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ABSTRACT 

 

NOVEL ALGORITHMS FOR MEDIUM/LOW-VOLTAGE ARCING FAULTS 

 IN SWITCHGEAR & MOTOR COILS: FROM  

CONCEPT TO REALIZATION 

 

 

 

Mandhir Singh Sahni, PhD. 

 

The University of Texas at Arlington, 2007 

 

Supervising Professor:  Dr. Wei-Jen Lee 

Switchgear arcing faults have been a primary cause for concern for the 

manufacturing industry and safety personnel alike. The deregulation of the power 

industry being in full swing and ever-growing competitiveness in the distribution sector 

calls for the transition from preventive to predictive maintenance. Switchgear forms an 

integral part of the distribution system in any power system set-up. Keeping in mind the 

switchgear arcing faults, the transition mentioned above applies most of all to the 

switchgear industry. Apart from the fact that it is the primary cause of serious injuries to 

electrical workers worldwide, switchgear arcing faults directly affect the quality and 

continuity of electric power to the consumers. A great amount of technological 
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advancement has taken place in the development of arc resistant/proof switchgear. 

However, most of these applications focus on minimizing the damage after the 

occurrence of the arcing fault. The problem associated with the compromise on the 

quality and continuity of electric power in such a scenario still awaits a technical as well 

as economically feasible solution. 

    This dissertation describes the development of a novel approach for the detection of 

arcing faults in medium/low-voltage switchgear. The basic concept involves the 

application of differential protection for the detection of any arcing within the 

switchgear. The new approach differs from the traditional differential concept in the 

fact that it employs higher order harmonic components of the line current as the input 

for the differential scheme. Actual arc generating test-benches have been set up in the 

Power System Simulation Laboratory at Energy Systems Research Center to represent 

both medium and low voltage levels. Hall-effect sensors in conjunction with Data 

Acquisition in LabVIEW are employed to record the line current data before, during 

and after the arcing phenomenon. The methodology is first put to test via simulation 

approach for medium voltage levels and then corroborated by actual hardware 

laboratory testing for low voltage levels. The plots provided from the data gathering and 

simulation process clearly underline the efficiency of this approach to detect switchgear 

arcing faults. Both magnitude and phase differential concepts seem to provide 

satisfactory results. Apart from the technical efficiency, the approach is financially 

feasible considering the fact that the differential protection is already being 

comprehensively employed worldwide. 
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Developments spanning a major portion of the previous decade have witnessed the 

emergence of high/medium/low-voltage arcing fault as one of the more prominent 

issues confronting the power industry and associated researchers alike. Research over 

the past decade has been dedicated to the modeling, detection and/or monitoring of 

arcing faults at various voltage levels and power system apparatuses. Furthermore, the 

research presented in this dissertation presents and compares the performance of 

statistical methodologies utilized to classify the severity of low-voltage arcing in a 

motor coil. The approaches revolve around the utilization of statistical techniques such 

as Spectral Angle Mapper (SAM), Spectral Information Divergence (SID) and Linear 

Discriminant Analysis (LDA) to classify the severity of the motor coil arcing fault. 

  Dedicated test-benches are utilized to simulate the arcing phenomenon of varying 

severity in a motor coil within laboratory environment. Hall-effect sensors in 

conjunction with the data acquisition module of LabVIEW provide an able means for 

data collection which is then subjected to off-line analysis. The conceptual approach 

preceding the classification process revolves around the extraction of pre-decided 

features associated with the current signal gathered during the arcing process. These 

features are associated with the higher order harmonic content of the current signal. 

Comparative analysis of the higher-order harmonic content in the arcing current as 

obtained from the test-bench and that from contemporary mathematical models for low-

voltage arcing faults is presented to validate the choice of parameters for the spectral 
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signature. The extracted features are utilized for classifying the severity of the motor 

coil arcing fault using the approaches mentioned above. 

 That apart, Support Vector Machines have gained tremendous popularity in the 

last decade or so in the field of pattern recognition, classification and regression 

applications. The dissertation also presents the approach, implementation and results 

associated with the utilization of one-class and multi-class SVM techniques for the 

classification of motor coil arcing fault severity levels. The data pre-processing, 

filtering and feature extraction process do remain the same as that utilized for SAM, 

SID and LDA techniques. However, the Gaussian Kernel function has been utilized to 

map non-linear scatter spread on to a higher dimension Euclidean space H. The training 

data is utilized to construct the SVM classifier the parameters of which, such as 

Lagrangian multipliers, the bias, the penalty factor and the number of support vector 

machines are utilized to test the accuracy of the SVM classification algorithm on the 

test data. Detailed elaboration on the technique, the implementation methodology and 

the results has been provided in relevant sections. 

The performance of the classification approaches has been evaluated based on the 

accuracy of classification, robustness and feasibility of implementation of the approach. 

The classification results seem very promising in terms of accuracy and feasibility of 

approach for real-time implementation. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background Information 

Arcing faults have been a primary cause for concern for the manufacturing 

industry and safety personnel alike. Apart from the fact that it is the primary cause of 

serious injuries to electrical workers worldwide, arcing faults directly affect the quality 

and continuity of electric power to the consumers. A great amount of technological 

advancement has taken place in the development of arc resistant/proof switchgear and 

Personnel Protective Equipments (PPE) over the last couple of decades. However, a 

majority of these applications and/or developments focus on minimizing the damage 

after the occurrence of the arcing fault. The problem associated with the compromise on 

the quality and continuity of electric power in such a scenario still awaits a technical as 

well as economically feasible solution. Despite modern advances in power system 

protection and the adoption of the National Electrical Code (NEC) Section 230-95 

working personnel continue to be injured and/or killed from arcing faults initiated by 

accidental physical contact or through glow-to-arc transition [1]. The deregulation of 

the power industry being in full swing and ever-growing competitiveness in the 

distribution sector calls for the transition from preventive to predictive maintenance.  

A majority of research documented in this dissertation focuses on the design, 

development and implementation of novel algorithms that may facilitate this transition
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preventive to predictive maintenance, albeit within a laboratory environment. While a 

majority of the test-benches utilized to mimic the generation of arcing faults at various 

power system locations have been developed within a controlled laboratory 

environment, the validity of the resulting arcing fault currents has been verified by 

means of mathematical model simulation and comparative analysis techniques. 

The ensuing sub-sections comprising this section discuss the electrical and 

physics aspect associated with arcing faults thereby defining and conceptually 

elaborating on the basics of the arcing fault. Apart from that, the ensuing sub-sections 

also discuss the historical evolution of arcing faults and the associated research and 

development for the detection and/or mitigation of arcing faults at the low/medium-

voltage levels. The sub-section finally concludes by encapsulating the realistic hazards 

associated with arcing faults usually encountered at the low/medium voltage level. 

 

1.1.1 Arcing Fault – Definition & Concept 

The issue of arcing faults and the widespread concern surrounding the 

consequences of arcing faults has gained significant ground over the last decade or so. 

By definition, an arc fault is an unintended, self-sustaining discharge of electricity in a 

highly conductive ionized gas, which allows current flow between the conductors, 

limited only by circuit parameters that are predominantly resistive [2]. In other words, 

an arc is an electrical discharge flowing between two electrodes through a gas or vapor 

[3]. Figure 1.1 shown below depicts the 3 distinct regions of an arc namely the anode, 

the cathode and the positive column [2]. The majority of the voltage is seen across the 
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cathode whereas the anode usually experiences a much smaller voltage drop and the 

voltage gradient across the positive column remains fairly constant.  

 

Figure 1.1: 3 Distinct Regions of an Arc [3] 

Arc initiation can primarily occur due to the following 3 causes: 

• Spark Discharge – A transient spark discharge does possess the 

capability of initiating an arc if the potential associated with the spark is 

large enough to ionize the air between the 2 conducting electrodes. 

• Accidental Physical Contact – This method of arc initiation is probably 

the most common one when focusing on the low-voltage arcing faults. 
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• Glow-to-Arc Transition – The “glow” and the “arc” are basically 2 

different stages with the former being characterized by relatively high 

voltage low current flow and the latter being characterized by low 

voltage and higher current flow. The transition of the glow to the arc 

stage occurs when a great number of electrons are released from the 

cathode normally occurring due to impurities, scratches or presence of 

local hot-spots on the electrode surface. 

Gammon and Mathews discuss the arc initiation methods in more elaborate 

details in [3]. The arc, once extinguished, requires a certain potential termed as the “re-

strike” potential in order to re-ignite. Once the re-strike potential has been achieved the 

arc re-ignites with the arc current flowing with opposite polarity. Although some 

mathematical models, such as Kauffman & Page, utilize a constant re-strike potential, 

research in this area over the years has pointed to various factors contributing to the 

determination of the re-strike potential. Some common factors influencing the re-strike 

potential are the level of ionization, environment of arc space and the conditions at the 

electrode. An elaborate discussion associated with the re-strike potential for arcing 

faults and influencing factors is presented in [4].  

Some relevant and important industry standards concerning the prevention of 

arc and/or arc flash incidents are: 

• OSHA 29 Code of Federal Regulations (CFR) Part 1910 Sub-part S. 

• National Fire Protection Act (NFPA) 70-2002 NEC 
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• NFPA 70E-2000 Standard for Electrical Safety Requirements for 

Employee Workplaces 

• IEEE Standard 1584-2002 Guide for performing Arc Flash Hazard 

Calculations 

With a basic understanding of the electrical and physical concepts associated 

with arcing faults (with specific focus of low-voltage systems) and the definition of 

various key terms associated with arcing faults under the belt, the ensuing sub-section 

deals with the historical evolution of mathematical models utilized to represent the 

arcing faults in low-voltage systems. 

 

1.1.2 Historical Evolution of Arcing Fault Models 

This sub-section endeavors to summarize the rapid strides made in the 

modification of existing and/or development of new mathematical models to define the 

arcing faults thereby facilitating a better understanding of arcing faults. While arcing 

faults have been identified as a potential hazard at low-voltages since as early as the 

1920s, the incidents relating to arcing faults began to rapidly increase starting in the 

1960s. It was during this era that the electrical system underwent a metamorphosis in 

order to meet the ever-increasing system demands resulting in drastically increased 

number of arcing fault incidents at low-voltages [3].  It was during this time frame that 

the research and industry personnel started paying their attention on the development of 

mathematical models adequate enough to represent real world arcing faults in low-

voltage systems.  
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 Although the low-voltage arcing was mostly encountered at the 480Y-277 V 

level, numerous cases of devastating fires breaking out due to arcing faults at the 208Y-

120 V level were encountered during this period. The late 1920s and the early 1930s 

saw a considerable increase of interest in the re-strike voltage, a crucial factor in the 

development and sustaining of the arcing faults. By early 1940s, certain trends were 

being associated with the arc-voltage with the first characterizing it as a flat-topped 

voltage with the arc current being a fixed percentage of the available short-circuit 

current [5]. While research further down the years has clearly proven otherwise 

identifying that the arc current magnitude is clearly variable with the gap width and 

impedance of ground path being key factors in determining the magnitude of arc 

current, it signaled the beginning of an era that would see many rapid strides made in 

the modeling of arcing faults for low voltage systems. 

Over the period from 1960 through the early part of 2000 witnessed numerous 

models and/or modifications to models in a constant endeavor to accurately represent 

the arcing faults in low voltage systems spanning a period of over 3 decades. Some 

significant low-voltage arcing fault models published during this period include: 

• Instantaneous model to predict the arc current in purely inductive 

systems by Kauffman & Page (1960); 

• Differential equation-based model for arcing faults by Conrad & Dalasta 

(1967); 

• Model to predict r.m.s arc current without any assumption on arc voltage 

by Fisher (1970); 
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• Curve-fit based damage indicator model by Stanback (1975); 

• Research work presenting role of arcing in residential fires by Beland 

(1980s); 

• Finally, generalized instantaneous arc fault model for resistive-inductive 

systems by Mathews (1993); 

While details associated with each of these mathematical models is beyond the 

purview of this document, the same is presented in elaborate detail in [3]. However the 

relevant and contemporary generalized instantaneous arcing fault models utilized for 

comparative analysis have been discussed in detail in the ensuing chapters of the 

dissertation. 

While witness the significant development in research associated with arcing 

fault models of low-voltage systems for the past several decades, it would important to 

place this research and its application in perspective. A majority of the aforementioned 

research and development was and to a certain extent still is focused on the estimation 

of arc fault current magnitudes for various commercial, industrial and residential 

facilities in order to develop suitable arc resistant protective systems to minimize the 

damage in the eventuality of the arcing fault.  

As would be evident in the proceeding sub-section the 4 decades spanned in the 

discussion above witnessed tremendous instants of catastrophic damage initiated due to 

arcing faults a great percentage of which are still applicable to the current situation. 
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1.1.3 Low-voltage arcing faults: Associated Hazards 

The hazards associated with arcing faults ranging from low to medium to high 

voltage levels, are widespread in terms of varied applications where extensive power 

system networks are utilized.  

One such area that had until recently been plagued with frequent fires due to 

arcing faults in the switchgear or other aspects of the power system networks is the 

navy shipboard systems. The realization that electrical fires, originating from arcing 

faults, were occurring with alarming regularity dawned in the 1970s with a great 

percentage of these being located in the main electrical distribution switchboards of the 

submarine fleet.  Main submarine electrical switchboards conduct thousands of amps 

over bare copper bus bar 1–12 inches wide and 0.25–1 inch thick. Large circuit breakers 

control the flow of current to remote loads and smaller switchboards. An arc of several 

hundred amps can exist and not cause a breaker to open since normal loads draw much 

higher current. The arc is not a short across the circuit, but a resistive load yielding heat; 

therefore, the breakers do not open. Faulty connections due to corrosion, faulty initial 

fastening, vibration, etc., cause 60–80% of arcs. Contamination and foreign objects can 

also be a possible reason for the initiation of the arcing faults [6]. Figure 1.2 depicts the 

extent of damage caused by an electrical fire in one of the main distribution switchboards 

of the naval power systems. 
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Figure 1.2: Damage from arc-initiated fire in navy shipboard systems [6] 

 

Another such critical field in which arcing fault protection is considered of 

extremely high priority is the aeronautical systems or the aircraft power systems. With 

limited isolation and fire extinguishing capabilities while in flight, the presence of an 

arcing fault on-board a flight could pose a major threat to personnel, tremendous 

financial and physical damage. The gravity of the situation was summarized by the 

development of the Aging Aircraft Integrated Product Team which developed the Arc 

Fault Circuit Breaker (AFCB), a technology developed jointly by the navy, FAA, and 

the industry to protect aging aircraft from arc fault related problems [7]. [7] discusses in 

elaborate detail the design, development and the testing of the AFCB prototype in 

operational aircraft environment.  

Arcing faults between conductors produces light and heat and is blamed for a 

residential and/or commercial electrical fire every five minutes in the United States. 

These are low power arcs of a few amps on a 115 VAC circuit [9]. Arc fault generates 
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large amounts of heat that can severely burn human skin and set clothing on fire when 

occurring in residential premises. Temperatures at the arc can reach four times the 

temperature of the sun's surface thereby posing greatly increased personnel safety 

threat. Any exposure to an arc flash frequently results in a variety of serious injuries 

such as severe burns, damaged eyesight, ruptured eardrums, collapsed lungs, 

psychological trauma and in some cases – death. Arc flash hazards pose another 

concern, that of liability and government regulations. On average, approximately 5 to 

10 arc flash explosions occur on the job every day in the United States.  

The discussion presented in the sub-section above, clearly underlines the 

hazards associated with arcing faults for low to medium to high voltage levels with 

specific focus on low voltage arcing faults. While this section focused more on 

providing an overview of arcing faults, the conceptual explanation and definitions, 

prevalent and relevant standards, historical evolution of arcing fault current models and 

the hazards associated with the arc faults, the following section focuses on the definition 

of the problem at hand along with a clearly outlined objective. 

 

1.2 Definition\Significance of Problem 

Apart from the varied nature of the fault itself, the diversity of the causes of the 

arcing faults compounds the problem associated with the mitigation of these faults. As 

is a well known fact, the current inside of an arc is not always high enough to trip a 

regular circuit breaker. In cases where the arcing current is large enough to do so, the 

time that has elapsed in the development of the arcing energy proves catastrophic. In the 
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former scenario where the arc current levels are lower than the regular breaker ratings, 

an arc fault adds to the existing load current causing a fast three-phase imbalance. In 

case it is large enough for the breakers, the breakers have not been found to be fast 

enough to prevent a catastrophe. 

The basic objective motivating the research documented in this dissertation 

comprises of the transition of arc fault detection and classification methods from 

preventive to predictive in nature. In other words, while a majority of the research 

documented in this field currently focuses on minimizing damage after the occurrence 

of the fault by adequately designed mitigation/protection equipment based on 

mathematical models and simulations, the objective behind the research in this 

dissertation aims to develop novel algorithms to detect and/or classify/categorize these 

arcing faults. Arcing faults in two major low-voltage power system components have 

been focused on namely: 

• Switchgear 

As is evident from the discussion presented above, the issue of arcing fault 

presents itself as rather challenging engineering problem to the power and 

manufacturing industry alike. The research under this area focuses on the design, 

development and implementation of a novel methodology for the detection of arcing 

faults (to ground) within low/medium voltage switchgear. As mentioned above, the 

arcing fault differs from other short-circuit phenomenon in that the current levels need 

not necessarily be high enough for traditional protective equipment to be effective. The 

initial sections in this chapter focus on providing conceptual details associated with the 
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phenomenon of arcing and the relevant definitions thereof. This chapter also endeavors 

to provide the reader with the hazards associated with arcing faults in the normal day to 

day operation of residential, commercial and industrial power systems thereby 

underlining the industrial application and relevance of the research documented in this 

dissertation. 

 

Hence the definition of the problem with respect to the switchgear arcing faults 

comprises of the following: 

• Design an innovative test-bench capable of re-producing low/medium 

voltage switchgear arcing faults within a controlled laboratory 

environment. 

• Develop and realize the test-bench in the Power System Simulation 

Laboratory, Energy Systems Research Center (ESRC). 

• Identify unique characteristics associated with the arc fault current that 

can be utilized for the following: 

o Corroboration of the validity of the arc fault current 

characteristics by means of a comparative analysis of the 

identified characteristics between the laboratory model and 

mathematical model. 

o Design of novel algorithm(s) to detect the presence of arcing 

faults in low/medium voltage switchgear. 

• Implementation of the aforementioned novel algorithms to the arc fault 
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current signature obtained from the laboratory test-bench in order to 

evaluate the performance of the algorithm(s) 

• Corroborate the versatility of the proposed algorithms by testing them 

under simulation and actual field-like conditions 

• Motor Coil 

While the issue associated with low/medium voltage switchgear arcing faults 

revolves more around detection of the fault, the problem definition associated with 

motor coil arcing faults focuses more on classification of severity of arcing faults. The 

primary reason for that is that mere detection of the presence of arcing fault in a motor 

coil may not be sufficient to mitigate the arcing fault as would have been possible in the 

case of the switchgear and hence the a more complex problem of classifying the 

severity of the motor coil arcing fault in terms of the percentage of the coil shorted 

through the arc has been dealt with in this dissertation. Hence the definition of the 

problem with respect to the motor coil arcing faults comprises of the following: 

• Design an innovative test-bench capable of re-producing low voltage 

motor coil arcing faults within a controlled laboratory environment. 

• Develop and realize the test-bench in the Power System Simulation 

Laboratory, Energy Systems Research Center (ESRC). 

• Identify unique characteristics associated with the arc fault current that 

can be utilized for the following: 

o Corroboration of the validity of the arc fault current 

characteristics by means of a comparative analysis of the 
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identified characteristics between the laboratory model and 

mathematical model. 

o Design algorithms, utilizing 4 distinct statistical techniques, to 

classify the severity of the motor coil arcing fault based on the 

aforementioned pre-identified unique characteristics. 

• Assess the performance of each algorithm thereby thoroughly 

investigating the merits and/or demerits of each statistical technique in 

classifying the severity of the motor coil arcing fault. 

• Perform comparative analysis of various classification algorithms in 

order to zone in on the most optimal classification technique based on a 

pre-identified performance evaluation matrix. 

• Implement the chosen algorithm, justified as the most optimal 

classification algorithm, for real-time classification of motor coil arcing 

faults in LabVIEW. 

Each of the aspects discussed in this sub-section is dealt with in elaborate detail 

in the relevant ensuing chapters and/or sections of this dissertation. The following 

section provides an overview of the organization of the dissertation with a broad 

perspective on the aspects covered in each chapter/section. 

 

1.3 Organization of Report 

The dissertation documenting the various aspects of the research carried out to 

tackle the problem defined in the previous section primarily comprises of 5 chapters. 
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The first of the five chapters, of which this section is a part, primarily consists of 

providing the reader with background information required to educate oneself with the 

exact nature and significance of the problem that this dissertation endeavors to address. 

This chapter primarily comprises of providing background information relevant to the 

research being discussed in the dissertation to educate the reader with the significance 

of the dissertation. The chapter also serves to set the foundation in terms of elaborating 

o the conceptual explanation of the arcing fault phenomenon and its significance in the 

residential, commercial and industrial power systems. Furthermore, the chapter outlines 

the objective and the motivation behind the research pursued for the dissertation and 

clearly defines the problem being encountered in the dissertation. 

The second chapter aims to address the first 2 important research aspects 

spanning the dissertation, namely low/medium voltage switchgear arcing faults. The 

initial sections of the chapter focus on providing a basic overview of the problem at 

hand and the proposed approach to be utilized for the detection of low/medium voltage 

switchgear arcing faults. The following section focuses on the design and development 

of the hardware required to re-produce switchgear arcing faults like those in actual field 

conditions. This section presents all the design details associated with the development 

of the hardware keeping in mind that the production of the arcing fault would take place 

in a controlled laboratory environment.  

The testing and data acquisition procedures adopted in order to record the 

switchgear arcing fault current signature are discusses in detail followed by the deign f 

the detection algorithm including the identification of key and/or unique characteristics 
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utilized for the detection algorithm. The methodology employed to corroborate the 

validity of the arcing fault current signature with contemporary low/medium voltage 

arcing fault models via simulation methods is also presented. The entire procedure is 

repeated for the detection of medium voltage switchgear arcing fault. The chapter 

concludes with the discussion and analysis of the results associated with the application 

of the arcing fault detection algorithm on the test-bench developed in the laboratory for 

both low and medium voltage switchgear arcing faults. 

The third chapter deals with the crucial aspect of hardware development 

associated with the second major aspect of research pursued in this dissertation, namely 

the motor coil arc fault. As mentioned earlier, unlike the switchgear arcing fault, the 

problem defined for the motor coil arcing fault focuses more on classification of the 

severity of the arcing fault instead of mere detection of the presence of arcing fault. In 

order to do that, the development of the test-bench associated with the re-production of 

the motor coil arcing fault assumes great significance. This is so since it not only has to 

be accurate enough to produce an arcing current that corroborates with its mathematical 

counterpart but also flexible enough to accommodate short varying degrees of the motor 

coil in order classify the severity of the motor coil arcing fault. This chapter focuses on 

various design alternatives considered, tested and developed in the laboratory in order 

to come up with a test-bench design that would meet the criteria discussed above. All 

details associated with the motor coil arc fault test-bench development have been 

elaborated upon in this chapter. 

The fourth chapter deals with the design and development of novel algorithms 
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associated with the classification of severity of motor coil arcing faults. The chapter 

initially discusses the mathematical background associated with each statistical 

technique identified as a key component for various algorithms for motor coil arc fault 

classification. The chapter continues to elaborate on the application of each of the 

statistical technique and the methodology employed to develop the algorithm to be 

simulated based on each of the statistical technique being employed to classify the 

severity of arcing faults. The results associated with each of the classification technique 

are assessed in terms of a comparative analysis in order to evaluate the performance of 

each of the algorithm in its effectiveness to classify the severity of arcing faults. 

The fifth chapter is the concluding chapter of the dissertation and focuses on 

drawing inferences from the results of the switchgear and motor coil arc fault detection 

and/or severity classification algorithms developed. The effectiveness of selective 

algorithms in detecting and/or classifying arcing faults has been showcased. The 

concluding chapter also spans potential research areas for which the research 

documented in this dissertation can serve as a foundation or reference basis.
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CHAPTER 2 

SWITCHGEAR ARCING FAULT 

 

As mentioned earlier, the deregulation of the power industry being in full swing 

and ever-growing competitiveness in the distribution sector calls for the transition from 

preventive to predictive maintenance. Switchgear forms an integral part of the 

distribution system in any power system set-up. Keeping in mind the switchgear arcing 

faults, the transition mentioned above applies most of all to the switchgear industry. The 

issue of arcing faults and the widespread concern surrounding the consequences of 

arcing faults has gained significant ground over the last decade or so. One of the major 

consequences of this growing concern is the rapid strides made in the mathematical 

modeling of the arcing fault at low and/or medium voltage levels as discussed in the 

previous chapter.  

