

the corresponding voltage sags are calculated using equations (11) and (12), 

respectively. This process is repeated for every subsystem that has been formed. 
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The error matrix is determined by subtracting the measured voltage at the terminal node 

of each subsystem, as the IED is installed at the end of the subsystem from the 

calculated voltage sag. This IED records real-time voltage data both before and during 

a fault. In Subsystem 3, the sensor is equipped at node 7, which is considered the 

reference node for measuring voltage sag. Errors are calculated for each scenario of 

current injection by comparing the actual voltage sag at node 7 with the voltage drop 

caused by current injections at nodes 1, 2, and 7. The voltage sag at node 7 for 

subsystem 3 is computed using equation (13). The same process is repeated for 

subsystems 1 and 2, with their error matrices represented by equations (14) and (15), 

respectively. 
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For each subsystem, distinct errors are obtained when the fault current is injected into 

each node individually. The node with the smallest error in each subsystem is selected 

as the candidate bus. A new vector, "X" is formed, containing the candidate buses for 

all subsystems. In the demonstration scenario, the fault is located between lines 2 and 

3, closer to node 3. In Subsystem 1, node 3 is identified as the candidate bus since the 

fault is near node 3. However, in Subsystems 2 and 3, node 3 is not present, so the 

closest bus, node 2, is selected as the candidate bus for both Subsystems. Among the 

candidate nodes identified, it is necessary to determine which one is closest to the actual  

To achieve this, two vectors are defined: "Y," which indicates how many times a 

selected candidate bus appears in each subsystem, and "J," which indicates how many 
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times each bus is selected as a candidate bus. A weight vector is calculated using 

equation (16). 

𝑊 =
[𝐽]

[𝑌]
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For the sample system, the vector X, Y, and J is calculated as: 

X = [3 2 2] 

Y = [1 3 3] 

J = [1 2 2] 

W = [1 2/3 2/3] 

The value of the weight matrix should lie between 0 and 1. A higher value is selected 

as candidate buses. Here, bus 3 is selected as the candidate bus. 

3.2.4 Finding Exact Fault Location 

Once the node closest to the fault is identified, the process of pinpointing the exact fault 

location begins. First, the lines connected to the candidate fault buses are determined, 

along with the subsystems they belong to. These lines are virtually divided into 10 equal 

sections. For each subsystem containing the relevant line, a new impedance matrix is 

constructed. The process from equations (10) to (16) is then repeated, and the virtual 

node with the smallest error is identified as the final fault location in the system. 

3.2.5 Noval Fault Classification Approach 

The fault classification approach is developed using the fault current calculation 

equation (9), which relies on the mean deviation of each phase and establishes the 

threshold for identifying the fault type. The absolute mean value of the fault current for 

each phase is determined by equation (17). 

𝐼௙
௠ =

𝑎𝑏𝑠൫𝐼௙
௔൯ + 𝑎𝑏𝑠൫𝐼௙

௕൯ + 𝑎𝑏𝑠൫𝐼௙
௖൯

3
                                            17 

The mean deviation value for each phase is computed using equations (18) through 

(20). 
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𝐷ூ஺ = 𝑎𝑏𝑠 ቆ
𝐼௙

௔ − 𝐼௙
௠

𝐼௙
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𝐼௙
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௠

𝐼௙
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𝐷ூ஼ = 𝑎𝑏𝑠 ቆ
𝐼௙

஼ − 𝐼௙
௠

𝐼௙
௠ ቇ                                              20 

 

Figure 7: Flowchart showing decision logic for fault classification approach 

Figure 7 illustrates that the fault classification algorithm is designed to identify and 

categorize different types of faults in a three-phase power system based on the mean 

deviation values of each phase fault current. The algorithm begins by reading these 

deviation values and setting a threshold value tolerance. It first checks if all three 

deviation values are below this threshold. If they are, the algorithm identifies the fault 
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as a Three-Phase Fault. If not, it proceeds to evaluate the conditions for a Single Line 

to Ground Fault. This is done by checking if the deviation of one phase exceeds 1.5 

while the sum of the deviations of the other two phases is approximately 1.5. If this 

condition is met, the algorithm identifies the specific phase involved and classifies the 

fault accordingly. If the single line to ground fault condition is not satisfied, the 

algorithm checks for Double Line Faults by verifying if any two phases have deviations 

greater than 0.95. Depending on which phases meet this criterion, the algorithm 

classifies the fault as involving those specific phases. Similar way, this algorithm also 

distinguishes between the double line or double line to ground fault. If none of the 

predefined conditions are met, the algorithm concludes that there is no fault or that the 

fault type does not match the specified criteria. This systematic approach ensures 

accurate fault identification and classification, aiding in the effective management and 

resolution of faults in the power system. 

3. 3 Simulation 

The simulation section provides a comprehensive overview of the detailed modeling 

and automation approach used for implementing the fault localization and classification 

algorithm. It includes the process of data acquisition in Excel format, which is utilized 

for system modeling. The section elaborates on the creation of subsystems and the logic 

modeling approach, detailing how each component of the system is designed and 

integrated. Furthermore, it explains the step-by-step implementation logic of the 

algorithm, highlighting how the fault classification criteria are applied to the acquired 

data. This section ensures a clear understanding of the methodology and the systematic 

approach adopted for accurate fault classification and classification within the power 

system. 

3.3.1 Modeling of Distribution System 

A distribution system modeling program has been developed in Python, which takes 

input data from Excel and performs the final system modeling in OpenDSS. The 

program acts as a bridge between the input data and the OpenDSS model. To create the 

system, the following data sets are required: line data, bus data, load data, and bus 

coordinates. 
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For modeling the distribution lines, the necessary information includes the connections 

between buses, the type of line (single-phase or three-phase), line length, resistance, 

reactance, the units of the line, and the emergency current (ampere) capacity. The data 

format required for modeling the distribution line is reported in Table 3. 

Table 3: Line modeling data format 

Line_Name B1 B2 Length Units R(Ω) X(Ω) Current Capacity (A) Phase 
 

The load modeling plays a crucial role in the convergence of the load flow convergence. 

Six types of loads can be modeled into the distribution system. The description of the 

load type along with their application is described below: 

i. Constant PQ Load Model: This model is known as the constant power load. This 

model is widely used in the load flow analysis. There is one problem associated 

with this load model, which is that the convergence may deviate if the voltage 

level is far away from the rated voltage. While modeling this load in OpenDSS, 

the model is set to 1. 

ii. Constant Impedance Load Model: The active and reactive power consumption 

of the load is varied with the square of the voltage. This model guarantees the 

convergence of the load flow in any loading condition. The model is essentially 

linear. If the terminal voltage is greater than the rated value, the power 

consumption is increased. While modeling this load in OpenDSS, the model is 

set to 2. 

iii. Constant P and Quadratic Q Load Model: The reactive power varies 

quadratically with voltage, while the active power remains constant. The load 

seems like a motor load. For modeling this load, the model is set to 3. 

iv. Exponential Load Model: The voltage dependencies of P and Q are defined by 

exponential parameters. This model is typically used for conservation voltage 

studies (CVR). It is also used for general distribution feeder load mix models 

when the exact behavior of the load is not known. For modeling this load in 

OpenDSS, the model is set to the 4. 

v. Constant Current Magnitude Load Model: The active power and reactive power 

varies linearly with the voltage magnitude while the load current remains 
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constant. This is common in the distribution system analysis program. For 

modeling this load in OpenDSS, the model is set to 5. 

vi. ZIP Load Model: The active power and reactive power are described as a 

mixture of the constant power and constant current load that can be exempt from 

load shape multipliers. All the loads are reverted to the constant impedance load 

(Z type) in an attempt to guarantee convergence even if the voltage is very low. 

This load modeling is very important for performing annual simulations. For 

modeling this load in OpenDSS, the model is set to 6. 

In this simulation work, the constant PQ load flow model is employed under the 

assumption that the load remains constant even during transient periods. This 

assumption simplifies the analysis by maintaining consistent real (P) and reactive (Q) 

power demands, regardless of fluctuations in voltage or frequency. By using the 

constant PQ model, the simulation achieves better convergence during load flow 

calculations, ensuring stable and reliable results. 

The line load and bus information data modeling formats are reported in Table 4 and 

Table 5 respectively. 

Table 4: Load modeling data format 

Load_Name 
Phase

s 
B
1 

Voltage 
(kV) 

Mod
el 

Active Power 
(kW) 

Reactive Power 
(kVar) 

Seller 3 6 11 1 40 30 
Pranami_Man
dir 

3 8 11 1 80 60 

 

Table 5: Bus information data 

Bus_Name Longitude Latitude 
1 85.469879 27.008212 
2 85.470307 27.008198 

 

The distribution system modeling program is attached in A.1 in Annex 2. 

3.3.2 Creation of Subsystem 

OpenDSS and Python are interfaced using the win32com mode, offering complete 

flexibility in controlling OpenDSS. A “while” loop iterates through all the modeled 

lines to identify the connected buses of the selected line. All its operational 
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characteristics, including length, resistance, and reactance, are stored in variables. The 

root node and terminal nodes are determined based on the concept that terminal buses 

are those connected to only one line. The code for extracting the terminal node is 

provided below. 

leaf_nodes = sorted({int(bus) for bus, connections in bus_connections.items() if 

len(connections) == 1}) 

All the nodes are stored in the variable "leaf_nodes". Since the buses obtained from 

OpenDSS are in string format, they are converted into integers to enable sorting in 

ascending order. To remove the root node from the terminal nodes, node 1 is considered 

the substation node and is excluded from the list of terminal nodes. 

leaf_nodes = [bus for bus in leaf_nodes if bus != int(root_node)] 

leaf_nodes = [str(bus) for bus in leaf_nodes] 

The breadth-first search (BFS) algorithm is employed to determine the shortest path 

between the substation node and the terminal node [17]. BFS is a method used to 

explore or search through tree or graph structures. It begins at the root node and 

examines all adjacent nodes at the current depth level before proceeding to nodes at the 

subsequent level. The algorithm initiates at the source node and utilizes a queue to 

manage the nodes to be visited, ensuring exploration occurs level by level. Initially, the 

starting node is added to the queue and marked as visited. The algorithm then enters a 

loop where it removes a node from the queue, visits all unvisited neighboring nodes, 

marks them as visited, and places them into the queue. This process continues until the 

queue is empty or a predefined condition, such as reaching the target nodes, is met. The 

entire process for subsystem creation is depicted in the flowchart (Figure 8). The 

corresponding Python code can be found in Annex 2, Section A.2. 
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Figure 8: Flowchart showing methodology of subsystem creation using OpenDSS and 
Python 

3.3.3 Formation of subsystem Zbus 

The admittance matrix for each subsystem is extracted from OpenDSS and stored in 

the variable matrix. By inverting this admittance matrix, the corresponding impedance 

matrix is obtained. This impedance matrix is then used in the Python code for 

calculating voltage sags within the system. 

3.3.4 Fault Localization and Classification Implementation 

The fault localization and classification algorithms are implemented in Python, 

incorporating all the equations outlined in the previous sections. The simulation process 

involves calculating the voltage sag by comparing pre-fault and during-fault voltages, 

determining the impedance matrix for the subsystems, and calculating the fault current. 

The fault classification logic is applied, followed by the identification of the fault 

location at the bus and line levels. Finally, the results are visualized on a GIS diagram 

for better representation. The overall code for this process is reported in A.3 in Annex 

2. 

3.3.5 Fault Location Visualization 

The fault location visualization is the locating of the fault location in the geographical 

system information (GIS) diagram. For the visualization process, the folium package is 

used in the python [18]. The Folium package in Python is a powerful tool used for 
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creating interactive maps [19]. It provides an easy interface for generating maps using 

Leaflet.js, a popular JavaScript library for interactive maps. Folium allows you to 

overlay data such as markers, polygons, and choropleths on maps, making it a great 

choice for visualizing geospatial data in Python.  

The fault point obtained from running the fault localization algorithm is represented in 

terms of the locations of virtual buses. From these virtual buses, the GIS coordinates 

are determined. If the fault occurs at a bus, the GIS coordinates of that bus are used, as 

they are included in the system modeling. However, since the fault could occur 

anywhere along the line, the virtual buses are used to determine which of the two buses 

the fault is closer to. Once identified, the distance between the buses is calculated using 

the formula explained below. 

If two buses namely Bus1 and Bus2, having following coordinates: 

 Latitude: lat1 for Bus1 and lat2 for Bus2 

 Longitude: long1 for Bus1 and long2 for Bus2 

The interpolation for the latitude of N intermediate buses between Bus1 and Bus2 is 

given by equation 21. 

𝑙𝑎𝑡௜ = 𝑙𝑎𝑡ଵ + ൬
𝑖

𝑁 + 1
൰ ∗ (𝑙𝑎𝑡ଶ − 𝑙𝑎𝑡ଵ)                                   21 

For i = 1,2,3, ………. N 

Where: 

 𝑙𝑎𝑡௜ 𝑖𝑠 𝑡ℎ𝑒 𝑙𝑎𝑡𝑡𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑖௧௛ 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑏𝑢𝑠 

 N is the number of intermediate buses 

The interpolation for the longitude of N intermediate buses between Bus1 and Bus2 is 

given by equation 22. 

𝑙𝑜𝑛𝑔௜ = 𝑙𝑜𝑛𝑔ଵ + ൬
𝑖

𝑁 + 1
൰ ∗ (𝑙𝑜𝑛𝑔ଶ − 𝑙𝑜𝑛𝑔ଵ)                   22 

For i = 1,2,3, ………. N 

Where: 
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 𝑙𝑜𝑛𝑔௜ 𝑖𝑠 𝑡ℎ𝑒 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑖௧௛ 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 𝑏𝑢𝑠 

 N is the number of intermediate buses 

The equations (21) and (22) are used for finding the GIS coordinate of intermediate 

buses which have no GIS coordinate during system modeling. 

3.4 Test System 

The proposed methodology is validated through simulations in three distribution 

systems. It is first applied to the IEEE 33-bus distribution feeder, a standard radial 

distribution system. Figure 9 illustrates the single-line diagram of the IEEE 33-bus 

distribution feeder, which includes a substation at node 1. The active and reactive power 

demands of the feeder are 3.715 MW and 2.3 MVAr, respectively. Detailed branch and 

load data can be found in Table 37 and Table 38 of A.1 in Annex 1. 

The second test system is a practical Nepalese distribution feeder, the Solati distribution 

feeder, originating from the Brahathawa substation of the 33/11 kV feeder. This feeder 

is located in the Sarlahi district of Province 2, Nepal. Figure 10 illustrates the GIS 

diagram of the Solati distribution feeder, which consists of 36 nodes. The total length 

of the distribution feeder is 25.58 km, with the longest branch extending 17 km from 

the substation to the terminal node. Detailed GIS coordinates of the nodes, branch data, 

and load data are provided in Table 39, Table 40, and Table 41 of A.2 in Annex 2. 

 

Figure 9: IEEE33 bus test feeder 

The third test distribution feeder is the practical Nepalese distribution feeder, the 

Chapagaun distribution feeder, originated from Patan grid substation of the 66/11 kV 

feeder. Figure 11 illustrates the GIS diagram of Chapagaun distribution feeder, which 

consists of 156 nodes. The total length of the distribution feeder is 70 km, with the 
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longest branch extending 37.43 km from the substation to the terminal node. Detailed 

GIS coordinates of the nodes, branch data, and load data are provided in Table 42, Table 

43, and Table 44 of A.3 in Annex 2. 

 

Figure 10: Solati distribution feeder 

 

Figure 11: Chapagaun distribution feeder 
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3.5 Software and Tools 

For the modeling of the distribution network, OpenDSS software is used. OpenDSS is 

an electric distribution system simulator (DSS) developed to facilitate the integration 

of distributed energy resources (DERs) and support grid modernization. It provides 

engineers with a versatile, customizable, and user-friendly platform for performing 

complex analyses, addressing both current needs and future challenges in distribution 

systems. OpenDSS serves as a foundation for understanding and integrating emerging 

technologies. It is also being increasingly utilized for distribution automation in modern 

grids. 

The OpenDSS has the following solution capabilities: 

a) Unbalanced multiphase power flow 

b) Quasi-static time series analysis 

c) Fault analysis 

d) Harmonic analysis 

e) Linear and Non-linear analysis 

f) Stray voltage/current analysis 

g) Flicker analysis 

h) Dynamic analysis 

Pycharm is a powerful integrated development specially designed for Python 

development. It is packed with features that can help in writing better code and faster 

execution time. Some of the key features of Pycharm include Intelligent code 

completion, code inspections, on-the-fly error highlighting, quick fixes, and web 

development. This software is broadly available in two editions. Community edition 

and professional edition. The community edition is free and open-source software, 

while the professional edition is paid software. The professional edition has more 

features than the community edition such as a graphical debugger, a built-in tester, and 

support for remote development. 

The impact full use of Pycharm in the field of electrical engineering is as follows: 
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a) Power system modeling and simulation: It provides a flexible interface with 

different power system modeling libraries for performing steady-state analysis 

as well as transient analysis. These libraries may be PyPSA, OpenDSS, etc. 

b) Communication protocol for IoT in smart grid: It provides a flexible library 

based on protocol IEC 61850, IEC 60870, HTTP, MQTT, and Modbus for 

communicating with intelligent electronic devices. These devices may be smart 

meters, sectionalizing switches, or some other type of sensors that can transmit 

data to locally installed servers. 

c) Data visualization: It provides various libraries such as matplotlib for plotting 

an interactive graph of different data, and Folium for plotting systems in the 

Geographical Information system. 

3.6 Report Writing 

The project report is prepared using Microsoft Word 2021. Flowcharts are created using 

draw.io, an open online software. For the creation of a single-line diagram, AutoCAD 

Electrical is utilized. Excel is used for chart creation, analysis, and data management. 
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CHAPTER FOUR: RESULT AND DISCUSSION 

4.1 IEEE 33 Bus Simulated Result 

The IEEE 33-bus system is modeled using OpenDSS and Python, with a dynamic 

program developed for fault localization and classification within the Python 

environment. A total of 640 simulations are conducted for each fault scenario. Since all 

lines in the standard system have equal lengths, the developed algorithm is tested by 

simulating 20 faults per line section. This results in 640 simulations for each fault 

type—LLLG, LL, or LG. The accuracy of fault distance estimation is analyzed by 

determining how often the predicted location matches the exact fault distance or falls 

within various error intervals. The simulations are performed on an HP Envy x360 PC 

with 16 GB of RAM. 

 

Figure 12: Comparison of voltage profile at terminal nodes with 100 % loading in 
IEEE33 bus system 

Figure 12 illustrates a comparative analysis of voltage profiles in the IEEE 33-bus test 

system with and without distributed generation (DG). Table 9 provides the 

specifications for the installed DG units. The voltage profile shows 1.00 p.u. at the 

substation (Bus1) and 0.92 p.u. at the farthest node (Bus18) in the absence of DG. As 

the system maintains balanced three-phase conditions, the results are presented as per-

phase voltage values. Bus18 is located 18 km from the substation. 
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With DG integration, the voltage profile shows marginal improvement at terminal 

nodes, with a maximum increase of 0.02 p.u. Since DG integration yields only marginal 

voltage improvements (maximum 0.02 p.u.), the voltage sag characteristics presented 

in following sections exclude DG participation. 

 

Figure 13: Voltage sag profile at terminal buses for LLLG fault at various locations in 
IEEE33 bus system 

Figure 13 illustrates the voltage sag profile at terminal buses for an LLLG fault at 

different locations with a fault resistance of 0.1 Ω. When the fault occurs at the 

substation buses, the voltage sag measures 0.23 pu at the substation and 0.20 pu at the 

farthest terminal bus (Bus18). This significant voltage sag occurs because the fault 

current flowing to ground at the substation node is much larger than the load current. 

Conversely, when the fault occurs at the farthest terminal node (Bus18), the substation 

experiences only a 0.01 pu voltage sag due to the high line impedance between the 

substation and fault location. Meanwhile, the faulted terminal node (Bus18) shows the 

highest sag of 0.91 pu. The profile clearly demonstrates that voltage sags are more 

severe at nodes closer to the fault location. 