As is evident from discussions presented in the previous chapter, the issue of 

arcing fault presents itself as rather challenging engineering problem to the power and 

manufacturing industry alike. Certain sections of the previous chapter focused on 

defining the significance of the problem associated with medium/low voltage arcing 

faults and the motivation behind the initiation of the research documented in this 

dissertation. This chapter focuses on the description of a novel methodology for the 
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detection of arcing faults (to ground) within low/medium voltage switchgear. As 

mentioned above, the arcing fault differs from other short-circuit phenomenon in that 

the current levels need not necessarily be high enough for traditional protective 

equipment to be effective. This approach revolves around identifying the characteristics 

unique only to the arcing fault and developing a detection strategy employing these 

unique characteristics. Contrary to traditional detection techniques, higher order 

harmonics serve as a better indicator in the case of arcing faults to ground. Differential 

protection concept employing higher order harmonics is utilized for the detection of 

arcing faults to ground in low/medium voltage switchgear. 

 Individual laboratory test-benches are designed and set-up for both low and 

medium voltage testing in the Power Systems Simulation Laboratory at Energy Systems 

Research Center (ESRC). In the case of medium voltage testing the simulation approach 

is adopted and data is gathered via hall-effect sensors and data acquisition in LabVIEW 

during the arcing phenomenon. This data is analyzed to model the medium voltage 

switchgear arcing fault to ground as a non-linear device and the harmonic differential 

concept is tested via simulation. The validity of the approach is further confirmed by 

performing practical laboratory tests for low voltage arcing utilizing harmonic 

differential approach. The approach provides the right balance between sensitivity to 

internal faults and discrimination against external faults by the use of both magnitude  

and phase differential. The description of the concept, medium/low-voltage test-

benches, simulation model, results and plots are provided in the pertinent sections of the 

chapter. 
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2.1 Relevant Research 

As mentioned in the previous chapter, a majority of the research associated with 

arcing faults in low/medium voltage switchgear during the 1980s and early nineties has 

been geared towards the re-enforcement of the mechanical aspects associated with the 

switchgear in order to minimize the damage following the occurrence of the fault. The 

previous chapter along with the discussion also provides ample literature reference 

associated with the developments in terms of preventive maintenance for switchgear 

arcing faults. As mentioned in the opening stages of this dissertation, such action 

classifies as preventive maintenance in comparison to novel early warning and 

sophisticated detection approaches presented in this dissertation which endeavors to 

transition to predictive maintenance.  

Having said that, some arc low/medium voltage switchgear arcing fault detection 

research has been documented during the last decade or so. A discussion in [41] cites 

the commercial availability of several switchgear arc monitors which can be used to 

detect the presence of arcing faults in switchgear and respond quickly to isolate the 

power source, The first of these arc monitors refers to a photocell type arc monitor with 

a response time of 1ms coupled with modern breaker interrupting times to disconnect 

the power source within 30ms. [42] elaborates in detail on the monitor based on the 

photo-cell concept wherein one of the most striking and fastest physical variables 

associated with arcing is utilized for the detection of the fault conditions. [42] detects 

the light produced during the arcing conditions by means of specially developed light 
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sensor spheres facing each cladded compartment of the switchgear panel. These light 

sensor spheres exhibit uniform sensitivity in all directions of the hemisphere [42].  

“The light is conveyed by fibre-optics light conductor to an evaluator and 

converted into a digital signal by photodiodes and AID converters. The signal is 

evaluated using an algorithm that incorporates auxiliary signals so as to permit 

unambiguous differentiation between an arc and any interference signals in order to 

achieve maximum reliability even where light interference signals are involved. The 

new arc detection system for type-tested medium- voltage switchgear makes it possible 

to minimize the potential duration of an arc and hence its destructive effect, resulting in 

enhanced safety for the switchgear environment” [42].  

The other type of arc monitor comprises of utilizing a pressure switch thereby 

employing the change in pressure due to release of various gases during arcing fault 

conditions to detect the presence of switchgear arc fault conditions [41]. [43] presents a 

detailed discussion associated with the utilization of pressure based monitor to detect 

the presence of arcing faults in switchgear. The approach presented in [43] endeavors to 

keep in mind that the arc monitor much respect selectivity and discrimination against 

external faults while trying to minimize damage during internal faults. The approach 

primarily utilizes an array of pressure sensors installed at various locations in the 

switchboard. These pressure sensors are activated by a pressure wave which seems to 

occur during the 1
st
 20 msecs of the arcing fault. The activation of the pressure sensors 

instantaneously trip the circuit breakers feeding the fault thereby isolating and 

mitigating the arcing fault thereby minimizing damage [43]. While this approach does 
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endeavor the detection of arcing fault, the underlying objective is still preventive in 

nature trying to minimize damage associated with arcing fault.  

A case in point furthering the cause of transition from preventive to predictive 

maintenance is presented in [44]. Documentation in [44] seems to suggest that while re-

enforcement actions such as the use of un-insulated conductors, substantial relief flaps, 

presence of double-skin on enclosures to prevent burn through during arcing fault, high 

integrity sealing of all chambers to prevent “leakage” and suitable ducting for release of 

exhaust gases may reduce the damage during the presence of arcing fault, they do not 

reduce the likelihood of arcing fault or increase the chances of detecting the arcing fault 

to prevent the damage [44]. The value of the proposed approach utilized to detect 

switchgear arcing faults utilizing higher-order harmonic differential approach assumes 

great significance in the wake of such references. 

[45] presents an on-line condition monitoring system associated with 12kV 

voltage switchgear. The on-line condition monitoring system aims to monitor the 

conditions of the bushings, the temperature rise of the detachable contacts and the 

mechanical performance of the switchgear. The proposed approach documented in [45] 

basically aims to monitor the over-all “health” of the switchgear in terms of its 

operational condition. 

As would be evident from the discussion presented in the section above, apart 

from the developments in re-enforcing the mechanical aspects and enclosure associated 

with the switchgear, developments on the detection front seem to focus more on 

utilizing the physical properties of the arc such as light emission and pressure release 
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through gases. The novelty associated with the approach presented in this dissertation 

lies in the utilization of electrical properties in the arcing fault current, namely the 

higher-order harmonics, in conjunction with differential approach to develop an early 

warning system. Furthermore, the proposed approach and the associated results 

presented at relevant sections of this dissertation seem to indicate great potential in 

terms of accurate detection of arcing faults in switchgear thereby allowing the first step 

towards predictive maintenance in the switchgear industry. 

 

2.2 Medium voltage switchgear arcing fault detection 

The discussion in this section of the chapter primarily revolves around the 

design, development and implementation of a novel approach for detecting the arcing 

fault in the medium voltage switchgear. The following aspects are discussed in 

elaborate detail during the course of the discussions presented in this section: 

• Design & development aspects associated with laboratory test-bench 

capable of producing medium voltage arcing faults in order to replicate 

actual field conditions; 

• Identification of characteristics unique to the arcing fault and the design 

of a novel approach to detect the presence of arcing faults at medium 

voltage levels, if any; 

• Operational testing and acquisition of medium voltage arcing current 

data under controlled laboratory environment; 
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• Utilization of the acquired arcing current data to model a medium 

voltage arcing fault on a small-sized sample 18-bus radial distribution 

system in order to evaluate the performance of the proposed algorithm 

under simulation environment; 

• Comparative analysis of the arcing fault modeled above with 

contemporary mathematical models for arcing faults based on the unique 

pre-identified characteristics; 

• Demonstration of effectiveness of proposed approach to detect medium 

voltage arcing faults by simulation results; 

 

2.2.1 Approach Overview 

This sub-section provides a basic overview of the approach outlined for the detection 

of medium voltage arcing faults through the utilization of actual hardware testing and/or 

simulation techniques. The medium voltage switchgear arcing fault to ground is 

simulated by producing an arc via an arcing device at about 15kV level. An induction 

motor load is connected in parallel to the arcing device to simulate normal loading 

conditions in the distribution system. An auto-transformer and a 120V/15kV single-

phase step-up neon transformer are employed to obtain the required voltage levels for 

the arcing device. Hall-effect sensors are employed to pick up the line current during 

the arcing phenomenon. In order to simulate actual field conditions, the hall-effect 

sensors have to be placed on the high voltage side of the step-up transformers to capture 

actual arc fault current signatures.  
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The proposed conceptual approach to detect the presence of arcing faults in medium 

voltage switchgear revolves around the utilization of the differential protection 

principle, albeit with some modifications. The principle of traditional differential 

protection employs the fundamental current magnitude and phase angle of the incoming 

and outgoing currents to detect the presence of anomalous and/or short circuit 

conditions in the network under question. The differential protection principle as 

applied for the detection of the medium voltage arcing faults differs from its traditional 

counterpart in that it utilizes a characteristic unique to the arcing faults as the base input. 

As would be evident from some preceding sub-sections, while one cannot “order an 

arcing fault”, thereby adding to it diverse nature, irrespective of the nature, voltage level 

and the model of the arcing fault being analyzed, the arcing current contains higher-

order harmonics due to the very physical nature of arcing phenomena. It is this unique 

characteristic, namely the higher-order harmonics that are utilized as the unique 

characteristics to be employed as the base input for the proposed differential approach. 

In other words, a higher-order harmonic differential approach is proposed for the 

detection of the medium voltage arcing faults. 

  The hall-effect sensor information is employed for the implementation of the afore-

described differential scheme which is primarily utilizing the higher order harmonic 

magnitude and phases to detect the presence of arcing fault. The methodology adopted 

for implementing the approach is split into two phases namely the simulation phase 

(medium voltage arc testing) and laboratory test bench phase (low voltage arcing). As 

would be evident, the simulation phase would be the focus of discussion in this section 
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since it deals with the detection of medium voltage arcing fault with the test-bench 

phase being discussed in ensuing sections of this chapter. However, both done, it allows 

for comprehensive testing of the higher harmonic differential approach adopted for 

switchgear arc detection. 

The simulation approach employed for the case of medium voltage arc detection is 

discussed in its entirety in this section. The hall-effect sensors are placed on the 

high/secondary side of the 120V/15kV single phase step-up transformer. The output 

signal from the hall-effect sensor is monitored and recorded via data acquisition using 

LabVIEW. This signal provides great insights into the characteristics of the arcing fault 

to ground current. Based on the harmonic analysis performed on this signal, a non-

linear source producing exactly the same harmonics in terms of magnitude and phase is 

modeled to represent a switchgear arcing fault to ground in a sample 18-bus distribution 

system. A comparative analysis of the arcing fault model developed in the laboratory 

with the contemporary mathematical models for arcing faults is also discussed. The 

arcing fault is then modeled as a non-linear source placed at strategic locations in a 

sample 18-bus radial distribution system with the non-linear source having the same 

harmonic characteristics as derived from the harmonic analysis of the arcing current 

signaled acquired from the laboratory test-bench. The sample 18-bus system is then 

simulated with the non-linear source (arcing fault) at internal and external locations 

with respect to harmonic current differential scheme applied at one particular location. 

Simulations are performed with and without the power factor correction capacitors to 

compare the performance of the differential scheme under conditions as close to the 
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field conditions as possible. The ensuing sub-sections discuss the test-bench, switchgear 

arc fault (to ground) modeling, simulation process and results in their entirety. 

 

2.2.2 Hardware Development 

2.2.2.1 Test-Bench: Design & Development 

In order to test and showcase the performance of the higher-order harmonic current 

differential scheme for medium voltage switchgear arcing fault (to ground) with 

precision, an accurate laboratory model for arcing fault was developed.  

As mentioned earlier, a dedicated test-bench was set up in the Power Systems 

Simulation Laboratory at Energy Systems Research Center for this purpose. A basic 

schematic of the test-bench is shown in Figure 2.1. As is evident from the schematic, 

208V three-phase supply is used to feed the three-phase induction motor which 

represents the normal loading on the system. 20A circuit breakers are employed to 

isolate the main power supply from the test-bench. Single pole double throw switches 

are employed to bring the arcing device (connected in parallel to one of the phases) into 

play to replicate the arcing phenomenon in the actual switchgear. As can be seen from 

the schematic, the arcing device is connected on the secondary side of autotransformer 

and 120V-15kVstep-up neon transformer.  

 Figures 2.2, 2.3 and 2.4 depict the actual laboratory test-bench developed in 

Power Systems Simulation Laboratory at ESRC. Figure 2.2 below provides a complete 

overview of the testing facility showing the normal load (3-phase induction motor, 

protective equipment) arcing and data acquisition facilities. 
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In actuality, the hall-effect sensors being employed for the current differential should be 

connected at the locations of CT1 and CT2 in the schematic. In the event of an arcing 

phenomenon in that case, the current passing through hall-effect sensor #1 (CT1) would 

comprise of the load current for the 3-phase induction motor and the arcing currents. 

Depending on the nature and magnitude of the impedance of the load, the current seen 

by CT2 would also include the load current and some arcing currents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(X: Primary Side Hall-Effect Sensor Y: Secondary Side Hall-Effect Sensor) 

 

Figure 2.1: Schematic for Medium Voltage Switchgear Test-bench 
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The load currents would get cancelled out in the differential set-up, and the 

arcing components of the arcing current would be extracted out for possible arcing 

and/or partial discharge detection. In either case, the current seen by the two CT’s 

would have different phase angles. Depending on the impedance of the arcing fault, 

either magnitude or phase angle differential could be employed for fault detection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Complete Overview of the Test-Bench developed in Power System 

Simulation Laboratory 
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Figure 2.3: Normal Load Section: CT’s and Protective Equipment 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Medium Voltage (15kV) arc fault generation test-bench set-up 
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However before carrying out any comprehensive tests on the afore-described test-

bench, simulation approach was utilized to verify the conceptual validity. For this 

purpose, hall-effect sensor #1 was placed close to the location of the arcing fault (on the 

secondary side of the transformers) to observe the harmonic content of the arcing 

current. The second hall-effect sensor on the other hand was placed on the line side 

(primary side of the transformers) to observe the effect of the transformers on the 

harmonic contents of the arcing current. This configuration of hall-effect sensor 

connections is clearly shown in Figure 2.3. 

As can be seen from Figure 2.1, in order to emulate actual field conditions the 

harmonic current differential scheme should be incorporated on the line side. This 

scenario is replicated in the simulation process wherein a sample 18 bus system is 

analyzed in the presence of a non-linear harmonic source the behavior of which very 

closely represents that of the arcing fault in terms of harmonic composition. With hall-

effect sensors placed on the primary and secondary side of the step-up transformer, the 

data for the arcing fault current is acquired and stored using LabVIEW. The objective 

behind this exercise is to be able to gather enough information about the composition of 

the arcing current in terms of harmonics to be able to model a non-linear load to 

represent the arcing phenomenon for simulation purposes. 

It would be evident from the above discussion that the test-bench utilized for the 

generation of medium voltage arcing fault is designed to replicate actual field 

conditions as accurately as practically feasible within the confines of the laboratory 

environment. Apart from accuracy, aspects such as robustness and flexibility in design 
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to allow the replication of various arcing fault phenomenon as occurring in actual field 

conditions are taken into account during the design of the test-bench. 

 

2.2.2.2 Testing & Data Acquisition 

The performance of the test-bench described in the preceding sub-section is 

tested by the generation of arcing fault at the 15kV level. The testing procedure is 

accompanied with the utilization of the data-acquisition set-up to acquire the arcing 

fault current data to be utilized for modeling of the arcing fault as a non-linear source in 

the sample 18-bus system and further simulation processes. As mentioned earlier, a data 

acquisition module was developed in LabVIEW to record the nature of the arcing 

current on the primary and secondary side of the transformers. The objective behind this 

exercise is to be able to gather enough information about the composition of the arcing 

current in terms of harmonics to be able to model a non-linear load to represent the 

arcing phenomenon in a sample 18-bus radial distribution system for simulation 

purposes. The primary justification for employing hall-effect sensors instead of current 

transducers is the ability of the hall-effect sensors to be effective over a wide range of 

frequency. This allows us to capture information associated with higher order 

harmonics that maybe present in the arcing current.  
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(a) 

(b) 

Figure 2.5 (a): Front Panel for Data Acquisition of Primary & Secondary Arcing 

Current (b): Block Diagram for Data Acquisition of Primary & Secondary Arcing 

Current 
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Furthermore, frequency domain analysis is performed by plotting the spectral 

density to observe the dominance of certain harmonics in the primary and secondary 

arcing current. Figures 2.5-a and 2.5-b clearly depict the front panel and the block 

diagram employed in LabVIEW for this purpose. As is obvious from Figure 2.5-a, the 

arcing current on the secondary side of the transformers clearly contains 3
rd

, 5
th

, 7
th

, 9
th

, 

11
th

 and 13
th

 harmonics of significant magnitudes with respect to the fundamental 

component. The power spectral density of the secondary arcing current reiterates the 

same fact. 

However, an interesting observation made through the plots in Figure 2.5-a is 

that the primary side arcing current contains only the fundamental component and no 

higher harmonics of any significant magnitudes. The same is corroborated by the power 

spectral density of the primary arcing current. This clearly depicts that the transformers 

do not allow the harmonics to pass through. However, the transformers are employed 

only within the laboratory to produce a voltage high enough to create an arcing 

situation. For an arcing fault in the switchgear in real world conditions, the arcing 

current would bear a stamp very close to that of the secondary arcing current. Thus the 

arcing current on the secondary side of the transformer bears the most significance for 

detection of switchgear arcing fault. 

 

The signal is recorded in ‘lvm’ format and with sampling rate for each channel set at 

18000 samples/sec, the major harmonic components of the arcing current can be 

separated. Table 2.1 provides harmonic component breakdown for the arcing current on 
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the primary and secondary sides of the transformer. The magnitudes of the harmonic 

components are scaled with respect to the magnitude of the fundamental frequency 

component. The phases of the harmonic components are also relative to the phase of the 

fundamental frequency component. 

The time domain plot depicted in Figure 2.6 is obtained by using the harmonic 

percentage compositions tabulated in Table 2.1. As is evident from Figure 2.6, the 

nature of the primary and secondary waveforms is almost identical to those obtained by 

data acquisition in LabVIEW. The objective behind this exercise is to corroborate the 

percentage harmonic composition for the secondary arcing current in particular so that 

these percentages can form the basis of the non-linear load modeling to be used in 

‘pcfloh’.  

 

 

Table 2.1 Percentage harmonic composition for primary & secondary arcing current 

 
Hth     Freq[Hz]      %Abs Pri      relDeg Pri           %Abs Sec      relDeg 

1         60         100.000            0.00            100.000       0.00 

3        180           4.410          179.18            101.720       2.83 

5        300           0.714          103.63             99.161       3.46 

7        420           0.726          201.44             93.583       4.45 

9        540           0.568          206.37             86.417       8.63 

11        660           0.585          219.46             78.609      12.07 

13        780           0.544          224.12             65.539      13.36 

15        900           0.488          230.24             54.911      16.25 

17       1020           0.426          232.88             43.288      17.30 

19       1140           0.426          234.73             32.184      17.17 

21       1260           0.352          233.70             21.952      12.93 

23       1380           0.263          234.71             13.634     359.55 

 

 

Further corroboration was obtained by performing the frequency domain analysis of the 

Matlab generated primary and secondary arcing current waveform. Figures 2.7 and 2.8 

present the frequency domain magnitude and phase angle analysis of the primary and 
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secondary arcing current. As is obvious from these figures, they bear close resemblance 

to the figures obtained in LabVIEW thereby reiterating the accuracy of the percentage 

harmonic composition.  

Figure 2.9 depicts the power spectral density for the arcing fault currents, based 

on the analysis carried out on the acquired arcing current signal in Matlab, on the 

primary and secondary side of the step-up transformer respectively. A comparative 

analysis of power spectral densities depicted in figures 2.5 and 2.9 clearly validate the 

data acquisition procedure via the method of elaborate harmonic analysis.  

With the percentage harmonic composition of the secondary arcing current established 

and confirmed, thereby validating the data acquisition process thoroughly, the next step 

was to model the arcing fault as non-linear load with the same harmonic characteristics 

to be able to accurately represent an arcing condition in a sample 18-bus system 

utilizing the harmonic analysis software ‘pcfloh’ (courtesy Dr. Mack Grady, UT 

Austin). Details associated with the modeling of the arcing fault as a non-linear load in 

the sample 18-bus radial distribution system along with comparison of the model with 

contemporary mathematical models for arcing faults are presented in the ensuing 

sections. 
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Figure 2.6: Time domain plot in Matlab to corroborate the harmonic composition of 

arcing current 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Frequency domain plots for magnitude & phase angle of primary arcing 

currents
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Figure 2.8: Frequency domain plots for magnitude & phase angle of secondary arcing 

currents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.9: Power spectral density for the primary & secondary arcing currents 
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 2.2.3 Modeling of Arcing Fault 

 

With the percentage harmonic composition of the secondary arcing current known and 

verified, a non-linear load exhibiting the same harmonic characteristics in terms of 

magnitudes and phase angles (as those obtained from the harmonic analysis of the 

secondary arcing fault current) is designed and employed for simulation in the ‘pcfloh’ 

harmonic analysis software. ‘pcfloh’ is 500 bus power system harmonic analysis 

software developed by Dr. Mack Grady, UT Austin. Information about the distribution 

system is provided in the form of bus data files, line data files, options files and spectra 

files (which contains user input harmonic current injection spectral data). A sample 18 

bus distribution system shown in Figure 2.10 is employed for simulation purposes in 

this case. Simulations are carried out for various system conditions listed below: 

� All capacitors disconnected 

� All capacitors connected  

� All capacitors connected except for bus #5 

� Line 4-5 replaced by a transformer 

All the afore-described system topologies have been encompassed within the various 

case definitions outlined in Table 2.2. Various harmonic components (including the 

fundamental frequency component) of the line current between buses #4-#5 (incoming 

current) and buses #5-#6 (outgoing current) are monitored to observe the most ideal 

parameter/parameters to be chosen for current differential approach. 
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Table 2.2 Case Definitions for arcing fault simulation on sample 18-bus radial 

distribution system 
  

Case Definition 
Arc Fault 
Location 

Internal/External 
Fault 

BC5- no capacitors arcing fault at bus 5 internal fault 

BC6- no capacitors arcing fault at bus 7 external fault 

BC7- no capacitors arcing fault at bus 3 external fault 

BC8- with capacitors arcing fault at bus 5 internal fault 

BC9- with capacitors arcing fault at bus 7 external fault 

BC10- remove C at bus 5 arcing fault at bus 5 internal fault 

BC11- remove C at bus 5 arcing fault at bus 7 external fault 

TC1- Bus 4 to 5 is transformer YG-YG arcing fault at bus 5 internal fault 

TC2- Bus 4 to 5 is transformer Delta-YG arcing fault at bus 5 internal fault 

 

 

pcfloh’ is designed to read column-formatted, comma-separated or tab-separated 

data. The input files for each of the cases mentioned above are in notepad format. The 

file that assumes great significance at the onset of the simulation process is the Spectra 

file. It is this file which decides the nature and type of the non-linear load and the 

harmonic composition of the non-linear load. ‘Pcfloh’ provides the option of using one 

of the inbuilt non-linear loads by selecting an integer code however in our case the 

integer code chosen is 21 which signifies a user-defined non-linear load and then each 

harmonic order is accompanied with a magnitude percentage and phase angle. These 

entries basically correspond to those tabulated in Table 2.1 for the secondary arcing 

current. This allows the representation of the arcing phenomenon as a non-linear load 

on the distribution system with the non-linear load producing the same harmonic 

characteristics as the arcing phenomenon. As shown in Figure 2.10, the current sensors 

are placed on line joining buses #4-#5 and line joining buses #5-#6.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2.10 Sample 18 bus radial distribution system 
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‘Thus any arcing fault taking place outside this area would not be within the purview of 

the current differential protection. Numerous cases, as tabulated in Table 2.2, are 

simulated with the non-linear load placed inside and outside this area to observe issues 

such as sensitivity to internal fault and security/discrimination against external faults. 

Various aspects of the current differential approach are put to test using the simulation 

approach. The simulation considers bus #5 as the location of the switchgear. 

 With the medium voltage arcing fault being modeled as a non-linear load on the 

sample 18-bus system as described above, various practical scenarios representing 

diverse operational conditions are simulated to test the validity of the approach as 

benchmarked against some standard performance evaluation criterion for higher-order 

differential protection approach. However, prior to the simulation the results of which 

are presented in the relevant ensuing sections of this chapter, it was necessary to 

perform a comparative analysis of the arcing fault developed at ESRC with the 

contemporary mathematical models for the arcing faults. This aspect forms the nucleus 

of the discussion presented in the following sub-section. 

 

2.2.4 Simulation Results 

As mentioned earlier, the performance of the proposed higher-order differential 

protection approach to detect the presence of arcing faults in medium voltage 

switchgear was evaluated by considering various operational scenarios defined in the 

previous sub-section. The discussion documented in this section revolves around 
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presenting and analyzing the results obtained from the simulation of various operational 

scenarios. 

As discussed earlier, the primary reason for the execution of numerous scenarios, the 

results of which have been presented in this section, were manifold: 

• Assess the successful implementation of the proposed higher-order harmonic 

differential approach for various practical operational conditions such as with 

the presence of power factor correction capacitors etc 

• Perform exhaustive testing spanning varying scenarios in order to assess the 

robustness of the proposed higher-order harmonic differential approach 

• Ensure the applicability of the proposed higher-order harmonic differential 

approach in the face of actual system conditions wherein the approach is 

adopted for detection of arcing fault a substations. For this purpose, there are 

additional scenarios added to the set utilized for testing wherein the line between 

buses 4 & 5 has been replaced by a transformer. Both variations of the 

transformer have been utilized for testing, in case the configuration of the 

transformer re-directs the harmonics produced by the arcing fault. 

While numerous scenarios and/or cases have been simulated, detailed discussion of the 

results associated with one complete scenario (along with all cases comprising the 

scenario) has been presented in this section. Furthermore summary of results associated 

with all scenarios and/or cases defined in the previous sub-section have been presented, 

discussed and analyzed in this section. Detailed results associated with the remaining 

cases and/or scenarios have been attached in the form of appendices to this dissertation. 
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Case BC5  

Description: Internal arcing fault: Non-linear device placed at Bus #5 with all 

capacitors disconnected 

Figures 2.11 & 2.12 depict the currents flowing through some selected lines and 

voltages across some selected buses respectively for the system topology corresponding 

to case BC5. Table 2.3 provides details about harmonic (magnitude and phase angle) 

composition of each of the line currents when the non-linear load is placed on bus #5 

(equivalent to an internal arcing fault). Details about the line currents between buses #4-

#5 and buses #5-#6 are highlighted since these would be of prime importance when 

considering the current differential approach. 

As can be seen from the highlighted sections of Table 2.3, all the higher harmonics do 

seem to exhibit the potential of being arcing fault indicators for the current differential 

approach in terms of the magnitude and phase angle. However it shall be seen later on 

in this report that as the system is modified gradually to resemble the actual conditions 

the choice for the parameter for current differential narrows down when both magnitude 

and phase angle are taken into account. 

Case BC6  

Description: External arcing fault: Non-linear device placed at Bus #7 with all 

capacitors disconnected 

Figures 2.13 & 2.14 depict the currents flowing through some selected lines and 

voltages across some selected buses respectively. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                Figure 2.11: Current Plots (BC5)                                        Figure 2.12: Voltage Plots (BC5) 

 

Table 2.3: Line Current Composition for Case BC5 

 
CASE BC5: Non-linear load simulation in 18-bus distribution system without any 

capacitors in the system : Arcing at bus #5 (Internal fault) 
    

               

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] Mag [%] Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 

3to4 45.01 -6.50 2.62 149.00 2.43 -64.40 2.27 96.30 2.22 -93.00 1.72 46.90 1.38 -156.80 

4to5 26.95 -6.80 2.62 149.00 2.46 -59.90 2.27 96.30 2.22 -93.00 1.81 55.50 1.47 -147.00 

5to6 24.39 -6.30 0.00 0.00 0.32 -162.70 0.40 -9.40 0.00 0.00 0.46 -55.40 0.43 99.90 

6to7 14.67 -6.20 0.00 0.00 0.19 -163.20 0.24 -10.10 0.00 0.00 0.28 -56.60 0.26 98.60 

50to1 107.85 -6.20 2.62 149.00 2.34 -74.60 2.07 76.50 2.22 -93.00 1.50 27.30 1.16 -178.50 

51to50 107.85 -36.20 0.00 0.00 2.34 -44.60 2.07 46.50 0.00 0.00 1.50 57.30 1.16 151.50 

1to20 49.71 -6.20 0.00 0.00 0.32 -173.50 0.39 -25.30 0.00 0.00 0.43 -80.40 0.39 71.00 

20to21 37.60 -6.40 0.00 0.00 0.24 -174.90 0.29 -27.40 0.00 0.00 0.32 -83.60 0.29 67.20 

21to22 2.43 -4.90 0.00 0.00 0.02 -170.30 0.02 -21.00 0.00 0.00 0.02 -73.50 0.02 79.10 

21to23 31.46 -6.40 0.00 0.00 0.20 -175.80 0.24 -28.60 0.00 0.00 0.27 -85.50 0.24 65.00 

 

4
5
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A closer observation of the magnitudes and phase angles of the highlighted sections in 

Table 2.4 indicates that the higher harmonics would not only provide good sensitivity 

for operation in case of an internal fault (case 1) but also provide good discrimination 

against external faults (case 2). The magnitudes and phase angles of the higher 

harmonics for an external fault through both the current sensors seem to be almost 

identical thereby not initiating the current differential in case the arcing took place 

outside the zone. 

Case BC7 

Description: External arcing fault: Non-linear device placed at Bus #3 with all 

capacitors disconnected 

This case is simulated to corroborate the facts just discussed above for case BC6 since 

both cases correspond to external arcing fault while differing in the location of the 

external arcing fault. Figures 2.15 & 2.16 and Table 2.5 confirm the same. 

The following other scenarios have been simulated with the plots and the harmonic 

composition tables for the line current being attached in Appendix A at the end of this 

dissertation: 

� Scenario: With all capacitors connected 

� Case BC8: Internal Fault (Non-linear load at bus #5) 

� Case BC9: External Fault ( Non-linear load at bus #7) 

� Scenario: All capacitors connected except at bus #5 

� Case BC10: Internal Fault (Non-linear load at bus #5) 

� Case BC11: External Fault ( Non-linear load at bus #7) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.13: Current Plots (BC6)                                        Figure 2.14: Voltage Plots (BC6) 

 

Table 2.4: Line Current Composition for Case BC6 
CASE BC6: Non-linear load simulation in 18-bus distribution system with all 

capacitor removed : Arc at Bus#7 (External fault) 
    

               

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 

3to4 45.05 -6.50 2.63 147.90 2.44 -66.50 2.22 87.40 2.24 -96.20 1.73 42.30 1.39 -162.10 

4to5 26.99 -6.80 2.63 147.90 2.47 -62.00 2.28 93.40 2.24 -96.20 1.82 50.90 1.47 -152.40 

5to6 26.99 -6.80 2.63 147.90 2.47 -62.00 2.28 93.40 2.24 -96.20 1.81 51.00 1.47 -152.40 

6to7 17.26 -7.00 2.63 147.90 2.50 -59.00 2.32 97.50 2.24 -96.20 1.88 56.80 1.54 -145.80 

50to1 107.89 -6.20 2.63 147.90 2.35 -76.70 2.08 73.60 2.24 -96.20 1.51 22.80 1.16 176.10 

51to50 107.89 -36.20 0.00 0.00 2.35 -46.70 2.08 43.60 0.00 0.00 1.51 52.80 1.16 146.10 

1to20 49.71 -6.20 0.00 0.00 0.32 -175.50 0.39 -28.20 0.00 0.00 0.43 -84.90 0.39 65.70 

20to21 37.60 -6.40 0.00 0.00 0.24 -177.00 0.29 -30.30 0.00 0.00 0.32 -88.20 0.29 61.80 

21to22 2.43 -4.90 0.00 0.00 0.02 -172.40 0.02 -23.90 0.00 0.00 0.02 -78.10 0.02 73.70 

21to23 31.46 -6.40 0.00 0.00 0.20 -177.80 0.24 -31.50 0.00 0.00 0.27 -90.00 0.24 59.70 
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              (a)  (b) 

 

Figure 2.15 (a): Current Plots (BC7) (b): Voltage Plots (BC7) 

 

Table 2.5: Line Current Composition for Case BC7 
CASE BC7: Non-linear load simulation in 18-bus distribution system with all 

capacitor removed : Arc at Bus#3 (External fault) 
    

               

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 

3to4 42.42 -6.10 0.00 0.00 0.41 -161.70 0.51 -8.30 0.00 0.00 0.59 -53.80 0.54 101.90 

4to5 24.37 -6.30 0.00 0.00 0.23 -162.80 0.29 -9.90 0.00 0.00 0.33 -56.20 0.31 99.10 

5to6 24.37 -6.30 0.00 0.00 0.23 -162.90 0.29 -10.00 0.00 0.00 0.34 -56.50 0.31 98.80 

6to7 14.65 -6.20 0.00 0.00 0.14 -163.40 0.17 -10.70 0.00 0.00 0.20 -57.60 0.18 97.50 

50to1 107.80 -6.20 2.59 149.50 2.33 -70.30 2.07 82.60 2.20 -91.30 1.50 36.90 1.16 -167.20 

51to50 107.80 -36.20 0.00 0.00 2.33 -40.30 2.07 52.60 0.00 0.00 1.50 66.90 1.16 162.80 

1to20 49.70 -6.20 0.00 0.00 0.32 -169.10 0.39 -19.30 0.00 0.00 0.43 -70.80 0.39 82.30 

20to21 37.59 -6.30 0.00 0.00 0.24 -170.60 0.29 -21.30 0.00 0.00 0.32 -74.10 0.29 78.50 

21to22 2.43 -4.90 0.00 0.00 0.02 -166.00 0.02 -14.90 0.00 0.00 0.02 -64.00 0.02 90.30 

21to23 31.46 -6.40 0.00 0.00 0.20 -171.40 0.24 -22.50 0.00 0.00 0.27 -75.90 0.24 76.30 

4
8
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The aforesaid operational scenario is deemed necessary since the idea is to simulate 

arcing fault within the switchgear and the switchgear location is assumed to be bus #5. 

Thus it is impractical to have a capacitor at that bus. Since we are dealing with higher 

order harmonics the presence of a capacitor affects the results in a tremendous way 

since it acts as a low impedance path for the high frequency currents. This in turn could 

affect the performance of the current differential approach being tested. 

� Scenario: All capacitors connected except at bus #5 and line 4-5 

changed into transformer  

� Case TC1: Internal Fault  with GY-GY transformer 

configuration(Non-linear load at bus #5) 

� Case TC2: Internal Fault with Delta-GY transformer 

configuration ( Non-linear load at bus #5) 

The aforesaid modification is provided since the configuration of the distribution 

systems is such that the switchgear follows the distribution transformer in the sub-

station and hence the effect of the presence of a transformer just before the switchgear 

would be worth noting. 

While elaborate details associated with the simulation results for all the additional cases 

and/or scenarios have been attached in Appendix A, Table 2.6 presented on the 

following page provides the summary of results in terms of the harmonic magnitudes 

and phase angles associated with the incoming and outgoing currents for all operational 

scenarios considered.  
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Table 2.6 Comprehensive results for all scenarios and cases 

 

 

 
Note:  BC5 – no capacitors   arcing fault at bus 5  internal fault 

 BC6 – no capacitors   arcing fault at bus 7  external fault 

 BC7 – no capacitors   arcing fault at bus 3  external fault 

 BC8 – with capacitors   arcing fault at bus 5  internal fault 

 BC9 – with capacitors   arcing fault at bus 7  external fault 

BC10 – remove C at bus 5   arcing fault at bus 5  internal fault 

 BC11 – remove C at bus 5   arcing fault at bus 7  external fault 

TC1 – Line 4to5 is transformer GY-GY  arcing fault at bus 5  internal fault 

 TC2 – Line 4to5 is transformer Delta-GY arcing fault at bus 5  internal fault 

 

As is evident from the summary of results tabulated in Table 2.6, most higher-order 

harmonics tabulated in the above table are capable of acting as indicators when it comes 

to detection of arcing fault in the medium voltage switchgear. The results tabulated in 

Table 2.6 seem to further indicate the 5
th

 harmonic as the most suitable candidate to be 

utilized for the higher-order harmonic differential approach keeping in mind aspects 

such as discrimination against external faults and sensitivity for internal faults. While, 

the inferences and/or observations associated with the results are discussed in elaborate 

detail in an ensuing relevant section, the results for the simulation process presented in 

this section go a long way in establishing the validity of the proposed higher-order 

harmonic differential approach to detect the presence of arcing faults in medium voltage 

switchgear.  
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 The discussion in the remaining sections of this chapter revolves around the 

application of a similar approach towards the detection of arcing faults in low voltage 

switchgear. In this case, the implementation of the higher-order harmonic differential 

approach is demonstrated on the actual hardware test-bench thereby taking the validity 

of the simulation results presented in the above sections to another level. Furthermore, 

the concluding section of this chapter discusses the key observations and analyses 

derived out of the simulation and/or hardware testing results. 

 

2.3 Low Voltage Switchgear Arc Fault Detection 

The discussion(s) presented in the previous section and sub-sections of this chapter 

revolved around the design, development and implementation of a suitable test-bench to 

replicate switchgear arcing fault conditions as they occur in actual field conditions, 

within a controlled laboratory environment. Furthermore, a novel approach utilizing the 

differential protection principle in conjunction with higher-order harmonics was devised 

to detect the presence of switchgear arcing faults in medium voltage switchgear. The 

approach involved the utilization of the simulation approach wherein a model for the 

arcing fault was simulated on a sample 18-bus radial distribution system. The model of 

the arc fault was based on modeling a non-linear load with the same harmonic behavior 

as that obtained from the arcing fault current acquired through LabVIEW during 

laboratory testing of the medium voltage switchgear arcing fault test-bench. As is 

evident from the results of the simulation presented above, the simulation approach 

clearly underlines the success of the approach in not only identifying arcing faults 

within the switchgear but also its robustness against external faults under various 

operational scenarios spanning all practical purposes. 
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 This section of the chapter aims to present a discussion which would extend the 

application of the proposed approach to low-voltage switchgear wherein the proposed 

higher-order harmonic differential approach would be implemented on the arc-

producing test-bench in the laboratory. The purpose of this aspect of the research is 

two-fold. Firstly, it endeavors to extend the validity of the proposed approach to the 

detection of low-voltage switchgear arcing faults. Secondly, the results presented in this 

section are utilized to further corroborate the conceptual validity of the approach 

previously established on the basis of simulation techniques presented in the previous 

section of this chapter. 

 

2.3.1 Approach Overview 

As mentioned above, the same conceptual approach of employing higher order 

harmonic currents in a differential configuration is utilized to demonstrate the detection 

of low voltage switchgear arcing fault to ground. While the simulation approach was 

employed to test the validity of the approach for medium voltage arc detection, actual 

laboratory testing is employed to ensure the practical feasibility of the higher-order 

harmonic differential approach. 

Slight modifications are made to the existing test-bench thereby eliminating the 

instrument transformer and 15kV arcing device previously utilized for the initiation of 

the medium-voltage arcing fault. Arcing in this case is generated by purposely 

tampering the brush contact of the 120V drill motor.  Provisions are made for changing 

the location of the arcing fault to ground dynamically in order to test the performance of 

the approach for internal and external faults. The data gathered from the signals of the 
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hall-effect sensors via LabVIEW is then analyzed graphically to gauge the success of 

the approach for the detection of low voltage arcing fault to ground. The proceeding 

sub-sections under this section present the discussion pertinent to the design and 

development of the test-bench, testing methodology employed and the results obtained 

thereof for the low-voltage switchgear arcing fault detection. 

 

2.3.2 Hardware Development 

The hardware development associated with test-bench utilized for the low-voltage 

switchgear arc fault initiation primarily comprised of modifying the existing set-up 

previously utilized for the medium-voltage arcing faults. Since arcing was now being 

produced at 120V the 115V-15kV neon step-up transformer was eliminated from the 

set-up. Furthermore, as mentioned above, a 120V drill motor with worn out brush 

contacts was utilized to develop arcing at low voltage. Slight modifications were also 

made to the data acquisition module responsible for the collection of the arcing current 

data at the 2 ends of the differential zone. This was done so in order to induce a certain 

amount of flexibility in the test-bench design to allow it to lend itself to the application 

of the proposed approach while testing and acquiring data simultaneously. The ensuing 

sub-sections go about the description of the test-bench for low voltage arc fault 

initiation in elaborate detail. 
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2.3.2.1 Test Bench: Design & Development 

Figure 2.16 provides a detailed schematic for the test-bench set-up utilized for low 

voltage arcing fault initiation and detection. As mentioned above, slight modifications 

were made to the existing test-bench thereby eliminating the step-up transformer and 

15kV arcing device. Arcing in this case was generated by purposely tampering the 

brush contact of the 120V drill motor.  As can be seen from the figure, the positions of 

the hall-effect sensors define the zone of the harmonic current differential scheme. By 

providing single-pole double throw switches between, to the left and to the right of the 

differential zone, provisions are made for the testing of all possible scenarios by 

changing the location of the arcing fault to ground dynamically in order to test the 

performance of the approach for internal and external faults. Positions EF#1, IF and 

EF#2 marked on the figure indicate the location of the arcing faults with positions EF#1 

and EF#2 corresponding to external faults and position IF corresponding to an internal 

fault. A delta connected 3-phase 208V induction motor is connected to the main supply 

through adequate isolation and over-loading protection equipment. This induction motor 

represents the normal loading on the system.  

As is evident from the details of the test-bench schematic presented above, the design 

of the test-bench is made flexible enough to test the arcing fault within the low-voltage 

switchgear and both external (to the source and load) sides of the switchgear. Adequate 

isolation through fuses and circuit breakers has been provided in the circuit. The 

ensuing sub-section discusses the testing methodology employed while simultaneously 

validating the performance of the proposed approach for arc fault detection.
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Figure 2.16: Test-Bench schematic for Low Voltage Arc Initiation & Detection 

 

2.3.2.2 Testing Methodology 

Arcing is produced by tampering with the brush contact of the drill motor rated to take 

120V (line to neutral) as its input. By altering the position of the drill motor with 

respect to the differential zone, the arcing is created within, to the left and to the right of 

the zone. In each case, the current entering and leaving the differential protection zone 
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is monitored via the two signals from the hall-effect sensors defining the boundary of 

the differential zone. In accordance to ideal differential protection theory, the signals 

corresponding to the entering and leaving currents should cancel each other out in the 

case of an external fault (to the left or right) and that of an internal fault should show a 

significant difference. 

During each of the afore-described cases the signals from the hall-effect sensors 

defining the differential zone are acquired into the PC via LabVIEW. Data gathered 

from the 2 hall-effect sensors for each of these cases, while being monitored and 

utilized for the application of the proposed approach, is simultaneously written into a 

text file using LabVIEW. While the application of the higher-order harmonic 

differential approach to the test-bench directly yields satisfactory results, the data 

written on the text file also corresponds to the signals being displayed on the front panel 

of LabVIEW. This data is utilized to reconstruct the actual incoming and outgoing line 

current signal from these text files using Matlab in order to allow for a clear analysis 

and display results for the dissertation. Elaborate results obtained from testing various 

operational scenarios described in this section have been presented in the ensuing sub-

section. 

 

2.3.3 Testing Results 

The discussion associated with the results obtained from testing the performance of the 

proposed higher-order harmonic differential approach for the detection of low-voltage 

arc faults has been classified into 3 parts corresponding to 3 distinct cases tested. 
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Internal Arcing Fault (within switchgear) - Results 

Figure 2.17 shows a comprehensive and an enlarged view of the hall-effect sensor 

signals corresponding to the incoming and outgoing currents for an internal arcing fault 

to ground. The instant of arcing is clearly labeled in the comprehensive plot. It can be 

seen from Figure 2.17 that before the arcing fault to ground takes place, the signals 

corresponding to incoming and outgoing currents are identical in magnitude and phase.  

The initiation of arcing fault can also be seen to be accompanied with large transients. 

 A closer look at the enlarged view of the two plots depicted in Figure 2.17 

clearly suggests that the incoming and outgoing currents differ vastly in their harmonic 

components for an arcing fault lying inside the differential zone. As is also evident from 

the enlarged view that since the signals corresponding to the incoming and outgoing 

currents differ not only in magnitude but also in phase, both magnitude and phase 

differential scheme would be equally effective as long as the harmonic components are 

taken as inputs. While the sensitivity of the approach to low voltage switchgear arcing 

faults to ground is clearly established from plots shown in Fig. 2.17, the discrimination 

against external faults needs to be guaranteed. This is done so by creating arcing faults 

to ground outside the differential zone established on both the source and load side. The 

discussion on results for these 2 cases is presented below. 

External Arcing Fault (Source Side) - Results 

Figure 2.18 depicts the plots for the signals corresponding to incoming and outgoing 

currents with respect to the differential zone for an external arcing fault to ground 

located on the source side (left of differential zone).  
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Figure 2.17: Comparative plots for current entering and leaving differential zone 

for an internal fault 

 

Figure: 2.18 Comparative plots for current entering and leaving differential zone 

for an external fault (source side of zone) 
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Figure: 2.19 Comparative plots for current entering and leaving differential zone 

for an external fault (load side of zone) 

 

Since the arcing fault is actually taking place to the left of the pre-defined differential 

zone, the arcing fault current is now assumed not to be within the switchgear. In this 

scenario, the arcing fault current is directly drawn from the supply and hence the hall-

effect sensor signals do not show any harmonic contents. Furthermore, the signals 

corresponding to the incoming and outgoing currents are identical in magnitude and 

phase and hence would get cancelled out in the differential scheme. This clearly 

suggests that the differential scheme would not operate for arcing faults that occur 

outside the switchgear on the source/supply side of the switchgear set-up. 

External Arcing Fault (Load Side) - Results 

The discrimination against external arcing faults, when utilizing the proposed higher-

order harmonic differential approach, is more a concern when the external arcing fault 

does occur on the load side of the switchgear or differential zone. The nature and/or 
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impedance of the load type may re-direct the harmonics in such a way so as to affect the 

algorithm being employed for the higher-order harmonic differential approach. For this 

reason, the results presented in this paragraph, corresponding to the external arcing 

occurring on the load side assume great significance when viewed in terms of the 

performance of the proposed approach. Figure 2.19 depicts plots of hall-effect sensor 

signals corresponding to the incoming and outgoing currents for an external arcing fault 

located o the load side of the assumed switchgear (right of the differential zone). As can 

be seen from the figure, both the hall-effect sensor signals show the same harmonic 

components since the same arcing fault current enters and leaves the differential zone. 

As can be seen from Fig. 2.19, the plots of hall-effect sensor signals are identical once 

again in magnitude and phase for an arcing fault set-up outside the assumed switchgear. 

This clearly underlines the superiority of this approach as far as issues such as reliability 

and selectivity of operation are concerned. 

 

2.4 Observations/Inferences 

 All the preceding sections documented in this chapter have endeavored to put 

across to the reader, the conceptual approach, hardware design aspects, algorithm 

development, testing and/or simulation methodology and the results associated with the 

detection of medium and low-voltage switchgear arcing faults. The basic underlying 

aspect common to both voltage levels is the conceptual design of the approach utilizing 

higher-order harmonics in conjunction with higher-order harmonics to detect the 

presence of switchgear arcing faults. While the simulation technique has been utilized 
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to ascertain the validity of the proposed approach at the medium voltage level, actual 

laboratory testing on test-benches (design of which has been elaborated upon in earlier 

sections) has bee utilized to establish the consistency, robustness and reliability of the 

proposed approach. The following 2 sub-sections dwell on certain key observations 

made from the analysis carried out on the results obtained from both the simulation and 

in-laboratory testing and the inferences that can be derived thereof. 

 

 2.4.1 Medium-voltage switchgear arc fault detection 

As mentioned in the preceding sections, initially the simulation results associated with 

medium-voltage arc fault detection approach seem to suggest that most of the higher 

order harmonics would be adequately qualified to serve as input for the current 

differential approach. However, as the system is modified gradually to resemble the real 

world situation, if issues such as magnitude/ phase angle, sensitivity for internal fault, 

security/discrimination against external faults, selectivity etc are taken into account then 

the choice for the parameter may be limited and the parameter best suited could vary 

from system to system. 

Some obvious observations/inferences that can be drawn from the results presented in 

section 2.1.4: 

� The configuration of the transformer does not have any major impact 

on the line current of interest. From the results obtained from 

simulation, the transformer configuration would not affect the current 

differential approach as long as the transformer is not placed in 
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between the 2 current sensors that are employed for differential 

approach. In that case, it could affect the actual operation in terms of 

the harmonic current that would appear on two different sides of the 

winding. 

� In the absence of capacitors, most of the harmonic components in line 

4-5 and 5-6 provide a significant magnitude ratio and phase angle 

difference for an internal fault. In the case of an external fault 

however, all harmonic currents in line 4-5 and 5-6 have the same 

magnitude and same phase angle. Thus a majority of the higher-order 

harmonics seem to be suitable parameters for the current differential. 

� The system is simulated without the zero sequence parameter for 

grounding impedance (series impedance from wye point of load, e.g. 

motor to the ground); therefore, direction of the 3
rd

, 9
th

, 15
th

 flows 

from harmonic source (non-linear load) back to swing bus. The 

capacitors provide additional paths for harmonics flow and tend to 

distort their magnitude ratio. The result shows that magnitude ratio of 

5
th

 harmonic is still appreciable to detect the internal fault. 

� In study cases such as TC1 and TC2 wherein the system configuration 

most closely resembles that of the actual system, a close look at 

summary results tabulated in Table 2.6 reveals that if both magnitude 

and phase angle are taken into account then 5
th

 harmonic current 

seems to provide the most suitable results required for operation of 
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the current differential approach of all harmonic components 

analyzed. 

 

Thus after comprehensive simulation of the system, while all harmonics do qualify 

under the higher-order differential protection scheme, it is observed that 5
th

 harmonic 

component of the line current seems to provide a reliable parameter for detection of 

arcing fault in the switchgear. The behavior of the most harmonic components of the 

line current also seems to suggest that it would provide good discrimination against 

external faults and security against large through fault currents. 

  

2.4.2 Low-voltage switchgear arc fault detection 

The following observations/inferences can be drawn from the results presented under 

section 2.2.3: 

� The results associated with the internal arcing fault case clearly 

underlines the sensitivity of the approach to faults lying within the 

differential zone i.e. switchgear. 

� Another important pre-requisite for differential protection schemes is 

satisfied when clear discrimination against external arcing fault is 

demonstrated through the results associated with arcing on the source 

and load sides of the differential zone. 

�  The results documented in section 2.2.3 also end to corroborate the 

findings associated with the results for medium voltage arc fault 
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detection wherein both the harmonic magnitude and phase angle are 

found suitable foe utilization in the higher-order harmonic 

differential approach.  