Figure 14 illustrates the voltage sag profile at terminal buses for an LG fault at different 

locations with a fault resistance of 0.1 Ω. When the fault occurs at the substation buses, 

the voltage sag measures 0.23 pu at the substation and 0.22 pu at the farthest terminal 

bus (Bus18). This significant voltage sag occurs because the fault current flowing to 

ground at the substation node is much larger than the load current. Conversely, when 

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

Bus1 Bus18 Bus22 Bus25 Bus33

V
ol

ta
ge

 S
ag

 (
pu

)

Terminal Buses

Voltage Sag Profile at Terminal Buses for LLLG Fault at Various 
Locations 

Bus1 Bus20 Bus31 Bus15 Bus18



38 
 

the fault occurs at the farthest terminal node (Bus18), the substation experiences only a 

0.03 pu voltage sag due to the high line impedance between the substation and fault 

location. Meanwhile, the faulted terminal node (Bus18) shows the highest sag of 0.91 

pu. The profile clearly demonstrates that voltage sags are more severe at nodes closer 

to the fault location. The voltage sag characteristics of the faulted phase in LG faults 

exhibit a similar distribution pattern to those seen in terminal buses during LLLG faults. 

 

Figure 14: Voltage sag profile at terminal buses for LG fault at various locations in 
IEEE33 Bus 

 

Figure 15: Voltage sag profile at terminal buses for LG fault at various locations in 
IEEE33 Bus 

Figure 15 illustrates the voltage sag profile at terminal buses for an LLG fault at 

different locations with a fault resistance of 0.1 Ω. When the fault occurs at the 
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substation buses, the voltage sag measures 0.23 pu at the substation and 0.22 pu at the 

farthest terminal bus (Bus18). This significant voltage sag occurs because the fault 

current flowing to ground at the substation node is much larger than the load current. 

Conversely, when the fault occurs at the farthest terminal node (Bus18), the substation 

experiences only a 0.00 pu voltage sag due to the high line impedance between the 

substation and fault location. Meanwhile, the faulted terminal node (Bus18) shows the 

highest sag of 0.91 pu. The profile clearly demonstrates that voltage sags are more 

severe at nodes closer to the fault location. The voltage sag characteristics of the faulted 

phase in LLG faults exhibit a similar distribution pattern to those seen in terminal buses 

during LLLG and LG faults. 

4.1.1 IEEE 33 Bus Fault Localization 

Table 6 reports the fault localization results for different fault types under varying fault 

resistances, ranging from 0.1Ω to 100Ω. The results indicate that in some cases, the 

identified fault location matches the actual location exactly, while in others, there is a 

deviation. Additionally, it is observed that the accuracy of fault localization is not 

dependent on the fault type. 

Table 6: Fault localization result at varying fault resistance and fault type in IEEE33 
bus system 
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4.1.2 Fault Localization Error Analysis 

 

Figure 16: Comparison of fault location error with fault resistance of 0.1 ohm in IEEE 
33 bus system 

Figure 16 illustrates the fault location error for 640 simulated fault cases of a single 

fault type with a fault resistance of 0.1Ω. The results show that in 28.28% of cases, the 

exact fault location is identified. Additionally, the error intervals are distributed as 

follows: 22.66% of cases fall within 0–50 meters, 14.38% within 50–100 meters, 

15.00% within 100–150 meters, 3.91% within 150–200 meters, 2.66% within 200–250 

meters, and 13.13% within 250–300 meters. The maximum observed error in fault 

localization is 300 meters, while the method is also capable of pinpointing the exact 

fault location in several instances. The error arises due to slight variations in voltage 
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drop between adjacent nodes, particularly in sections with shorter branch lengths. The 

localization error is independent of fault type. 

 

Figure 17: Comparison of fault location error with fault resistance of 50 ohm in IEEE 
33 bus system 

Figure 17 illustrates the fault location error for 640 simulated fault cases of a single 

fault type with a fault resistance of 50Ω. The results show that in 34.84% of cases, the 

exact fault location is identified. Additionally, the error intervals are distributed as 

follows: 15.78% of cases fall within 0–50 meters, 28.91% within 50–100 meters, 8.44% 

within 100–150 meters, 10.00% within 150–200 meters, 3.75% within 200–250 meters, 

and 6.72% within 250–300 meters. The maximum observed error in fault localization 

is 300 meters, while the method is also capable of pinpointing the exact fault location 

in several instances. The error arises due to slight variations in voltage drop between 

adjacent nodes, particularly in sections with shorter branch lengths. The localization 

error is independent of fault type. 

Figure 18 illustrates the fault location error for 640 simulated fault cases of a single 

fault type with a fault resistance of 100Ω. The results show that in 34.84% of cases, the 

exact fault location is identified. Additionally, the error intervals are distributed as 

follows: 28.13% of cases fall within 0–50 meters, 15.63% within 50–100 meters, 8.44% 

within 100–150 meters, 3.75% within 150–200 meters, 4.84% within 200–250 meters, 

and 4.84% within 250–300 meters. The maximum observed error in fault localization 

is 300 meters, while the method is also capable of pinpointing the exact fault location 

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

30.00%

35.00%

40.00%

0 0-50 50-100 100- 150 150-200 200-250 250-300

P
er

ce
nt

ag
e

Error Interval (m)

Comparison of Fault Location Error with Fault Resistance of 50 Ω

LLLG LLG LL LG



42 
 

in several instances. The error arises due to slight variations in voltage drop between 

adjacent nodes, particularly in sections with shorter branch lengths. The localization 

error is independent of fault type. 

 

Figure 18: Comparison of fault location error with fault resistance of 100 ohm in 
IEEE 33 bus system 

4.1.3 Impact of Load Variation on Fault Localization Accuracy 

Table 7: Effect of load variation on fault localization accuracy for LG fault in IEEE 33 
bus system 

Error 
(m) 

R=0.1Ω R=50Ω R=100Ω 
70% 
Loading 

100% 
Loading 

70% 
Loading 

100% 
Loading 

70% 
Loading 

100% 
Loading 

0 34.53% 28.28% 35.00% 34.84% 35.16% 34.84% 
0-50  19.53% 22.66% 18.75% 15.78% 18.91% 15.78% 
50-100  15.31% 14.38% 15.31% 28.91% 15.31% 28.91% 
100- 
150  10.00% 15.00% 9.69% 8.44% 9.84% 8.44% 
150-
200  9.53% 3.91% 7.19% 10.00% 7.19% 10.00% 
200-
250  7.34% 2.66% 6.41% 3.75% 6.41% 3.75% 
250-
300  3.75% 13.13% 7.66% 6.72% 7.19% 6.72% 

 

The effect of load variation is also analyzed by considering 100% loading as the base 

load and reducing it by 30% to assess its impact. Additionally, three fault resistance 
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values—R = 0.1Ω, R = 50Ω, and R = 100Ω—are taken into account. Despite the load 

variation, the maximum error in fault localization remains 300 meters. The results 

indicate that load variation has no significant impact on localization accuracy. Since 

line-to-ground (LG) faults are the most common fault type in distribution systems, the 

simulations primarily focus on this fault scenario. The result is reported in Table 7. 

4.1.4 Impact of Line Impedance Measurement on Fault Localization Error 

Some sections of the impedance are considered as modeling errors, which may arise 

due to factors such as improper conductor joints, temperature variations, and 

measurement errors in GIS data. The changes in impedance for certain sections during 

the simulation are reported in Table 8. 

Table 8: Variation of impedance of sections in IEEE 33 bus system 

Section Impedance Change Percentage 
Line 1-2 5% 
Line 7-8 -5% 

Line 10-11 5% 
Line 11-12 -5% 
Line 17-18 5% 
Line 20-21 5% 
Line 24-25 -5% 
Line 27-28 5% 
Line 30-31 -5% 

 

Figure 19 illustrates the fault location error for 640 simulated fault cases of a single 

fault type with a fault resistance of 100Ω and variation in the line impedance. The 

results show that in 34.84% of cases, the exact fault location is identified. Additionally, 

the error intervals are distributed as follows: 28.13% of cases fall within 0–50 meters, 

15.63% within 50–100 meters, 8.44% within 100–150 meters, 3.75% within 150–200 

meters, 4.84% within 200–250 meters, and 4.84% within 250–300 meters. The 

maximum observed error in fault localization is 300 meters, while the method is also 

capable of pinpointing the exact fault location in several instances. The error arises due 

to slight variations in voltage drop between adjacent nodes, particularly in sections with 

shorter branch lengths. The localization error is independent of line impedance 

variation of ±5%. 
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Figure 19:Comparison of fault location error with variation of line impedance in IEEE 
33 bus system 

4.1.5 Impact of DG Penetration on Fault Localization Accuracy 

With the increasing trend of DG penetration in distribution systems, the performance 

of the algorithm is also evaluated under DG integration. Two types of DGs are 

considered: three photovoltaic (PV) units and three synchronous generators. The 

location and size of these DGs are randomly assigned. The details of the DG 

configurations are reported in the Table 9. 

Table 9: Detail of simulated distributed generation for performance evaluation in 
IEEE 33 bus system 

S.N
. 

Bus 
Number Type of DG 

Rating 
(kVA) 

Power 
Factor 

Voltage Rating 
(kV) 

1 5 Photovoltaic 250 1 12.66 
2 12 Photovoltaic 550 1 12.66 
3 18 Photovoltaic 100 1 12.66 
4 19 Synchronous  300 0.8 12.66 
5 20 Synchronous  500 0.8 12.66 
6 32 Synchronous  100 0.8 12.66 

 

The impact of DG penetration on the system is reported in Table 10. It is observed that 

integrating DG increases the fault localization error. Before DG penetration, the 

maximum error in fault location was 300 meters, whereas after DG integration, it 
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increased to 600 meters—an additional 300 meters. This increase in error is attributed 

to the alteration of voltage sag characteristics caused by DG integration. 

Table 10: Impact of the DG penetration in fault localization accuracy in IEEE 33 bus 
system 

Error Interval (m) 
Number of Times Percentage 

R=0.1Ω R=50Ω R=100Ω R=0.1Ω R=50Ω R=100Ω 
0 125 125 126 19.53% 19.53% 19.69% 
0-50  193 135 134 30.16% 21.09% 20.94% 
50-100  85 38 39 13.28% 5.94% 6.09% 
100- 150  22 67 70 3.44% 10.47% 10.94% 
150-200  24 95 93 3.75% 14.84% 14.53% 
200-250  21 45 43 3.28% 7.03% 6.72% 
250-300  31 4 4 4.84% 0.63% 0.63% 
300-350 30 6 7 4.69% 0.94% 1.09% 
350-400 26 21 22 4.06% 3.28% 3.44% 
400-450 19 12 10 2.97% 1.88% 1.56% 
450-500 18 24 31 2.81% 3.75% 4.84% 
500-550 31 26 20 4.84% 4.06% 3.13% 
550-600 15 42 41 2.34% 6.56% 6.41% 

 

4.1.6 Fault Classification in IEEE 33 Bus  

Table 11: Fault classification result in IEEE 33 bus system 

Subjected Fault Types Simulated Number 
Accurately Detected  
Number 

Presence  
of DG 

LLLG 640 640 No 
LLG (Phase A & B) 640 640 No 
LLG (Phase B & C) 640 640 No 
LLG (Phase C & A) 640 640 No 
LL (Phase A & B) 640 640 No 
LL (Phase B & C) 640 640 No 
LL (Phase C & A) 640 640 No 
LG (Phase A) 640 640 No 
LG (Phase B) 640 640 No 
LG (Phase C) 640 640 No 
LLLG 640 640 Yes 
LLG (Phase A & B) 640 640 Yes 
LLG (Phase B & C) 640 640 Yes 
LLG (Phase C & A) 640 640 Yes 
LL (Phase A & B) 640 640 Yes 
LL (Phase B & C) 640 640 Yes 
LL (Phase C & A) 640 640 Yes 
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LG (Phase A) 640 640 Yes 
LG (Phase B) 640 640 Yes 
LG (Phase C) 640 640 Yes 

 

The developed fault classification approach is also tested in the IEEE 33 bus system, 

and the results are reported in Table 11 . The method is evaluated both with and without 

DG integration. The findings indicate that the proposed methodology accurately 

classifies faults in the IEEE 33-bus feeder. Additionally, the approach effectively 

identifies the specific phase(s) involved in the fault. 

4.1.7 Fault Localization Result Comparison with Paper [16] 

For the result comparison with paper [16], the simulations run at two positions along 

the line: 33% and 67% of the line length from the starting side. Since the base paper 

also conducts simulations at the same locations, this work follows the same approach 

for consistency. 

 

Figure 20: Comparison of result with paper [16] under varying fault resistance in 
IEEE33 bus system 

Figure 20 compares the results with the base paper in two key aspects: identifying the 

fault section and precisely locating the fault position. If the fault location finds within 

≤44% of the bus length from the starting side, it lies in the first half of the sections. 

Conversely, if the fault location is ≥56%, it falls in the second half. 
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The comparison bar chart shows that the correct section identification accuracy 

is 98.44% in both cases, while the exact fault location detection rate is 56.25%. 

Additionally, the impact of fault resistance variation (tested at 1Ω, 50Ω, and 100Ω) is 

evaluated. The simulations use an LG fault type, and the results confirm that the fault 

localization error remains independent of fault resistance. 

Figure 21 illustrates a comparative analysis with the base paper, evaluating performance 

under varying line impedance conditions as detailed in Table 18, along with different 

fault types. The results demonstrate a 96.88% accuracy rate for correct section 

identification in both the base paper and this simulation. For exact fault localization, 

the system achieves 37.50% accuracy for LG faults and 25.00% for LLL faults. These 

simulation outcomes show excellent agreement with the base paper's findings, 

confirming consistent performance across varying line impedances and fault 

conditions. The study validates that the proposed method maintains reliability 

regardless of these operational variations. 

 

Figure 21: Comparison of result with paper [16] under varying line impedance in 
IEEE33 bus system 

Figure 22 illustrates the comparative performance analysis under varying DG 

penetration levels. The results demonstrate that the proposed method maintains high 

accuracy even with significant DG integration. For the most common LG fault scenario, 

the system achieves 98.44% accuracy in correct section identification and 34.38% 

precision in exact fault localization. In more challenging cases, the method maintains 
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90.63% accuracy for LL fault section identification, while the most demanding LLG 

fault scenario shows 17.19% precision in exact location detection. These findings 

confirm the method's robustness across different DG penetration conditions and fault 

types. 

 

Figure 22: Comparison of result with paper [16] under presence of DG in IEEE33 bus 
system 

4.2 Solati Distribution Feeder Simulated Result 

The Solati distribution feeder is modeled using OpenDSS and Python, with a dynamic 

program developed for fault localization and classification within the Python 

environment. A total of 200 simulations are conducted for each fault scenario. Fault is 

created at random length in the line. This results in 200 simulations for each fault type—

LLLG, LLG, LL, or LG.  

Figure 23 illustrates the voltage profile of terminal nodes equipped with IEDs under 

100% loading conditions, comparing scenarios with and without distributed generation 

(DG) integration. In the base case (without DG), Bus1 (substation node) maintains 1 pu 

voltage, while the farthest node (Bus36, 16.41 km away) records 0.92 pu, demonstrating 

characteristic voltage drop with increasing distance from the substation. The balanced 

system allows representation using R-phase voltage (pu) for all three phases. When 

photovoltaic DG units (randomly located with capacities specified in Table 16) are 

integrated at 700 kW total penetration (70% nominal irradiance), the voltage profile 

shows marginal improvement across the feeder compared to the base case. Because of 
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marginal improvement in voltage profile, further voltage sag analysis presents in this 

report is without presence of DG. 

 

Figure 23: Comparison of voltage profile at terminal nodes with 100% loading in 
Solati feeder 

 

Figure 24: Voltage sag profile at terminal buses for LLLG fault at various locations in 
Solati feeder 

Figure 24 illustrates the voltage sag profile at terminal buses for an LLLG fault at 

different locations with a fault resistance of 0.1 Ω. When the fault occurs at the 

substation buses, the voltage sag measures 0.23 pu at the substation and 0.22 pu at the 

farthest terminal bus (Bus36). This significant voltage sag occurs because the fault 

current flowing to ground at the substation node is much larger than the load current. 
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Conversely, when the fault occurs at the farthest terminal node (Bus36), the substation 

experiences only a 0.03 pu voltage sag due to the high line impedance between the 

substation and fault location. Meanwhile, the faulted terminal node (Bus36) shows the 

highest sag of 0.92 pu. The profile clearly demonstrates that voltage sags are more 

severe at nodes closer to the fault location. 

Figure 25 illustrates the voltage sag profile at terminal buses for an LG fault at different 

locations with a fault resistance of 0.1 Ω. When the fault occurs at the substation buses, 

the voltage sag measures 0.23 pu at the substation and 0.22 pu at the farthest terminal 

bus (Bus36). This significant voltage sag occurs because the fault current flowing to 

ground at the substation node is much larger than the load current. Conversely, when 

the fault occurs at the farthest terminal node (Bus36), the substation experiences only a 

0.03 pu voltage sag due to the high line impedance between the substation and fault 

location. Meanwhile, the faulted terminal node (Bus36) shows the highest sag of 0.92 

pu. The profile clearly demonstrates that voltage sags are more severe at nodes closer 

to the fault location. The voltage sag characteristics of the faulted phase in LG faults 

exhibit a similar distribution pattern to those seen in terminal buses during LLLG faults. 

 

Figure 25: Voltage sag profile at terminal buses for LG fault at various locations in 
Solati feeder 
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Figure 26: Voltage sag profile at terminal buses for LLG fault at various locations in 
Solati feeder 

Figure 26 illustrates the voltage sag profile at terminal buses for an LLG fault at 

different locations with a fault resistance of 0.1 Ω. When the fault occurs at the 

substation buses, the voltage sag measures 0.23 pu at the substation and 0.22 pu at the 

farthest terminal bus (Bus36). This significant voltage sag occurs because the fault 

current flowing to ground at the substation node is much larger than the load current. 

Conversely, when the fault occurs at the farthest terminal node (Bus36), the substation 

experiences only a 0.00 pu voltage sag due to the high line impedance between the 

substation and fault location. Meanwhile, the faulted terminal node (Bus36) shows the 

highest sag of 0.91 pu. The profile clearly demonstrates that voltage sags are more 

severe at nodes closer to the fault location. The voltage sag characteristics of the faulted 

phase in LLG faults exhibit a similar distribution pattern to those seen in terminal buses 

during LLLG and LG faults. 

4.2.1 Solati Distribution Feeder Fault Location Visualization 

The fault location visualization on OpenStreetMap has been developed to display the 

simulation timestamp, simulated fault point, and calculated fault point, along with their 

distance from the substation. This HTML file can be opened in Google Chrome, 

Microsoft Edge, or other web browsers. Figure 27 and Figure 28 illustrate the fault 

location visualization—one showing an accurate result and the other with a slight 

deviation respectively. 
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Figure 27: Fault location visualization in case of pinpoint in Solati distribution feeder 

In Figure 28, the simulated fault location and the calculated fault location differ, making 

it evident that the two fault-indicated points are distinct—where the red marker 

represents the simulated fault node, and the blue marker represents the calculated fault 

node. In contrast Figure 27 both locations coincide, causing the markers to overlap. 

 

Figure 28: Fault location visualization in case of deviation in Solati distribution feeder 

4.2.2 Solati Distribution Feeder Fault Location Analysis 

Table 12: Impact of fault resistance in fault location in Solati distribution feeder 
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pe 
of  
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er 
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Distan
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Fau
lt 

Tim
e Pin  
Poin
t 

Error  
(m) 

ce 
Error 
(m) 

Tim
e Pin  
Poin
t 

Error  
(m) 

ce 
Error 
(m) 

Tim
e Pin  
Poin
t 

Error  
(m) 

ce 
Error 
(m) 

LL
LG 200 175 

34.5
5 370 189 

10.9
1 270 189 

10.9
1 270 

LL
G 200 175 

34.5
5 370 189 

10.9
1 270 189 

10.9
1 270 

LL 200 175 
34.5

5 370 189 
10.9

1 270 189 
10.9

1 270 

LG 200 175 
34.5

5 370 189 
10.9

1 270 189 
10.9

1 270 
 

A total of 200 faults are simulated for each fault type, with varying fault resistances of 

R = 0.1Ω, R = 50Ω, and R = 100Ω. The results are reported in Table 12. For bolted 

faults, the fault location is accurately pinpointed 175 times out of 200, with an average 

localization error of 34.55 meters and a maximum error of 370 meters. For faults with 

higher resistance values (R = 50Ω and R = 100Ω), the fault location is pinpointed 189 

times out of 200, with a lower average error of 10.91 meters and a maximum error of 

270 meters. These results indicate that higher fault resistance leads to lower localization 

errors. Additionally, fault location accuracy in this case remains independent of fault 

type. 

4.2.3 Impact of Load Variation on Fault Localization Accuracy 

Table 13: Impact of load variation on fault localization error in Solati feeder 

Ty
pe 
of  

Fau
lt 

Simul
ated  

Numb
er 

R=0.1Ω, 70% 
Loading 

R=0.1Ω, 100% 
Loading 

R=0.1Ω, 120% 
Loading 

Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

LL
LG 200 175 

34.5
5 370 175 

34.5
5 370 175 

34.5
5 370 

LL
G 200 175 

34.5
5 370 175 

34.5
5 370 175 

34.5
5 370 

LL 200 175 
34.5

5 370 175 
34.5

5 370 175 
34.5

5 370 

LG 200 175 
34.5

5 370 175 
34.5

5 370 175 
34.5

5 370 
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The Table 13 presents the impact of load variation on fault localization accuracy for 

different fault types under varying loading conditions (70%, 100%, and 120%). Each 

fault type, including LLLG, LLG, LL, and LG, is simulated 200 times, and the results 

are analyzed based on the number of times the fault location is pinpointed, the average 

localization error (in meters), and the maximum error distance (in meters). For all fault 

types and loading conditions, the fault location is accurately pinpointed 175 times out 

of 200, with an average localization error of 34.55 meters and a maximum error of 370 

meters. These values remain constant across all loading conditions, indicating that load 

variation does not affect fault localization accuracy when R = 0.1Ω. This result suggests 

that, in this case, fault localization accuracy is independent of system loading, as there 

is no observed impact on the pinpointing accuracy, average error, or maximum error 

distance. 

4.2.4 Impact of Line Impedance Measurement on Fault Localization Error 

Some sections of the impedance are considered as modeling errors, which may arise 

due to factors such as improper conductor joints, temperature variations, and 

measurement errors in GIS data. The changes in impedance for certain sections during 

the simulation are reported in Table 14. 

Table 14: Variation of impedance of sections in Solati feeder 

Section Impedance Change Percentage 
Line 3-4 5% 

Line 10-11 -5% 
Line 20-21 5% 
Line 26-27 -5% 
Line 33-34 5% 

 

Table 15: Comparison of variation of line impedance with base cases with fault 
resistance of 0.1Ω in Solati distribution feeder 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case Impedance Variation Case 
Numbe
r of 
Time 
Pin 
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of 
Time 
Pin 
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 
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LLL
G 200 175 34.55 370 145 45.273 370 
LLG 200 175 34.55 370 145 45.273 370 
LL 200 175 34.55 370 145 45.273 370 
LG 200 175 34.55 370 145 45.273 370 

 

Table 15 compares fault localization accuracy for different fault types under two 

scenarios: the Base Case (no impedance variation) and the Impedance Variation Case. 

In the Base Case, a total of 200 faults are simulated for each fault type, and the fault 

location is accurately pinpointed 175 times out of 200. The average localization error 

remains 34.55 meters, and the maximum distance error is 370 meters across all fault 

types. In the Impedance Variation Case, the fault location is correctly identified 145 

times out of 200 for each fault type, indicating a decrease in fault localization accuracy 

compared to the Base Case. The average error increases to 45.273 meters, showing that 

impedance variations lead to higher localization errors. Despite these changes, the 

maximum distance error remains the same at 370 meters. This suggests that impedance 

variation results in a higher average error and fewer successful fault localizations, but 

it does not affect the maximum observed error distance. 

4.2.5 Impact of DG Penetration on Fault Localization Accuracy 

With the increasing trend of DG penetration in distribution systems, the performance 

of the algorithm is also evaluated under DG integration. The location of the four 

photovoltaic (PV) units are taken randomly as well as their sizes. The detail of the DG 

configurations is reported in the Table 16. 

Table 16: Detail of simulated distributed generation for performance evaluation in 
Solati distribution feeder 

S.N
. 

Bus 
Number 

Type of DG 
Rating 
(kW) 

Power 
Factor 

Voltage Rating 
(kV) 

1 10 
Photovoltai
c 

100 1 11 

2 17 
Photovoltai
c 

150 1 11 

3 26 
Photovoltai
c 

200 1 11 

4 34 
Photovoltai
c 

250 1 11 
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Table 17: Impact of DG penetration in Solati distribution feeder with fault resistance 
of 0.1 ohm 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Average  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 200 175 34.55 370 149 

47.8181
8 370 

LLG 200 175 34.55 370 149 
47.8181

8 370 

LL 200 175 34.55 370 149 
47.8181

8 370 

LG 200 175 34.55 370 149 
47.8181

8 370 
 

Table 17 compares fault localization accuracy for different fault types under two 

scenarios: the Base Case (no Distributed Generation (DG) penetration) and the DG 

Penetration Case (with DG penetration), with a fault resistance of 0.1Ω. In the Base 

Case, a total of 200 faults are simulated for each fault type, and the fault location is 

accurately pinpointed 175 times out of 200. The average localization error is 34.55 

meters, and the maximum distance error is 370 meters across all fault types. In the DG 

Penetration Case, the fault location is correctly identified 149 times out of 200 for each 

fault type, showing a decrease in fault localization accuracy compared to the Base Case. 

The average error increases to 47.82 meters, indicating that the presence of DG 

penetration increases the localization error. Despite this, the maximum distance error 

remains the same at 370 meters, meaning that although the overall fault localization 

accuracy worsens with DG penetration, the worst-case error does not change. 

Table 18: Impact of DG penetration in Solati distribution feeder with fault resistance 
of 50 ohm 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Average  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 200 189 10.91 270 145 

53.6363
6 370 
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LLG 200 189 10.91 270 145 
53.6363

6 370 

LL 200 189 10.91 270 145 
53.6363

6 370 

LG 200 189 10.91 270 145 
53.6363

6 370 
 

Table 18 reports fault localization accuracy under two conditions: the Base Case 

(without Distributed Generation (DG) penetration) and the DG Penetration Case (with 

DG penetration), considering a fault resistance of 50.0Ω. Each fault type—LLLG, 

LLG, LL, and LG—is simulated 200 times, and the results are analyzed based on the 

number of times the fault is pinpointed correctly, the average localization error, and the 

maximum error distance. In the Base Case, fault localization performs well, with the 

fault being accurately pinpointed 189 times out of 200 for all fault types. The average 

localization error remains 10.91 meters, and the maximum distance error is 270 meters, 

indicating a high level of accuracy in fault identification. However, in the DG 

Penetration Case, fault localization accuracy decreases significantly. The number of 

times the fault is correctly pinpointed drops to 145 out of 200, showing a reduction in 

accuracy compared to the Base Case. The average localization error increases 

significantly to 53.64 meters, suggesting that the presence of DG introduces 

disturbances that impact fault localization precision. Additionally, the maximum error 

distance increases to 370 meters, indicating a higher risk of incorrect fault identification 

with DG penetration. 

Table 19: Impact of DG penetration in Solati distribution feeder with fault resistance 
of 100 ohm 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 200 189 10.91 270 145 53.6364 370 
LLG 200 189 10.91 270 145 53.6364 370 
LL 200 189 10.91 270 145 53.6364 370 
LG 200 189 10.91 270 145 53.6364 370 
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Table 19 reports the impact of Distributed Generation (DG) penetration on fault 

localization accuracy, considering a fault resistance of 100Ω. The comparison is made 

between the Base Case (without DG) and the DG Penetration Case across different fault 

types (LLLG, LLG, LL, and LG) based on 200 simulated faults. In the Base Case, the 

fault location is correctly pinpointed 189 times out of 200, showing a high accuracy 

rate. The average localization error is 10.91 meters, and the maximum distance error is 

270 meters, indicating that the method is highly effective under normal conditions. 

However, in the DG Penetration Case, the accuracy decreases notably. The fault is 

correctly pinpointed only 145 times out of 200, a significant drop from the Base Case. 

The average localization error increases to 53.64 meters, indicating a reduced precision 

in fault location detection. Additionally, the maximum distance error increases to 370 

meters, suggesting that DG penetration introduces additional complexities that lead to 

greater deviations in fault location estimation.  

Overall, the results suggest that DG penetration negatively impacts fault localization 

accuracy, leading to higher errors and a lower number of correctly identified fault 

locations compared to the Base Case. 

The results indicate that while the average distance error increases with DG penetration, 

the maximum distance error remains unchanged at 370 meters. This suggests that DG 

penetration introduces inconsistencies in fault localization, leading to a higher overall 

error, but it does not necessarily worsen the worst-case scenario. The increase in 

average error implies that fault location estimations are becoming less precise overall, 

likely due to the influence of DG on network conditions. However, since the maximum 

error remains the same, it indicates that the most extreme fault localization deviations 

are not significantly affected by DG penetration. 

4.2.6 Fault Classification in Solati Distribution Feeder 

Table 20: Fault classification result in Solati distribution feeder 

Subjected Fault Types 
Simulated 
Number 

Accurately Detected 
Number 

Presence of 
DG 

LLLG 200 200 No 
LLG (Phase A & B) 200 200 No 
LLG (Phase B & C) 200 200 No 
LLG (Phase C & A) 200 200 No 
LL (Phase A & B) 200 200 No 
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LL (Phase B & C) 200 200 No 
LL (Phase C & A) 200 200 No 
LG (Phase A) 200 200 No 
LG (Phase B) 200 200 No 
LG (Phase C) 200 200 No 
LLLG 200 200 Yes 
LLG (Phase A & B) 200 200 Yes 
LLG (Phase B & C) 200 200 Yes 
LLG (Phase C & A) 200 200 Yes 
LL (Phase A & B) 200 200 Yes 
LL (Phase B & C) 200 200 Yes 
LL (Phase C & A) 200 200 Yes 
LG (Phase A) 200 200 Yes 
LG (Phase B) 200 200 Yes 
LG (Phase C) 200 200 Yes 

 

The developed fault classification approach is also tested in the Solati distribution 

feeder, and the results are reported in Table 20. The method is evaluated both with and 

without DG integration. The findings indicate that the proposed methodology 

accurately classifies faults in the Solati distribution feeder. Additionally, the approach 

effectively identifies the specific phase(s) involved in the fault. 

4.3 Chapagaun Distribution Feeder Simulated Result 

The Chapagaun distribution feeder is modeled using OpenDSS and Python, with a 

dynamic program developed for fault localization and classification within the Python 

environment. A total of 314 simulations are conducted for each fault scenario. Fault is 

created at random length in the line. This results in 314 simulations for each fault type—

LLLG, LLG, LL, or LG.  

4.3.1 Chapagaun Distribution Feeder Fault Location Visualization 

The fault location visualization on OpenStreetMap has been developed to display the 

simulation timestamp, simulated fault point, and calculated fault point, along with their 

distance from the substation. This HTML file can be opened in Google Chrome, 

Microsoft Edge, or other web browsers. Figure 29 and Figure 30 illustrate the fault 

location visualization—one showing an accurate result and the other with a slight 

deviation respectively. 
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Figure 29: Fault location visualization in case of pinpoint in Chapagaun distribution 
feeder 

In Figure 30, the simulated fault location and the calculated fault location differ, making 

it evident that the two fault-indicated points are distinct—where the red marker 

represents the simulated fault node, and the blue marker represents the calculated fault 

node. In contrast Figure 29 both locations coincide, causing the markers to overlap. 

 

Figure 30: Fault location visualization in case of deviation in Chapagaun distribution 
feeder 

4.3.2 Chapagaun Distribution Feeder Fault Location Analysis 

A total of 314 faults are simulated for each fault type, with varying fault resistances of 

R = 0.1Ω, R = 50Ω, and R = 100Ω. The results are reported in Table 21. For bolted 

faults, the fault location is accurately pinpointed 260 times out of 314, with an average 
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localization error of 82.35 meters and a maximum error of 550 meters. For faults with 

higher resistance values (R = 50Ω and R = 100Ω), the fault location is pinpointed 270 

times out of 314, with a lower average error of 65.78 meters and a maximum error of 

450 meters. These results indicate that higher fault resistance leads to lower localization 

errors. Additionally, fault location accuracy in this case remains independent of fault 

type. 

Table 21: Impact of fault resistance in fault location in Chapagaun distribution feeder 

Ty
pe 
of  

Fau
lt 

Simul
ated  

Numb
er 

R=0.1Ω R=50Ω R=100Ω 
Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

LL
LG 314 260 

82.3
5 550 270 

65.7
8 450 270 

65.7
8 450 

LL
G 314 260 

82.3
5 550 270 

65.7
8 450 270 

65.7
8 450 

LL 314 260 
82.3

5 550 270 
65.7

8 450 270 
65.7

8 450 

LG 314 260 
82.3

5 550 270 
65.7

8 450 270 
65.7

8 450 
 

4.3.3 Impact of Load Variation on Fault Localization Accuracy 

Table 22: Impact of load variation on fault localization error in Chapagaun 
distribution feeder 

Typ
e of  
Fau
lt 

Simul
ated  

Numb
er 

R=0.1Ω, 30% 
Loading 

R=0.1Ω, 50% 
Loading 

R=0.1Ω, 70% 
Loading 

Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Tim
e Pin  
Poin
t 

Aver
age  
Error  
(m) 

Maxi
um 
Dista
nce 
Error 
(m) 

LL
LG 314 260 

82.3
5 550 260 

82.3
5 550 260 

82.3
5 550 

LL
G 314 260 

82.3
5 550 260 

82.3
5 550 260 

82.3
5 550 



62 
 

LL 314 260 
82.3

5 550 260 
82.3

5 550 260 
82.3

5 550 

LG 314 260 
82.3

5 550 260 
82.3

5 550 260 
82.3

5 550 
 

The Table 22 presents the impact of load variation on fault localization accuracy for 

different fault types under varying loading conditions (30%, 50%, and 70%). Each fault 

type, including LLLG, LLG, LL, and LG, is simulated 314 times, and the results are 

analyzed based on the number of times the fault location is pinpointed, the average 

localization error (in meters), and the maximum error distance (in meters). For all fault 

types and loading conditions, the fault location is accurately pinpointed 260 times out 

of 314, with an average localization error of 80 meters and a maximum error of 550 

meters. These values remain constant across all loading conditions, indicating that load 

variation does not affect fault localization accuracy when R = 0.1Ω. This result suggests 

that, in this case, fault localization accuracy is independent of system loading, as there 

is no observed impact on the pinpointing accuracy, average error, or maximum error 

distance. 

4.3.4 Impact of Line Impedance Measurement on Fault Localization Error 

Some sections of the impedance are considered as modeling errors, which may arise 

due to factors such as improper conductor joints, temperature variations, and 

measurement errors in GIS data. The changes in impedance for certain sections during 

the simulation are reported in Table 23. 

Table 23: Variation of impedance of sections in Chapagaun distribution feeder 

Section Impedance Change Percentage 
Line 3-4 5% 

Line 10-11 -5% 
Line 20-21 5% 
Line 26-27 -5% 
Line 33-34 5% 

 

Table 24 compares fault localization accuracy for different fault types under two 

scenarios: the Base Case (no impedance variation) and the Impedance Variation Case. 

In the Base Case, a total of 314 faults are simulated for each fault type, and the fault 
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location is accurately pinpointed 260 times out of 314. The average localization error 

remains 82.35 meters, and the maximum distance error is 550 meters across all fault 

types. In the Impedance Variation Case, the fault location is correctly identified 213 

times out of 314 for each fault type, indicating a decrease in fault localization accuracy 

compared to the Base Case. The average error increases to 103.78 meters, showing that 

impedance variations lead to higher localization errors. Despite these changes, the 

maximum distance error remains the same at 550 meters. This suggests that impedance 

variation results in a higher average error and fewer successful fault localizations, but 

it does not affect the maximum observed error distance. 

Table 24: Comparison of variation of line impedance with base cases with fault 
resistance of 0.1Ω in Chapagaun distribution feeder 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case Impedance Variation Case 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 314 260 82.35 550 213 103.78 550 
LLG 314 260 82.35 550 213 103.78 550 
LL 314 260 82.35 550 213 103.78 550 
LG 314 260 82.35 550 213 103.78 550 

 

4.3.5 Impact of DG Penetration on Fault Localization Accuracy 

With the increasing trend of DG penetration in distribution systems, the performance 

of the algorithm is also evaluated under DG integration. The location of the four 

photovoltaic (PV) units are taken randomly as well as their sizes. The detail of the DG 

configurations is reported in Table 25. 

Table 25: Detail of simulated distributed generation for performance evaluation in 
Chapagaun distribution feeder 

S.N
. 

Bus 
Number 

Type of 
DG 

Rating 
(kVA) 

Power 
Factor 

Voltage Rating 
(kV) 

1 10 
Photovoltai
c 

350 1 11 

2 30 
Photovoltai
c 

300 1 11 
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3 50 
Photovoltai
c 

250 1 11 

4 99 
Photovoltai
c 

400 1 11 

 

Table 26: Impact of DG penetration in Chapagaun distribution feeder with fault 
resistance of 0.1 ohm 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 

314 260 82.35 550 220 97.65 550 

LLG 314 260 82.35 550 220 97.65 550 

LL 314 260 82.35 550 220 97.65 550 

LG 314 260 82.35 550 220 97.65 550 
 

Table 26 compares fault localization accuracy for different fault types under two 

scenarios: the Base Case (no Distributed Generation (DG) penetration) and the DG 

Penetration Case (with DG penetration), with a fault resistance of 0.1Ω. In the Base 

Case, a total of 314 faults are simulated for each fault type, and the fault location is 

accurately pinpointed 260 times out of 314. The average localization error is 82.35 

meters, and the maximum distance error is 550 meters across all fault types. In the DG 

Penetration Case, the fault location is correctly identified 220 times out of 314 for each 

fault type, showing a decrease in fault localization accuracy compared to the Base Case. 

The average error increases to 97.65 meters, indicating that the presence of DG 

penetration increases the localization error. Despite this, the maximum distance error 

remains the same at 550 meters, meaning that although the overall fault localization 

accuracy worsens with DG penetration, the worst-case error does not change. 

Table 27 reports fault localization accuracy under two conditions: the Base Case 

(without Distributed Generation (DG) penetration) and the DG Penetration Case (with 

DG penetration), considering a fault resistance of 50.0Ω. Each fault type—LLLG, 

LLG, LL, and LG—is simulated 314 times, and the results are analyzed based on the 

number of times the fault is pinpointed correctly, the average localization error, and the 
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maximum error distance. In the Base Case, fault localization performs well, with the 

fault being accurately pinpointed 270 times out of 314 for all fault types. The average 

localization error remains 65.78 meters, and the maximum distance error is 450 meters, 

indicating a high level of accuracy in fault identification. However, in the DG 

Penetration Case, fault localization accuracy decreases significantly. The number of 

times the fault is correctly pinpointed drops to 230 out of 314, showing a reduction in 

accuracy compared to the Base Case. The average localization error increases 

significantly to 87.25 meters, suggesting that the presence of DG introduces 

disturbances that impact fault localization precision. Additionally, the maximum error 

distance remains to same as 450 meters. 

Table 27: Impact of DG penetration in Chapagaun distribution feeder with fault 
resistance of 50 ohm 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 

314 270 65.78 450 230 87.25 450 

LLG 314 270 65.78 450 230 87.25 450 

LL 314 270 65.78 450 230 87.25 450 

LG 314 270 65.78 450 230 87.25 450 
 

Table 28 reports the impact of Distributed Generation (DG) penetration on fault 

localization accuracy, considering a fault resistance of 100Ω. The comparison is made 

between the Base Case (without DG) and the DG Penetration Case across different fault 

types (LLLG, LLG, LL, and LG) based on 314 simulated faults. In the Base Case, the 

fault location is correctly pinpointed 270 times out of 314, showing a high accuracy 

rate. The average localization error is 65.78 meters, and the maximum distance error is 

550 meters, indicating that the method is highly effective under normal conditions. 

However, in the DG Penetration Case, the accuracy decreases notably. The fault is 

correctly pinpointed only 230 times out of 314, a significant drop from the Base Case. 

The average localization error increases to 87.25 meters, indicating a reduced precision 
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in fault location detection. Additionally, the maximum distance error increases to 370 

meters. 

Table 28: Impact of DG penetration in Chapagaun distribution feeder with fault 
resistance of 100 ohm 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 

314 270 65.78 450  230 87.25 450 

LLG 314 270 65.78 450 230 87.25 450 

LL 314 270 65.78 450 230 87.25 450 

LG 314 270 65.78 450 230 87.25 450 
 

Overall, the results suggest that DG penetration negatively impacts fault localization 

accuracy, leading to higher errors and a lower number of correctly identified fault 

locations compared to the Base Case. 