Finally, while the simulation and modeling approach is employed to confirm the 

validity of the approach for medium voltage switchgear arcing faults, actual hardware 

testing confirms the same for low voltage arcing faults. The fact that the approach 

clearly distinguishes between arcing fault and normal conditions using more than one 

yardstick goes a long way in establishing the reliability of the approach. This approach 

can serve as an early warning system for any developing arcing faults in medium/low-

voltage switchgear thereby averting a possible safety personnel fatality. Apart from that, 

early detection of such a condition would prevent long durations of sub-standard power 

quality to the consumers. This aspect would benefit the consumers and the utility 

equally in this age of deregulation and competition. The successful implementation of 

this approach would serve as the first step in the transition from preventive to predictive 

maintenance in the switchgear and power quality industry.  
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CHAPTER 3 

MOTOR COIL ARCING FAULT – HARDWARE DEVELOPMENT 

 

While the previous chapter focused on switchgear arc fault detection, the research and 

discussion presented in chapters 3 and 4 focus on the detection and severity-

classification of arcing faults in another very important aspect of industrial power 

systems, namely motor loads. Motor loads form a majority of the load portfolio in 

industrial power systems. Unlike the switchgear wherein mere detection of the presence 

of arcing fault was deemed enough, the classification of the severity of arcing faults in 

motors is required since the detection of the arcing fault may not be to perform 

necessary isolation actions. The classification of the severity of arcing faults in motor 

coils is based on the location and the percentage of the motor coil shorted through the 

arcing fault.  

 

3.1 Background Information 

Research directed towards the detection and monitoring of low and/or medium 

voltage arcing faults at various locations in the power system has witnessed noteworthy 

developments over the last decade. A sizable portion of the aforementioned research has 

been directed towards the development of mathematically accurate models for 

low/medium voltage arcing faults at various locations within the power system. 
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Gammon and Matthews [22] discuss the development of current-dependent arc 

voltage model for low voltage power system. Gammon and Matthews [1, 22] cite the 

common and often devastating occurrence of arcing faults in 480Y/277 V and 208Y/ 

120 V systems as the motive behind their concentration on low-voltage systems. Arc 

fault modeling has evolved a great extent over the past decade with various models such 

as Mayr arc model, Cassie arc model, Habedank arc model, Kema arc model, 

Schavemaker arc model, Schwarz arc model and modified Mayr arc model being some 

of the more common models [23]. 

The other major focus of research in this area has been the detection of arcing 

faults at various power system locations by the application of waveform-analytical tools 

to pre-identified parameters. Some of the common parameters employed for waveform-

analysis include the higher-order harmonic content of the arcing current in either time 

or frequency domain [24]-[25]. The time domain approaches have relied on the 

utilization of indicators such as positive-to-zero sequence current ratios, half cycle 

asymmetry and random nature of the arcing current [26]-[28]. The frequency domain 

analyses seem to have revolved around the utilization of the harmonic content of the 

arcing current or some other equivalent parameters quantizing the waveform distortion 

during arcing phenomenon. Certain approaches have also proposed the utilization of 

artificial neural networks to distinguish between arcing and normal conditions [29]-

[30]. [31] discusses a novel approach involving the utilization of acoustic, infra-red and 

electromagnetic waves emanating from the arcing source to detect and locate the source 

in three-dimensional space. 
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More recent developments include the utilization of advanced signal processing 

capabilities for feature extraction in conjunction with neural networks for real-time DC 

arc fault detection and remedial action [32]. [33] proposes a technique for on-line 

detection and location of low-level arcing faults in dry-type transformers utilizing the 

ultrasonic, infra-red, acoustic and radio-frequency properties of the arc. A combination 

of the application of arc fault modeling and the subjection of network parameters 

obtained thereof to signal processing based feature extraction and Artificial Neural 

Network (ANN) to detect arcing faults for Navy IPS systems is presented in [34].  

The discussion and/or references cited above are clear indicators of the fact that the 

previous couple of decades have heralded an era wherein research associated with the 

detection of arcing faults at various voltage levels and in various power system 

apparatuses has flourished. However, a majority of the research cited above has 

contributed to the mathematical evolution of the model utilized to represent the arcing 

fault for system modeling techniques. The work presented in few other references cited 

aims to utilize the modern signal processing tools to further the performance of existing 

methodologies for arc fault detection in power systems.  

The research documented in the ensuing two chapters of this dissertation focuses on 

the classification of the severity of low-voltage motor coil arcing fault utilizing various 

statistical classification techniques. While the performance of the statistical techniques 

utilized is well documented, the utilization of the techniques on unique signatures based 

on identifying key inherent characteristics for classification of severity of motor coil 

arcing faults provides the novel edge to the research documented in the ensuing 2 
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chapters. 

An elaborate test-bench, flexible enough in design to emulate motor coil arcing at 

various locations in the coil of varying severity, has been developed in the Power 

System Simulation Laboratory at Energy Systems Research Center. The design and 

development of the test-bench associated with the initiation of motor coil arcing fault 

was critical to the application of various algorithms and results obtained thereof. 

Various approaches to the design and development of the hardware capable of 

producing sustained arcing fault flexible enough to alter locations and severity and 

controlled enough to be performed as a laboratory experiment were tested. His chapter 

focuses on the various design approaches utilized accompanied with the process and 

rationale behind the final design. This chapter also discusses the testing and data 

acquisition modules developed in conjunction with the motor coil arcing fault test-

bench in order to record the arcing current data for off-line analysis. 

 The arcing current signals obtained from the LabVIEW based data acquisition system 

are subjected to a filtering and subsequent feature extraction process. Statistical 

techniques such as Spectral Angle Mapper (SAM), Spectral Information Divergence 

(SID) and Linear Discriminant Analysis (LDA) are then applied to the extracted 

features to classify the severity of the motor coil arcing fault. The results of the 

classification process seem very promising in terms of the accuracy with which the 

various levels of arc-fault severity have been rightfully classified. The proposed 

approach, apart from endeavoring to elevate the arc-fault detection/monitoring research 

to a new level, is feasible enough for real-time implementation in the industry. The 
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approach while beneficial for most motor coil arcing levels would prove ideal for large 

motors wherein detection of the presence of an arcing fault may not be enough given 

the size of the motor coil winding. The discussion associated with the development of 

the signature patterns associated with the motor coil arcing current and the 

implementation of the statistical techniques for the classification of severity of arcing 

faults in presented in the next chapter. 

 

3.2 Hardware Development 

As mentioned above, the hardware development associated with the 

classification of severity of motor coil arcing faults formed a critically important aspect 

of the entire process. The fact that the design of the test-bench had to take into account 

the following factors associated with the arcing fault initiated made the design 

extremely critical: 

• Flexible enough to allow variations in the location and severity ( in terms 

of percentage of motor coil shorted through arcing fault) of the motor 

coil arcing fault to enable performance evaluation of the proposed 

techniques; 

• Frequency of the arcing fault should be large enough to be able to 

capture the accurate amount of harmonic content, if applicable; 

• Capability of producing sustained arcing faults at the 120V level; 

• Mimic motor coil arcing fault in terms of the inductive and resistive 

elements associated with the motor coil; 
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• Robust design to allow numerous rounds of testing thereby enabling 

ample arcing current data acquisition; 

As would be evident from the above discussion, the design of the test-bench for the 

initiation of the motor coil arcing fault plays an important role in the demonstrating the 

accuracy of results obtained from various classification techniques and hence in the 

accurate performance evaluation of various classification techniques. The ensuing sub-

sections under this section present 2 distinct design alternatives considered for the 

motor coil arc fault initiation test-bench. The ensuing sub-sections also compare each of 

the design alternative with the evaluation parameters outlined above finally choosing 

one for its superior performance. 

 

3.2.1 Test-Bench Design Alternative #1 

 The discussion presented in this section focuses on the first of the 2 motor coil 

arcing fault design alternative presented in this chapter. The sub-section discusses the 

design and development of the alternative in conjunction with the data acquisition 

module. The data acquisition module is utilized to acquire the arcing current data to 

make an informed decision associated with suitability of the design alternative for the 

purpose at hand. 

The basic thought behind the motor coil arcing fault design alternative is to create a 

“make and break” scenario at varying voltage, speed and phase levels. Figure 3.1 

provides a basic schematic elaborating on the design of the arcing generator. As can be 

seen from Figure 3.1, the schematic of the design alternative #1 primarily consists of an 
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outer aluminum ring housing 2 copper contacts insulated from the outer aluminum 

frame through insulation material (Delrin). The copper contacts are energized by the 

live and neutral lines of AC power supply through an inductor with the outer aluminum 

ring insulated through delrin to prevent short-circuit. The inner ring is mounted on the 

shaft of an induction/DC/synchronous motor and the inner ring s insulated from the 

shaft of the motor with the same insulation material. The primary reason why all three 

of these motors are mentioned is each of the motors provide better control over different 

parameters such as motor speed, torque etc which in turn could allow better control over 

the frequency of the arc. Provision has also been made for replacing the copper contacts 

on the rotating ring with inclined copper coated stainless steel inclined brushes. The 

rotation of the inner ring would allow the make and break of contact between the 

movable copper contacts/brushes and the fixed energized copper contacts mounted on 

the stationary aluminum ring. The advantage of using the copper coated brushes is that 

by adjusting the angle of the incline of the brushes the duration of the arcing could be 

altered for experimental purposes. The design is made flexible enough to allow for 

testing the arcing process under different speed conditions, different arcing instants in 

terms of the position in the sine wave, different durations of arcing. Furthermore a 

resistor-inductor circuit is provided after the lower fixed copper contact to complete the 

circuit with the amount of motor coil needed to be shorted through the arcing fault.  
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Figure 3.1: Design Schematic of Arcing Generator – Design Alternative #1 

 

Figure 3.2 Arcing Generator: Complete test-bench in Power System Simulation 

Laboratory – Design Alternative #1 
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   Figure 3.2 depicts the arcing generator complete in mechanical design and 

construction in the Power Systems Simulation Laboratory. Soft starting is required for 

the 3-phase induction motor to prevent any sudden jerk or movement since alignment of 

the inner ring (mounted on the induction motor shaft) is critical to the performance of 

the arcing generator. A 3-phase autotransformer in conjunction with an Adjustable 

Speed Drive (ASD) have been employed for voltage and hence speed control of the 3-

phase induction motor, thus varying the duration and frequency of the arcing fault to 

ground. Hall-effect sensors are placed in the line connecting to the copper contacts on 

the outer stationary ring to read the arcing fault current for data acquisition using 

LabVIEW.  

Figure 3.3 depicts the comprehensive electrical schematic with the arcing generator 

incorporated in conjunction with the supply and load. As can be seen from the 

schematic shown in Figure 3.3, the induction motor comprising the arcing generator is 

fed through a delta-star connected isolation transformer and an adjustable speed drive. 

The adjustable speed drive is used since the induction motor draws very high starting 

current and soft starting is an extremely important issue keeping in mind the strict 

alignment of the brushes with respect to the stationary copper contacts. The arcing 

current produces harmonics which tend to flow back into the adjustable speed drive 

thereby tripping the protection laid in place for the sensitive power electronic 

components in the drive and hence an isolation transformer is used to prevent the 

harmonics from entering the adjustable speed drive as shown in the schematic.  
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Figure 3.3: One-Line Diagram for the Arcing Generator Set-up – Design Alternative #1 
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The stationary copper brushes mounted on the outer ring form a part of the 

incomplete circuit which is terminated by varying amounts of inductance to mimic 

the motor coil. This circuit is completed intermittently by the rotation of the brushes 

mounted on the inner ring driven by the induction motor shaft. The stationary 

copper brushes are fed by a single phase supply as shown in the schematic. 

 The stationary copper contacts mounted on the outer ring form a part of the 

incomplete circuit which is terminated by a 100mH inductor. This circuit is 

completed intermittently by the rotation of the brushes mounted on the inner ring 

driven by the induction motor shaft. The stationary copper brushes are fed by a 

single phase supply as shown in the schematic. 

 The concept and utility of the arcing generator can now be appreciated from the 

fact that the single phase supply required for the arcing circuit can be taken from 

any location where the arcing has to be simulated. In other words, with varying 

amounts of inductance and/or resistance shorted through the arcing fault by 

terminating the arcing fault with the said inductance and/or resistance the motor coil 

arcing fault can be simulated at any location within the power system as depicted in 

the schematic. 

 The data acquisition module, similar to that utilized for acquiring the arcing 

current in the switchgear hardware design, is used in conjunction with the hall-effect 

sensors shown above to collect the arcing current data samples to analyze the 

performance of the design alternative #1 in terms of producing an arcing current to 

meet the criteria laid out at the onset of this section. 
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 Figure 3.4 depicts sample plots for the arcing current data acquired via the data 

acquisition module applied in conjunction with the design alternative #1 designed 

above. 

 

Figure 3.4: Sample Arcing Current Signals – Design Alternative #1 

 

 

As is evident from the plots depicted in Figure 3.4, the arcing produced by the 

design alternative described above has a frequency that categorizes it as intermittent 

arcing more than sustained arcing. This is attributed to the fact that since the “make and 

break” scenario materializes only once in each revolution of the brushes the frequency 

of the “make and break” scenario is not large enough to mimic sustained arcing despite 

operating the induction motor housing the brushes at its maximum speed.  Hence even 

at very high speeds, the arc produced by the arcing generator is an intermittent arc 

where in the lack of a consistent harmonic profile makes it difficult to implement any of 

the proposed statistical techniques since , as would be evident from the discussions in 

the next chapter, the signature utilized for the statistical techniques comprises of higher-

order harmonics. Hence, while the design alternative #1 meets some of the criteria laid 

out at the onset of this section such as being flexible in terms of location of arcing fault, 
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the absence of the ability to provide a sustained arcing fault does not allow it to be 

utilized as the final design alternative. As would be evident from the discussion 

presented in the ensuing sub-section, all of these concerns arising from the testing 

results presented in this sub-section have been accounted for in design alternative #2. 

 

3.2.2 Test-Bench Design Alternative #2 

The previous sub-section focused on analyzing the results of the arcing test carried 

out using the arcing-generator test set-up employing varying amounts of inductance to 

mimic the motor coil arcing fault. Various bottlenecks in the detection of intermittent 

arcing (as caused by the arcing generator) were dwelled upon. The focus of the 

discussion presented in this sub-section revolves around the development of a new test-

bench to test the arcing current pattern depending on the location of the arcing in terms 

of the extent of the motor coil. The sub-section discusses and describes in elaborate 

detail the design and development of the new test-bench devised for the afore-

mentioned purpose. The design of this test-bench has been devised in such a way so as 

to allow for the arcing to take place at different extents of the coil in order to allow the 

capture the pattern of arcing current for each case thereby facilitating the study of the 

arcing current pattern and overcoming the shortcomings encountered in design 

alternative #1. 

In order to study the arcing current patterns at varying arc locations with respect to 

the motor coil, provision has to be made for the arcing to span varying amounts of the 

inductive reactance of the coil. The test bench discussed in this sub-section aims to do 
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the aforesaid. Figure 3.5 below provides the schematic for the test bench developed in 

the Energy Systems Research Center. 
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Figure 3.5:  Schematic for Test-Bench for motor coil arcing – Design Alternative #2 

 

Various design aspects such as flexibility to initiate arcing fault of varying 

severity at various locations, ability to vary frequency/duration of arcing fault, 

sophisticated data collection capability at high-sampling speeds and ease/safety of 

execution in laboratory environment have been taken into account. Figure 3.5 depicts 

the design schematic of the motor coil arcing fault test-bench. As is evident from Figure 

3.5, provision is made to initiate arcing fault of varying severity by including the 

desired amount of inductance across the “arcing generator”. The location of the arcing 

fault can also be maneuvered based on the location of the terminals of the arcing 

generator. Arcing fault current signal is acquired through the hall-effect sensor 

connected in series with the circuit. Provision for circuit isolation is provided by means 
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of an aptly sized fuse and isolation switch between the circuit and the power supply. 

Figure 3.6 provides a detailed view of the motor coil arcing fault test-bench with 

specific focus on the arc generation mechanism. As can be seen from the figure, the 

test-bench consists of 60 equally spaced electrically conducting screws around the 

perimeter of an insulated disc. The disc is mounted on the shaft of a 12V dc motor with 

gear drive t reach a rated speed of 30 rpm. Two variable length contacts are connected 

in a fashion to create a make-and-break circuit with each screw. This allows for 1800 

arcing instants per minute thereby providing sufficiently frequent arcing instants. The 

amount of inductance appearing across the two movable contacts is the amount that 

would be subjected to the arcing fault. 

The data acquisition module from LabVIEW has been utilized to acquire the current 

signal during the arcing fault of varying severity at various locations in the motor coil. 

A sampling rate of 18000 samples/sec has been utilized since accurate higher-order 

harmonic information would be utilized during the feature extraction process. 
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Figure 3.6: Laboratory test-bench set-up for motor coil arc-fault generation – Design 

Alternative #2 

 

A glance over the elaborate description provided for design alternative #2 clearly 

indicates that this alternative not only manages to overcome the shortcomings of design 

alternative #1, but also does meet the criteria set laid out at the onset of the section. As 

would be evident from the results of the testing methodology presented in the ensuing 

sub-section, this design alternative is the preferred choice for the test-bench to be 

utilized to mimic the occurrence of motor coil arcing faults at the 120V level.
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3.2.3 Testing & Data Collection Methodology 

Since design alternative #2 was chosen as the preferred alternative the testing 

methodology and data collection aspects discussed in this sub-section are done with 

respect to that design alternative. The preliminary results associated with the testing and 

data collection presented in this sub-section, further corroborate the suitability of design 

alternative #2 for the motor coil arc fault initiation test-bench. The primary motivation 

behind the design and development of the motor coil arc fault generation test-bench 

described above is to obtain the flexibility to initiate arcing faults of varying severity at 

various locations in the motor coil.  While doing this, the hall-effect sensor data 

corresponding to the arcing fault current is collected via a LabVIEW based data 

acquisition system.  

The basic concept behind the testing methodology is to test for specific patterns of the 

harmonic content for the following scenarios: 

� Shorting varying percentages of the motor coil 

� Shorting varying percentages of the coil at the beginning, middle and end of the 

coil. 

The idea was to discern patterns including characteristics unique to the arcing current 

that clearly distinguish between arcing current signal for arcing occurring across 

different percentages of the total motor coil inductance. Along with that, the same 

percentages were shorted at the beginning, end and middle of the coil to see if the 

location of the short does alters the aforementioned characteristics apart from the 
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percentage of coil shorted. Table 3.1 shown below provides a summary of the test 

methodology employed in this report. 

Table 3.1: Test Case Definitions – Unique Characteristic Identification 

 

Case 
Shorted 

(mH) 
Percentage Beginning Middle End 

1 1 1.459 Done Done Done 

2 3.5 5.109 Done Done Done 

3 7.5 10.949 Done Done Done 

4 15 21.897 Done Done Done 

5 25 36.49 Done Done Done 

Case 3-4(a) 8.5 12.408 Done Done Done 

Case 3-4(b) 11 16.05 Done Done Done 

Case3-4© 13.5 19.7 Done Done Done 

 

As can be seen from Table 3.1, there are 5 cases of shorting different percentages of 

the total motor coil inductances and each shorting case is performed under 3 different 

scenarios of beginning, middle and end of the coil. Since traditionally, higher-order 

harmonics have been a consistent occurrence in arcing faults due to the very physical 

nature of the arcing faults, a preliminary higher-order harmonic content analysis is 

performed on the data collected from the 5 test cases defined above. This is done so to 

ascertain whether the utilization of higher-order harmonic content in the arcing current 

signal for developing the feature to be subjected to the statistical techniques is justified. 

As can be seen from Table 3.1, the 5 cases correspond to increasing amounts of 

inductance coil shorted through the arcing fault. The percentage expressed in the table is 

expressed as a function of the total inductance included in the testing i.e. 68.5 mH. The 

various percentages of inductance coil is shorted at the beginning, middle and end as 

demonstrated by the table. These 5 cases have been initially utilized in the classification 

process. The cases listed as 3-4 (a), 3-4 (b) and 3-4(c) correspond to percentages of coil 
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shorted through the arcing fault in such a manner that all of them lie between cases 3 

and 4 presented above in Table 1. Furthermore, the percentage of inductance coil 

shorted in case 3-4 (a) is closer to case 3, while that shorted in case 3-4 (b) is 

approximately in between cases 3 and 4 and finally that shorted in case 3-4 (c) is closer 

to case 4. These three intermediate cases have been developed to gauge the performance 

of various classification algorithms to unforeseen data during the occurrence of motor 

coil arcing fault in actual field conditions.  

It is clearly evident from the testing methodology described above, that the flexibility 

in design associated with design alternative #1 allows the collection of data so diverse 

in nature and closely mimicking the occurrence of a motor coil arcing fault in actual 

field conditions. Furthermore, as would be evident from the results associated with the 

preliminary higher-order harmonic analysis showcased in the proceeding section, the 

arcing current signal produced from design alternative also provides the necessary 

unique characteristics required to extract features to be subjected to statistical 

techniques for the classification of severity of arcing faults. 

 

3.3 Model Assessment – Comparative Analysis 

As mentioned earlier, certain unique characteristics specific to the motor coil arcing 

fault current signal have been pre-identified to comprise the feature signature that would 

be subjected to various statistical techniques to classify the severity of arcing faults. In 

order to do so, the characteristics unique to the arcing fault current have to be identified 

based on a preliminary analysis of the raw arcing current data acquired from the test-
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bench. Since traditionally, higher-order harmonics have been a consistent occurrence in 

arcing faults of varying nature, a preliminary higher-order harmonic analysis of the raw 

arcing current data was performed to assess the content of various higher-order 

harmonics. The discussion associated with the aforementioned higher-order harmonic 

analysis along with the process of feature extraction is discussed in the ensuing sub-

section. Furthermore, a comparative analysis of the harmonic content of the raw arcing 

current data obtained from the test-bench in Energy Systems Research Center is 

performed with the harmonic content in contemporary mathematical models such as the 

Mathews model, Stokes & Oppenlander’s model and Fisher’s model for arcing faults in 

branches/coils of low-voltage systems. This discussion is presented in the final sub-

section presented in this section. 

 

3.3.1 Features utilized for arc current signature development 

As mentioned earlier, based on the inferences drawn from a preliminary higher-order 

harmonic analysis performed on the raw arcing current data obtained from design 

alternative #1 test-bench, decisions associated with the feature to be utilized for 

statistical analysis have been made. It would therefore be fitting to first present the 

discussion associated with the preliminary harmonic analysis carried out on sample data 

acquired from the test-bench. 

 Figure 3.7 depicted below showcases the contents of various higher-order 

harmonics in the raw arcing current data for test case 5 corresponding to the shorting of 
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25mH of the motor coil through the arcing fault initiated via the test-bench pertaining to 

design alternative #2.  

 

Figure 3.7: Higher-Order Harmonic Content in raw arcing current from test-bench 

One of the major aspect necessary for the development of features to be subjected to 

statistical techniques for the classification of severity of arcing faults is corroborated 

from the results depicted in figure 3.7. As is clearly evident from the above figure, there 

are significant higher-order harmonic contents in the raw arcing current data acquired 

from the test-bench. The higher-order harmonics in conjunction with associated upper 

and/or lower sidebands would form the, what would be termed as “spectral signature” 

corresponding to the arcing fault for varying levels of severity.  
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The spectral signature vectors alluded to above are extracted from the motor coil 

arcing fault current data collected as described earlier. The hall-effect sensor data 

corresponding to the motor coil arcing fault current signal obtained from the test-bench 

is fed as input to a 60Hz analog notch filter. The 60Hz notch filter is utilized to 

eliminate the pronounced effect of the fundamental frequency component since the 

spectral signature to be extracted would focus on the higher-order harmonic 

information. The filtered signal is then subjected to a comprehensive Power Spectral 

Density (PSD) analysis extracting information up-to the 7
th

 harmonic and associated 

upper and lower side-bands. The abovementioned higher order harmonic and associated 

side-band information is then encrypted to obtain the spectral signature associated with 

associated with arcing faults of varying severities. Elaborate details associated with the 

application of various statistical techniques on the spectral signature vectors to classify 

the severity of motor coil arcing faults are discussed in the next chapter. 

 

3.3.2 Comparative Analysis with contemporary models 

Although one aspect necessary with the development of “spectral signatures” associated 

with each severity of motor coil arcing fault was corroborated by the preliminary 

higher-order harmonic analysis documented above, another aspect worth looking into is 

discussed in this sub-section. While it has been ascertained that the arcing current as 

obtained from the test-bench does contain significant higher-order harmonic content, it 
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would be important to analyze how this harmonic content lines up with that documented 

in some contemporary mathematical models for arcing faults in low-voltage systems. 

[17] discusses various mathematical models associated with arcing faults in low-

voltage systems. While most of the models developed and mathematically analyzed in 

[17] correspond to 277/480V systems, comparison with the 120V arcing fault test-bench 

developed in the laboratory is justified. [17] presents the mathematical model and 

analysis associated with Matthews model and compares key characteristics such as arc 

current, arc voltage and supply voltage as derived through Matthews model with more 

recent arcing fault models for low voltage systems such as work carried out by Fisher 

and Stokes & Oppenlander.  