The results indicate that while the average distance error increases with DG penetration, 

the maximum distance error remains unchanged at 550 meters. This suggests that DG 

penetration introduces inconsistencies in fault localization, leading to a higher overall 

error, but it does not necessarily worsen the worst-case scenario. The increase in 

average error implies that fault location estimations are becoming less precise overall, 

likely due to the influence of DG on network conditions. However, since the maximum 

error remains the same, it indicates that the most extreme fault localization deviations 

are not significantly affected by DG penetration. 

4.3.6 Fault Classification in Chapagaun Distribution Feeder 

The developed fault classification approach is also tested in the Solati distribution 

feeder, and the results are reported in Table 29. The method is evaluated both with and 

without DG integration. The findings indicate that the proposed methodology 

accurately classifies faults in the Solati distribution feeder. Additionally, the approach 

effectively identifies the specific phase(s) involved in the fault. 
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Table 29: Fault classification result in chapagaun distribution feeder 

Subjected Fault 
Types 

Simulated 
Number 

Accurately Detected 
Number 

Presence of 
DG 

LLLG 314 314 No 
LLG (Phase A & B) 314 314 No 
LLG (Phase B & C) 314 314 No 
LLG (Phase C & A) 314 314 No 
LL (Phase A & B) 314 314 No 
LL (Phase B & C) 314 314 No 
LL (Phase C & A) 314 314 No 
LG (Phase A) 314 314 No 
LG (Phase B) 314 314 No 
LG (Phase C) 314 314 No 
LLLG 314 314 Yes 
LLG (Phase A & B) 314 314 Yes 
LLG (Phase B & C) 314 314 Yes 
LLG (Phase C & A) 314 314 Yes 
LL (Phase A & B) 314 314 Yes 
LL (Phase B & C) 314 314 Yes 
LL (Phase C & A) 314 314 Yes 
LG (Phase A) 314 314 Yes 
LG (Phase B) 314 314 Yes 
LG (Phase C) 314 314 Yes 

 

4.4 Underground Distribution Feeder Simulation 

To validate the proposed methodology for underground distribution systems, the study 

modifies the Solati distribution feeder by converting it from overhead to underground 

configuration while preserving the original feeder length and loading conditions. The 

overhead conductors (rabbit and dog type) are systematically replaced with 11 kV, 120 

mm² XLPE cables in each section, featuring characteristic parameters of 0.35 Ω/km 

resistance, 0.10 Ω/km reactance, 0.32 μF/km capacitance, and 220 A current carrying 

capacity as per IEC 60502-2 standards. This underground cable conversion maintains 

identical analysis conditions for direct performance comparison with the overhead 

system, with detailed results presented in subsequent sections. The modification 

enables comprehensive evaluation of the methodology's effectiveness in underground 

distribution networks while ensuring consistency in all other operational parameters. 
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Figure 31: Comparison of voltage profile at terminal nodes with 100% loading in 
underground distribution feeder 

Figure 31 illustrates the voltage profile of terminal nodes equipped with IEDs under 

100% loading conditions, comparing scenarios with and without distributed generation 

(DG) integration. In the base case (without DG), Bus1 (substation node) maintains 1 pu 

voltage, while the farthest node (Bus36, 16.41 km away) records 0.96 pu, demonstrating 

characteristic voltage drop with increasing distance from the substation. The balanced 

system allows representation using R-phase voltage (pu) for all three phases. When 

photovoltaic DG units (randomly located with capacities specified in Table 16) are 

integrated at 700 kW total penetration (70% nominal irradiance), the voltage profile 

shows marginal improvement across the feeder compared to the base case. Because of 

marginal improvement in voltage profile, further voltage sag analysis presents in this 

report is without presence of DG. 

Figure 32 illustrates the voltage sag profile at terminal buses for an LLLG fault at 

different locations with a fault resistance of 0.1 Ω. When the fault occurs at the 

substation buses, the voltage sag measures 0.23 pu at the substation and 0.22 pu at the 

farthest terminal bus (Bus36). This significant voltage sag occurs because the fault 

current flowing to ground at the substation node is much larger than the load current. 

Conversely, when the fault occurs at the farthest terminal node (Bus36), the substation 

experiences only a 0.00 pu voltage sag due to the high line impedance between the 

substation and fault location. Meanwhile, the faulted terminal node (Bus36) shows the 
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highest sag of 0.94 pu. The profile clearly demonstrates that voltage sags are more 

severe at nodes closer to the fault location. 

 

Figure 32: Voltage sag profile at terminal buses for LLLG fault at various locations in 
underground distribution feeder 

Figure 33 illustrates the voltage sag profile at terminal buses for an LG fault at different 

locations with a fault resistance of 0.1 Ω. When the fault occurs at the substation buses, 

the voltage sag measures 0.23 pu at the substation and 0.23 pu at the farthest terminal 

bus (Bus36). This significant voltage sag occurs because the fault current flowing to 

ground at the substation node is much larger than the load current. Conversely, when 

the fault occurs at the farthest terminal node (Bus36), the substation experiences only a 

0.00 pu voltage sag due to the high line impedance between the substation and fault 

location. Meanwhile, the faulted terminal node (Bus36) shows the highest sag of 0.94 

pu. The profile clearly demonstrates that voltage sags are more severe at nodes closer 

to the fault location. The voltage sag characteristics of the faulted phase in LG faults 

exhibit a similar distribution pattern to those seen in terminal buses during LLLG faults. 

Figure 34 illustrates the voltage sag profile at terminal buses for an LLG fault at 

different locations with a fault resistance of 0.1 Ω. When the fault occurs at the 

substation buses, the voltage sag measures 0.23 pu at the substation and 0.18 pu at the 

farthest terminal bus (Bus36). This significant voltage sag occurs because the fault 

current flowing to ground at the substation node is much larger than the load current. 

Conversely, when the fault occurs at the farthest terminal node (Bus36), the substation 
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experiences only a 0.00 pu voltage sag due to the high line impedance between the 

substation and fault location. Meanwhile, the faulted terminal node (Bus36) shows the 

highest sag of 0.90 pu. The profile clearly demonstrates that voltage sags are more 

severe at nodes closer to the fault location. The voltage sag characteristics of the faulted 

phase in LLG faults exhibit a similar distribution pattern to those seen in terminal buses 

during LLLG and LG faults. 

 

Figure 33: Voltage sag profile at terminal buses for LG fault at various locations in 
underground distribution feeder 

 

Figure 34: Voltage sag profile at terminal buses for LG fault at various locations in 
underground distribution feeder 
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4.4.1 Underground Distribution Feeder Fault Location Analysis 

Table 30: Impact of fault resistance in fault location in underground distribution 
feeder 

Typ
e of  
Fau
lt 

Simul
ated  

Numb
er 

R=0.1Ω R=50Ω R=100Ω 
Num
ber 
of  
Time 
Pin  
Point 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Time 
Pin  
Point 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Time 
Pin  
Point 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

LL
LG 200 160 22.36 370 196 0.55 30 196 0.55 30 
LL
G 200 156 29.09 370 178 5.82 30 196 0.55 30 
LL 200 156 29.09 370 178 5.82 30 196 0.55 30 
LG 200 156 29.09 370 196 0.55 30 196 0.55 30 

 

A total of 200 faults are simulated for each fault type, with fault resistances of R = 0.1Ω, 

R = 50Ω, and R = 100Ω. The results are presented in Table 30. For bolted faults, the 

fault location is accurately identified 160 times out of 200, with an average localization 

error of 22.36 meters for LLLG faults. For other fault types, the fault location is 

accurately determined 156 times out of 200, with an average error of 29.09 meters. 

However, the maximum localization error remains constant at 370 meters for all fault 

types with very low resistance. It is observed that as fault resistance increases, both the 

average and maximum localization errors decrease. For LLLG faults with higher fault 

resistances of 50Ω and 100Ω, the maximum localization error is 30 meters, which is 

also the case for LG faults. Additionally, for LLG and LL faults with a resistance of 

100Ω, the results remain consistent. 

4.4.2 Impact of Load Variation on Fault Localization Accuracy 

Table 31 reports the results of fault location accuracy for different fault types under 

varying loading conditions (70%, 100%, and 120%) while maintaining a fault 

resistance of R = 0.1Ω. A total of 200 faults are simulated for each fault type, and the 

number of times the fault is accurately pinpointed remains consistent across all loading 

conditions. For LLLG faults, the fault is correctly identified 160 times out of 200, with 

an average localization error of 22.36 meters. The maximum localization error remains 

at 370 meters, regardless of the loading level. Similarly, for LLG, LL, and LG faults, 
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the fault is pinpointed correctly 156 times out of 200, with an average error of 29.09 

meters and a maximum error of 370 meters. 

These results indicate that changes in system loading do not impact fault localization 

accuracy when the fault resistance is low (0.1Ω). The consistency in both the number 

of correctly identified faults and the associated errors suggests that the accuracy of fault 

location estimation is primarily influenced by fault resistance rather than variations in 

loading conditions. 

Table 31: Impact of load variation on fault localization error in underground 
distribution feeder 

Typ
e of  
Fau
lt 

Simul
ated  

Numb
er 

R=0.1Ω, 70% Loading 
R=0.1Ω, 100% 

Loading 
R=0.1Ω, 120% 

Loading 
Num
ber 
of  
Time 
Pin  
Point 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Time 
Pin  
Point 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

Num
ber 
of  
Time 
Pin  
Point 

Aver
age  
Error  
(m) 

Maxi
mum 
Distan
ce 
Error 
(m) 

LL
LG 200 160 22.36 370 160 22.36 370 160 22.36 370 
LL
G 200 156 29.09 370 156 29.09 370 156 29.09 370 
LL 200 156 29.09 370 156 29.09 370 156 29.09 370 
LG 200 156 29.09 370 156 29.09 370 156 29.09 370 

 

4.4.3 Impact of Line Impedance Measurement on Fault Localization Error 

The changes in impedance for certain sections during the simulation are reported in 

Table 14. Table 32 reports the results of fault location accuracy under two different 

cases: the Base Case and the Impedance Variation Case. A total of 200 faults are 

simulated for each fault type (LLLG, LLG, LL, and LG), and the number of times the 

fault is accurately pinpointed, along with the average and maximum localization errors, 

is recorded for both cases. In the Base Case, for LLLG faults, the fault is correctly 

identified 160 times out of 200, with an average localization error of 22.36 meters and 

a maximum error of 370 meters. For LLG, LL, and LG faults, the fault is pinpointed 

accurately 156 times out of 200, with an average error of 29.09 meters and the same 

maximum error of 370 meters. 
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Table 32: Comparison of variation of line impedance with base case with fault 
resistance of 0.1Ω in underground distribution feeder 

Type 
of  

Fault 

Simulated  
Number 

Base Case Impedance Variation Case 
Number 
of  
Time 
Pin  
Point 

Average  
Error  
(m) 

Maximum 
Distance 
Error (m) 

Number 
of  
Time 
Pin  
Point 

Average  
Error  
(m) 

Maximum 
Distance 
Error (m) 

LLLG 200 160 22.36 370 133 29.31 370 
LLG 200 156 29.09 370 129 38.12 370 
LL 200 156 29.09 370 129 38.12 370 
LG 200 156 29.09 370 129 38.12 370 

 

In the Impedance Variation Case, the number of correctly pinpointed faults decreases 

for all fault types. For LLLG faults, the fault is accurately identified 133 times, with an 

increased average localization error of 29.31 meters, while the maximum error remains 

at 370 meters. Similarly, for LLG, LL, and LG faults, the fault is pinpointed correctly 

129 times, with an even higher average localization error of 38.12 meters, though the 

maximum error remains unchanged at 370 meters. 

These results suggest that variations in impedance negatively impact fault localization 

accuracy, reducing the number of correctly identified fault locations and increasing the 

average localization error. However, the maximum localization error remains the same 

across both cases, indicating that impedance variations primarily affect the precision of 

fault identification rather than the worst-case error scenario. 

4.4.4 Impact of DG Penetration on Fault Localization Accuracy 

Table 33 presents the impact of Distributed Generation (DG) penetration on fault 

location accuracy for a fault resistance of 1Ω. The results compare the Base Case 

(without DG) and the DG Penetration Case, analyzing the number of correctly 

pinpointed faults, the average localization error, and the maximum localization error. A 

total of 200 faults are simulated for each fault type (LLLG, LLG, LL, and LG). 

In the Base Case, for LLLG faults, the fault is accurately pinpointed 160 times out of 

200, with an average localization error of 22.36 meters and a maximum error of 370 

meters. For LLG, LL, and LG faults, the fault is correctly identified 156 times out of 
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200, with an average localization error of 29.09 meters and a maximum error of 370 

meters. 

With DG Penetration, fault localization improves significantly. For LLLG, LLG, and 

LL faults, the number of correctly pinpointed faults increases to 171 out of 200, while 

the average localization error decreases to just 7.45 meters, and the maximum error is 

reduced to 60 meters. For LG faults, the accuracy also improves, with the fault 

pinpointed 167 times out of 200, an average localization error of 9.09 meters, and a 

maximum error of 90 meters. 

Table 33: Impact of DG Penetration in underground distribution feeder with fault 
resistance of 0.1 Ω 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 200 160 22.36 370 171 7.45 60 
LLG 200 156 29.09 370 171 7.45 60 
LL 200 156 29.09 370 171 7.45 60 
LG 200 156 29.09 370 167 9.09 90 

 

Table 34 presents the impact of Distributed Generation (DG) penetration on fault 

location accuracy for a fault resistance of 50Ω. The results are compared between the 

Base Case (without DG) and the DG Penetration Case. A total of 200 faults are 

simulated for each fault type (LLLG, LLG, LL, and LG), and the accuracy of fault 

localization is assessed in terms of the number of correctly pinpointed faults, the 

average localization error, and the maximum error. 

In the Base Case, for LLLG faults, the fault is correctly identified 160 times out of 200, 

with an average localization error of 22.36 meters and a maximum error of 370 meters. 

Similarly, for LLG, LL, and LG faults, the fault is pinpointed 156 times out of 200, with 

an average localization error of 29.09 meters and the same maximum error of 370 

meters. With DG Penetration, fault localization accuracy improves significantly. For 

LLLG, LLG, and LL faults, the number of correctly pinpointed faults increases to 171 
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out of 200, while the average localization error decreases drastically to 7.45 meters. 

Additionally, the maximum localization error reduces to 60 meters, showing a 

substantial improvement in precision. For LG faults, the number of correctly pinpointed 

faults also increases to 167, with an average error of 9.09 meters and a maximum error 

of 90 meters. 

Table 34: Impact of DG penetration in underground distribution feeder with fault 
resistance of 50 Ω 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 200 196 0.55 30 175 6.91 60 
LLG 200 178 5.82 30 175 6.91 60 
LL 200 178 5.82 30 175 6.91 60 
LG 200 196 0.55 30 175 6.91 60 

 

Table 35 presents the impact of Distributed Generation (DG) penetration on fault 

location accuracy for a fault resistance of 100Ω. The results compare the Base Case 

(without DG) and the DG Penetration Case, analyzing the number of correctly 

pinpointed faults, the average localization error, and the maximum localization error. A 

total of 200 faults are simulated for each fault type (LLLG, LLG, LL, and LG). 

In the Base Case, for LLLG faults, the fault is accurately identified 175 times out of 

200, with an average localization error of 6.91 meters and a maximum error of 60 

meters. For LLG, LL, and LG faults, the accuracy is significantly higher, with the fault 

pinpointed 196 times out of 200, and the average localization error reduced to just 0.55 

meters, while the maximum error is only 30 meters. 

With DG Penetration, the accuracy remains exceptionally high across all fault types. 

For LLLG faults, the number of correctly pinpointed faults increases further to 196 out 

of 200, while the average error is reduced to just 0.55 meters, and the maximum error 

drops to 30 meters. For LLG, LL, and LG faults, the results remain unchanged, 



76 
 

maintaining an average localization error of 0.55 meters and a maximum error of 30 

meters, with 196 faults accurately pinpointed. 

Table 35: Impact of DG penetration in underground distribution feeder with fault 
resistance of 100 Ω 

Type 
of  

Fault 

Simulate
d  

Number 

Base Case DG Penetration 
Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

Numbe
r of  
Time 
Pin  
Point 

Averag
e  
Error  
(m) 

Maximu
m 
Distance 
Error (m) 

LLL
G 200 175 6.91 60 196 0.55 30 
LLG 200 196 0.55 30 196 0.55 30 
LL 200 196 0.55 30 196 0.55 30 
LG 200 196 0.55 30 196 0.55 30 

 

These results indicate that at higher fault resistance (100Ω), fault localization accuracy 

significantly improves, even in the base case. The addition of DG penetration further 

enhances accuracy, ensuring minimal error in fault location identification. The low 

average and maximum localization errors demonstrate that high-resistance faults are 

easier to localize accurately in the presence of DG. This improvement is likely due to 

better voltage profile stabilization and enhanced fault current contribution from DG 

units, leading to more distinct fault signatures that improve fault localization 

performance. 

4.4.5 Fault Classification in Underground Distribution Feeder 

The developed fault classification approach is also tested in the underground 

distribution feeder, and the results are reported in Table 36. The method is evaluated 

both with and without DG integration. The findings indicate that the proposed 

methodology accurately classifies faults in the Solati distribution feeder. Additionally, 

the approach effectively identifies the specific phase(s) involved in the fault. 

Table 36: Fault classification result in underground distribution feeder 

Subjected Fault Types 
Simulated 
Number 

Accurately Detected 
Number 

Presence of 
DG 

LLLG 200 200 No 
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LLG (Phase A & B) 200 200 No 
LLG (Phase B & C) 200 200 No 
LLG (Phase C & A) 200 200 No 
LL (Phase A & B) 200 200 No 
LL (Phase B & C) 200 200 No 
LL (Phase C & A) 200 200 No 
LG (Phase A) 200 200 No 
LG (Phase B) 200 200 No 
LG (Phase C) 200 200 No 
LLLG 200 200 Yes 
LLG (Phase A & B) 200 200 Yes 
LLG (Phase B & C) 200 200 Yes 
LLG (Phase C & A) 200 200 Yes 
LL (Phase A & B) 200 200 Yes 
LL (Phase B & C) 200 200 Yes 
LL (Phase C & A) 200 200 Yes 
LG (Phase A) 200 200 Yes 
LG (Phase B) 200 200 Yes 
LG (Phase C) 200 200 Yes 

 

4.5 Comparative Result Analysis of Nepalese Distribution Feeder 

 

Figure 35: Comparative analysis of worst-case fault location accuracy in Nepalese 
distribution feeders 

Figure 35 compares the worst-case fault location accuracy across three different 

distribution feeders under varying test conditions. The feeders analyzed include the 

Solti Distribution Feeder (25.41 km), Chapagaun Distribution Feeder (70 km), and an 
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Underground Distribution Feeder (25.41 km). The study evaluates the impact of 

Distributed Generation (DG), load variation, and impedance variation on fault 

localization accuracy. 

Without DG scenario, fault location accuracy is relatively high for all three feeders. The 

Solti feeder achieves 87.50% accuracy, while the Chapagaun feeder records a slightly 

lower accuracy of 82.80%. The Underground feeder performs best, achieving 89% 

accuracy.  

When DG is introduced, fault localization accuracy declines across all feeders. The 

accuracy for Solti feeder drops to 72.50%, while the Chapagaun feeder decreases to 

70.06%. The Underground feeder also experiences a decline, but it maintains the 

highest accuracy at 80%. For the Load Variation scenario, the accuracy remains 

unchanged compared to the Without DG case. The Solti feeder and Chapagaun feeder 

maintain their accuracy at 87.50% and 82.80%, respectively, while the Underground 

feeder retains its highest accuracy of 89%. This indicates that changes in system loading 

do not significantly affect fault detection performance, suggesting that the system is 

well-adapted to handle varying load conditions. 

Under Impedance Variation, fault location accuracy drops similarly to the With DG 

scenario. The Solti feeder experiences a decline to 72.50%, while the Chapagaun feeder 

decreases to 70.06%. The Underground feeder's accuracy reduces to 78%, showing that 

impedance variations impact fault detection, particularly in underground networks 

where cable impedance fluctuations alter fault characteristics. 

Overall, the Underground feeder consistently shows the highest accuracy across all 

scenarios, likely due to its more predictable impedance and fault characteristics 

compared to overhead feeders.  

Figure 36 illustrates the average fault location error for three distribution feeders. Under 

normal conditions, the worst-case average fault location errors for the Solti, Chapagaun, 

and Underground distribution feeders are 34.55 m, 82.35 m, and 29.09 m, respectively. 

This indicates that the fault location algorithm performs better in underground 

distribution feeders compared to overhead distribution lines. 
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With the penetration of Distributed Generation (DG), the average error increases in 

overhead distribution lines, whereas in underground distribution lines, the average error 

remains unchanged. Under varying loading conditions, the performance impact remains 

consistent, showing that load variations do not significantly affect fault localization 

accuracy. 

However, in the case of distribution line modeling, if line impedance is incorrectly 

represented for certain sections, the average error increases significantly for all cases. 

This highlights the importance of accurate impedance modeling in improving fault 

location precision. 

 

Figure 36: Comparative analysis of worst-case average fault location error in 
Nepalese distribution feeders 

  

34.55

53.64

34.55
45.27

82.35 87.25 82.35 87.25

29.09 29.09
38.18 38.12

0.00

20.00

40.00

60.00

80.00

100.00

Without DG With DG Load Variation Impedance
Variations

D
is

ta
nc

e 
(m

)

Test Conditions

Comparison of Worst Case Average Fault Location Error for Three 
Distribution Feeder

Solati Distribution Feeder Chapagaun Distribution feeder

Underground Distribution Feeder



80 
 

CHAPTER FIVE: CONCLUSION AND RECOMMENDATION 

This thesis proposed fault localization and novel classification methodology for 

distribution feeders using voltage sag data and circuit analysis. The proposed approach 

integrates OpenDSS and Python to achieve fault type detection while minimizing the 

need for extensive sensor networks. Additionally, the incorporation of Geographic 

Information Systems (GIS) enhances fault visualization, aiding in efficient fault 

restoration. 

The methodology is validated using the IEEE 33-bus test system, along with two 

practical Nepalese distribution feeders—Solati and Chapagaun—and an underground 

distribution feeder. 

The following conclusions have been drawn from the simulation results: 

 The developed fault classification approach demonstrates high accuracy under 

diverse test conditions, effectively classifying fault types and identifying the 

faulty phase in the network, even with variations in load, distributed generation 

(DG) penetration, errors in line impedance measurements, and changing fault 

resistance. 

 The fault localization accuracy remains consistent under varying loading 

conditions. 

 Inaccurate impedance measurement data during the modeling of the distribution 

line negatively impacts the accuracy of fault location. 

 The penetration of distributed generation slightly affects the precision of fault 

location, but both the average and maximum errors remain unchanged. 

Additionally, fault location accuracy is higher in underground distribution 

feeders compared to overhead feeders. 

The research contributes to improving fault management strategies in Nepal’s 

distribution network by providing an efficient, cost-effective alternative to traditional 

fault localization methods. Future work can focus on expanding the methodology to 

enhance the resilience of distribution feeders, improving system reliability by enabling 

the switching of available tie lines during fault conditions, and developing a self-healing 

distribution system with advanced control and protection mechanisms. 
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APPENDIX A: DISTRIBUTION FEEDER DATA 

A.1 IEEE 33 bus system data 

Table 37: Data of existing branches of 33-bus test system 

From  To R(Ω) X(Ω) Current Capacity (A) 
1 2 0.0922 0.0477 500 
2 3 0.493 0.2511 500 
3 4 0.366 0.1864 500 
4 5 0.3811 0.1941 500 
5 6 0.819 0.707 500 
6 7 0.1872 0.6188 500 
7 8 1.7114 1.2351 500 
8 9 1.03 0.74 500 
9 10 1.04 0.74 500 

10 11 0.1966 0.065 500 
11 12 0.3744 0.1238 500 
12 13 1.468 1.155 500 
13 14 0.5416 0.7129 500 
14 15 0.591 0.526 500 
15 16 0.7463 0.545 500 
16 17 1.289 1.721 500 
17 18 0.732 0.574 500 
2 19 0.164 0.1565 500 

19 20 1.5042 1.3554 500 
20 21 0.4095 0.4784 500 
21 22 0.7089 0.9373 500 
3 23 0.4512 0.3083 500 

23 24 0.898 0.7091 500 
24 25 0.896 0.7011 500 
6 26 0.203 0.1043 500 

26 27 0.2842 0.1447 500 
27 28 1.059 0.9337 500 
28 29 0.8042 0.7006 500 
29 30 0.5075 0.2585 500 
30 31 0.9744 0.963 500 
31 32 0.3105 0.3619 500 
32 33 0.341 0.5302 500 

 

 

 

Table 38: Data of IEEE 33 bus load at node 
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Bus Number Active Power (kW) Reactive Power (kVar) 
1 0 0 
2 100 60 
3 90 40 
4 120 80 
5 60 30 
6 60 20 
7 200 100 
8 200 100 
9 60 20 
10 60 20 
11 45 30 
12 60 35 
13 60 35 
14 60 80 
15 120 10 
16 60 20 
17 60 20 
18 60 40 
19 90 40 
20 90 40 
21 90 40 
22 90 40 
23 90 40 
24 90 50 
25 420 200 
26 420 200 
27 60 25 
28 60 25 
29 60 20 
30 120 70 
31 200 600 
32 150 70 
33 210 100 

 

A.2 Solati Distribution Feeder Data 

Table 39: GIS coordinates of bus in Solati distribution feeder 

Bus_Name Longitude Latitude 
1 85.469879 27.008212 
2 85.470307 27.008198 
3 85.4714412 27.0080378 
4 85.4677258 27.0041479 
5 85.46756598 27.00399959 
6 85.46739768 27.00407702 
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7 85.46469853 27.0087986 
8 85.46201144 27.01170383 
9 85.46241096 27.01243916 

10 85.46035296 27.01262806 
11 85.452472 27.014242 
12 85.4533087 27.0164654 
13 85.441841 27.020377 
14 85.4414838 27.0211372 
15 85.4651526 27.0192582 
16 85.4622835 27.0214378 
17 85.4609306 27.0229896 
18 85.469498 27.0254363 
19 85.470336 27.02837 
20 85.4769581 27.0417353 
21 85.4656378 27.0441602 
22 85.46566674 27.04263071 
23 85.4618592 27.0454912 
24 85.45386377 27.03711309 
25 85.4616006 27.045629 
26 85.4592507 27.050584 
27 85.463892 27.063062 
28 85.4577076 27.065986 
29 85.4571573 27.0569185 
30 85.4570047 27.057 
31 85.448195 27.041982 
32 85.4373395 27.0506587 
33 85.4449472 27.037453 
34 85.4315002 27.0408707 
35 85.425874 27.032184 
36 85.43600221 27.0274315 

 

Table 40: Solati feeder branch data 

Line_Na
me 

B
1 

B
2 

Leng
th 

Uni
ts 

R(Ω) X(Ω) Current 
Capacity (A) 

Type of 
Conductor 

L1 1 2 0.04
3 

km 0.73
94 

0.35
48 

193 
Rabbit 

L2 2 3 0.11
2 

km 0.37
24 

0.33
32 

300 
Dog 

L3 3 4 0.56
9 

km 0.37
24 

0.33
32 

300 
Dog 

L4 4 5 0.02
2 

km 0.73
94 

0.35
48 

193 
Rabbit 

L5 5 6 0.02
5 

km 0.73
94 

0.35
48 

193 
Rabbit 

L6 5 7 0.44
8 

km 0.37
24 

0.33
32 

300 
Dog 
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L7 7 8 1.23
4 

km 0.37
24 

0.33
32 

300 
Dog 

L8 8 9 0.09 km 0.73
94 

0.35
48 

193 
Rabbit 

L9 9 1
0 

0.23 km 0.73
94 

0.35
48 

193 
Rabbit 

L10 1
0 

1
1 

0.83 km 0.73
94 

0.35
48 

193 
Rabbit 

L11 1
1 

1
2 

0.25
6 

km 0.73
94 

0.35
48 

193 
Rabbit 

L12 1
1 

1
3 

1.47
9 

km 0.73
94 

0.35
48 

193 
Rabbit 

L13 1
3 

1
4 

0.09
1 

km 0.73
94 

0.35
48 

193 
Rabbit 

L14 9 1
5 

0.80
8 

km 0.37
24 

0.33
32 

300 
Dog 

L15 1
5 

1
6 

0.37
9 

km 0.73
94 

0.35
48 

193 
Rabbit 

L16 1
6 

1
7 

0.24
47 

km 0.73
94 

0.35
48 

193 
Rabbit 

L17 1
5 

1
8 

0.84
8 

km 0.37
24 

0.33
32 

300 
Dog 

L18 1
8 

1
9 

0.34
5 

km 0.73
94 

0.35
48 

193 
Rabbit 

L19 1
9 

2
0 

1.74
5 

km 0.73
94 

0.35
48 

193 
Rabbit 

L20 2
0 

2
1 

1.16
8 

km 0.73
94 

0.35
48 

193 
Rabbit 

L21 2
1 

2
2 

0.17
2 

km 0.73
94 

0.35
48 

193 
Rabbit 

L22 2
1 

2
3 

0.40
5 

km 0.73
94 

0.35
48 

193 
Rabbit 

L23 2
3 

2
4 

1.17
4 

km 0.73
94 

0.35
48 

193 
Rabbit 

L24 2
3 

2
5 

0.02
8 

km 0.73
94 

0.35
48 

193 
Rabbit 

L25 2
5 

2
6 

0.71
3 

km 0.73
94 

0.35
48 

193 
Rabbit 

L26 2
6 

2
7 

1.55
2 

km 0.73
94 

0.35
48 

193 
Rabbit 

L27 2
7 

2
8 

0.70
2 

km 0.73
94 

0.35
48 

193 
Rabbit 

L28 2
8 

2
9 

1.07
6 

km 0.73
94 

0.35
48 

193 
Rabbit 

L29 2
9 

3
0 

0.01
7 

km 0.73
94 

0.35
48 

193 
Rabbit 

L30 2
9 

3
1 

2.02 km 0.73
94 

0.35
48 

193 
Rabbit 



h 
 

L31 3
1 

3
2 

1.45
1 

km 0.73
94 

0.35
48 

193 
Rabbit 

L32 3
1 

3
3 

0.64
5 

km 0.73
94 

0.35
48 

193 
Rabbit 

L33 3
3 

3
4 1.43 

km 0.73
94 

0.35
48 

193 
Rabbit 

L34 3
4 

3
5 

1.11
76 

km 0.73
94 

0.35
48 

193 
Rabbit 

L35 3
3 

3
6 

1.84
1 

km 0.73
94 

0.35
48 

193 
Rabbit 

 

Table 41: Solati feeder load data 

Load_Name 
Pha
ses 

B
1 

Voltage 
(kV) 

Mo
del 

Active 
Power (kW) 

Reactive 
Power (kVar) 

Seller 3 6 11 1 28 21 
Pranami_Mandir 3 8 11 1 56 42 

Museli_Tole 3 
1
0 

11 1 28 21 

Hati_Danda 3 
1
2 

11 1 56 42 

Rajghat_Nemichowk_
Samudayik 

3 
1
3 

11 1 56 42 

Rajghat_Samudayik_
Nemichowk 

3 
1
4 

11 1 56 42 

Hati_Danda_Khanepa
ni_Tole 

3 
1
6 

11 1 56 42 

Khanepani_Office 3 
1
7 

11 1 14 10.5 

Shankarpur1 3 
1
9 

11 1 14 10.5 

Shankarpur2 3 
2
0 

11 1 56 42 

Shankarpur3 3 
2
2 

11 1 56 42 

Shankarpur4 3 
2
4 

11 1 56 42 

Shankarpur5 3 
2
5 

11 1 56 42 

Shankarpur6 3 
2
6 

11 1 56 42 

Murli_Chowk_Rajgha
t1 

3 
2
7 

11 1 56 42 

Bihani_Chowk2 3 
2
8 

11 1 56 42 

Doodh_Dairy_Chowk
3 

3 
3
0 

11 1 56 42 



i 
 

Khalte_Chowk 3 
3
1 

11 1 56 42 

Lalbahadur_Chowk 3 
3
2 

11 1 28 21 

Newar_Tole 3 
3
4 

11 1 28 21 

Maane_Mela 3 
3
5 

11 1 28 21 

Khadka_Tole 3 
3
6 

11 1 56 42 

 

A.3 Chapagaun Distribution Feeder 

Table 42: GIS coordinates of bus in Chapagaun distribution feeder 

Bus Longitude Latitude 
1 85.32146 27.66537 
2 85.32756 27.66233 
3 85.32738 27.6622 
4 85.32668 27.66167 
5 85.32219 27.65698 
6 85.32193 27.6558 
7 85.31963 27.65371 
8 85.3217 27.6509 
9 85.32152 27.65104 

10 85.32158 27.65072 
11 85.32161 27.65064 
12 85.32336 27.64907 
13 85.31914 27.64378 
14 85.31953 27.64373 
15 85.3189 27.64305 
16 85.31881 27.64296 
17 85.31876 27.64189 
18 85.31802 27.63972 
19 85.31819 27.64 
20 85.31914 27.6392 
21 85.31924 27.63936 
22 85.32043 27.63932 
23 85.31938 27.63726 
24 85.31917 27.63726 
25 85.31952 27.63516 
26 85.31926 27.63216 
27 85.31895 27.6304 
28 85.31921 27.62843 
29 85.31732 27.62895 
30 85.31941 27.6278 



j 
 

31 85.32115 27.62714 
32 85.31961 27.62507 
33 85.31937 27.62502 
34 85.31937 27.62511 
35 85.31956 27.62401 
36 85.32272 27.62472 
37 85.31919 27.62403 
38 85.31906 27.62344 
39 85.31781 27.62403 
40 85.31488 27.62447 
41 85.31563 27.62306 
42 85.31297 27.62449 
43 85.31306 27.62508 
44 85.31267 27.62551 
45 85.31128 27.62444 
46 85.31146 27.62372 
47 85.31069 27.62442 
48 85.30979 27.62202 
49 85.31859 27.62008 
50 85.31906 27.62012 
51 85.31789 27.61954 
52 85.31983 27.61789 
53 85.32299 27.62017 
54 85.32585 27.62143 
55 85.32668 27.62011 
56 85.32926 27.62052 
57 85.31993 27.6134 
58 85.32237 27.61345 
59 85.3253 27.61342 
60 85.3199 27.61348 
61 85.31972 27.61349 
62 85.32071 27.61225 
63 85.32021 27.61214 
64 85.32252 27.6097 
65 85.32419 27.60755 
66 85.32284 27.60756 
67 85.32582 27.60612 
68 85.32597 27.6061 
69 85.32816 27.60691 
70 85.32731 27.60394 
71 85.33052 27.60797 
72 85.33505 27.61397 
73 85.3377 27.60672 
74 85.32531 27.60409 
75 85.32487 27.60152 
76 85.32459 27.59817 



k 
 

77 85.32457 27.59822 
78 85.32392 27.59818 
79 85.3235 27.59631 
80 85.32281 27.59491 
81 85.3228 27.59287 
82 85.32221 27.59203 
83 85.32224 27.59074 
84 85.32157 27.58897 
85 85.32195 27.58887 
86 85.32197 27.5877 
87 85.32206 27.58766 
88 85.31917 27.58691 
89 85.31903 27.58736 
90 85.31303 27.58423 
91 85.31523 27.58947 
92 85.31528 27.58963 
93 85.31576 27.5903 
94 85.31932 27.59738 
95 85.32681 27.59001 
96 85.32494 27.58888 
97 85.32712 27.58779 
98 85.32761 27.58726 
99 85.32946 27.58529 
100 85.32983 27.58542 
101 85.32942 27.58572 
102 85.32922 27.58583 
103 85.33356 27.58583 
104 85.32557 27.57672 
105 85.32982 27.57387 
106 85.32783 27.57268 
107 85.32524 27.56892 
108 85.32294 27.57378 
109 85.32326 27.5741 
110 85.33063 27.5734 
111 85.33074 27.57355 
112 85.33487 27.57207 
113 85.33818 27.57055 
114 85.3403 27.56881 
115 85.34872 27.57103 
116 85.34159 27.57149 
117 85.35447 27.57722 
118 85.35319 27.57203 
119 85.35379 27.57224 
120 85.35286 27.57018 
121 85.35045 27.56578 
122 85.3537 27.55587 



l 
 

123 85.35773 27.55479 
124 85.3689 27.54822 
125 85.37993 27.54977 
126 85.38 27.54926 
127 85.37984 27.5474 
128 85.38268 27.54989 
129 85.38271 27.54999 
130 85.35765 27.55311 
131 85.35482 27.54822 
132 85.34546 27.54942 
133 85.33042 27.55026 
134 85.35397 27.53979 
135 85.3713 27.53645 
136 85.37242 27.53594 
137 85.37185 27.53726 
138 85.38109 27.53765 
139 85.34703 27.53878 
140 85.34016 27.53912 
141 85.34173 27.53346 
142 85.33075 27.53857 
143 85.32441 27.52991 
144 85.3092 27.5178 
145 85.35647 27.52002 
146 85.37324 27.51985 
147 85.32398 27.57694 
148 85.31883 27.57649 
149 85.31883 27.57671 
150 85.3189 27.57606 
151 85.31882 27.5756 
152 85.31686 27.5764 
153 85.31684 27.57672 
154 85.3166 27.57611 
155 85.31664 27.57447 
156 85.31385 27.57539 

 