In order to compare the harmonic content depicted in Figure 3.7 with the 

harmonic content obtained when the motor coil configuration is simulated in Mathews 

model and that of Stokes & Oppenlander, the respective mathematical models were 

developed and simulated for the same configuration as that in the test-bench. As per 

[17] the arc voltage and current characteristics for the model developed by Fisher are 

very similar to those obtained from the model by Stokes & Oppenlander. It is for this 

reason that the model for Fisher is not simulated since a comparison of results with the 

model developed by Stokes & Oppenlander provides a clear indication of the harmonic 

content developed by the test-bench with contemporary mathematical models.  

In order to verify the validity of the mathematical model developed, the 

mathematical models are first simulated with parameters exactly similar to those 

presented in [17] to benchmark the results associated with the arc voltage and current 
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for the respective mathematical models. Figure 3.8 depicts the plots for the arc current, 

supply voltage and arc voltage with respect to time corresponding to the Mathews 

model with parameters exactly similar to those utilized in [17] for arcing fault at the 

branch. The following differential equation has been utilized to solve for the arcing 

current with the system parameters utilized as listed below: 

Vmaxsin(wt) = Riarc + L (diarc/dt) + Varc 

Where: 

Vmax: Peak of Sinusoidal Voltage = 400V (for 277Y/480V systems) 

w: System Frequency (radians/sec) = 314.159 rad/sec 

R: Branch resistance (ohms) = 178.39 mohms 

iarc: R.M.S arc current 

L: Branch inductance (Henry) = 48.86 x 10e-6 H 

Varc: Arc Voltage (assumed to be flat-topped 140V for Matthews model) 

 

Figure 3.8: Arc Voltage & Current Plots for Z= 178.39 + j18.43 mΩ – Mathews 

Model 
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As is evident from the comparative analysis of the results presented in Figure 

3.8 and its counterpart in [17] for the same system parameters, the results associated 

with the arc voltage and current are precisely the same thereby validating of the 

mathematical representing the Mathews Model to obtain the results associated with 

25mH shorted through arcing fault. Figure 3.9 depicts the plots associated with the 

arcing current, voltage and supply voltage associated with shorting 25mH through the 

arcing fault in the Mathews model. 

 

Figure 3.9: Arc Voltage & Current Plots for 25mH shorted – Mathews Model 
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Figure 3.10: Higher-Order Harmonic Content – 25mH Shorted – Mathews Model 

 

Figure 3.10 shown above depicts the higher-order harmonic content as present in the 

arcing current obtained from simulating the Mathews model for 25mH of inductance 

shorted through the arcing fault. A comparative analysis of figures 3.7 and 3.10 clearly 

indicates that the harmonic content contained in the arcing current produced from the 

arcing fault initiated in ESRC is very close to that simulated through Mathews model. 

Minor deviations between the two may arise to the difference in voltage level at which 

each of the arcing faults have been produced apart from inherent differences between 

mathematical modeling and actual hardware model. However, it is evident from figures 

3.7 and 3.10 that higher-order harmonic content forms a significant part of the arcing 
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current signature for arcing faults at low voltage levels irrespective of the model being 

analyzed. 

While the preceding paragraph focused on performing a comparative analysis between 

the harmonic content associated with the arcing current obtained from the test-bench to 

that obtained from simulating Mathews model for the same parameters, a comparative 

analysis with more recent mathematical models is the focus of discussion in the 

remainder of this sub-section. [17] presents a model developed by Stokes & 

Oppenlander which replaces the flat-topped arc voltage with an arc voltage model 

dependent on the arc current and the air gap characteristics. The differential equation 

defining the behavior of arc current for the model developed by Stokes & Oppenlander 

is given below: 

Vmaxsin(wt) = Riarc + L (diarc/dt) + (20 + 534g)iarc
0.12

 

Where: 

Vmax: Peak of Sinusoidal Voltage = 400V (for 277Y/480V systems) 

w: System Frequency (radians/sec) = 314.159 rad/sec 

R: Branch resistance (ohms) = 178.39 mohms 

iarc: R.M.S arc current 

L: Branch inductance (Henry) = 48.86 x 10e-6 H 

g: air gap (meters) = 0.0254m 

 

The differential equation defining the behavior of the arcing current according to the 

model developed by Stokes & Oppenlander presents more accurate results since it 

eliminates the assumption of the arc voltage being a constant flat topped voltage and 

incorporates the arc voltage dependency on arc current based on the air gap 
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characteristics [17]. As in the case of Mathews model, the validity of the mathematical 

model was first confirmed by simulating the arcing current and voltage characteristics 

for the same simulation parameters as those presented in [17]. Figure 3.11 presents the 

arc voltage and current characteristics for that simulation. 

 

Figure 3.11: Arc Voltage & Current Plots for Z= 178.39 + j18.43 mΩ – Stokes 

& Oppenlander Model 

 

As can be seen from Figure 3.11, the arc voltage and current characteristics produced 

from the simulation precisely resembles its counterpart for the same simulation 
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parameters presented in [17] thereby successfully benchmarking the mathematical 

model for further use with different values. 

Figure 3.12 presents the arc voltage, current and supply voltage characteristics 

associated with shorting 25mH through an arcing fault through the model of Stokes & 

Oppenlander. 

 

Figure 3.12: Arc Voltage & Current Plots for 25mH shorted – Stokes & 

Oppenlander Model 

 

Figure 3.13 presents the higher-order harmonic content associated with the 

arcing current corresponding to shorting 25mH shorted through an arcing fault as 

simulated through the model for Stokes & Oppenlander. 
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Figure 3.13: Higher- Order Harmonic Content – 25mH shorted – Stokes & 

Oppenlander order 

 

As is evident from a comparative analysis of figures 3.7, 3.10 and 3.13, the 

higher-order harmonic content in the arcing current for shorting 25mH through a low-

voltage arcing fault is of comparable magnitude with slight deviations from model to 

model. However, more importantly, the underlining aspect of the comparative analysis 

carried out is the fact that higher-order harmonic content is a significant part of the 

arcing current produced from arcing faults at low voltages irrespective of the model 

being analyzed. Hence the utilization of higher-order harmonics and associated 

sidebands to be subjected to various statistical techniques for the classification of the 

severity of arcing faults stands justified.  
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 Thus, this chapter presents various hardware design alternatives 

associated with the design and development of a test-bench to mimic the initiation of 

low voltage motor coil arcing faults. Various aspects such as flexibility in design and 

the accuracy of the arcing current signature being obtained from the test-bench have 

been taken into account in short-listing the final design alternative. Elaborate details 

associated with the testing and data collection methodology associated with the final 

design alternative have been presented in this chapter. Finally ample rationale and 

justification has been provided for the selection and utilization of higher-order 

harmonics and associated sidebands for the statistical techniques to classify the severity 

of motor coil arcing faults. This is done so by comparing the higher-order harmonic 

content in the arcing current as obtained from the final design alternative and comparing 

those with that contained in the arcing current obtained by simulating contemporary low 

voltage arcing fault mathematical models such as Mathews model and Stokes & 

Oppenlander model for the same simulation parameters.  

 With the validity of the arcing current signature and the rationale of selecting 

and utilizing higher-order harmonics and associated sidebands as the unique 

characteristics for classification established, the following chapter focuses on the 

utilization of specific statistical techniques to classify the severity of motor coil arcing 

faults.
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CHAPTER 4 

MOTOR COIL ARCING FAULT – SOFTWARE DEVELOPMENT 

The previous chapter focused on the design, development and implementation 

of hardware test-benches associated with the generation of low voltage motor coil 

arcing fault. Various aspects such as flexibility in design, robustness during repeated 

test-runs, frequency of arcing and capability of test-bench to produce varying levels of 

severity in arcing fault were taken into consideration during the design and development 

of the test-bench. The previous chapter showcased 2 design alternatives with the former 

falling short in terms of the design flexibility and quality of the arcing current. The 2
nd

 

design alternative was designed keeping in mind the shortcomings encountered in its 

predecessor. The testing methodology associated with the 2
nd

 design alternative was 

presented along with various case definitions. Comparative analysis of the higher-order 

harmonic content in the arcing current obtained from the test-bench was performed 

along with the arcing current as simulated from various contemporary low voltage 

arcing fault models such as Mathews model, Stokes & Oppenlander model and Fisher’s 

model with the same parameters as those in the test-bench employed. The results 

presented in the concluding section of the previous chapter seem to be indicative of the 

presence of a significant amount of higher-order harmonic content irrespective of the 

model being analyzed. Hence, it is justifiably concluded that the characteristics unique 

to the arcing current to be employed for use in the statistical analysis would comprise of 
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the higher-order harmonics along with associated upper and lower sidebands. 

Apart from that, the accuracy of the arcing current being obtained from the test-bench 

was compared with contemporary mathematical models such as Mathews model, Stokes 

& Oppenlander model and Fisher’s model, utilized for modeling arcing faults for low 

voltage systems and the arcing current signature in terms of the higher-order harmonic 

content was found to be closely comparable. 

With the validity and the accuracy of the arcing current being obtained from he 

test-bench adequately tested and benchmarked, algorithms associated with the 

extraction of features specific to varying levels of motor coil arcing fault and subjecting 

them to various statistical analyses were developed. The opening discussion in this 

chapter focuses on providing the reader with a basic mathematical background 

associated with each statistical technique employed for the classification of severity of 

motor coil arcing faults. It is then followed by an elaborate discussion focusing on 

explaining the development of the algorithm associated with the implementation of each 

of the statistical techniques for the classification of the severity of the motor coil arcing 

faults. Sections to follow then present the results associated with the application of each 

of the severity classification algorithms and a subsequent performance evaluation. 

 

4.1 Background information 

The classification of the severity of low voltage motor coil arcing faults is 

primarily explored by the application of 4 techniques in this dissertation namely: 

• Spectral Angle Mapper (SAM) 
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• Spectral Information Divergence (SID) 

• Linear Discriminant Analysis (LDA) 

• Support Vector Machines (SVM) 

While the primary arcing current characteristics utilized for the application of 

each of the aforementioned algorithms is the higher-order harmonic content and 

associated lower and upper sidebands, the mathematical manifestation of the spectral 

feature for each of the classification technique is uniquely different. 

A little more elaboration on the feature extraction/selection process the output 

of which is utilized as input, either directly or indirectly, for each of the statistical 

classification techniques is necessary. The basis of the feature selection/extraction 

process is the computation of the Power Spectral Density (PSD) of the arcing current 

signal for varying levels of motor coil arc fault severity. The basic inbuilt PSD sub-vi in 

LABVIEW has been utilized to compute the PSD, the mathematical formulation of 

which is given by: 

Power Spectrum Sxx(f) of a function x(t) is: 

Sxx(f) = X
*
(f)X(f) = |X(f)|

2
 

X(f) =F{x(t)} and X
*
(f) is the complex conjugate of X(f) 

Depending on the number of samples in the input data sequence the built-in 

PSD sub-vi in LabVIEW utilizes the Discrete Fourier Transform (DFT) and Fast 

Fourier Transform (FFT) to compute the PSD of the data sequence. If the number of 

samples in the input data sequence is a valid power of 2, then the PSD of the data 

sequence is calculated using the FFT of a real-valued sequence by means of a fast radix-
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FFT algorithm. However, if the number of samples in the input data sequence is not a 

valid power of 2 but factorable as a product of small prime numbers then the PSD sub-

vi utilizes the DFT of a real-valued sequence to compute the PSD. 

Following the computation of the power spectrum, the feature extraction 

process primarily comprises of extracting the spectrum amplitude information 

associated with 4 odd harmonics (namely the 3
rd

, 5
th

, 7
th

 and 9
th

 harmonics) along with 

their upper and lower-sideband amplitudes. In other words, if the fundamental 

frequency of the arcing current signal is denoted by Fs then the spectrum amplitudes 

associated with the harmonic and lower/upper sidebands are mathematical denoted as: 

Harmonic Amplitude = Maximum Amplitude in Spectrum {nFs±2Hz} 

Upper Sideband Amplitude = Maximum Amplitude in Spectrum {(nFs+Fs/4) ±Fs/12} 

Lower Sideband Amplitude = Maximum Amplitude in Spectrum {(nFs-Fs/4) ±Fs/12} 

Where n = order of the harmonic (3
rd

, 5
th

, 7
th

 or 9
th

) 

There can be a significant gap between the harmonics and sidebands in terms of the 

maximum amplitude extracted from each of the aforementioned spectrums. In order to 

prevent these huge-amplitude differences to affect the detection algorithm, the extracted 

features are transformed to the logarithmic scale and then rescaled using a bias value. 

This process is mathematically formulated as: 

20(log10 (IPSD)) + Bias 

As is evident from the detailed explanation associated with the feature 

extraction/selection process mentioned above, eventually there are 12 features (3 

associated with each higher-order harmonic) extracted for each extraction process. 
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While the Spectral Angle Mapper (SAM) and Spectral Information Divergence (SID) 

utilize all the 12 features in the classification process, the LDA and SVM 

methodologies utilize the projected values of these 12 features to the computed 

principal components to classify the severity of motor coil arcing faults. The details 

associated with the utilization of the features are discussed in the explanation provided 

for the relevant classification technique. 

The first three of the four techniques mentioned above are primarily statistical 

techniques that employ a comparative analysis between a base spectral signature and the 

spectral signature of interest in order to classify the spectral signature of interest into an 

appropriate category. While the SAM and SID techniques do not require to be trained 

prior to the application of various spectral signatures, LDA needs to be trained with a 

set of sample spectral signatures for it to classify any subsequent spectral signatures into 

any one of the pre-determined categories. The spectral signatures being repeatedly 

referred to above corresponds to a vector comprising of higher-order harmonic content 

and associated lower and upper sideband information associated with each class of 

motor coil arcing fault severity.  

The Support Vector Machines, on the other hand, are primarily a set of related 

supervised learning methods, widely applicable to classification and regressions 

applications in numerous engineering disciplines. The SVMs simultaneously minimize 

the empirical classification error and maximize the geometric margin [35]. Support 

vector machines map input vectors to a higher dimensional space where a maximal 

separating hyper-plane is constructed. Two parallel hyper-planes are constructed on 
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each side of the hyper-plane that separates the data. The separating hyper-plane is the 

hyper-plane that maximizes the distance between the two parallel hyper-planes with the 

maximum distance signifying the best classification results [35].  

The ensuing section presents the mathematical background associated with each 

one of the classification techniques mentioned above in elaborate detail. 

 

4.2 Severity Classification Algorithms: Mathematical Background 

 

4.2.1 Spectral Angle Mapper (SAM) 

Given two spectral signatures: 

 

Si = ( si1, si2,………siL)
T
 &  Sj = (sj1, sj2,……….sjL)

T
 

 

The SAM measures the spectral similarity by finding the angle between the two spectral 

signatures Si and Sj [36].  In other words, if 2 spectral signatures are identical, the 

similarity measure value becomes 0. As the 2 signatures differ from each other, SAM 

value increases.  Hence in mathematical terms SAM would equate to: 

 

SAM(si, sj) = cos
-1

((<si,sj>)/||si|| ||sj||) 

where 

∑
=

>=<

L

k

jkikji ssss
1

))((  
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and 

||si|| = (∑k=1,L sik
2
)
1/2

; ||sj|| = (∑k=1,L sjk
2
)
1/2

 

The 2 spectral signatures here are obtained by extracting the relevant features from a 

base/reference current and the arcing current for a specific severity. The relevant 

features primarily comprise of the higher order harmonic content along with associated 

lower and upper sidebands.  

 

4.2.2 Spectral Information Divergence (SID) 

Given two spectral signatures: 

Si = ( si1, si2,………siL)
T
 &  Sj = (sj1, sj2,……….sjL)

T
 

 

The probability mass functions corresponding to these 2 spectral signatures are 

denoted by: 

P = (p1, p2,…….pL)
T
  & Q = (q1, q2,………qL)

T
 

where 

pk = sik/∑k=1,L sik; qk = sjk/∑k=1,L sjk 

 

The self-information provided by si and sj for a specific band k is then given by: 

Ik(si) = -log(pk) & Ik(sj) = -log(qk) 
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The discrepancy of the self-information of band image Bk provided by sj relative to self-

information of the same band image by si is denoted by Dk(si||sj) and is formulated as 

[36]: 

Dk(si||sj) = Ik(sj) - Ik(si) = log(pk) - log(qk) = log(pk/ qk) 

The afore-described expression represents the discrepancy in self-information for one 

band image Bk provided by si relative to sj. The same concept when extended over the 

entire range of band images provides the following formulation: 

D(si||sj) = ∑a=1,L (Da(si||sj))( pa) = ∑a=1,L( pa) (log(pa/ qa)) 

and 

SID(si,sj) = D(si||sj) + D(sj||si) 

The spectral signature vectors referred to in the mathematical backgrounds 

presented above for SAM & SID classification techniques, are extracted from the motor 

coil arcing fault current data collected as described earlier. The hall-effect sensor data 

corresponding to the motor coil arcing fault current signal is fed as input to a 60Hz 

digital notch filter. The 60Hz notch filter is utilized to eliminate the pronounced effect 

of the fundamental frequency component since the spectral signature to be extracted 

would focus on the higher-order harmonic information. The filtered signal is then 

subjected to a comprehensive Power Spectral Density (PSD) analysis extracting 

information up-to the 7
th

 harmonic and associated upper and lower side-bands. The 

abovementioned higher order harmonic and associated side-band information is then 

encrypted to obtain the spectral signature associated with arcing faults of varying 

severities. 
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4.2.3 Linear Discriminant Analysis (LDA) 

Linear Discriminant Analysis (LDA) refers to a statistical technique utilized to 

classify objects/patterns into mutually exclusive and exhaustive groups based on a set of 

pre-identified features associated with each object/pattern [37]. The critical aspects 

governing the performance of LDA with respect to accuracy of classification are: 

• The pre-identified features utilized as basis for classification – Higher order 

harmonic and associated side-band information. 

• The precision of training data and methodology utilized for LDA prior to 

training. 

The mathematical objective associated with the application of LDA is to assign an 

object to a group with highest conditional probability thereby minimizing the Total 

Error of Classification (TEC). Although this does correspond to the application of 

Bayes Rule theoretically, the direct application of the same is not feasible for problem 

at hand. The mathematical formulation of the problem then amounts to [38]: 

 

fi = µ iC
-1

xk
T
 – (1/2)µ iC

-1
µ i

T
 + ln(pi) 

where 

fi: Discriminant function 

xk : Pre-identified features for all data 

µ i: Mean of features in group i 

C: Pooled Co-variance matrix 

pi: Prior probability for group i 
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Each element in the pooled covariance matrix is obtained from the individual co-

variance matrices for each group utilizing the formulation [38]: 

 

C(j,k) = (1/n) /∑i=1,g (ni) (ci(j,k)) 

 

where 

C(j,k): Element of pooled co-variance matrix 

g: Number of groups 

ci(j,k): Element of co-variance matrix for group i 

n: number of objects to be classified 

 

The co-variance matrix for individual group, i , is given by [38]: 

 

Ci = ((xi
0

)
T
 xi

0
) / ni 

 

The essence of the formulation mentioned above lies in that the object k would 

be classified into group I having the maximum fi. An alternative method to efficiently 

compute the pooled covariance matrix associated with the training/test data for each 

group is to subtract the group mean vectors from training/test data for each of the 

groups. The resulting matrix is then subjected to QR decomposition resulting in two 

matrices namely Qj and Rj for group j. Qj is the orthogonal matrix (its inverse is the 

same as its transpose) while Rj is the upper triangular matrix resulting from the QR 
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decomposition. The scaled form of Rj can be utilized to obtained the pooled covariance 

matrix to be utilized in the evaluation of the discriminant function to classify the 

test/training data points into respective groups. The LDA approach employed for the 

classification of severity of motor coil arcing faults utilizes the training data in 

conjunction with pre-assigned group labels to obtain the upper triangular matrix 

associated with each group to develop the over-all pooled covariance matrix. As would 

be evident from the discussion and the discriminant functions presented above, one of 

the limitations of the LDA approach is that the pooled covariance matrix must be on-

singular for successful classification. This can only be assured by ensuring the absence 

of any under-sampled data i.e. the number of training samples should not be less than 

the dimensions. For this reason, Principal Component Analysis (PCA) is utilized in 

conjunction with the classical LDA approach to reduce the dimension of the data to 

overcome what is now popularly known as the Small Sample Size (SSS) problem 

associated with classical LDA approaches for pattern recognition. However, ample 

training data points were utilized for the training stage of the LDA approach utilized for 

the motor coil arc fault severity classification and PCA+LDA approach is beyond the 

purview of the work presented in this dissertation. 

Hence the vectors corresponding to pre-identifiable extracted features are and 

appropriate groups are utilized for the execution of the training procedure. A pre-

condition for the successful completion of the training procedure is for the pooled co-

variance matrix obtained from the training data to be positive definite. The extracted 

features corresponding to the test data are then subjected to LDA analysis based on the 
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implementation of the formulations provided above.  

 

4.2.4 Support Vector Machines (SVM) 

Support Vector Machines (SVM) is a useful and well established tool for data 

classification applications. A typical classification process comprises of training and 

testing data which consists of some data instances [39]. Each data instance in the 

training data set comprises of a “target value” and some “attributes” or features. The 

primary objective of the SVM is to develop a model which estimates the target value of 

data instances for which only the attributes have been provided. It is implied that the 

same attributes were utilized to train/develop the model during the training period.  

Let us now consider N samples of data such as: 

 

 

Where:  and yi = +\- 1 are labels for the data for classification 

 The discussion presented in this section tends to lay the mathematical 

foundation associated with the utilization of SVM-technique for classification problems 

by utilizing a rather simple linear separable case. From there on, more complex 

problems such as linear non-separable case and the training of non-linear non-separable 

machines do result in a very similar quadratic programming optimization problem, 

albeit some transformations for the non-linear machines [46]. Reverting back to the 

rather simple linear clearly separable case, let us suppose that there exists a hyperplane 

that separates the positive from the negative labels and corresponding data, with the 
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hyperplane being termed as the “separating hyperplane”. Hence the points that lie on 

this separating hyperplane would satisfy the equation: 

 

Where, 

w: Normal to the hyperplane 

|b|/||w||: Perpendicular distance from the hyperplane to the origin 

||w||: Euclidean norm of w 

Let d+(d-) be the shortest distance from the separating hyperplane to the closest positive 

(negative) example. In that case the “margin” is defined as the sum (d+ + d-) with the 

same being illustrated in Exhibit 1 below. 

 

Exhibit 1: Mathematical Manifestation of Support Vector Machines [46] 

For the simple linearly separable case illustrated above, the SVM algorithm 

simply attempts to find the separating hyperplane which maximizes the margin. 

Methematically, this can be formulated in the following set of constraints: 

Separating Hyperplane 

Support Vectors 
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The above set of constraints can then be combined to form a single inequality of 

the form: 

 

Dwelling a littlie more in the mathematical details, the points that fall on the 

hyperplane labeled H1 on Exhibit 1, would seem to satisfy the following equation: 

 

Similarly the points that fall on the hyperplane labeled H2 on Exhibit 2, would 

seem to satisfy the following equation: 

 

Hence d+ = d- = 1/||w|| thus formulating the margin to be 2/||w||.  

The SVM algorithm now equates to finding a pair of hyperplanes that result in the 

maximum margin by minimizing ||w||
2
/2 subject to the constraint: 

 

The mathematical formulation associated with the implementation of the SVM 

algorithm is then  made to under a Lagrangian switch. There are 2 primary reasons for 

incorporating this switch. The first of the 2 reasons is that the constraint equated above 

would be replaced by its Lagrangian multiplier counterparts and is much easier to 

handle. The second reason is that the reformulation of the problem implies that the 
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training data would appear only in the form of dot products between vectors which 

plays an instrumental role in utilizing the kernel-based approach for the non-linear case. 

Elaborate mathematical details associated with the discussion presented above can be 

referred to in [46].  

The lagrangian switch results in the SVM classification problem being formulated in the 

following format: 

 

We must now minimize Lp with respect to w and b while simultaneously requiring that 

all derivates of Lp with respect to all άi vanish and all subject to άi > 0. In the case of a 

linear non-separable case, an additional penalty factor is incorporated in the 

mathematical formulation of the SVM algorithm to allow and account for classification 

errors. This is done so by the introduction of slack variables thereby modifying the 

equations defining the pair of hyperplanes to the following format [46]: 

 

Thus for an classification error to occur the corresponding ξi must exceed unity. Hence 

an obvious way to assign extra cost for errors in the SVM optimization problem is to 

change the objective function to be minimized from ||w||
2
/2 to: 
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The parameter C is chosen by the user with a large value of C corresponding to a higher 

penalty for errors in the objective function.  

Most of the mathematical techniques discussed in this section have pertained or directly 

apply to the linearly separable or non-separable case. However, most of the real world 

pattern recognition and/or classification problems present themselves in the form of 

non-linear classification problems. The adaptation of the SVM algorithm discussed 

above, for the linearly separable case, to account for non-linear data scatter 

classification was done based on a deduction drawn above that the training data appears 

only in the for of dot products of the vectors after the Lagrangian switch. 