Table 43: Chapagaun feeder branch data 

LineName Bus1 Bus2 Length Resistance Reactance Current Rating (A) 
L1 1 2 1.59 0.7394 0.3598 193 
L2 2 3 0.03 0.7394 0.3598 193 
L3 3 4 0.098 0.7394 0.3598 193 
L4 2 5 1.59 0.7394 0.3598 193 
L5 5 6 0.45 0.7394 0.3598 193 
L6 6 7 0.45 0.7394 0.3598 193 
L7 7 8 0.39 0.7394 0.3598 193 



m 
 

L8 8 9 0.015 0.7394 0.3598 193 
L9 9 10 0.01 0.7394 0.3598 193 
L10 8 11 0.39 0.7394 0.3598 193 
L11 11 12 0.28 0.7394 0.3598 193 
L12 11 13 1.47 0.7394 0.3598 193 
L13 13 14 0.05 0.7394 0.3598 193 
L14 13 15 1.47 0.7394 0.3598 193 
L15 15 16 0.02 0.7394 0.3598 193 
L16 15 17 1.47 0.7394 0.3598 193 
L17 17 18 1.47 0.7394 0.3598 193 
L18 18 19 0.01 0.7394 0.3598 193 
L19 18 20 1.47 0.7394 0.3598 193 
L20 20 21 0.47 0.7394 0.3598 193 
L21 21 22 0.02 0.7394 0.3598 193 
L22 21 23 0.47 0.7394 0.3598 193 
L23 23 24 0.024 0.7394 0.3598 193 
L24 23 25 0.47 0.7394 0.3598 193 
L25 25 26 2.8 0.7394 0.3598 193 
L26 26 27 0.2 0.7394 0.3598 193 
L27 27 28 0.21 0.7394 0.3598 193 
L28 28 29 0.27 0.7394 0.3598 193 
L29 28 30 0.08 0.7394 0.3598 193 
L30 30 31 0.25 0.7394 0.3598 193 
L31 30 32 0.31 0.7394 0.3598 193 
L32 32 33 0.03 0.7394 0.3598 193 
L33 33 34 0.01 0.7394 0.3598 193 
L34 32 35 0.12 0.7394 0.3598 193 
L35 35 36 0.43 0.7394 0.3598 193 
L36 35 37 0.04 0.7394 0.3598 193 
L37 37 38 0.11 0.7394 0.3598 193 
L38 37 39 0.17 0.7394 0.3598 193 
L39 39 40 0.27 0.7394 0.3598 193 
L40 40 41 0.19 0.7394 0.3598 193 
L41 40 42 0.21 0.7394 0.3598 193 
L42 42 43 0.04 0.7394 0.3598 193 
L43 43 44 0.06 0.7394 0.3598 193 
L44 42 45 0.17 0.7394 0.3598 193 
L45 45 46 0.09 0.7394 0.3598 193 
L46 45 47 0.04 0.7394 0.3598 193 
L47 47 48 0.32 0.7394 0.3598 193 
L48 35 49 0.43 0.7394 0.3598 193 
L49 49 50 0.05 0.7394 0.3598 193 
L50 50 51 0.17 0.7394 0.3598 193 



n 
 

L51 49 52 0.25 0.7394 0.3598 193 
L52 52 53 0.43 0.7394 0.3598 193 
L53 53 54 0.29 0.7394 0.3598 193 
L54 54 55 0.286 0.7394 0.3598 193 
L55 55 56 0.33 0.7394 0.3598 193 
L56 52 57 0.787 0.7394 0.3598 193 
L57 57 58 0.25 0.7394 0.3598 193 
L58 58 59 0.329 0.7394 0.3598 193 
L59 57 60 0.001 0.7394 0.3598 193 
L60 60 61 0.024 0.7394 0.3598 193 
L61 57 62 0.15 0.7394 0.3598 193 
L62 62 63 0.06 0.7394 0.3598 193 
L63 62 64 0.36 0.7394 0.3598 193 
L64 64 65 0.29 0.7394 0.3598 193 
L65 65 66 0.14 0.7394 0.3598 193 
L66 65 67 0.235 0.7394 0.3598 193 
L67 67 68 0.016 0.7394 0.3598 193 
L68 68 69 0.245 0.7394 0.3598 193 
L69 69 70 0.345 0.7394 0.3598 193 
L70 69 71 0.27 0.7394 0.3598 193 
L71 71 72 0.397 0.7394 0.3598 193 
L72 71 73 0.752 0.7394 0.3598 193 
L73 67 74 0.231 0.7394 0.3598 193 
L74 74 75 0.305 0.7394 0.3598 193 
L75 75 76 0.308 0.7394 0.3598 193 
L76 76 77 0.308 0.7394 0.3598 193 
L77 76 78 0.277 0.7394 0.3598 193 
L78 78 79 0.002 0.7394 0.3598 193 
L79 78 80 0.229 0.7394 0.3598 193 
L80 80 81 0.1 0.7394 0.3598 193 
L81 81 82 0.07 0.7394 0.3598 193 
L82 81 83 0.178 0.7394 0.3598 193 
L83 83 84 0.243 0.7394 0.3598 193 
L84 84 85 0.05 0.7394 0.3598 193 
L85 84 86 0.189 0.7394 0.3598 193 
L86 86 87 0.012 0.7394 0.3598 193 
L87 86 88 0.454 0.7394 0.3598 193 
L88 88 89 0.0525 0.7394 0.3598 193 
L89 88 90 0.773 0.7394 0.3598 193 
L90 90 91 0.671 0.7394 0.3598 193 
L91 91 92 0.017 0.7394 0.3598 193 
L92 92 93 0.092 0.7394 0.3598 193 
L93 93 94 0.861 0.7394 0.3598 193 



o 
 

L94 78 95 0.799 0.7394 0.3598 193 
L95 95 96 0.252 0.7394 0.3598 193 
L96 95 97 0.252 0.7394 0.3598 193 
L97 97 98 0.41 0.7394 0.3598 193 
L98 98 99 0.01 0.7394 0.3598 193 
L99 99 100 0.05 0.7394 0.3598 193 
L100 100 101 0.06 0.7394 0.3598 193 
L101 101 102 0.03 0.7394 0.3598 193 
L102 100 103 0.474 0.7394 0.3598 193 
L103 99 104 1.305 0.7394 0.3598 193 
L104 104 105 0.542 0.7394 0.3598 193 
L105 105 106 0.263 0.7394 0.3598 193 
L106 106 107 0.582 0.7394 0.3598 193 
L107 106 108 0.453 0.7394 0.3598 193 
L108 108 109 0.088 0.7394 0.3598 193 
L109 105 110 0.125 0.7394 0.3598 193 
L110 110 111 0.025 0.7394 0.3598 193 
L111 110 112 0.507 0.7394 0.3598 193 
L112 112 113 0.444 0.7394 0.3598 193 
L113 113 114 0.334 0.7394 0.3598 193 
L114 113 115 0.661 0.7394 0.3598 193 
L115 115 116 0.154 0.7394 0.3598 193 
L116 115 117 1.538 0.7394 0.3598 193 
L117 117 118 0.691 0.7394 0.3598 193 
L118 118 119 0.071 0.7394 0.3598 193 
L119 118 120 0.245 0.7394 0.3598 193 
L120 120 121 0.954 0.7394 0.3598 193 
L121 121 122 1.474 0.7394 0.3598 193 
L122 122 123 0.39 0.7394 0.3598 193 
L123 123 124 1.73 0.7394 0.3598 193 
L124 124 125 1.47 0.7394 0.3598 193 
L125 125 126 0.03 0.7394 0.3598 193 
L126 126 127 0.25 0.7394 0.3598 193 
L127 126 128 0.27 0.7394 0.3598 193 
L128 123 129 0.78 0.7394 0.3598 193 
L129 129 130 0.04 0.7394 0.3598 193 
L130 130 131 0.89 0.7394 0.3598 193 
L131 131 132 0.05 0.7394 0.3598 193 
L132 131 133 1.64 0.7394 0.3598 193 
L133 130 134 0.96 0.7394 0.3598 193 
L134 134 135 1.84 0.7394 0.3598 193 
L135 135 136 0.19 0.7394 0.3598 193 
L136 136 137 0.13 0.7394 0.3598 193 



p 
 

L137 136 138 1.1 0.7394 0.3598 193 
L138 134 139 0.72 0.7394 0.3598 193 
L139 139 140 0.7 0.7394 0.3598 193 
L140 140 141 0.6 0.7394 0.3598 193 
L141 140 142 1.19 0.7394 0.3598 193 
L142 142 143 1.3 0.7394 0.3598 193 
L143 143 144 0.43 0.7394 0.3598 193 
L144 134 145 1.4 0.7394 0.3598 193 
L145 145 146 0.3 0.7394 0.3598 193 
L146 104 147 0.179 0.7394 0.3598 193 
L147 147 148 0.586 0.7394 0.3598 193 
L148 148 149 0.038 0.7394 0.3598 193 
L149 148 150 0.055 0.7394 0.3598 193 
L150 150 151 0.06 0.7394 0.3598 193 
L151 148 152 0.219 0.7394 0.3598 193 
L152 152 153 0.042 0.7394 0.3598 193 
L153 152 154 0.044 0.7394 0.3598 193 
L154 154 155 0.189 0.7394 0.3598 193 
L155 155 156 0.322 0.7394 0.3598 193 

 

Table 44: Chapagaun distribution feeder load data 

Name Phases Bus kV kW kVar Model 
Accountant 3 3 11 104.85 78.64 1 
Dhalout_Karyasala 3 4 11 26.21 19.66 1 
Safa_Charging_Services 3 5 11 10.48 7.86 1 
Tutepani 3 6 11 31.45 23.59 1 
Laproshay 3 7 11 20.97 15.73 1 
a 3 9 11 26.21 19.66 1 
Ullens 3 10 11 10.48 7.86 1 
Ullens_Agadi 3 11 11 10.48 7.86 1 
Shushil_Nepal 3 12 11 10.48 7.86 1 
Meat_Product 3 14 11 10.48 7.86 1 
Good_Life 3 16 11 10.48 7.86 1 
Sarma_ko_Pasal 3 17 11 5.24 3.93 1 
Mahalakshmi_Trade 3 19 11 10.48 7.86 1 
Dohalhity_Ukalo 3 18 11 20.97 15.73 1 
Dohalhity_Bari 3 20 11 5.24 3.93 1 
b 3 22 11 20.97 15.73 1 
National_Food_Product 3 24 11 10.48 7.86 1 
Simiko1 3 25 11 10.48 7.86 1 
Simiko2 3 25 11 20.97 15.73 1 
Aare 3 26 11 20.97 15.73 1 



q 
 

Balkumari 3 27 11 10.48 7.86 1 
Valley_Home 3 29 11 20.97 15.73 1 
Wokhat 3 31 11 10.48 7.86 1 
Bangedhara 3 33 11 16.78 12.58 1 
OmFood 3 34 11 20.97 15.73 1 
Okhat 3 36 11 10.48 7.86 1 
Techo 3 38 11 10.48 7.86 1 
Suman_Academi 3 39 11 2.62 1.97 1 
Techo_Housing_Muni 3 41 11 10.48 7.86 1 
Nakhukhola 3 43 11 5.24 3.93 1 
China_Long_Food 3 44 11 15.73 11.80 1 
Dhalekshwor_Mahadeb 3 46 11 52.42 39.32 1 
Appolo_Precast 3 48 11 15.73 11.80 1 
Techo_Health 3 50 11 10.48 7.86 1 
Bethegal 3 51 11 10.48 7.86 1 
Dhapakhel_Chowk 3 52 11 20.97 15.73 1 
Add_New1 3 53 11 10.48 7.86 1 
Boldaya_School 3 54 11 10.48 7.86 1 
New_ADD 3 55 11 20.97 15.73 1 
Bethegal2 3 56 11 10.48 7.86 1 
Guhe_Tole 3 60 11 20.97 15.73 1 
Guhe_Tole1 3 61 11 10.48 7.86 1 
Sarswati_School 3 58 11 10.48 7.86 1 
Durikhel_Mandir 3 59 11 10.48 7.86 1 
Mandir_Agadi 3 63 11 20.97 15.73 1 
Kuwar_Gau 3 64 11 10.48 7.86 1 
Ticho_Chapagaun_Road 3 66 11 20.97 15.73 1 
Pode_Tole 3 67 11 15.73 11.80 1 
Pode_Tole1 3 68 11 10.48 7.86 1 
Bajara_Bahari_Mandir 3 70 11 10.48 7.86 1 
Bajara_Bahari_Pokhari 3 71 11 10.48 7.86 1 
Dhusufat 3 72 11 10.48 7.86 1 
Pokhari_Tar 3 73 11 10.48 7.86 1 
Bulu_Sectionalizer 3 74 11 2.62 1.97 1 
Bulu_Danda 3 75 11 10.48 7.86 1 
Tel_Mill 3 75 11 10.48 7.86 1 
Unknown 3 77 11 20.97 15.73 1 
Pyangaun 3 76 11 10.48 7.86 1 
Takhel_Samudayik 3 79 11 10.48 7.86 1 
c 3 80 11 20.97 15.73 1 
Private_Biscuit 3 82 11 10.48 7.86 1 
Takhel 3 83 11 15.73 11.80 1 
Nav_Pravat 3 85 11 104.85 78.64 1 



r 
 

Takhel_KhanePani 3 86 11 10.48 7.86 1 
Kukl 3 87 11 10.48 7.86 1 
Subha_Road 3 89 11 10.48 7.86 1 
Kathmandu_Khanepani 3 91 11 2.62 1.97 1 
Charghar_Serafat 3 92 11 5.24 3.93 1 
Prakritu_Jadibuti 3 93 11 10.48 7.86 1 
Serafat 3 94 11 10.48 7.86 1 
Jivnashwor 3 95 11 10.48 7.86 1 
Takhel1 3 96 11 10.48 7.86 1 
Purano_Road_Dhunga 3 97 11 10.48 7.86 1 
Khajuriko_Nepal 3 98 11 62.91 47.18 1 
Khanepani_Pump_House 3 101 11 10.48 7.86 1 
Mundola_KhanePani 3 102 11 2.62 1.97 1 
Mundol 3 103 11 5.24 3.93 1 
Dugdha_Bikash 3 105 11 5.24 3.93 1 
Thapagaun 3 107 11 10.48 7.86 1 
NEA_Chinese 3 108 11 31.45 23.59 1 
Attax_PVT 3 109 11 15.73 11.80 1 
Lele_Bazar 3 112 11 20.97 15.73 1 
Tileshwor_Mahadeb 3 114 11 5.24 3.93 1 
Nepal_Telecome 3 116 11 2.62 1.97 1 
Mahal_Gau 3 117 11 10.48 7.86 1 
Kavre_Gau 3 119 11 5.24 3.93 1 
Lele_Kavre 3 120 11 10.48 7.86 1 
Sauraha_Bhayang 3 121 11 10.48 7.86 1 
Nallu_Bhayang 3 122 11 5.24 3.93 1 
Suire 3 124 11 5.24 3.93 1 
Bhardeu_Bhalukhola 3 125 11 2.62 1.97 1 
Loepakha 3 127 11 2.62 1.97 1 
Pauwachaur 3 128 11 2.62 1.97 1 
Konjyosom 3 128 11 5.24 3.93 1 
SundarPani 3 129 11 2.62 1.97 1 
Devisthan 3 132 11 10.48 7.86 1 
Tallo_Nallu 3 133 11 2.62 1.97 1 
Bhagh_Bhairab 3 135 11 2.62 1.97 1 
Deurali 3 135 11 2.62 1.97 1 
Ncell 3 137 11 2.62 1.97 1 
SimbalBhanjyang 3 138 11 2.62 1.97 1 
Chaughare_Sir_Danda 3 139 11 1.57 1.18 1 
Siru_Danda 3 141 11 2.62 1.97 1 
Dalchoki 3 142 11 2.62 1.97 1 
Bhot_Danda 3 143 11 2.62 1.97 1 
Kholmchaur 3 144 11 2.62 1.97 1 



s 
 

Thosne_Khola 3 146 11 2.62 1.97 1 
Foidal_Nea 3 147 11 10.48 7.86 1 
Himalyan_Road_Udhyog 3 149 11 16.78 12.58 1 
Fulchowki_Chun_Dhunga 3 150 11 26.21 19.66 1 
National_Biotech 3 151 11 10.48 7.86 1 
Shree_Krishna_Oxygen 3 153 11 52.42 39.32 1 
Leprosy_Hospital 3 154 11 10.48 7.86 1 
Hospital_Gate_Lele 3 155 11 10.48 7.86 1 
Tika_Bhairav_Bazar 3 156 11 10.48 7.86 1 

 

  



t 
 

APPENDIX B: PYTHON PROGRAM FOR SYSTEM MODELING 

A.1 Python Code for System Modeling 

import py_dss_interface  

import pandas as pd  

# Creating variable for storing operational parameter data 

busdata = pd.read_excel(r"D:\Academic\0.MSc_Thesis_Awnish\4. Simulation_File\2. 

Solatte_Distribution_Feeder\Solati_Feeder\0. 

SOLTI_FEEDER_SYSTEM_DATA.xlsx", sheet_name='Bus_Coord') 

loaddata = pd.read_excel(r"D:\Academic\0.MSc_Thesis_Awnish\4. 

Simulation_File\2. Solatte_Distribution_Feeder\Solati_Feeder\0. 

SOLTI_FEEDER_SYSTEM_DATA.xlsx", sheet_name='Load_Data') 

linedata = pd.read_excel(r"D:\Academic\0.MSc_Thesis_Awnish\4. Simulation_File\2. 

Solatte_Distribution_Feeder\Solati_Feeder\0. 

SOLTI_FEEDER_SYSTEM_DATA.xlsx", sheet_name='Line_Data') 

# Interfacing with OpenDSS 

dss = py_dss_interface.DSSDLL() 

dss_file = r"D:\Academic\0.MSc_Thesis_Awnish\4. Simulation_File\2. 

Solatte_Distribution_Feeder\Solati_Feeder\01complete_system.dss" 

# New Generator.DG1 phases = 3 bus1 = 35 kW = 640 kVAr = 480 pf=0.8 

# Main file coding 

runfile_content = f""" 

clear 

New Circuit.Solati_Feeder BasekV=11 Bus1=1 Phases=3 pu=1.0 R1=0.01 X1=0.03 

R0=0.01 X0=0.03 

Redirect 02complete_system_line.dss 

Redirect 03complete_system_load.dss 

New EnergyMeter.Feeder Line.L1 terminal=1 

set voltagebase=11 

CalcVoltagebases 

Set Mode=Dyanamic 

BusCoords Bus_Coord.CSV 

""" 
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with open(dss_file, 'w') as f: 

    f.write(runfile_content) 

# Defining Load at different buses 

Load_Commands = [] 

for _, row in loaddata.iterrows(): 

    Load_Commands.append(f"new Load.{row['Load_Name']} " 

                         f"Phases={row['Phases']} " 

                         f"Bus1={row['B1']} " 

                         f"kV={row['Voltage (kV)']} " 

                         f"Model={row['Model']} " 

                         f"kw={row['Active Power (kW)']} " 

                         f"kvar={row['Reactive Power (kVar)']} ") 

with open(r"D:\Academic\0.MSc_Thesis_Awnish\4. Simulation_File\2. 

Solatte_Distribution_Feeder\Solati_Feeder\03complete_system_load.dss", 'w') as f: 

    f.write('\n'.join(Load_Commands)) 

# Defining Line between different buses 

Line_Commands = [] 

for _, row in linedata.iterrows(): 

    Line_Commands.append(f"new Line.{row['Line_Name']} " 

                         f"Bus1 = {row['B1']} " 

                         f"Bus2 = {row['B2']} " 

                         f"length = {row['Length']} " 

                         f"units = {row['Units']} " 

                         f"r = {row['R(Ω)']} " 

                         f"x = {row['X(Ω)']} " 

                         f"emergamp = {row['Current Capacity (A)']} ") 

with open(r"D:\Academic\0.MSc_Thesis_Awnish\4. Simulation_File\2. 

Solatte_Distribution_Feeder\Solati_Feeder\02complete_system_line.dss", 'w') as f: 

    f.write('\n'.join(Line_Commands)) 

# Compiling main file 

dss.text(f"compile [{dss_file}]") 

dss.text('solve') 
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A.2 Python Code for Formation of Subsystem 

import win32com.client 

from collections import defaultdict, deque 

import os 

# Initializing OpenDSS 

dssObj = win32com.client.Dispatch("OpenDSSEngine.DSS") 

if not dssObj.Start(0): 

    print("Unable to start the OpenDSS engine.") 

    exit() 

# Define command objects 

dsstext = dssObj.Text 

dsscircuit = dssObj.ActiveCircuit 

dsssolution = dsscircuit.Solution 

dssbus = dsscircuit.ActiveBus 

dssline = dsscircuit.Lines 

# Main file loading program 

circuit_file = r"D:\Academic\0.MSc_Thesis_Awnish\4. Simulation_File\2. 

Solatte_Distribution_Feeder\Solati_Feeder\01complete_system.dss" 

# Redirect to main.dss 

dsstext.Command = f'Redirect "{circuit_file}"' 

# Solve the circuit 

dsssolution.Solve() 

if dsssolution.Converged: 

    print("Load flow analysis completed successfully!") 

else: 

    print("Load flow analysis did not converge.") 

# Extract bus connections 

bus_connections = defaultdict(set) 

line_data = {} 

dssline.First 

while True: 

    bus1 = dssline.Bus1.split(".")[0] 

    bus2 = dssline.Bus2.split(".")[0] 
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    bus_connections[bus1].add(bus2) 

    bus_connections[bus2].add(bus1) 

    line_data[(bus1,bus2)] = f"New Line.{dssline.Name} Bus1={bus1} Bus2={bus2}   

Length={dssline.Length} R1={dssline.R1} X1={dssline.X1}" 

    line_data[(bus2, bus1)] = line_data[(bus1, bus2)] 

    if not dssline.Next: 

        break 

root_node = str(1) 

print(f"Root Node: {root_node}") 

# Extract leaf nodes and convert to integers 

leaf_nodes = sorted({int(bus) for bus, connections in bus_connections.items() if 

len(connections) == 1}) 

# Remove root_node (ensure it is treated as an integer) 

leaf_nodes = [bus for bus in leaf_nodes if bus != int(root_node)] 

# Convert back to string for OpenDSS 

leaf_nodes = [str(bus) for bus in leaf_nodes] 

print("Last nodes of all branches (leaf buses):", leaf_nodes) 

# Function to find the shortest path using BFS 

def shortest_path(start, end): 

    queue = deque([[start]]) 

    visited = set() 

    while queue: 

        path = queue.popleft() 

        node = path[-1] 

        if node == end: 

            return path 

        if node not in visited: 

            visited.add(node) 

            for neighbor in bus_connections[node]: 

                new_path = list(path) 

                new_path.append(neighbor) 

                queue.append(new_path) 

    return [] 
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# Create subsystems 

output_dir = r"D:\Academic\0.MSc_Thesis_Awnish\4. Simulation_File\2. 

Solatte_Distribution_Feeder\Solati_Feeder" 

os.makedirs(output_dir, exist_ok=True) 

for i, last_node in enumerate(leaf_nodes): 

    path = shortest_path(root_node, last_node) 

    if not path: 

        print(f"Warning: No path found from {root_node} to {last_node}") 

        continue 

    sub_lines = [] 

    for j in range(len(path) - 1): 

        bus1, bus2 = path[j], path[j + 1] 

        if (bus1, bus2) in line_data: 

            sub_lines.append(line_data[(bus1, bus2)]) 

    sub_file = os.path.join(output_dir, f"Subsystem{i}_line.dss") 

    with open(sub_file, "w") as f: 

        for line in sub_lines: 

            f.write(line + "\n") 

print("All subsystems created successfully!") 

A.3 Python Code for Fault Localization and Classifications 

import win32com.client 

import matplotlib.pyplot as plt 

import numpy as np 

from math import  * 

import pandas as pd 

from openpyxl import load_workbook 

from datetime import datetime 

import subprocess 

import time 

import folium 

from folium.plugins import AntPath 
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from folium.plugins import PolyLineTextPath 

from folium import PolyLine 

subprocess.run(["Python","Full_System_Creation.py"]) 

subprocess.run(["Python","Subsystem_Creation.py"]) 

dssObj = win32com.client.Dispatch("OpenDSSEngine.DSS") 

if not dssObj.Start(0): 

    print("Unable to start the Opendss engine.") 

    exit() 

dsstext = dssObj.Text 

dsscircuit = dssObj.ActiveCircuit 

dsssolution = dsscircuit.Solution 

dsselm = dsscircuit.ActiveCktElement 

dssbus = dsscircuit.ActiveBus 

dssline = dsscircuit.Lines 

subsystem_lines = [] 

subsystem_ymatrix = [] 

subsystem_zmatrix = [] 

subsystem_bus_names = [] 

number_of_subsystem = 10 

total_start_time = time.time()   

fault_data = [] 

def get_system_matirx(): 

    Y_tuple = dsscircuit.SystemY 

    num_buses = np.asarray(dsscircuit.NumBuses) 

    All_buses = np.array(dsscircuit.AllBusNames) 

    Y_matrix = np.zeros((num_buses*3, num_buses*3), dtype=complex) 

    index_count = 0 

    for i in range(num_buses*3): 

        for j in range(num_buses*3): 

            Y_matrix[i, j] = complex(Y_tuple[index_count], Y_tuple[index_count+1]) 

            index_count += 2 

    Z_matrix = np.linalg.inv(Y_matrix) 

    return Y_matrix, Z_matrix, All_buses 
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def Calcualte_systembusvoltage (): 

    systembus_voltage = [] 

    for i in range(len(subsystem_bus_names)): 

        bus_voltage = [] 

        for j in range(len(subsystem_bus_names[i])): 

            bus_voltage_phase = np.zeros((3,1), dtype=complex) 

            dsscircuit.SetActiveBus(subsystem_bus_names[i][j]) 

            Voltage = dssbus.Voltages 

            lc = 0 

            for k in range (3): 

                bus_voltage_phase[k]= complex(Voltage[lc], Voltage[lc+1]) 

                lc += 2 

            bus_voltage.append(bus_voltage_phase) 

        systembus_voltage.append(bus_voltage) 

    return systembus_voltage 

def Calculate_voltage_diff(pref, during_fault): 

    volt_del = [] 

    for i in range (len(pref)): 

        v_delta = [] 

        for j in range (len(pref[i])): 

            voltage_diff = pref[i][j] - during_fault[i][j] 

            v_delta.append(voltage_diff) 

        volt_del.append (v_delta) 

    return volt_del 

# Defining function for calculating lines connected to faulted buses: 

def find_lines_connected_to_bus(bus_name): 

    connected_lines = [] 

    dssline.First # Start iterating over lines 

    while True: 

        line_name = dssline.Name  # Get the current line name 

        bus1 = dssline.Bus1.split('.')[0] 

        bus2 = dssline.Bus2.split('.')[0] 

        if bus_name in [bus1, bus2]:  # Check if the bus is connected 

            connected_lines.append(line_name) 
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        if not dssline.Next:  # Move to the next line; exit if no more lines 

            break 

    return connected_lines 

# Obtain the y matrix of subsystem 0 ( the one with pmu) 

dsstext.command = r"compile 'Subsystem_main.dss'" 

dsstext.command = r"Redirect subsystem0_2portequivalent.dss" 

dsssolution.Solve() 

system_matrix = get_system_matirx() 

Y_matrix_two_port_equivalent = system_matrix [0] 

for iter in range(number_of_subsystem): 

    dsstext.command = r"compile 'Subsystem_main.dss'" 

    dsstext.command = r"Redirect subsystem"+str(iter)+"_line.dss" 

    dsssolution.Solve() 

    system_matrix = get_system_matirx() 

    [Y_matrix, Z_matrix, allbuses] = system_matrix 

    subsystem_ymatrix.append(Y_matrix) 

    subsystem_zmatrix.append(Z_matrix) 

    subsystem_bus_names.append(allbuses) 

print('Z bus calculation finished') 

# Function for Finding Fault Classification Approach 

def classify_fault(IAP, IBP, ICP): 

    # Fault classification logic 

    if IAP < 1e-5 and IBP < 1e-5 and ICP < 1e-5: 

        print("Classification: Three-Phase to Ground Fault (LLLG)") 

    elif abs(IAP - (IBP + ICP)) < 1e-6 and IAP > 1.5: 

        print("Classification: Single Line-to-Ground Fault (Phase A)") 

    elif abs(IBP - (IAP + ICP)) < 1e-6 and IBP > 1.5: 

        print("Classification: Single Line-to-Ground Fault (Phase B)") 

    elif abs(ICP - (IAP + IBP)) < 1e-6 and ICP > 1.5: 

        print("Classification: Single Line-to-Ground Fault (Phase C)") 

    elif IAP > 0.95 or IBP > 0.95 or ICP > 0.95: 

        if IAP > 0.95: 

            print("Classification: Double Line Fault (Phases B and C)") 
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        elif IBP > 0.95: 

            print("Classification: Double Line Fault (Phases A and C)") 

        elif ICP > 0.95: 

            print("Classification: Double Line Fault (Phases A and B)") 

    else: 

        print("Classification: No Fault Detected") 

    print("=" * 60 + "\n") 

def print_fault_summary(actual_bus, calculated_bus, faulted_subsystem, 

iteration_time, faulted_bus_distance): 

    print("\n" + "=" * 60) 

    print("Fault Localization Summary") 

    print("=" * 60) 

    print(f"{'Fault Simulated Node:':<25} {actual_bus}") 

    print(f"{'Fault Calculated Node:':<25} {calculated_bus}") 

    print(f"{'Faulted Subsystem:':<25} {faulted_subsystem}") 

    print(f"{'Fault Localization Time:':<25} {iteration_time:.4f} seconds") 

    print(f"{'Calculated Distance from Substation (km):':<25} 

{faulted_bus_distance}") 

    print("=" * 60 + "\n") 

# Get the during Pre-fault voltage of the buses 

dsstext.command = r"compile '01complete_system.dss'" 

dsssolution.Solve() 

complete_system_all_buses = np.array(dsscircuit.AllBusNames) 

Prefault_systembusvoltage = Calcualte_systembusvoltage() 

# Load bus coordinates from Excel file 

bus_coords = pd.read_csv(r"D:\Academic\0.MSc_Thesis_Awnish\4. 

Simulation_File\2. Solatte_Distribution_Feeder\Solati_Feeder\Bus_Coord.csv")  

# Load line shapefiles 

line_data = pd.read_excel(r"D:\Academic\0.MSc_Thesis_Awnish\4. 

Simulation_File\2. Solatte_Distribution_Feeder\Solati_Feeder\Line_Data.xlsx")  

line_data = line_data.merge(bus_coords[['Bus_Name', 'Lattitude', 'Longitude']], 

how='left', left_on='Bus_1', right_on='Bus_Name') 

line_data = line_data.rename(columns={'Latitude': 'Latitude_bus1', 'Longitude': 

'Longitude_bus1'}) 
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line_data = line_data.merge(bus_coords[['Bus_Name', 'Lattitude', 'Longitude']], 

how='left', left_on='Bus_2', right_on='Bus_Name') 

line_data = line_data.rename(columns={'Latitude': 'Latitude_bus2', 'Longitude': 

'Longitude_bus2'}) 

# Defining colour to faulted buses 

def bus_to_color(bus, faulted_bus): 

    try: 

        bus = int(float(bus))   

        faulted_bus = int(float(faulted_bus))  # Convert faulted bus to int 

    except ValueError: 

        bus = str(bus).strip()  # Handle non-numeric cases 

        faulted_bus = str(faulted_bus).strip() 

    if bus == faulted_bus: 

        return "red"  # Faulted bus color 

    else: 

        return "white" 

distances = {} 

for bus in dsscircuit.AllBusNames: 

    dsscircuit.SetActiveBus(bus) 

    distance = dssbus.Distance 

    distances[bus] = round(distance,2) 

df = pd.DataFrame(list(distances.items()), columns=["Bus Name", "Distance (km)"]) 

df.to_excel("Bus_Distance.xlsx", index=False, sheet_name="Bus Distances") 

for senerio in complete_system_all_buses: 

    iteration_start_time = time.time() 

    dsstext.command = r"compile '01complete_system.dss'" 

    dsstext.command = r"New Fault.F1 Bus1 = " + str(senerio) + " phases = 1 r=100.0" 

    dsssolution.Solve() 

    faulted_systembusvoltage = Calcualte_systembusvoltage() 

    delta_voltage = Calculate_voltage_diff(Prefault_systembusvoltage, 

faulted_systembusvoltage) 

    arranged_voltage = np.zeros((3*len(subsystem_bus_names[0]), 1), dtype = 

complex) 

    arranged_count = 0 
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    for i in range(len(delta_voltage[0])): 

        for j in range(len(delta_voltage[0][i])): 

            arranged_voltage[arranged_count] = delta_voltage[0][i][j] 

            arranged_count += 1 

    fault_del_v = np.zeros((6,1), dtype=complex) 

    for i in range(int(len(fault_del_v)/2)): 

        fault_del_v[i] = arranged_voltage[i] 

        fault_del_v[len(fault_del_v)-i-1] = arranged_voltage[len(arranged_voltage)-1-i] 

    current = Y_matrix_two_port_equivalent @ fault_del_v 

    fault_current = np.zeros((3,1),dtype=complex) 

    for i in range(int(len(current)/2)): 

        fault_current[i] = current[i] + current[i+3] 

    Phase_A_Current = abs(fault_current[0]) 

    Phase_B_Current = abs(fault_current[1])  

    Phase_C_Current = abs(fault_current[2])  

    Mean_Current_Ampere = 

(Phase_A_Current+Phase_B_Current+Phase_C_Current)/3 

    IAP = abs(((Phase_A_Current - Mean_Current_Ampere)/Mean_Current_Ampere)) 

    IBP = abs(((Phase_B_Current - Mean_Current_Ampere) / 

Mean_Current_Ampere)) 

    ICP = abs(((Phase_C_Current - Mean_Current_Ampere) / 

Mean_Current_Ampere)) 

    error_matrix = [] 

    for a in range(number_of_subsystem): 

        cc=0 

        calc_v_diff = np.zeros((len(subsystem_bus_names[a]), 1)) 

        for i in range(len(subsystem_bus_names[a])): 

            temp_current = np.zeros((len(subsystem_bus_names[a])*3, 1), 

dtype=complex) 

            temp_current[cc] = fault_current[0] 

            temp_current[cc+1] = fault_current[1] 

            temp_current[cc+2] = fault_current[2] 

            calc_v = subsystem_zmatrix[a] @  temp_current 

            cc += 3 
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            ad = abs(abs(delta_voltage[a][len(subsystem_bus_names[a])-1][0]) - 

abs(calc_v[-3])) 

            ad1 = abs(abs(delta_voltage[a][len(subsystem_bus_names[a])-1][1]) - 

abs(calc_v[-2])) 

            ad2 = abs(abs(delta_voltage[a][len(subsystem_bus_names[a])-1][2]) - 

abs(calc_v[-1])) 

            calc_v_diff[i] = (ad + ad1 + ad2) 

        error_matrix.append(calc_v_diff) 

    # Formulation of vector 'X' 

    X = [] 

    for i in range(number_of_subsystem): 

        min_index = np.argmin(error_matrix[i]) 

        X.append(subsystem_bus_names[i][min_index]) 

    # Formulation of vector 'Y' 

    Y = [] 

    for i in X: 

        duplication_number = 0 

        for j in subsystem_bus_names: 

            for k in j: 

                if k == i: 

                    duplication_number += 1 

        Y.append(duplication_number) 

    # Formulation of vector 'J' 

    J = [] 

    for i in X: 

        occurance = X.count(i) 

        J.append(occurance) 

    # Formulation of vector 'W' 

    W = np.divide(J,Y) 

    # Get the candidate faulted bus 

    Faulted_subsystem = np.argmax(W) 

    Faulted_bus = X[Faulted_subsystem] 

    Faulted_bus_distance = distances[Faulted_bus] 

    Simulated_bus_distance = distances[senerio] 
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    # Store fault information in a list 

    timestamp = datetime.now().strftime("%Y-%m-%d %H:%M:%S") 

    iteration_time = time.time() - iteration_start_time 

    fault_data.append([timestamp, senerio, Faulted_bus, Faulted_subsystem, 

iteration_time, Simulated_bus_distance, Faulted_bus_distance]) 

    print_fault_summary(senerio, Faulted_bus, Faulted_subsystem, iteration_time, 

Faulted_bus_distance) 

    classify_fault(IAP, IBP, ICP) 

    subsystems_with_faulted_bus = set() 

    for i in range (number_of_subsystem): 

        if Faulted_bus in subsystem_bus_names[i]: 

            subsystems_with_faulted_bus.add(i) 

    m = folium.Map(location=[bus_coords['Lattitude'].mean(), 

bus_coords['Longitude'].mean()], zoom_start=13.48, 

                   width='100%', height='120%') 

    fault_given_row = bus_coords[bus_coords["Bus_Name"] == float(senerio)] 

    fault_calculated_row = bus_coords[bus_coords["Bus_Name"] == 

float(Faulted_bus)] 

    fault_given_lat = fault_given_row.iloc[0]["Lattitude"] 

    fault_given_lon = fault_given_row.iloc[0]["Longitude"] 

    fault_calculated_lat = fault_calculated_row.iloc[0]["Lattitude"] 

    fault_calculated_lon = fault_calculated_row.iloc[0]["Longitude"] 

    folium.CircleMarker(location=(fault_given_lat, fault_given_lon), 

                        radius=8, 

                        color="red", 

                        fill=True, 

                        fill_color="red", 

                        fill_opacity=0.7, 

                        popup=folium.Popup(f"Fault Simulated Distance (km) from 

Substation: {Simulated_bus_distance}", parse_html=True) 

                        ).add_to(m) 

    # Plot Fault Calculated Node 

    folium.CircleMarker(location=(fault_calculated_lat, fault_calculated_lon), 

                        radius=4, 
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                        color="blue", 

                        fill=True, 

                        fill_color="blue", 

                        fill_opacity=0.7, 

                        popup=folium.Popup(f"Fault Calculated Distance (km) from 

Substation: {Faulted_bus_distance}", parse_html=True) 

                        ).add_to(m) 

    # Plot the lines 

    for _, row in line_data.iterrows(): 

        line = PolyLine(locations=[(row['Lattitude_x'], row['Longitude_bus1']), 

(row['Lattitude_y'], row['Longitude_bus2'])], 

            color='gray', 

            weight=2, 

            tooltip=row['Line_Name'] 

        ) 

        line.add_to(m) 

    legend_html = f''' 

        <div style="position: fixed; 

                    top: 10px; left: 40px; width: auto; padding: 5px; 

                    border:2px solid grey; z-index:9999; font-size:14px; 

                    background-color: white;"> 

            <b>Simulation Timestamp:</b> <br> 

            {timestamp} 

        </div> 

        <div style="position: fixed; 

                    top: 10px; right: 10px; width: 250px; height: 90px; 

                    border:2px solid grey; z-index:9999; font-size:14px; 

                    background-color: white;"> 

            &nbsp; <b> FAULT LOCALIZATION WINDOW </b> <br> 

            &nbsp; <b> LEGENDS </b> <br> 

            &nbsp;Simulated Fault Node &nbsp; <span style="display: inline-block; 

width: 15px; height: 15px; background-color: red; border-radius: 50%;"></span><br> 

            &nbsp;Calculated Fault Node &nbsp; <span style="display: inline-block; 

width: 15px; height: 15px; background-color: blue; border-radius: 50%;"></span> 
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        </div> 

    ''' 

    m.get_root().html.add_child(folium.Element(legend_html)) 

    # Save the map as an HTML file 

    m.save(f'Fault_Visualization_{senerio}.html') 

# Save the fault data to an Excel file 

fault_df = pd.DataFrame(fault_data, columns=["Timestamp", "Fault Simulated 

Node", "Fault Calculated Node", "Faulted Subsystem", "Execution_Time","Simulated 

Distance (km)","Calculated Distance (km)"]) 

fault_df.to_excel("Fault_Information.xlsx", index=False) 
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Abstract
Ensuring an uninterrupted power supply in developing countries like Nepal is challenging due to factors
such as geographical terrain, vegetation, aging infrastructure, manual fault clearing, long feeder lengths with
limited switch deployment, and the use of bare conductors. This paper introduces a robust method for fault
localization in Nepalese distribution systems along with a novel approach to fault classification. The proposed
fault classification method requires only two synchronized time measurement units, positioned at the start and
end of a lateral. For fault localization, smart meters are needed at the end of all laterals. By utilizing voltage
sag data from synchronized time measurement units, a two-nodal current source is calculated and injected at
each node, then compared with the system’s actual voltage sag. The effectiveness of the proposed method is
validated using OpenDSS and Python on the Solati distribution feeder.
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1. Introduction

Electric utilities face numerous reliability issues in
distribution systems, which directly impact consumers
through power outages and utilities through revenue
losses. The power systems in many developing
countries were originally designed to serve basic
lighting and limited industrial loads. However, with
improving economic conditions and increasing load
demand, these systems are now under significant
strain. One of the primary causes of poor reliability is
aging infrastructure, including outdated transformers
and inadequate distribution line capacity [1].

Numerous research studies and algorithms have been
developed for fault localization in transmission lines.
However, fault localization in distribution systems
remains a critical process for electric utilities,
involving the identification of precise fault locations.
Accurate fault localization is essential for minimizing
downtime, reducing repair costs, and restoring service
efficiently [2]. Traditional fault localization methods
often rely on manual inspection, which can be
time-consuming, particularly in large or remote areas.
However, modern system employs advanced
technologies such as smart meter grids, sensors,
phasor measurement units (PMUs), and fault

indicators to detect anomalies in voltage, current, or
impedance.

The electric distribution network in Nevada
experienced approximately 50,000 customers outage
hours that affected 40,000 customers due to sustained
fault in year of 2016 AD [3].

1.1 Type of Short Circuit Faults

Figure 1: Classification of short circuit fault

A fault in a distribution system refers to abnormal
conditions that cause current to flow along unintended

Pages: 1 – 10
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paths, often with a larger magnitude than normal. A
Short circuit faults can be classified as [4]:

1.1.1 Symmetrical Short Circuit Fault

A symmetrical short circuit fault occurs when all three
phases are involved in a short circuit. In this type
of fault, the fault current in each phase is equal, and
the phase angles remain the same. It can be further
classified into LLL (three-line) and LLLG (three-line-
to-ground) faults. Although this type of fault is rare,
its impact is severe.

1.1.2 Unsymmetrical Short Circuit Fault

During the short circuit condition either one or two
phase involve, this type of fault is termed as
unsymmetrical fault. During this type of fault
magnitude of fault current through each phase are
different as well as change in phase angle. Further,
this type of fault can be classified as single phase to
ground (LG) fault, double line to ground (LLG) fault,
and double line (LL) fault.

• Single Line to Ground (LG) Fault: In case of
LG fault, there is involvement of only single
line to ground. When bolted LG fault occurs,
the healthy phases voltage may vary from phase
voltage to line voltage that depends upon the
earthing condition.

• Double Line (LL) Fault: In case of LL fault,
there is involvement of two line. When bolted
LL fault occurs in system, the healthy phase
voltage remains as same.

• Double Line to Ground (LLG) Fault: In case of
LLG fault, there is involvement of two phase to
ground. When bolted LLG fault occurs in
system, the healthy phase voltage varies from
phase voltage to 1.5 times of phase voltage
depending upon condition.