 As mentioned earlier, the training problem is in the form of dot products of the 

vectors xi.xj. Let us suppose that the non-linear data was mapped to some other 

Euclidean space H, using a mapping that shall be termed Φ such that: 

 

Then the training problem would only depend on the data through dot products 

in the Euclidean space H i.e. on functions Φ(xi) and Φ(xj). Now, if there exists a kernel 

function such that K(xi, xj) = Φ(xi) . Φ(xj) then we would only need to use the kernel 

function in the training algorithm. This is precisely the approach that is adopted to 

utilize the SVM algorithm for the classification of non-linear scatter spreads. The reader 

does have to bear in mind that the Euclidean space H is an infinitesimal space and hence 

working with Φ directly would not be very easy. However, if xi . xj is replaced by K(xi, 
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xj) everywhere in the training algorithm then the SVM algorithm will produce an SVM 

that exists in the infinite dimensional space.  

For instance the data are vectors in R
2
  and we choose the kernel function K(xi, 

xj) = (xi . xj)
2
 then it is relatively easy to find a higher dimension Hilbert space H and 

mapping Φ from R
2 

to H such that x.y = Φ(x) . Φ(y). We choose H = R
3
 then we have: 

 

It would be important to bear in mind that neither the mapping nor the Hilbert 

space H are unique for any given kernel function K. It is also important to apply the 

Mercer’s condition to be able to determine whether a given/chosen kernel is actually a 

dot product in some space, a necessary condition for performing the mapping in the 

SVM algorithm. Detailed discussion on this aspect can be found in [46].  

For the implementation of the SVM classification technique, as far as motor coil 

arcing fault severity classification is concerned, the OSU-SVM toolbox in Matlab has 

been utilized. The toolbox is widely used to create models for regression and 

classification using Support Vector Machines. As mentioned above, the Gaussian 

Kernel function was utilized for the SVM algorithm for the classification of motor coil 

arcing faults. There are 2 critical input parameters in one-class SVM classification, 

namely σ (sigma) and ν (nu). The former parameter, sigma, is utilized in the 

mathematical formulation of the Gaussian kernel operator of the SVM which is 

mathematically expressed as: 
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   Exp(-||x-x`||
2
\(2σ

2
) 

This parameter σ sigma, controls the shape of the decision boundary and hence the 

number of support vectors in turn. If sigma is set to a higher value, a lower number of 

support vectors are generated along with a less complex decision boundary. On the 

other hand, a lower value of sigma corresponds to a higher number of support vectors 

accompanied with a more complex decision boundary.  

The second input parameter for the one-class SVM classification, ν (nu), determines the 

number of training data points that would be considered as outliers. In other words, is ν 

is set to 0.01, it implies that about 1% of the training data points can be considered as 

outliers whereas if ν is set to 0.1 it implies that 10% of the training data points can be 

considered as outliers. Figures 4.2 and 4.3 depict the effect of the selection of σ and ν 

on the decision boundary and the number of support vectors for one-class SVM 

classification. 

Since the training data sets utilized in the motor coil arc fault classification process are 

assumed to correspond to a healthy condition of the motor, a less complex decision 

boundary which manages to include all the training data is referred to a more complex 

decision boundary. Furthermore, since the training data points correspond to the healthy 

condition of the motor almost a negligible amount of training data points should be 

considered as outliers and hence ν is set to 0.001. 
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Figure 4.1: Decision Boundary & Support Vectors associated with σ = 1 & ν = 0.001 

 

Figure 4.2: Decision Boundary & Support Vectors associated with σ = 0.02 & ν = 0.001 

The algorithms subjecting the spectral signatures associated with varying levels of 

severity of low voltage motor coil arcing faults to the aforesaid classification techniques 

are firmly based on the implementation of the mathematical manifestations described in 

the above section. The details associated with the design of the algorithm and the input 

data associated with each of the 4 classification techniques is presented in the ensuing 

section. 
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4.3 Algorithms: Application & Simulation Methodology 

The mathematical formulations associated with each of the 4 classification techniques 

are formulated in the form of modular algorithms in order to implement the 

classification techniques to classify the severity of low voltage motor coil arcing faults. 

The sub-sections comprising the ensuing section present the algorithms associated with 

the application of classification of severity of motor coil arcing faults. 

 

4.3.1 Spectral Angle Mapper (SAM) 

Figure 4.3 presents the algorithmic flowchart associated with the application of 

the SAM technique to classify the severity of motor coil arcing faults. As can be seen 

from the figure, the arcing current corresponding to varying levels of fault severity is 

acquired via the hall-effect sensor. The arcing fault current is then filtered to eliminate 

the fundamental frequency component since the 60Hz component is so prominent that it 

seems to suppress the effect of the higher-order harmonics which happen to be elements 

of interest for the classification procedure. The filtered signal is then subjected to a Fast 

Fourier Transform (FFT) analysis to extract the relevant higher-order harmonics and 

associated upper and lower sidebands to develop the spectral signature associated with 

the given motor coil arcing fault severity. The SAM associated with this severity and a 

pre-determined base spectral signature is calculated based on the mathematical 

formulations presented in section 4.2.1.
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Figure 4.3: Algorithmic Flowchart representing SAM technique for motor coil 

arc fault classification
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The SAM value as obtained for each severity level is classified based on its 

comparison with the SAM value associated with the base spectral signature and hence 

each spectral signature vector is classified into one of the many arcing fault severity 

levels. The results associated with the implementation of the algorithm presented in 

Figure 4.3 are presented in the following section. 

 

4.3.2 Spectral Information Divergence (SID) 

Figure 4.4 presents the algorithmic flowchart associated with the application of 

the SID technique to classify the severity of motor coil arcing faults. As can be seen 

from the figure, the arcing current corresponding to varying levels of fault severity is 

acquired via the hall-effect sensor. The arcing fault current is then filtered to eliminate 

the fundamental frequency component since the 60Hz component is so prominent that it 

seems to suppress the effect of the higher-order harmonics which happen to be elements 

of interest for the classification procedure. The filtered signal is then subjected to a Fast 

Fourier Transform (FFT) analysis to extract the relevant higher-order harmonics and 

associated upper and lower sidebands to develop the spectral signature associated with 

the given motor coil arcing fault severity. The SID associated with this severity and a 

pre-determined base spectral signature is calculated based on the mathematical 

formulations presented in section 4.2.2. 
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Figure 4.4: Algorithmic Flowchart representing SID technique for motor coil 

arc fault classification
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The SID value as obtained for each severity level is classified based on its 

comparison with the SID value associated with the base spectral signature and hence 

each spectral signature vector is classified into one of the many arcing fault severity 

levels. The results associated with the implementation of the algorithm presented in 

Figure 4.4 are presented in the following section. 

 

4.3.3 Linear Discriminant Analysis (LDA)   

As mentioned earlier, the classification based on the LDA technique differs from the 

SAM/SID classification techniques in that the LDA technique requires prior training to 

identify/classify the spectral signature to belong to any of the pre-trained classes. In 

other words, as would also be made evident by the results presented in the proceeding 

section, the SAM/SID classification techniques possess the capability of classifying 

severity levels lying in between any 2 pre-identified severity levels also. However, since 

the LDA technique relies on classifying the spectral signature in one of the classes that 

it has been trained for, the spectral signature for any other severity levels will not be 

classified accurately unless the LDA model is trained to classify that severity level. 

 Figure 4.5 depicts the algorithmic flowchart associated with the implementation 

of the LDA technique for the classification of severity of motor coil arcing faults.  

 

 

 

 

 

 

 



 

 120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Algorithmic Flowchart representing LDA technique for motor coil 

arc fault classification
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4.3.4 Support Vector Machines (SVM) 

 

The mathematical and algorithmic details associated with the 1-class SVM 

classification technique were discussed in detail in section 4.2.4. The training data 

consisting of the feature space extracted for various classes of arc fault severity (as 

described in earlier sections of the dissertation) and the labels associated with the class 

are utilized to construct the SVM classifier in the OSU-SVM toolbox. The SVM 

classifier provides the critical SVM parameters such as the Lagrangian multipliers, the 

bias and the number of support vectors derived out of the training process. These SVM 

parameters are then utilized to classify the test data that also does consist of the samples 

of the extracted feature space corresponding to varying levels of the motor coil arc fault 

severity. When the training data corresponded to the healthy condition of the motor coil, 

the 1-class SVM classification is found to be capable of performing anomaly detection, 

as would be evident from the results presented in the proceeding sections. Figure 4.6 

depicts the block diagram for the SVM classification. 

 

Figure 4.6: Block Diagram for SVM Classification Algorithm 
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As is evident from the block diagram presented in figure 4.6, the training data 

corresponds to various cases of the motor coil arcing fault severity current acquired 

through the hall-effect sensors. The SVM parameters, namely σ and ν, for each class are 

determined based on the training data and then utilized on the test-data fo each severity 

level. 

 

4.4 Algorithms: Simulation Results 

 

The discussion presented in the previous section focused on presenting the methodology 

and the algorithmic logic associated with the implementation of the algorithms, the 

mathematical formulation for which has been provided in earlier sections. This section 

focuses on presenting the results associated with the classification of severity of motor 

coil arcing faults via the application of each of the 4 classification techniques dwelled 

upon in the previous sections.  

 

4.4.1 Spectral Angle Mapper (SAM) 

Figures 4.7 and 4.8 depict the classification results when Spectral Angle Mapper 

(SAM) is utilized to classify the severity of the motor coil arcing fault. Figure 4.7 

depicts the classification results corresponding to arcing data for the original 5 cases 

presented in Table 3.1. As can be seen from figure 4.7, the SAM values corresponding 

to any one arcing case are within close proximity of each other. Furthermore, the SAM 

values corresponding to 2 different arcing cases are clearly segregated in terms of their 

SAM values. Figure 4.8 underlines the flexibility and robustness of the approach when 
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subjected to data corresponding to unforeseen arcing cases. The data presented as cases 

3-4(a), 3-4(b) and 3-4(c) in Table 3.1 has been utilized to analyze the performance of 

the proposed statistical measure in the case of unforeseen data during arcing 

phenomenon in actual field conditions. The data corresponding to additional arcing 

cases presented in Table 3.1 correspond to percentages of arcing coil between those 

presented in case 3 and 4 shorted through arcing fault. As is evident from Figure 4.8, 

the SAM values corresponding to ach of these 3 additional cases lie between those 

corresponding to cases 3 and 4. Additionally, the SAM values for each of the 3 

additional cases are in conjunction with the percentage of coils shorted through the 

arcing fault for each case. 

 

 

Figure 4.7: Classification Results using SAM: Original Cases 
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Figure 4.8: Classification Results using SAM: Additional Cases 

 

 

As is evident from the results showcased in figures 4.7 and 4.68, the SAM 

statistical classification technique performs adequately in classifying the severity of 

motor coil arcing faults for the 5 severity cases shown in Table 3.1 developed by means 

of experimental set-up. As can be seen from the results presented in Figure 4.5, the 

SAM values corresponding to any one severity class clearly fall in a specific region 

with ample and clear segregation from SAM values corresponding to other severity 

classes. Furthermore, the SAM values also tend to indicate a pattern in terms of 
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monotonically increasing SAM values with increasing percentages of the motor coil 

shorted or with increasing levels of severity of the motor coil arcing fault.  

The robustness of the approach is also demonstrated through the results 

presented in figure 4.8, wherein the classification results for unforeseen severity levels 

have been showcased. As is evident from figure 4.8, the classification results 

corresponding to intermediate severity levels in between cases 3 and 4 are found to have 

SAM values in between cases 3 and 4. Case 34-a corresponds to severity levels between 

cases 3 and 4  but closer to case 3 and the SAM values associated with the spectral 

signature of case 34-a lie between those for cases 3 and 4 and closer to case 3 SAM 

values. The same applies to SAM values associated with cases 34-b and 34-c with each 

of them lying between cases 3 and 4.  

 

4.4.2 Spectral Information Divergence (SID) 

Figures 4.9 and 4.10 present the classification results when Spectral Information 

Divergence (SID) is utilized to classify the severity of the motor coil arcing fault. As in 

the case of SAM, figure 4.9 presents the classification results corresponding to the 

original arcing cases while figure 4.10 presents the performance of the SID approach 

when incremental cases representing unforeseen arcing conditions. As can be seen from 

Figure 4.9, SID approach is equally adept at classifying various cases corresponding 

motor coil arcing faults. The performance of SID approach when incremental cases are 

utilized is also equally satisfactory when compared to SAM. The classification of the 

incremental cases between cases 3 and 4 is accurate in terms of SID values and trend. 
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Figure 4.9: Classification Results using SID: Original Cases 

 

4.4.3 Linear Discriminant Analysis (LDA) 

Figures 4.11 and 4.12 present the classification results when Linear Discriminant 

Analysis (LDA) is utilized to classify the severity of the motor coil arcing fault. Figure 

4.11 depicts the output of the LDA algorithm on the training data utilized to train the 

LDA to recognize the pattern corresponding to each arcing fault case. As would be 

expected, the classification of the training data is near perfect thereby corroborating 

accurate training of the LDA algorithm. Figure 4.12 presents the performance of the 

LDA algorithm on actual test data corresponding to the 5 original arcing fault cases 

presented in Table 3.1. As can be seen from Figure 4.12, the classification results 

obtained from the LDA algorithm are very accurate in terms of correctly identifying the 
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extent and severity of the motor coil arcing fault.  

 

Figure 4.10: Classification Results using SID: Additional Cases 

 

However, unlike SAM and SID approaches wherein additional test data was 

accurately classified, the LDA approach does not appropriately classify additional 

arcing fault data unless trained in prior. Figure 4.13 presents the classification results 

pertaining to the original and additional arcing fault cases after the LDA algorithm was 

trained for the additional cases.  As can be seen from Figure 4.13, the LDA based 

classification results for additional cases are very accurate after the LDA algorithm has 

been trained to recognize the pattern corresponding to the additional arcing fault cases. 

The incremental arcing fault severity for which the LDA algorithm would need to be 

trained would depend on the resolution of arcing fault severity classification desired for 
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a particular application. However, with the appropriate data, the results depicted in 

Figures 4.11, 4.12 and 4.13 clearly indicate the success of the LDA algorithm in 

accurate classification of the severity of motor coil arcing faults. Figure 4.11 depicts the 

classification results pertaining to the training data while Figure 4.12 depicts the 

classification results pertaining to the training and test results. Figure 4.13, on the other 

hand, extends the applicability of the LDA algorithm by depicting the results for 

classification of test data with some additional classification samples. 

 

 

Figure 4.11: Classification Results using LDA: Training Data 
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Figure 4.12: Classification Results using LDA: Training/Test Data 

 

4.4.4 Support Vector Machines (SVM) 

 Figure 4.14 presents the results associated with the utilization of 1-class 

SVM technique for anomaly detection in motor coil arcing conditions. The 1-class 

SVM is an unsupervised classification algorithm. For demonstration purposes, the data 

files corresponding to spectral feature extraction of arcing current under normal 

operating conditions are utilized for training purposes. 
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Figure 4.13: Classification Results utilizing LDA: After LDA trained for additional test 

data 

 

 

For testing all data files corresponding to cases 1 through 5, as tabulated in Table 3.1, 

have been utilized. As is evident from figure 4.14, while the data corresponding to 

normal operation is labeled 1 corresponding to healthy conditions, the data corresponding 

to cases 1 through 5 is labeled -1 corresponding to abnormal conditions. 
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Figure 4.14: 1-Class SVM Results for Anomaly Detection 

Figures 4.15 (a) and (b) depict the comprehensive SVM classification results, as obtained 

from the iterative expansion of the 1-class SVM process, for the training and testing data. 

As is evident from the results showcased in figures 4.15 (a) and (b) , the SVM 

classification process does perform adequately well in classifying the severity of motor 

coil arcing faults. 
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(a) 

 

(b) 

 Figure 4.15 (a): SVM Classification results for Training Data (b): SVM 

Classification results for Actual Testing Data 
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4.5 Performance Evaluation & Comparative Analysis 

As is evident from the classification results presented in section 4.4 above, various 

classification techniques provide adequate performance in terms of classification 

accuracy while being accompanied by advantages and disadvantages. 

Table 4.1 presented below aims to summarize a comparative analysis associated wit each 

of the 4 classification techniques presented above on the basis of some common 

performance evaluation criterion. 

Table 4.1: Comparative Analysis of Performance Evaluation – Classification Techniques 

Classification Technique 

Performance 

Criterion 

Spectral 

Angle 

Mapper 

(SAM) 

Spectral 

Information 

Divergence 

(SID) 

Linear 

Discriminant 

Analysis (LDA) 

Support Vector 

Machines (SVM) 

Complexity Moderate Moderate Moderate 

High despite 

introduction of 

Lagrangian 

multipliers 

Robustness 

Relatively 

robust – 

Classifies 

unforeseen 

data 

accurately 

Relatively 

robust - 

Classifies 

unforeseen 

data 

accurately 

Dependent on 

prior-knowledge 

based training data 

Dependent on 

training data & 

choice of kernel 

function for non-

linear case 

Accuracy to 

unforeseen 

data 

Adequate Adequate 
Contingent on 

prior training 

Contingent on 

prior training 

Classification 

Errors 
Negligible Negligible Negligible 

Dependent on 

number of support 

vectors & ability to 

handle non-

separable case (i.e. 

C parameter) 

Suitability for 

real time 

application 

Suitable Suitable Suitable 

Complexity of 

implementation 

reduces suitability 

Classification 

layers 
Continuous Continuous Discrete Discrete 
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Table 4.1 - continued 

Classification Technique 

Performance 

Criterion 

Spectral 

Angle 

Mapper 

(SAM) 

Spectral 

Information 

Divergence 

(SID) 

Linear 

Discriminant 

Analysis (LDA) 

Support Vector 

Machines (SVM) 

 

 

Mathematical 

Limitations 

 

 

Distinct 

Spectral 

signatures 

required 

 

 

Distinct 

Spectral 

signatures 

required 

 

 

Pooled Covariance 

matrix should be 

non-singular 

Suffers from SSS 

problem 

 

 

Choice of suitable 

Kernel function & 

handling of non-

separable cases 

 

 

Computing 

Time 

Order of 4-7 

seconds for 

11X39 

matrix of 

test data 

Order of 4-7 

seconds for 

11X39 

matrix of test 

data 

 

Order of 10-16 

seconds for 11X20 

matrix of training 

data and 11X39 

matrix of test data 

 

 

Order of 40-90 

seconds – may not 

be suitable for real 

time applications 

 

 As is evident from Table 4.1, the results associated with the 4 classification 

techniques presented during the course of the discussion presented in this chapter, 

underline the various advantages and disadvantages associated with the techniques 

respectively. The choice of the classification technique would depend on the application 

associated with the classification of low-voltage motor coil arcing fault severity. The 

ensuing chapter aims to conclude the discussion comprehensively put forth in this 

dissertation by providing a summarized discussion associated with various important 

research contributions provided by the dissertation accompanied with scope for future 

work in this area of research. 
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CHAPTER 5 

CONCLUSIONS/RECOMMENDATIONS 

 

As would be evident to the reader of the dissertation by now, the discussion 

presented in this dissertation focused on the design, development and implementation of 

medium/low-voltage arcing fault detection and/or severity classification algorithms. Two 

major components of the medium/low-voltage power system networks, especially in 

industrial environments, were focused upon during the arc fault detection and/or severity 

classification algorithm development and implementation, namely the switchgear for low 

and/or medium voltage and the motor coil for low-voltage. The discussion presented in 

the first half of the dissertation tends to focus on the design and development of hardware 

and simulation based approaches to substantiate the higher-order harmonic differential 

approach for detection of arcing faults in medium and/or low-voltage switchgear. The 

discussion presented in the second half of the dissertation pertains to the design and 

development of low-voltage motor coil arcing fault severity classification techniques 

utilizing statistical and pattern recognition techniques such as SAM, SID, LDA and 

SVM. Each of the relevant sections concludes with adequate results substantiating the 

approach adopted. This chapter aims to summarize the observations made from the 

results presented in various sections to draw inferences and/or conclusions associated 

with the implementation and performance of various approaches discussed during the 

course of the dissertation. 
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5.1 Conclusions: Switchgear Arcing Faults 

To summarize, a higher-order harmonic differential approach to serve as an early 

warning detection system for the presence of medium and/or low-voltage switchgear 

arcing faults was proposed in this dissertation. While the simulation-based approach was 

utilized to demonstrate the technical soundness of the proposed algorithm for the 

detection of medium voltage switchgear arcing faults, actual laboratory based test-bench 

accompanied with real-time implementation of the higher-order harmonic approach was 

utilized to underline its effectiveness in actual field conditions. The approach primarily 

aims to utilize the inherent presence of higher-order harmonics during the arcing 

phenomenon to isolate the arcing fault conditions from normal operation.  

The medium voltage switchgear arcing fault detection was based on the collection 

of arcing current data obtained by producing arcing fault at the 15kV level in a laboratory 

test-bench developed at ESRC. The higher-order harmonic content in the arcing current 

data is utilized to model a non-linear source producing an exact same harmonic pattern on 

a sample 18-bus radial distribution feeder for simulation purposes. The non-linear 

harmonic source is taken to be the arcing fault location in the sample distribution system. 

The higher-order harmonic differential approach for both magnitude and phase 

differential is applied for numerous variations in the system topology to test the 

performance of the approach under various practical conditions. Results do tend to 

indicate that more than one higher-order harmonic and sometimes a combination of 2-

higher order harmonics serve to comprise the differential scheme in either magnitude or 

phase or both.  
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The effectiveness of the higher-order harmonic differential approach in terms of 

actual field implementation is underlined by the hardware-based laboratory 

implementation of the higher-order harmonic differential approach to detect low-voltage 

switchgear arcing faults. Elaborate descriptions associated with the test-bench utilized for 

the initiation of the low-voltage arcing fault have been presented at relevant sections of 

the dissertation. Hall-effect sensors in conjunctions with adequate signal processing and 

data acquisition devices are utilized to acquire the incoming and outgoing current signals 

with respect to the low-voltage switchgear. The higher-order differential approach is 

tested for source-side and load-side external arcing faults as well as internal arcing faults 

to demonstrate the versatility and robustness of the approach.  

In summary, the following observations can be made from the simulation and 

test-bench based implementation of the proposed higher-order harmonic differential 

approach to detect low/medium-voltage switchgear arcing faults: 

• The higher-order harmonic differential approach seems to exhibit good 

sensitivity for internal arcing faults whilst maintaining adequate 

discrimination against external faults. 

• The results associated with the application of simulation-based higher 

order harmonic differential approach tend to underline the robustness of 

the approach keeping in mind the accurate performance of the approach 

under varying system topologies such as with/without voltage support 

capacitors etc. 

• The results associated with the implementation of simulation-based 

approach also tend to indicate that more than one higher-order harmonic 
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can be utilized in magnitude or phase differential form for the early 

warning detection system for switchgear arcing faults. 

• The application of the proposed approach on a test-bench based laboratory 

proto-type tends to underline the fact that the approach an lend itself to 

actual field implementation. 

• The application of the proposed higher-order harmonic differential 

approach is also accompanied by a relatively small response time keeping 

in mind the time taken for the arcing faults to assume potentially 

hazardous or damaging proportions. 

• The proposed approach provides the initiative for the transition from 

preventive to predictive maintenance in terms of the switchgear industry. 

 

5.2 Conclusions: Motor Coil Arcing Faults 

 The discussion presented in the second half of the dissertation focuses on the 

classification of the severity of low-voltage motor coil arcing faults. The initial part of the 

discussion focuses on the selection of the appropriate design alternative to be employed 

for the initiation of low-voltage motor coil arcing fault within the controlled laboratory 

environment. Furthermore, certain sections in this part of the dissertation have been 

devoted to the comparison of the arcing fault current produced from the chosen design 

alternative with its contemporary mathematical counterparts. The higher-order harmonic 

content in the arcing current produced in the laboratory is compared with that contained 

in arcing current signatures produced from the simulation of contemporary mathematical 

models. Mathematical models from Mathews, Stokes & Oppenlander and Fisher have 
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been modeled with parameters similar to those utilized in the laboratory. The 

comparative analysis is utilized as justifying argument for the selection of higher-order 

harmonic-based features selected for utilization in all severity classification techniques. 4 

techniques, namely, SAM, SID, LDA and SVM have been utilized for the severity 

classification of low-voltage motor coil arcing faults. 

While the first three of these, SAM, SID and LDA are primarily statistical 

techniques, SVM is more of a pattern recognition technique based on similar lines as 

neural networks. It differs from neural networks in the manner in which it “learns” to 

identify various patterns. Mathematical realizations and formulations associated with 

each of these 4 classification techniques have been presented in the relevant section in the 

dissertation. Results associated with the severity classification as classified by each of the 

4 classification techniques are presented followed by performance evaluation and 

comparative analysis based on pre-selected performance evaluation criterion.  

Some of the observations and/or inferences that can be drawn fro the results 

presented by the 4 classification techniques are: 

• SAM & SID are primarily trend identification tools which utilize the 

higher-order harmonic content in the features extracted to classify the 

severity of the low-voltage motor coil arcing fault. 

• SAM & SID tend to produce better results associated with the 

classification of unforeseen data without prior training in comparison to 

LDA.  
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• LDA performs adequately well in terms of classifying the severity of 

motor coil arcing faults based on the comprehensiveness with which it is 

trained. 

• SVM has been utilized initially as a one-class, unsupervised learning 

based, classifier for anomaly detection. It performs reasonably well in 

terms of detecting abnormal or faulty conditions without classifying the 

severity of motor coil arcing faults. 

• The one-class SVM-based classifier has been extended to multi-class 

SVM classifier for the classification of severity of motor coil arcing 

faults. The results associated with the classification using multi-class 

SVM though accurate do require rigorous and lengthy training samples 

and properly chosen boundary complexity and kernel. 

• The ease of implementation associated with SAM & SID in conjunction 

with the absence of any training seems to lend itself well to the real-time 

applications associated with the classification of severity of motor coil 

arcing faults. 

 

5.3 Recommendations/Future Work 

 While some ground breaking research odes characterize this dissertation 

especially in the less trodden path of low/medium voltage switchgear and motor coil 

arcing fault detection and/or severity classification, the author does feel that the results 

documented herein have opened some new research avenues. The successful 

implementation of the test-bench based higher-order harmonic differential approach for 
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the detection of low-voltage switchgear arcing can be utilized as a precursor for the 

development of a real-time, remote, web-enabled early warning system for switchgear 

arcing faults. Some research in that direction is already underway at Energy Systems 

Research Center (ESRC) with some promising preliminary results. Furthermore, the 

successful testing of such a proto-type in actual field conditions would usher in an era of 

the predictive maintenance so long desired by the switchgear industry. 

On the low-voltage motor coil arcing fault severity classification front, while the 

SAM & SID trending measures have been adequately explored in terms of their 

capability to classify low-voltage motor coil arcing faults in this dissertation, the same is 

not true for SVM classification technique. The SVM is a relatively nascent concept that 

has garnered tremendous interest in the pattern recognition community in the last decade 

or so for its flexibility to be able to decipher highly non-linear patterns. While this 

dissertation briefly utilizes one aspect of the SVM to test the performance of SVM in 

classifying severity of motor coil arcing faults, the results do tend to be promising and 

indicative of tremendous research potential in this area.  

 Furthermore, the development of a real-time SVM-based motor coil arc fault 

severity classification module may go a long way in not only serving as an early warning 

systems for applications with huge motor coil windings but also drastically reduce the 

downtime associated unscheduled outages for motor coil winding maintenance. 

 All these areas are extensions of the research presented in this dissertation in 

various directions with the potential of tremendous contribution to the switchgear 

industry and industrial power system applications. 

 



 

 142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A 

 

 

MEDIUM VOLTAGE SWITCHGEAR ARC FAULT DETECTION – ADDITIONAL 

SCENARIO RESULTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

BC8: Internal Arcing Fault – Non-linear device connected at Bus#5 with all capacitors connected 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   Current plots                                           Voltage Plots 

 

Harmonic Composition table for line current for internal fault with all capacitors connected 

 
CASE BC8: Non-linear load simulation in 18-bus distribution system 

with capacitor : Arc at Bus#5 (Internal fault) 
          

                     

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 15st Harmonic 17st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
I1(%) THDi(%) 

3to4 36.28 41.60 5.22 139.10 3.34 -89.70 2.39 -28.20 0.31 105.90 0.44 37.90 1.40 166.40 0.49 -114.40 0.27 139.50 36.30 19.00 

4to5 24.16 56.30 4.70 140.00 3.22 -84.10 1.83 -13.90 0.20 -124.30 0.82 47.40 1.68 174.20 0.38 -81.90 0.57 152.40 24.20 26.50 

5to6 19.60 9.50 0.60 131.40 0.51 -152.90 1.01 -67.60 0.52 87.60 0.34 -115.00 0.45 101.70 0.51 -142.60 0.24 18.50 19.60 9.30 

6to7 11.36 22.10 0.60 131.40 0.46 -141.50 0.95 -58.70 0.52 87.60 0.33 -109.50 0.44 106.20 0.51 -142.60 0.24 21.20 11.40 15.50 

50to1 93.20 52.00 10.58 132.30 1.62 -165.20 1.81 -51.30 0.89 84.90 0.66 -116.60 0.76 2.10 0.14 99.30 0.14 -23.60 93.20 11.70 

51to50 98.60 28.70 0.00 0.00 1.64 -135.20 1.85 -81.40 0.00 0.00 0.69 -86.60 0.81 -28.00 0.00 0.00 0.17 6.30 98.60 2.70 

1to20 43.34 53.30 4.15 124.10 3.40 107.40 2.15 153.10 0.55 -82.00 0.19 133.50 0.94 -37.20 0.78 35.10 0.53 174.80 43.30 13.80 

20to21 34.98 59.80 3.67 123.70 3.15 106.00 2.23 149.10 0.75 -86.80 0.38 75.50 0.25 -99.80 0.34 17.50 0.35 170.70 35.00 15.50 

21to22 2.20 -5.90 0.00 0.00 0.02 38.20 0.01 115.60 0.00 0.00 0.01 142.30 0.02 -106.10 0.00 0.00 0.01 93.10 2.20 1.60 

21to23 26.05 48.00 2.58 122.90 2.47 101.40 2.08 143.50 0.95 -91.30 0.85 59.50 1.68 166.90 0.86 -130.50 0.35 3.10 26.00 18.20 

1
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BC9: External Arcing Fault – Non-linear device connected at Bus#7 with all capacitors connected 

 
 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

    Current Plots          Voltage Plots  

Harmonic Composition table for line current for external fault with all capacitors connected 

 
CASE BC9: Non-linear load simulation in 18-bus distribution system 

with capacitor : Arc at Bus#7 (External fault) 
          

                     

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 15st Harmonic 17st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
I1(%) THDi(%) 

3to4 36.29 41.60 5.28 136.60 3.50 -92.40 2.62 -32.00 0.36 103.50 0.55 31.30 1.99 158.10 0.81 -119.30 0.53 125.80 36.30 20.80 

4to5 24.16 56.20 4.75 137.50 3.37 -86.70 2.00 -17.80 0.23 -126.70 1.04 40.80 2.38 165.90 0.63 -86.90 1.14 138.70 24.20 31.10 

5to6 21.82 7.20 3.00 142.40 2.41 -69.40 1.32 93.00 1.77 -98.10 1.91 59.10 1.92 -160.70 1.33 10.00 1.58 163.00 21.80 26.40 

6to7 13.39 16.40 3.00 142.40 2.50 -67.60 1.44 88.10 1.77 -98.10 1.92 58.40 1.97 -160.20 1.33 10.00 1.59 163.20 13.40 43.80 

50to1 93.20 52.00 10.69 129.80 1.69 -167.80 1.98 -55.20 1.04 82.50 0.83 -123.10 1.07 -6.20 0.23 94.40 0.29 -37.30 93.20 12.00 

51to50 98.60 28.70 0.00 0.00 1.71 -137.90 2.02 -85.20 0.00 0.00 0.88 -93.20 1.15 -36.30 0.00 0.00 0.33 -7.40 98.60 3.20 

1to20 43.34 53.30 4.20 121.60 3.56 104.70 2.35 149.30 0.65 -84.40 0.24 126.90 1.34 -45.50 1.29 30.10 1.05 161.10 43.30 15.20 

20to21 34.98 59.80 3.70 121.20 3.30 103.40 2.44 145.20 0.88 -89.20 0.49 69.00 0.36 -108.10 0.56 12.50 0.70 157.10 35.00 16.70 

21to22 2.20 -5.90 0.00 0.00 0.02 35.50 0.01 111.80 0.00 0.00 0.01 135.70 0.03 -114.40 0.00 0.00 0.01 79.40 2.20 2.20 

21to23 26.05 48.00 2.61 120.40 2.58 98.80 2.27 139.70 1.11 -93.60 1.08 52.90 2.38 158.60 1.42 -135.50 0.70 -10.60 26.00 21.00 
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BC10: Internal Arcing Fault – Non-linear device connected at Bus#5 with capacitor at Bus#5 removed 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Current Plots         Voltage Plots  

Harmonic Composition table for line current for internal fault with all capacitors connected except bus #5 

 
CASE BC10: Non-linear load simulation in 18-bus distribution system with 

capacitors in other buses except bus 5 : Arc at Bus#5 (Internal fault) 
          

                     

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 15st Harmonic 17st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
I1(%) THDi(%) 

3to4 37.06 10.10 3.11 146.80 2.60 -67.70 3.65 57.50 0.93 113.80 0.72 53.00 1.38 -156.90 1.39 -79.50 0.37 159.00 37.10 16.20 

4to5 22.50 6.70 2.80 147.70 2.50 -62.00 2.80 71.70 0.60 -116.30 1.35 62.50 1.66 -149.10 1.08 -47.10 0.79 171.80 22.50 24.40 

5to6 20.23 8.70 0.36 139.10 0.40 -130.90 1.55 18.00 1.55 95.60 0.56 -99.90 0.44 138.40 1.46 -107.80 0.33 37.90 20.20 15.10 

6to7 11.70 20.60 0.36 139.10 0.36 -119.40 1.45 26.90 1.55 95.60 0.54 -94.30 0.43 142.80 1.46 -107.80 0.33 40.70 11.70 25.70 

50to1 87.39 38.80 6.31 140.00 1.26 -143.10 2.76 34.40 2.66 92.90 1.09 -101.40 0.75 38.80 0.40 134.10 0.20 -4.20 87.40 8.70 

51to50 90.19 16.70 0.00 0.00 1.27 -113.10 2.82 4.30 0.00 0.00 1.14 -71.50 0.80 8.70 0.00 0.00 0.23 25.70 90.20 3.80 

1to20 43.37 51.70 2.48 131.80 2.65 129.50 3.28 -121.20 1.65 -74.10 0.31 148.60 0.93 -0.50 2.20 69.90 0.72 -165.80 43.40 13.30 

20to21 34.85 58.10 2.19 131.40 2.45 128.10 3.40 -125.20 2.25 -78.80 0.64 90.70 0.25 -63.10 0.96 52.30 0.48 -169.80 34.80 15.50 

21to22 2.23 -5.90 0.00 0.00 0.02 60.20 0.01 -158.70 0.00 0.00 0.01 157.40 0.02 -69.40 0.00 0.00 0.01 112.50 2.20 1.50 

21to23 26.14 46.30 1.54 130.60 1.92 123.50 3.17 -130.80 2.84 -83.30 1.41 74.60 1.66 -156.50 2.44 -95.70 0.48 22.60 26.10 22.70 
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BC11: External Arcing Fault – Non-linear device connected at Bus#7 with capacitor at Bus#5 removed 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Current plots       Voltage Plots 

 

 Harmonic Composition table for line current for external fault with all capacitors connected except bus #5 
CASE BC11: Non-linear load simulation in 18-bus distribution system with 

capacitors in other buses except bus 5 : Arc at Bus#7 (External fault) 
          

                     

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 15st Harmonic 17st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
I1(%) THDi(%) 

3to4 37.08 10.00 3.17 144.90 2.72 -70.40 4.00 53.60 1.08 112.60 0.92 46.40 1.96 -165.30 2.24 -83.80 0.73 145.10 37.10 19.40 

4to5 22.53 6.60 2.85 145.80 2.62 -64.70 3.06 67.80 0.70 -117.60 1.72 55.90 2.35 -157.50 1.75 -51.30 1.57 158.00 22.50 32.00 

5to6 22.53 6.60 2.85 145.80 2.62 -64.70 3.06 67.90 0.70 -117.60 1.72 55.90 2.35 -157.50 1.75 -51.30 1.58 158.00 22.50 32.00 

6to7 13.82 15.20 2.85 145.80 2.67 -63.00 3.19 72.40 0.70 -117.60 1.76 54.60 2.38 -156.40 1.75 -51.30 1.60 158.30 13.80 53.00 

50to1 87.40 38.80 6.41 138.10 1.32 -145.80 3.02 30.50 3.10 91.60 1.38 -108.10 1.06 30.40 0.65 129.90 0.40 -18.00 87.40 9.30 

51to50 90.19 16.70 0.00 0.00 1.33 -115.80 3.09 0.40 0.00 0.00 1.45 -78.10 1.14 0.30 0.00 0.00 0.46 11.90 90.20 4.40 

1to20 43.37 51.70 2.52 129.90 2.77 126.70 3.59 -125.10 1.92 -75.30 0.40 142.00 1.32 -8.90 3.57 65.70 1.45 -179.60 43.40 16.30 

20to21 34.85 58.10 2.22 129.50 2.57 125.40 3.72 -129.10 2.62 -80.10 0.81 84.00 0.35 -71.50 1.55 48.10 0.96 176.40 34.80 17.80 

21to22 2.23 -5.90 0.00 0.00 0.02 57.50 0.01 -162.60 0.00 0.00 0.02 150.80 0.03 -77.80 0.00 0.00 0.02 98.70 2.20 2.20 

21to23 26.14 46.30 1.56 128.70 2.01 120.80 3.47 -134.70 3.31 -84.50 1.79 68.00 2.35 -164.90 3.95 -99.90 0.97 8.70 26.10 28.50 
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TC1: Internal Arcing Fault – Non-linear device connected at Bus#5 with line between Bus#4-#5 as GY-GY transformer 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Current Plots                                                                                         Voltage Plots 

Harmonic Composition table for line current for internal fault with all capacitors connected except bus #5 and line 4-5 GY-GY 

Transformer 
CASE TC1: Line 4 to 5 is Transformer GY-GY : with capacitors at other buses 

except bus 5 : Arc at Bus#5 (Internal fault) 
          

                     

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 15st Harmonic 17st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
I1(%) THDi(%) 

3to4 36.97 10.30 3.06 147.60 2.52 -64.80 3.48 63.70 0.90 116.70 0.64 58.90 1.07 -145.30 1.19 -56.70 0.24 175.00 37.00 15.30 

4to5 22.42 7.00 2.76 148.40 2.43 -59.10 2.67 78.00 0.58 -113.50 1.19 68.40 1.28 -137.50 0.93 -24.30 0.52 -172.20 22.40 22.50 

5to6 20.15 9.10 0.32 139.70 0.30 -137.20 1.29 20.70 1.56 96.90 0.70 -107.00 0.33 75.90 1.08 -105.60 0.52 9.80 20.10 12.60 

6to7 11.65 21.00 0.32 139.70 0.27 -125.70 1.21 29.60 1.56 96.90 0.68 -101.40 0.33 80.30 1.08 -105.60 0.51 12.50 11.70 21.40 

50to1 87.37 38.90 6.20 140.80 1.22 -140.20 2.63 40.60 2.57 95.70 0.96 -95.60 0.58 50.40 0.35 156.90 0.13 11.80 87.40 8.50 

51to50 90.19 16.80 0.00 0.00 1.23 -110.30 2.69 10.60 0.00 0.00 1.01 -65.60 0.62 20.30 0.00 0.00 0.15 41.70 90.20 3.50 

1to20 43.37 51.70 2.43 132.60 2.56 132.30 3.13 -114.90 1.59 -71.20 0.28 154.50 0.72 11.10 1.90 92.70 0.48 -149.80 43.40 12.50 

20to21 34.85 58.10 2.15 132.20 2.38 131.00 3.24 -119.00 2.17 -76.00 0.56 96.50 0.19 -51.40 0.83 75.10 0.32 -153.80 34.80 14.80 

21to22 2.23 -5.90 0.00 0.00 0.02 63.10 0.01 -152.50 0.00 0.00 0.01 163.30 0.02 -57.80 0.00 0.00 0.01 128.50 2.20 1.30 

21to23 26.14 46.30 1.51 131.30 1.86 126.40 3.02 -124.50 2.74 -80.40 1.24 80.50 1.28 -144.80 2.11 -72.90 0.32 38.60 26.10 21.00 
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TC2: Internal Arcing Fault – Non-linear device connected at Bus#5 with line between Bus#4-#5 as Delta-GY transformer 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                              Current Plots                       Voltage Plots 

Harmonic Composition table for line current for internal fault with all capacitors connected except bus #5 and line 4-5 Delta-GY 

Transformer 
CASE TC2: Line 4 to 5 is Transformer Delta-GY : with capacitors at other buses 

except bus 5 : Arc at Bus#5 (Internal fault) 
          

                     

1st Harmonic 3st Harmonic 5st Harmonic 7st Harmonic 9st Harmonic 11st Harmonic 13st Harmonic 15st Harmonic 17st Harmonic 
Line Mag 

[%] 
Angle[Deg] 

Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
Mag 
[%] 

Angle[Deg] 
I1(%) THDi(%) 

3to4 36.97 10.3 0 0 2.52 115.2 3.481 -116.3 0 0 0.635 58.9 1.072 -145.3 0 0 0.242 -5 37 12.2 

4to5 22.42 7 2.426 120.9 2.665 -102 1.19 68.4 1.284 -137.5 0.519 7.8 22.4 18.2 0 0 0.52 7.80 22.40 18.20 

5to6 20.15 39.1 0.005 -123.4 0.304 12.8 1.289 -129.3 0.041 177.2 0.699 -137 0.335 105.9 0.11 117.5 0.52 159.8 20.1 8.4 

6to7 11.65 51 0.005 -123.4 0.272 24.3 1.21 -120.4 0.041 177.2 0.68 -131.4 0.328 110.3 0.11 117.5 0.514 162.5 11.7 14 

50to1 87.37 38.9 0 0 1.221 39.8 2.632 -139.4 0 0 0.955 -95.6 0.579 50.4 0 0 0.132 -168.2 87.4 3.6 

51to50 90.19 16.8 0 0 1.234 69.7 2.688 -169.4 0 0 1.007 -65.6 0.623 20.3 0 0 0.15 -138.3 90.2 3.5 

1to20 43.37 51.7 0 0 2.563 -47.7 3.127 65.1 0 0 0.276 154.5 0.721 11.1 0 0 0.479 30.2 43.4 9.6 

20to21 34.85 58.1 0 0 2.376 -49 3.243 61 0 0 0.56 96.5 0.192 -51.4 0 0 0.318 26.2 34.8 11.7 

21to22 2.232 -5.9 0 0 0.018 -116.9 0.009 27.5 0 0 0.011 163.3 0.017 -57.8 0 0 0.006 -51.5 2.2 1.3 

21to23 26.14 46.3 0 0 1.861 -53.6 3.023 55.5 0 0 1.239 80.5 1.284 -144.8 0 0 0.319 -141.4 26.1 15.3 
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APPENDIX B 

 

  

MATLAB CODES – MEDIUM VOLTAGE SWITCHGEAR ARC FAULT 

DETECTION: HARMONIC CONTENT EVALUATION 



 

 150 

close all; 

clear all; clc; 

 

inputfile = 'Hall_effect_sensor.lvm'; 

data = load(inputfile); 

Fs = 18000; 

h = 24; 

nPoint = 900; 

 

% Calculate fast fourier transform 

Ypri = fft(data(:,2),nPoint); 

mYpri = abs(Ypri);                      % magnitude of each component 

pYpri = (angle(Ypri))*180/pi;     % phase in degree 

Ysec = fft(data(:,3),nPoint); 

mYsec = abs(Ysec); 

pYsec = (angle(Ysec))*180/pi; 

f = (0:length(Ypri)-1)'*Fs/length(Ypri); 

Nindex = find(f==60); 

nYpri = mYpri/mYpri(Nindex)*100;        % normalized magnitude to fundamental frequency 

nYsec = mYsec/mYsec(Nindex)*100; 

rYpri = pYpri-pYpri(Nindex);            % reletive phase angle with respect to phase of fundamental 

frequency 

rYsec = pYsec-pYsec(Nindex); 

rYpri = mod(rYpri,360); 

rYsec = mod(rYsec,360); 

FFTY = zeros(nPoint,1); 

Fsave = [1:2:h]; 

Findex=[]; 

fprintf('%5s %10s %15s %15s    %15s %15s\n\n','Hth','Freq[Hz]','%Abs Pri','relDeg Pri','%Abs Sec','relDeg 

Sec'); 

for a=1:length(Fsave) 

   N = find(f==60*Fsave(a)); 

   Findex = [Findex N]; 

   rYsec2(N) = mod(rYsec(N),360/Fsave(a)); 

   fprintf('%5d %10d %15.3f %15.2f    \n',Fsave(a),f(N),nYpri(N),rYpri(N));     

   FFTY(N) = nYsec(N)/100*mYsec(Nindex)*exp(j*(rYsec(N)+pYsec(Nindex))*pi/180);   

   FFTY(N) = nYsec(N)/100*mYsec(Nindex) * exp(j*(rYsec(N))*pi/180);     

   FFTY(N) = FFTY(N)*exp(j*pYsec(Nindex)*pi/180); 

end; 

 

disp([FFTY(1:h) Ysec(1:h)]); 

Ynew = ifft(FFTY); 

[f(Findex) nYpri(Findex) pYpri(Findex) nYsec(Findex) pYsec(Findex)] 

% Plot time signal 

figure; 

plot(data(1:nPoint,1),data(1:nPoint,2),'b'); grid on 

axis([data(1,1), data(nPoint,1), -0.05 0.05]); 

xlabel('Time [sec]');   ylabel('Magnitude [V]'); 

title('Raw Audio Signal for Ultrasonic Sensor for unknown arcing'); 

 

% Plot frequency component 

figure; 

subplot(2,1,1); plot(f,nYpri); grid on 

axis([0 700 0 500]); 

title('Frequency Spectrum of Audio Signal for unknown arcing'); 

ylabel('Normalized Magnitude [%]'); 
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xlabel('Frequency Hz'); 

subplot(2,1,2); stem(f,pYpri); grid on 

axis([0 60*h -200 200]); 

ylabel('Phase [Degree]'); 

xlabel('Frequency [Hz]'); 
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APPENDIX C 

 

 

MATLAB CODE: LOW-VOLTAGE MOTOR COIL ARC FAULT SEVERITY 

CLASSIFICATION – SAM, SID & LDA APPROACHES 
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Main Program 

 
% Generate the reference signature from Case1 

clear 

clc 

close all 

%% changing directories to load the matlab data file containing arcing data 

%% for various cases 

cd  ('C:/Doctorate/Software Development/Matlab codes/SAM-SID module') 

load experiment_data.mat 

%% finding the total number of rows for case 1 which shall form the 

%% reference signature 

size_case1 = size(case1_beg,1) + size(case1_mid,1) + size(case1_end,1); 

%% sampling frequency of 18000 samples/sec 

Fs = 18000; 

case1_notch = []; 

%% adding the rows of data for mid and end cases after beg case 

case1_data = [case1_beg;case1_mid;case1_end]; 

for i = 1:size_case1 

    %% pulling out the entire data in the ith row of the combined matrix 

    %% for case1 

   data_mid = case1_data(i,:); 

   [n_filtered,f] = apply_notch(data_mid,Fs); 

   %% obtaining power spectral density estimate of filtered data 

   [Pxx_notch,F_notch] = psd(n_filtered(1001:end),17000,Fs); 

   case1_signature(i,:) = feature_extract(F_notch,Pxx_notch);     

end 

ref_signature = mean(case1_signature); 

% utilizing the original cases first 

test_data  = 

[case1_beg;case1_mid;case1_end;case2_beg;case2_mid;case2_end;case3_beg;case3_mid;case3_end;case4

_beg;case4_mid;case4_end;case5_beg;case5_mid;case5_end]; 

 

%Start testing 

for i = 1:size(test_data,1) 

   data_mid = test_data(i,:); 

   [n_filtered,f] = apply_notch(data_mid,Fs); 

   [Pxx_notch,F_notch] = psd(n_filtered(1001:end),17000,18000); 

   test_signature(i,:) = feature_extract(F_notch,Pxx_notch); 

   SAM_index_original(i) = SAM_function(test_signature(i,:),ref_signature); 

   SID_index_original(i) = SID_function(test_signature(i,:),ref_signature); 

end 

% utilizing intermediate case data 

cd  ('C:/Doctorate/Software Development/Matlab codes') 

load intermediate_cases_data.mat 

 

test_data34a  = [case34a_beg;case34a_mid;case34a_end]; 

test_data34b =  [case34b_beg;case34b_mid;case34b_end]; 

test_data34c =  [case34c_beg;case34c_mid;case34c_end]; 

cd('C:/Doctorate/Software Development/Matlab codes/SAM-SID Module') 

%Start testing 

index_counter_34a = 0; 

for i = 1:size(test_data34a,1) 

   data_mid = test_data34a(i,:); 

   [n_filtered,f] = apply_notch(data_mid,Fs); 
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   [Pxx_notch,F_notch] = psd(n_filtered(1001:end),17000,18000); 

   test_signature(i,:) = feature_extract(F_notch,Pxx_notch); 

   index_counter_34a= index_counter_34a +1; 

   SAM_index_intermediate34a(index_counter_34a) = SAM_function(test_signature(i,:),ref_signature); 

   SID_index_intermediate34a(index_counter_34a) = SID_function(test_signature(i,:),ref_signature); 

end 

index_counter_34b_start = index_counter_34a; 

index_counter_34b_end = index_counter_34a; 

for i = 1:size(test_data34b,1) 

   data_mid34b = test_data34b(i,:); 

   [n_filtered,f] = apply_notch(data_mid34b,Fs); 

   [Pxx_notch,F_notch] = psd(n_filtered(1001:end),17000,18000); 

   test_signature(i,:) = feature_extract(F_notch,Pxx_notch); 

   index_counter_34b_end = index_counter_34b_end + 1; 

   SAM_index_intermediate34b(index_counter_34b_end) = 

SAM_function(test_signature(i,:),ref_signature); 

   SID_index_intermediate34b(index_counter_34b_end) = SID_function(test_signature(i,:),ref_signature); 

end 

index_counter_34c_start= index_counter_34b_end; 

index_counter_34c_end = index_counter_34b_end; 

for i = 1:size(test_data34c,1) 

   data_mid = test_data34c(i,:); 