The classification of short circuit faults is illustrated in
figure 1.

1.2 Occurrence Probability of Fault

Various of short circuit fault types, the relative
frequency of occurrence [5] of fault in distribution
system in order to decreasing severity is presented in
table 1.

Table 1: Relative frequency of occurrence of fault

Type of faults Percentage occurrence
Three phase (3L) fault 5%
LLG fault 10%
LL fault 15%
LG fault 70%

1.3 Fault Localization Method

Various methods have been successfully applied to
fault location in transmission lines with high accuracy.
However, their implementation in distribution systems
is challenging due to the presence of multiple laterals,
load taps, the heterogeneous nature of the network,
and varying load conditions. [6]. The popular method
of fault localization is listed below with brief summary
about its strengths as well as limitations.

1.3.1 Traveling Wave Based Method

The traveling wave-based method is perfectly
localized fault in transmission line, but their
application in distribution system becomes very
complicated due to presence of multiple laterals, and
resulting reflecting wave. Moreover, this method
requires expensive equipment with high sampling rate
capable of detecting waveform traveling near speed of
light [7].

1.3.2 Impedance Based Method

The calculation between substation and fault point is
required to calculate for fault localization. These
methods are problem providing multiple fault
localization point. One of the tested cases in the paper
is for single line to ground fault, the impedance-based
algorithm gives four possible locations of the fault if
only three smart energy meter is deployed in the
system [8].

1.3.3 Super Imposed Component Method

It calculates the faulted system’s state by
superimposing the normal (pre-fault) system state
with the deviation caused by the fault, known as the
superimposed components. By isolating these
deviations, the method simplifies fault location and
analysis by focusing only on the incremental changes.
This approach is effective for analyzing transient and
steady-state fault behavior, especially in radial
distribution systems. However, its limitations include
sensitivity to measurement inaccuracies, dependency
on accurate pre-fault conditions, and reduced
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effectiveness in complex, meshed systems where
multiple pathways can dilute the superimposed
signals. Additionally, integrating it with real-time
monitoring systems can be computationally intensive
[8].

1.3.4 Intelligent System Based Method

It employs artificial intelligence (AI) techniques, such
as neural networks, fuzzy logic, expert systems, and
machine learning, to analyze and locate faults in
power distribution systems. These methods utilize
historical and real-time data to identify patterns and
anomalies associated with faults. They can handle the
complexities of nonlinear, dynamic systems and adapt
to changing system conditions, making them suitable
for modern smart grids. However, their limitations
include the need for large datasets for training,
potential over-fitting, and challenges in interpreting
the model’s decision-making process. Additionally,
their accuracy heavily depends on the quality and
quantity of input data and the robustness of the
system’s design [8].

1.3.5 Voltage Sag Based Method

The voltage sag-based method identifies and locates
faults in distribution systems by analyzing the voltage
sags caused by faults. When a fault occurs, it creates a
characteristic drop in voltage magnitude at different
buses, with the severity and pattern of the sag
depending on the fault’s location, type, and
impedance. By comparing the measured voltage sags
with a pre-calculated fault signature database or using
analytical models, the fault’s location can be
pinpointed. This method is particularly effective for
radial networks. Artificial intelligence-based
algorithms, trained using voltage sag data, require
multiple fault scenarios to be simulated. However,
their accuracy is affected when faults occur under
conditions not covered in the training data, such as
variations in fault resistance and distributed
generation penetration. Similarly, some methods
leverage both voltage magnitude and phase angle,
with meters strategically placed at the beginning of
multiple branch nodes [8].

The major objective of this paper is to develop a
robust approach for fault localization in the Nepalese
distribution system, along with a novel fault
classification method. We propose a mean
deviation-based fault classification technique that
utilizes the calculated fault current from two

synchronized measurement units.

The paper is organized as follow. Section II consists
of proposed methodology for fault localization and
classification. Section III consists of modeling of
system for verification of methodology. Section IV
present’s fault localization and classification result
and discussion. Conclusion and future scope of this
research is presented in section V.

2. Proposed Methodology

2.1 Fault Localization

The fault localization method proposed in this paper
relies on calculating the voltage sag between the
pre-fault and during-fault voltages. Since two nodes
are equipped with a synchronized time measurement
unit, the subsystem containing this unit is utilized. To
determine the fault location, the fault current, voltage,
and error calculations are essential, with references
drawn from [9, 10].

Figure 2: Sample 7 node distribution feeder

Figure 2 illustrates a sample distribution feeder layout
with seven nodes. Node 1 represents the substation,
while terminal node 7 is also equipped with a
synchronized time measurement unit. Additionally,
terminal nodes 4 and 6 are equipped with smart
meters that transmit the magnitude of voltage both
before and during a fault.

The nodes equipped with synchronized time
measurement units are responsible for determining
two nodal currents. In this calculation, all other
branches are neglected, and only the branch between
the substation node and the synchronized time
measurement unit-equipped terminal node is
considered. For this sample system, the two nodal
currents at nodes 1 and 7 are determined using

3
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equation (1).

Here, m represents the substation node equipped with
the synchronized time measurement unit, while n
denotes any lateral node within the subsystem where a
synchronized time measurement unit is installed.

The fault current, as expressed in equation (2), is
obtained by summing the two nodal currents from
equation (1). Since fault resistance and the integration
of distributed generation (DG) have already been
accounted for through measurements from the
synchronized time measurement unit, the calculated
fault current inherently depends on both fault
resistance and distributed generation.[

iabc
m

iabc
n

]
6×1

=

[
ZT ZT

ZT ZT +2Z

]−1

6×6

[
∆V̇ abc

m
∆V̇ abc

n

]
6×1

(1)

iabc
f = iabc

m + iabc
n (2)

Here iabc
f represents the calculated fault current from

voltage sag, and for each phase a,b and c. Similar way,
iabc
m and iabc

n represent three phase voltage of substation
node and terminal node.

The calculated fault current is then injected at each
node in the substation, and the resulting voltage sag at
the terminal nodes is measured. For each subsystem,
a candidate fault node is identified. Finally, using a
weight matrix, the fault location closest to the affected
bus is determined.

2.2 Fault Classification

By analyzing various scenarios of the calculated fault
current in equation (2), it is observed that in the case
of a three-phase fault, the fault currents in all three
phases have nearly identical values. However, for a
line-to-ground (LG) fault, the faulted phase exhibits a
significantly higher current, while the healthy phases
show very low values. Similarly, in a double-line fault,
two phases experience substantial fault currents,
whereas the remaining phase remains relatively
unaffected.

Based on these observations, a novel fault
classification method is developed. This paper
proposes an innovative approach to fault classification
using the mean current and the per-unit deviation of
the mean phase current. The mean current, given by
equation (3), is calculated by summing the absolute

values of the phase currents from equation (2). The
mean deviation for each phase is then computed using
equations (4)–(6).

I f
m =

abs(iaf )+abs(ibf )+abs(icf )

3
(3)

DIA =
abs(iaf )− I f

m

I f
m

(4)

DIB =
abs(ibf )− I f

m

I f
m

(5)

DIB =
abs(icf )− I f

m

I f
m

(6)

The proposed fault classification approach is illustrated
in the flowchart 3. In the case of a three-phase fault,
the mean deviation of each phase is very low, nearly
zero. Therefore, a tolerance level of 1e−5 is defined.
If the mean deviation of each phase falls below this
threshold, a three-phase fault is identified.

For a single line-to-ground fault, if the mean deviation
of one phase exceeds 1.5 while the other two phases
approximately sum to that value, the condition for a
single line-to-ground fault is met. The phase with a
mean deviation greater than 1.5 is identified as the
faulted phase.

Figure 3: Flowchart showing developed fault
classification approach

If the above two conditions—single line-to-ground or
three-phase faults—are not met, and the mean
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deviation of any phase exceeds 0.95, the fault is
classified as a double-line fault. The two phases
involved in the fault are those other than the phase
with the highest deviation above 0.95.

3. System Modeling

3.1 Implemented Methodology for Fault
Localization

The fault localization methodology is developed and
implemented using OpenDSS and Python, following
a structured approach to accurately identify fault
locations in a power distribution network. The
methodology involves multiple sequential steps, as
shown in flochart 4.

Figure 4: Overall Fault localization and classification
methodology

3.1.1 System Modeling Using OpenDSS and
Python

The distribution system is modeled using OpenDSS,
where network parameters such as bus data, line data,
and load data are incorporated. Python is used to
automate the simulation and extract the necessary
system information.

3.1.2 Creation of Subsystem and Impedance
Matrix

A subsystem is defined based on the network topology,
and the impedance matrix is formulated. This helps
in determining the voltage response of different nodes
in the system during normal and fault conditions.

3.1.3 Fault Current Calculation

A fault is introduced at different locations in the
system, and the corresponding fault current is
calculated. This current provides critical information
regarding the severity and type of fault.

3.1.4 Calculation of Voltage Sag

Voltage sag levels are computed based on the
simulated fault conditions. The reduction in voltage at
different buses serves as an indicator of fault presence
and propagation.

3.1.5 Recording of IEDs Placed Node Voltage
Magnitude and Phase

Intelligent Electronic Devices (IEDs) placed at
specific nodes record voltage magnitudes and phase
angles. These measurements are used for comparison
against simulated fault scenarios.

3.1.6 Error Calculation Between Calculated and
OpenDSS-Simulated Voltage

The voltage sag values obtained from fault simulation
in OpenDSS are compared with the measured values
from IEDs. The error between these values helps in
refining the fault location estimates.

3.1.7 Creation of Candidate Bus Vector

A candidate bus vector is generated, containing the
buses that are most likely to have experienced the fault
based on error analysis.

3.1.8 Using Fault Current and During-Fault Voltage
for Fault Type Classification

The fault type is classified by analyzing the fault
current and the voltage profile during the fault event.
This aids in further narrowing down the potential
faulted location.

3.1.9 Using Fictitious Bus Concept for Exact Fault
Location Calculation

A fictitious bus concept is employed to refine the fault
location estimation. This concept helps in identifying
the exact faulted node by analyzing voltage deviations
in a theoretical extended network.

3.1.10 Creation of Weight Vector

A weight vector is generated based on the probability
of fault occurrence at different candidate buses. The
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weights are assigned based on the error values and the
voltage sag levels.

3.1.11 Maximum Weight Related Bus Subjected to
Candidate Bus

The bus with the highest assigned weight is identified
as the most probable fault location. This final step
confirms the faulted bus based on systematic ranking
and analysis.

3.2 Distribution Feeder Modeling Approach

A Python-based distribution system modeling
program has been developed, which imports input
data from Excel and conducts the final system
modeling in OpenDSS. Serving as a bridge between
the input data and the OpenDSS model, the program
requires line data, bus data, load data, and bus
coordinates to generate a complete system model.

3.3 Creation of Subsystem

The fault localization algorithm requires the creation
of subsystems that extend from substation nodes to
the end of each branch, while other branches are
disregarded. Each subsystem consists of lines
connecting the substation node to the terminal point
of a branch. The total number of subsystems formed
corresponds to the number of branches in the system.

OpenDSS is interfaced with Python using the
win32com library, which provides full control and
access to OpenDSS elements. In the modeling
process, it is assumed that the substation node is
connected to bus number 1. After identifying the
substation node, the next key task is to determine the
nodes at the ends of branches (i.e., the terminal nodes
of each branch). The implemented logic for
identifying these end nodes is based on connectivity:
if a bus is connected to only one line, it is considered
a terminal node; otherwise, if it is connected to at
least two lines, it is not an end node.

In some cases, the substation node may only be
connected to a single line or branch. In such instances,
this node could be identified as a terminal node. To
prevent this, a discarding function is implemented to
exclude the substation node from being classified as a
branch terminal node. This ensures that the substation
node is not treated as the end of a branch.

Now, it is necessary to determine the shortest distance
between the substation node and the branch lateral

nodes. Here, the shortest distance is defined not by
the physical length of the lines but by the number of
connected buses from the substation node to the end of
the branches. This is accomplished using the Breadth-
First Search (BFS) method.

Breadth first search (BFS) is an algorithm for
traversing or searching tree or graph data structures. It
starts at the root and explores all the neighbor nodes at
the present depth level before moving on to nodes at
the next depth level [11]. BFS starts at source node,
and uses a queue to keep track of the nodes to visit
next, ensuring that nodes are explored level by level.
The algorithm adds the starting node to the queue and
marks it as visited. Then this algorithm enters a loop
where it removes a node from the front of the queue,
and visits all unvisited neighboring nodes (or children,
in tree terms), marking them visited and adding them
to the queue. This process is continuing until the
queue is empty or specific condition is met. The
specific condition means targeted nodes.

Finally, each line containing the subsystem is saved in
the data base for further analysis. The overall process
is shown in flowchart 5.

Figure 5: Flowchart showing methodology of
subsystem creation using OpenDSS and Python

4. Result and Discussion

In order to validate the proposed method, an 11 kV
distribution feeder, namely the Solati distribution
feeder, originating from the Barahathawa distribution
feeder in Sarlahi district, is simulated. The feeder
comprises 22 load centers, supplied by 2 transformers
of 25 kVA, 5 transformers of 50 kVA, and 15
transformers of 100 kVA. The total length of the
feeder, including all branches, is 25.58 km, with the
longest segment extending 17.121 km. The network
consists of 36 nodes, where buses serve as junction
points for laterals, load centers, or conductor type
changes. The distribution line is heterogeneous,
consisting of a mix of dog and rabbit conductors. The
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Figure 6: GIS diagram of Solati distribution feeder

GIS diagram of the simulated feeder is shown in
Figure 6.

4.1 LLLG Fault Scenario

A three-phase fault is applied at various locations
along the distribution feeder. Due to page limitations,
results for only selected buses are reported. In
OpenDSS, faults are applied at buses, and for fault
simulation on line sections, a virtual bus is created.
When an LLLG fault is introduced at different
locations, the fault detection error remains minimal,
with a maximum deviation of 2.01 km in fault
distance estimation. In all cases, the fault
classification achieves 100% accuracy. The detailed
results are presented in Table 2.

Table 2: Bolted LLLG fault at different length of line

S.N. Simulated Calculated Detected
Distance Distance Fault

(km) (km) Type

1 0.15 0.15 LLLG
2 2.43 2.43 LLLG
3 3.58 3.58 LLLG
4 4.12 3.58 LLLG
5 4.79 5.06 LLLG
6 3.7 3.7 LLLG
7 7.84 7.86 LLLG
8 10.83 10.83 LLLG
9 11.91 11.92 LLLG
10 13.93 11.92 LLLG

4.2 LLG Fault Scenario

When an LLG fault is introduced at different
locations, the fault detection error remains minimal,
with a maximum deviation of 2.01 km in fault
distance estimation. In all cases, the fault
classification achieves 100% accuracy. The detailed
results are presented in Table 3.

Table 3: Bolted LLG fault at different length of line

S.N. Simulated Calculated Detected
Distance Distance Fault

(km) (km) Type

1 0.15 0.15 LLG
2 2.43 2.43 LLG
3 3.58 3.58 LLG
4 4.12 3.58 LLG
5 4.79 5.06 LLG
6 3.7 3.7 LLG
7 7.84 7.86 LLG
8 10.83 10.83 LLG
9 11.91 11.92 LLG
10 13.93 11.92 LLG

4.3 LL Fault Scenario

When an LL fault is introduced at different locations,
the fault detection error remains minimal, with a
maximum deviation of 2.01 km in fault distance
estimation. In all cases, the fault classification
achieves 100% accuracy. The detailed results are
presented in Table 4.

Table 4: Bolted LL fault at different length of line

S.N. Simulated Calculated Detected
Distance Distance Fault

(km) (km) Type

1 0.15 0.15 LL
2 2.43 2.43 LL
3 3.58 3.58 LL
4 4.12 3.58 LL
5 4.79 5.06 LL
6 3.7 3.7 LL
7 7.84 7.86 LL
8 10.83 10.83 LL
9 11.91 11.92 LL
10 13.93 11.92 LL
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4.4 LG Fault Scenario

When an LG fault is introduced at different locations,
the fault detection error remains minimal, with a
maximum deviation of 2.01 km in fault distance
estimation. In all cases, the fault classification
achieves 100% accuracy. The detailed results are
presented in Table 5.

Table 5: Bolted LG fault at different length of line

S.N. Simulated Calculated Detected
Distance Distance Fault

(km) (km) Type

1 0.15 0.15 LG
2 2.43 2.43 LG
3 3.58 3.58 LG
4 4.12 3.58 LG
5 4.79 5.06 LG
6 3.7 3.7 LG
7 7.84 7.86 LG
8 10.83 10.83 LG
9 11.91 11.92 LG
10 13.93 11.92 LG

From the results reported in table 2-5, it is observed
that fault location accuracy remains consistent across
different fault types, demonstrating the effectiveness
of the fault classification approach. Sensitivity
analysis is conducted by varying the load,
incorporating distributed generation, and adjusting
fault resistance from 0.1Ω to 250Ω. Due to page
limitations, this paper presents sensitivity analysis
results only for single-line-to-ground faults.

4.5 Load Variation Scenario

Figure 7: Impact of load variation on fault
localization accuracy in LG fault scenario

In the base case, all transformers are assumed to

operate at 70% loading, and the results presented in
the table are based on this condition. Additionally,
four more cases are simulated by varying transformer
loading to 30%, 50%,90%, and 100%. For a bolted
fault, across all loading conditions, the average error
in fault location for an LG fault is found to be 5.06%,
as illustrated in figure 7. This indicates that the fault
localization method remains unaffected by load
variations. As the fault location accuracy is found
independent of fault type, the impact of load variation,
DG penetration and resistance variation are studied
for LG fault type.

4.6 DG Placement Scenario

Currently, the simulated distribution feeder does not
include any distributed generation (DG). However,
with the power system trend shifting towards locally
generated power sources, it is essential to validate the
proposed method under the presence of DG. To
achieve this, five random locations 5, 13, 20, 33, and
36 are selected for DG placement having capacity of
640 kW, and . The simulation is performed for a
bolted LG fault, and across all DG locations, the
average fault location error is found to be 5.06%, as
illustrated in figure 8. Since the impact and flow of

Figure 8: Impact of DG variation on fault localization
accuracy in LG fault scenario

current have already been accounted for in the fault
current calculation, the average fault localization error
remains constant regardless of the fault location.

4.7 Fault Resistance Variation Scenario

A fault resistance can vary significantly in practical
scenarios, influencing the accuracy of the method. To
validate the proposed approach under different fault
conditions, the fault resistance is varied from 0.1Ω to
250Ω, considering values of 0.1Ω, 10Ω, 50Ω, 100Ω,
and 250Ω. The simulation results, illustrated in figure

8



IOE Graduate Conference

9, show that as the fault resistance increases, the
accuracy of the method improves. Specifically, for
fault resistances up to 50Ω, the average fault location
error is found to be 5.06%. For fault resistances above
50Ω, the average fault location error decreases to
2.09%, indicating an improvement in the method’s
performance as the fault resistance increases.

Figure 9: Impact of fault resistance variation on fault
localization accuracy in LG fault scenario

5. Conclusion

The developed fault classification approach
demonstrates 100% efficacy in accurately classifying
faults under various conditions, including varying
fault resistance, the presence of Distributed
Generations (DGs), fluctuating loading conditions,
and the heterogeneous nature of distribution lines.
The maximum error in fault localization is observed
to be 5.06% under bolted fault conditions, despite the
presence of different fault types, DGs, and the varied
characteristics of the distribution network.
Additionally, as fault resistance increases, the
accuracy of fault localization improves.

A key advantage of the proposed methodology is its
ability to minimize the number of smart meters
required, significantly reducing the cost of practical
implementation. By utilizing both synchronized and
non-synchronized measurement devices, strategically
placed across the network, the approach ensures
cost-effectiveness without compromising on
performance. Notably, only two synchronized time
measurement units are required for fault classification
in the distribution network.

These results highlight the methodology’s potential
for real-world applications, positioning it as a
promising solution to enhance the reliability and
efficiency of fault management in Nepalese

distribution networks. Since this method effectively
operates in distribution systems with multiple laterals,
heterogeneous line characteristics, varying load
conditions, and a high R/X ratio, it is also well-suited
for transmission lines.

Future work may explore the integration of additional
features, such as real-time data analysis and scalability
for larger systems, to further enhance the effectiveness
and applicability of the approach.
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