   [n_filtered,f] = apply_notch(data_mid,Fs); 

   [Pxx_notch,F_notch] = psd(n_filtered(1001:end),17000,18000); 

   test_signature(i,:) = feature_extract(F_notch,Pxx_notch); 

   index_counter_34c_end = index_counter_34c_end+1; 

   SAM_index_intermediate34c(index_counter_34c_end) = 

SAM_function(test_signature(i,:),ref_signature); 

   SID_index_intermediate34c(index_counter_34c_end) = SID_function(test_signature(i,:),ref_signature); 

end 

 

 

figure;plot(SAM_index_original,'b+'); hold on;grid 

xlabel('Data no') 

ylabel('SAM value') 

title('Arcing Fault Severity Classification Results: SAM') 

plot(SAM_index_intermediate34a,'r*'); hold on 

plot((index_counter_34b_start:index_counter_34b_end),SAM_index_intermediate34b(index_counter_34b_

start:index_counter_34b_end),'gv'); hold on 

plot((index_counter_34c_start:index_counter_34c_end),SAM_index_intermediate34c(index_counter_34c_

start:index_counter_34c_end),'mo'); hold on 

legend('Original Cases -Case3(10.95%) Case4(21.9%)','Case34(a)-12.4%','Case34(b)-16.05%','Case34(c)-

19.7%',4) 

 

 

figure;plot(SID_index_original,'b+'); hold on;grid 

xlabel('Data no') 

ylabel('SID value') 

title('Arcing Fault Severity Classification Results: SID') 

plot(SID_index_intermediate34a,'r*'); hold on 

plot((index_counter_34b_start:index_counter_34b_end),SID_index_intermediate34b(index_counter_34b_s

tart:index_counter_34b_end),'gv'); hold on 

plot((index_counter_34c_start:index_counter_34c_end),SID_index_intermediate34c(index_counter_34c_st

art:index_counter_34c_end),'mo'); hold on 

legend('Original Cases -Case3(10.95%) Case4(21.9%)','Case34(a)-12.4%','Case34(b)-16.05%','Case34(c)-

19.7%',4) 
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% Classification by LDA (Linear Discriminant Analysis) 

% Training set is selected  

cd  ('C:/Doctorate/Software Development/Matlab codes') 

load intermediate_cases_data.mat 

test_data34  = 

[case34a_beg;case34a_mid;case34a_end;case34b_beg;case34b_mid;case34b_end;case34c_beg;case34c_mi

d;case34c_end]; 

 

cd  ('C:/Doctorate/Software Development/Matlab codes/SAM-SID module') 

load experiment_data.mat 

test_data  = 

[case1_beg;case1_mid;case1_end;case2_beg;case2_mid;case2_end;case3_beg;case3_mid;case3_end;test_d

ata34;case4_beg;case4_mid;case4_end;case5_beg;case5_mid;case5_end]; 

 

 

%Start testing 

for i = 1:size(test_data,1) 

   data_mid = test_data(i,:); 

   [n_filtered,f] = apply_notch(data_mid,Fs); 

   [Pxx_notch,F_notch] = psd(n_filtered(1001:end),17000,18000); 

   test_signature(i,:) = feature_extract(F_notch,Pxx_notch); 

end 

 

training = test_signature([1 2 3 4 8 9 10 11 16 17 18 19 23 24 25 26 31 32 33 34 39 40 41 42 46 47 48 49 

54 55 56 57],:); 

group_original = [1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 6 6 6 6 6 6 6 7 7 7 

7 7 7 7 7 8 8 8 8 8 8 8 8 8]; 

group = [1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4 5 5 5 5 6 6 6 6 7 7 7 7 8 8 8 8]; 

[gmeans,mm,R,ngroups] = training_UTA(training, group, 'linear'); 

% Classify training data 

for i = 1:size(training,1) 

    [tmp_tr(i), class_tr(i)] = classify_test(training(i,:), gmeans, mm, ngroups, R); 

end 

figure;plot(class_tr,'ro');grid 

hold 

plot(group,'b+') 

xlabel('Data no') 

ylabel('Class no') 

legend('Estimated','Actual','class 

1:Case1','class2:Case2','class3:case3','class4:case34a','class5:case34b','class6:case34c','class7:case4','class8:

case5',4) 

title('Training data classification') 

 

sample=test_signature; 

% Classify both training and testing data 

for i = 1:size(sample,1) 

    [tmp(i), class(i)] = classify_test(sample(i,:), gmeans, mm, ngroups, R); 

end 

figure;plot(class,'ro');grid 

hold 

plot(group_original,'b+') 

xlabel('Data no') 

ylabel('Class no') 
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legend('Estimated','Actual','class 

1:Case1','class2:Case2','class3:case3','class4:case34a','class5:case34b','class6:case34c','class7:case4','class8:

case5',4) 

title('Training+Testing data classification') 

 

Feature Extraction Function 

 

function [signature] = feature_extract(F_notch,s_notch) 

 

% Computes the signature vector at 1st, 3rd, 5th, 7th harmonics and 

% sidebands 

 

% Find the sidebands around 60 Hz (40-50), (70-80) 

temp_index_sideband_low_1 = find(F_notch>=40 & F_notch<=50); 

temp_sideband_low_1 = max(s_notch(temp_index_sideband_low_1)'); 

 

temp_index_sideband_up_1 = find(F_notch>=70 & F_notch<=80); 

temp_sideband_up_1 = max(s_notch(temp_index_sideband_up_1)'); 

 

 

% Find the sidebands around 3rd harmonic 

temp_index_sideband_low_3 = find(F_notch>=160 & F_notch<=170); 

temp_sideband_low_3       = max(s_notch(temp_index_sideband_low_3)'); 

 

temp_index_harmonic_3 = find(F_notch>=178 & F_notch<=182); 

temp_harmonic_3 = max(s_notch(temp_index_harmonic_3)'); 

 

temp_index_sideband_up_3 = find(F_notch>=190 & F_notch<=200); 

temp_sideband_up_3 = max(s_notch(temp_index_sideband_up_3)'); 

 

 

% Find the sidebands around 5th harmonic 

temp_index_sideband_low_5 = find(F_notch>=280 & F_notch<=290); 

temp_sideband_low_5 = max(s_notch(temp_index_sideband_low_5)'); 

 

temp_index_harmonic_5 = find(F_notch>=298 & F_notch<=302); 

temp_harmonic_5 = max(s_notch(temp_index_harmonic_5)'); 

 

temp_index_sideband_up_5 = find(F_notch>=310 & F_notch<=320); 

temp_sideband_up_5 = max(s_notch(temp_index_sideband_up_5)'); 

 

 

% Find the sidebands around 7th harmonic 

temp_index_sideband_low_7 = find(F_notch>=400 & F_notch<=410); 

temp_sideband_low_7 = max(s_notch(temp_index_sideband_low_7)'); 

 

temp_index_harmonic_7 = find(F_notch>=418 & F_notch<=422); 

temp_harmonic_7 = max(s_notch(temp_index_harmonic_7)'); 

 

temp_index_sideband_up_7 = find(F_notch>=430 & F_notch<=440); 

temp_sideband_up_7 = max(s_notch(temp_index_sideband_up_7)'); 

 

signature = 20*log10([temp_sideband_low_1 temp_sideband_up_1 temp_sideband_low_3 

temp_harmonic_3 temp_sideband_up_3 temp_sideband_low_5 temp_harmonic_5 temp_sideband_up_5 

temp_sideband_low_7 temp_harmonic_7 temp_sideband_up_7])+100;     
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SAM Function 

 

function [SAM_value] = SAM_function(p,q) 

temp1=sqrt(sum(p.^2));    

temp2=sqrt(sum(q.^2)); 

SAM_value=acos(sum(p.*q)/(temp1*temp2)); 

 

 

SID Function 

 

function [SID_value] = SID_function(p,q) 

temp1=p/sum(p)+0.0000000001; 

temp2=q/sum(q)+0.0000000001; 

SID_value=sum(temp1.*log(temp1./temp2)+temp2.*log(temp2./temp1)); 

 

 

     Notch Filter Function 

 
function [n_filtered,f] = apply_notch(x,Fs) 

% Application of a digital notch filter 

%% determination of poles and zeros by angle equation 

%% theta = (Fd/Fs) * 360  

theta  = pi*60/(Fs/2); % 2pi*60/Fs  

%% numerator of 2nd order IIR notch filter 

%% 1-2*cosine(2*pi*Fo)z^-1+Z^-2 

%Fo = Fd/Fs 

B60 = [1,-2*cos(theta),1]; 

r60 = 0.85; % radius of pole at 60 hz %0.90 

%%denominator of 2nd order IIR notch filter 

%% 1-2*Rho*cosine(2*pi*Fo)z^-1+Rho^2*Z^-2 

%% r60 defines locations of poles in unit circle 

A60 = [1,-2*r60*cos(theta),r60^2]; 

%% defining the 1024 point IIR notch filter 

[Hnotch,w] = freqz(B60,A60,1024) 

f = w*(Fs/2)/pi; 

%% filtered data 

n_filtered = filter(B60,A60,x); 

 

 

LDA Training Function 

 
function [gmeans,mm,R,ngroups] = training_UTA(training, group, type) 

[gindex,groups] = grp2idx(group); 

nans = find(isnan(gindex)); 

if length(nans) > 0 

    training(nans,:) = []; 

    gindex(nans) = []; 

end 

ngroups = length(groups); 

gsize = hist(gindex,1:ngroups); 

 

[n,d] = size(training); 

 

% Add training data to sample for error rate estimation 

mm = n; 
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gmeans = repmat(NaN, ngroups, d); 

for k = 1:ngroups 

    gmeans(k,:) = mean(training(find(gindex == k),:),1); 

end 

 

D = repmat(NaN, mm, ngroups); 

if n <= ngroups 

    error('TRAINING must have more observations than the number of groups.'); 

end 

% Pooled estimate of covariance 

[Q,R] = qr(training - gmeans(gindex,:), 0); 

R = R / sqrt(n - ngroups); % SigmaHat = R'*R 

s = svd(R); 

if any(s <= eps^(3/4)*max(s)) 

    error('The pooled covariance matrix of TRAINING must be positive definite.'); 

end 

 

Test Data Classification Function 

 
function [tmp, class] = classify_test(sample, gmeans, mm, ngroups, R) 

% MVN relative log posterior density, by group, for each sample 

for k = 1:ngroups 

    A = (sample - repmat(gmeans(k,:), 1, 1)) / R; 

    D(k) =  - .5*sum(A .* A, 2); 

end 

% find nearest group to each observation in sample data 

[tmp class] = max(D); 
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APPENDIX D 

 

 

MATLAB CODE: LOW-VOLTAGE MOTOR COIL ARC FAULT SEVERITY 

CLASSIFICATION – GAUSSIAN KERNEL-BASED SUPPORT VECTOR 

MACHINES (SVM) 
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echo off 

% RBF-KERNEL based algorithm for using nonlinear SVM classifier  

% with a RBF kernel. 

echo on;  

 

clc 

% RBF-KERNEL based algorithm for using nonlinear SVM classifier  

% with a RBF kernel. 

%########################################################################## 

% 

%   This is a script-file for constructing and  

%     testing a non-linear  SVM-based classifier  

%     (with a RBF kernel) using OSU SVM CLASSIFIER TOOLBOX.  

%   Note that the form of the RBF kernel is  

%               exp(-Gamma*|X(:,i)-X(:,j)|^2) 

% 

%########################################################################## 

 

pause % Strike any key to continue (Note: use Ctrl-C to abort) 

 

clc 

%########################################################################## 

% 

%   Load the training data and examine the dimensionality of the data 

% 

%########################################################################## 

pause % Strike any key to continue  

 

% load the training data 

clear all 

load DemoData_Train_test 

 

pause % Strike any key to continue  

 

% take a look at the data and verify  the dimensions  

% of the input data  

who 

 

size(Labels)  

size(Samples) 

 

pause % Strike any key to continue  

 

clc 

%########################################################################## 

% 

%   Construct a nonlinear SVM classifier (with RBF kernel)  

%     using the training data 

%   Note that the form of the RBF kernel is  

%     exp(-Gamma*|X(:,i)-X(:,j)|^2) 

% 

%########################################################################## 

pause % Strike any key to continue  

 

% set the value of Gamma if you don't want use its default value,  
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% which is 1. 

Gamma = 2; 

 

% By using this format, the default values of u, Epsilon, CacheSize 

% are used. That is, u=0.5, Epsilon=0.001, and CacheSize=45MB 

[AlphaY, SVs, Bias, Parameters, nSV, nLabel]=u_RbfSVC(Samples, Labels, Gamma); 

 

 

% End of the SVM classifier construction  

% 

% The resultant SVM classifier is jointly determined by  

%  "AlphaY", "SVs", "Bias", "Parameters", and "Ns". 

% 

 

pause % Strike any key to continue  

 

% Save the constructed nonlinear SVM classifier  

save SVMClassifier_arc AlphaY SVs Bias Parameters nSV nLabel; 

 

pause % Strike any key to continue  

 

 

clc 

%########################################################################## 

% 

%   Test the constructed nonlinear SVM Classifier 

% 

%########################################################################## 

pause % Strike any key to continue  

 

% Load the constructed nonlinear SVM classifier 

clear all 

load SVMClassifier_arc 

 

pause % Strike any key to continue  

 

% have a look at the variables determining the SVM classifier 

who 

 

pause % Strike any key to continue  

 

% load test data 

load DemoData_actual_test 

 

pause % Strike any key to continue  

 

% Test the constructed SVM classifier using the test data 

% begin testing ... 

[ClassRate, DecisionValue, Ns, ConfMatrix, PreLabels]= SVMTest(Samples, Labels, AlphaY, SVs, 

Bias,Parameters, nSV, nLabel); 

% end of the testing 

 

pause % Strike any key to continue  

 

% The resultant confusion matrix of this 5-class classification problem is: 

ConfMatrix 
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pause % Strike any key to continue  

 load SVMClassifier_arc 

  

[Labels, DecisionValue]= SVMClass(Samples, AlphaY, SVs, Bias, Parameters, nSV, nLabel) 

load DemoData_actualclass_test 

% Compare the resultant labels with the true labels of the data 

plot(1:length(TrueLabels),TrueLabels,'b-',1:length(TrueLabels),Labels,'r.'); 

ylabel('Motor Coil Arc Fault Severity Class'); 

xlabel('Pattern Index'); 

legend('Estimated','Actual',0); Grid on 

title('Testing Data Classification: Gaussian Kernel-based SVM') 

 

 

 

echo off 
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APPENDIX E 

 

 

MATLAB CODES - HARMONIC CONTENT EVALUATION – MATHEWS & 

STOKES/OPPENLANDER MODEL VS TEST-BENCH MOTOR COIL ARC FAULT 

CURRENT 
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Main Program 
clear 

close 

clc 

% defining values of basic parameters 

%peak value of voltage, arc voltage and omega 

Vmax = 277*sqrt(2); 

Varc = 140; 

w= 2*pi*60; % Frequency (rad/sec) 

count =1; 

x0=[0]'; % Initial Condition 

% defining the period of simulation 

flag =0; 

tini=0; 

tfin=0.1; 

% perform the process till period has not ended 

while tini <= tfin 

    t = tini 

    %if system voltage less than recovery voltage (375V) no arc current 

    if ((Vmax *sin(w*t))<375 & (Vmax *sin(w*t))>=0) 

        iarc(count) =0; 

        time_arc(count) = t; 

        Vsup(count) = Vmax *sin(w*time_arc(count)); 

        Varc_array(count) = 0; 

        count = count +1; 

        tini = tini + 0.000055556; 

        %if system voltage greater than or equal to recovery voltage 

        % utilize the differential equation defined by arcing circuit to 

        % compute arc current 

    elseif (Vmax *sin(w*t))>= 375 

        tini = t; 

        tf = t; 

        flag = 1; 

        % integrate the differential equation till arc current falls below 

        % zero - all energy dissipiated 

        % calculate time 

        while flag == 1 

            tf = tf + 0.000055556; 

            t= tf; 

            dt=0.00005556; % Integration Time Step 

            tspan=[tini:dt:t]'; % Simulation Time 

            m=length(tspan); % Number of Samples 

            p(:,1)=[0]'; % Initial Condition Vector 

             

            for i= 1:m-1 

                f1p = dt*eq_motion(p(:,i),tspan(i)); 
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                f2p = dt*eq_motion(p(:,i)+0.5*f1p,tspan(i)); 

                f3p = dt*eq_motion(p(:,i)+0.5*f2p,tspan(i)); 

                f4p = dt*eq_motion(p(:,i)+f3p,tspan(i)); 

                p(:,i+1) = p(:,i)+1/6*(f1p+2*f2p+2*f3p+f4p); 

            end 

            length_array = size(p); 

            if (p(length_array(2)))<=0  

                flag = 0; 

            end 

        end 

        % perform the integration again for the entire period determined 

        % above 

        tspan = [tini:0.000055556:t]'; 

        m=length(tspan); % Number of Samples 

        p(:,1)=[0]'; % Initial Condition Vector 

        for i= 1:m-1 

            f1p = dt*eq_motion(p(:,i),tspan(i)); 

            f2p = dt*eq_motion(p(:,i)+0.5*f1p,tspan(i)); 

            f3p = dt*eq_motion(p(:,i)+0.5*f2p,tspan(i)); 

            f4p = dt*eq_motion(p(:,i)+f3p,tspan(i)); 

            p(:,i+1) = p(:,i)+1/6*(f1p+2*f2p+2*f3p+f4p); 

        end 

        % append the results of the arc current, time stamp, arc voltage & 

        % supply voltage to master arrays 

        length_array = size(p); 

        for j = 1:length_array(2) 

                iarc(count) = p(j); 

                time_arc(count) = tspan(j); 

                Vsup(count) = Vmax *sin(w*time_arc(count)); 

                 Varc_array(count) = 140; 

                count=count+1; 

            end 

          tini= tf+ 0.000055556; 

    % negative half cycle voltage does not fall below -375V 

    % arc current is zero 

    % update master arrays 

    elseif (Vmax *sin(w*t))<=0 & (Vmax *sin(w*t))>-375 

        0 

        iarc(count) =0; 

        time_arc(count) = t; 

        Vsup(count) = Vmax *sin(w*time_arc(count)); 

        Varc_array(count) = 0; 

        count = count +1; 

        tini = tini +0.000055556; 

    % negative half cycle voltage falls below -375V 

    % integrate differential equation iteratively to obtain time for 
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    % magnetic energy to dissipiate 

    elseif (Vmax *sin(w*t))<=-375  

        1 

        tini = t; 

        tf = t; 

        flag = 1; 

        while flag == 1 

            tf = tf + 0.000055556; 

            t=tf; 

            dt=0.000055556; % Integration Time Step 

            tspan=[tini:dt:t]'; % Simulation Time 

            m=length(tspan); % Number of Samples 

            p(:,1)=[0]'; % Initial Condition Vector 

             

            for i= 1:m-1 

                f1p = dt*eq_motion1(p(:,i),tspan(i)); 

                f2p = dt*eq_motion1(p(:,i)+0.5*f1p,tspan(i)); 

                f3p = dt*eq_motion1(p(:,i)+0.5*f2p,tspan(i)); 

                f4p = dt*eq_motion1(p(:,i)+f3p,tspan(i)); 

                p(:,i+1) = p(:,i)+1/6*(f1p+2*f2p+2*f3p+f4p); 

            end 

            length_array = size(p); 

            if (p(length_array(2)))>=0  

                flag = 0; 

            end 

        end 

        % perform integration over pre-determined time period to obtain arc 

        % current signature 

        dt=0.000055556; % Integration Time Step 

        tspan=[tini:dt:t]'; % Simulation Time 

        m=length(tspan); % Number of Samples 

        p(:,1)=[0]'; % Initial Condition Vector 

        for i= 1:m-1 

            f1p = dt*eq_motion1(p(:,i),tspan(i)); 

            f2p = dt*eq_motion1(p(:,i)+0.5*f1p,tspan(i)); 

            f3p = dt*eq_motion1(p(:,i)+0.5*f2p,tspan(i)); 

            f4p = dt*eq_motion1(p(:,i)+f3p,tspan(i)); 

            p(:,i+1) = p(:,i)+1/6*(f1p+2*f2p+2*f3p+f4p); 

        end 

        % update master arrays 

        length_array = size(p); 

        for j = 1:length_array(2) 

            iarc(count) = p(j); 

            time_arc(count) = tspan(j); 

            Vsup(count) = Vmax *sin(w*time_arc(count)); 

            Varc_array(count) = -140; 
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            count=count+1; 

        end 

        tini= tf+ 0.000055556; 

    end 

end 

% plot ar current, arc voltage and supply voltage with time 

 

subplot(3,1,1),plot(time_arc,iarc); grid on 

xlabel('Time (secs)') 

ylabel('Iarc (amps)') 

title('Plots for Supply Voltage, Arc Voltage & Current - Matthews Model - 25mH 

shorted') 

 

% title('histograms for different number of samples') 

subplot(3,1,2),plot(time_arc,Vsup); grid on 

xlabel('Time (secs)') 

ylabel('Vsupply (volts)') 

subplot(3,1,3),plot(time_arc,Varc_array); grid on 

xlabel('Time (secs)') 

ylabel('Varc (volts)') 

% save relevant variables from workspace into matlab data file for FFT 

% analysis 

save 'C:\Documents and Settings\Mandhir Sahni\Desktop\arcing fault current-

Gammon\arc_25mH_test' iarc Varc_array Vsup time_arc; 

 

 

 

Differential Equation Functions 
 

function xdot=eq_motion1(x,t); 

% Parameter Declaration 

Vmax = 277*sqrt(2); 

% Vmax = 120*sqrt(2); 

R = 0.1783; 

L = 43.31e-3; 

Varc = -140; 

% Varc = -60; 

w= 2*pi*60; % Frequency (rad/sec) 

%flag = 0; 

% % Differential Equation 

% xdot= -(R/L)*x + (Vmax/L)*sin(w*t) - (Varc/L); 

 

xdot= (Vmax/L)*sin(w*t) - (Varc/L); 

 

%xdot= t; 
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function xdot=eq_motion(x,t); 

% Parameter Declaration 

Vmax = 277*sqrt(2); 

% Vmax = 120*sqrt(2); 

R = 0.1783; 

L = 43.31e-3; 

Varc = 140; 

% Varc = 60; 

w= 2*pi*60; % Frequency (rad/sec) 

%flag = 0; 

% % Differential Equation 

% xdot= -(R/L)*x + (Vmax/L)*sin(w*t) - (Varc/L); 

 

xdot= (Vmax/L)*sin(w*t) - (Varc/L); 

 

%xdot= t; 

 

Harmonic Content Evaluation Function 

 
close all; 

clear all; clc; 

% load ('C:\Documents and Settings\Mandhir Sahni\Desktop\arcing fault current-

Gammon\arc_25mH_test.mat') 

inputfile ='C:\Doctorate\coil arc testing\Final Tests-Report 5-20-06\comprehensive 

analysis\beg\rawsignal_case5_beg.lvm' 

data = load(inputfile) 

iarc = data(:,2); 

count = 0; 

nPoint = 400; 

for p = 1:2:13, 

    sum_term = 0; 

    for k = 1:nPoint, 

        exp_term = (-2*pi*i)*(p/nPoint)*k; 

        current_term = iarc(k)*exp(exp_term); 

        sum_term = sum_term + current_term; 

    end 

    if p ==1  

         harm_mag_fun = abs(sum_term/sqrt(nPoint)); 

     else 

    count = count+1; 

    harm_mag(count) = abs(sum_term/sqrt(nPoint)); 

    harm_per(count) = (harm_mag(count)/harm_mag_fun)*100; 

    harm_order(count) = p; 

end 

end 
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bar(harm_order,harm_per); grid on 

xlabel('harmonic order') 

ylabel('harmonic percentage of fundamental') 

title('Harmonic Content in arcing current from test-bench Design Alternative #1 - 25mH 

Shorted') 

 

figure 

load ('C:\Documents and Settings\Mandhir Sahni\Desktop\arcing fault current-

Gammon\arc_25mH_test.mat') 

% inputfile ='C:\Doctorate\coil arc testing\Final Tests-Report 5-20-06\comprehensive 

analysis\beg\rawsignal_case5_beg.lvm' 

% data = load(inputfile) 

% iarc = data(:,2); 

count = 0; 

nPoint = 440; 

for p = 1:2:13, 

    sum_term = 0; 

    for k = 1:nPoint, 

        exp_term = (-2*pi*i)*(p/nPoint)*k; 

        current_term = iarc(k)*exp(exp_term); 

        sum_term = sum_term + current_term; 

    end 

    if p ==1  

         harm_mag_fun = abs(sum_term/sqrt(nPoint)); 

     else 

    count = count+1; 

    harm_mag(count) = abs(sum_term/sqrt(nPoint)); 

    harm_per(count) = (harm_mag(count)/harm_mag_fun)*100; 

    harm_order(count) = p; 

end 

end 

bar(harm_order,harm_per); grid on 

xlabel('harmonic order') 

ylabel('harmonic percentage of fundamental') 

title('Harmonic Content in arcing current from Matthews Model (277/480V) - 25mH 

Shorted') 
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