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The focus of this research is on identification, location, interruption,

characterization and overall management of faults in conventional AC distri-

bution systems as well as isolated MVDC power systems.

The primary focus in AC distributions systems is on identifying and

locating underground cable faults using voltage and current waveforms as the

input data. Cable failure process is gradual and is characterized by a series

of single-phase sub-cycle incipient faults with high arc voltage. They often go

undetected and eventually result in a permanent fault in the same phase. In

order to locate such incipient cable faults, a robust yet practical algorithm is

developed taking into account the fault arc voltage. The algorithm is imple-

mented in the time-domain and utilizes power quality monitor data to estimate

the distance to the fault in terms of the line impedance. It can be applied to

locate both sub-cycle as well as permanent faults. The proposed algorithm is

evaluated and proved out using field data collected from utility distribution
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circuits. Furthermore, this algorithm is extended to locate evolving faults on

overhead distribution lines. Evolving faults are faults beginning in one phase

of a distribution circuit and spreading to another phase after a few cycles. The

algorithm is divided into two parts, namely, the single line-to-ground portion

of the fault and the line-to-line-to-ground portion of the fault. For the single

line-to-ground portion of the fault, the distance to the fault is estimated in

terms of the loop or self-reactance between the monitor and the fault. On the

other hand, for the line-to-line-to-ground and line-to-line portion of the fault

the distance is estimated in terms of the positive-sequence reactance.

The secondary focus of fault management in AC distribution systems

is on identifying fault cause employing voltage and current waveform data as

well as meteorological information. As the first step, unique characteristics

of cable faults are examined along with methods to identify such faults with

suitable accuracy. These characteristics are also used to distinguish under-

ground cable faults from other overhead distribution line faults. The overhead

line faults include tree contact, animal contact and lightning induced faults.

Waveform signature analysis, wavelet transforms and arc voltages during the

fault event are used for fault cause identification and classification. A statis-

tical based classification methodology to identify fault cause is developed by

utilizing promising characteristics.

Unlike the AC system infrastructure which is already in place, the DC

system considered in this document is that of a notional electric ship. The na-

ture of DC current, with the absence of a current zero as well as the presence
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of power electronic devices influencing the current behavior, makes interrupt-

ing DC fault currents challenging. As a part of this research an innovative

DC fault interruption scheme is proposed for rectifier- fed MVDC systems. A

fault at the terminals of a phase-controlled rectifier results in a high magni-

tude current impulse caused by the filter capacitor discharging into the fault

resistance. It is proposed to use a series inductor to limit the magnitude of this

current impulse. The addition of the inductor results in an underdamped se-

ries RLC circuit at the output terminals of the rectifier which causes the fault

current to oscillate about zero. Furthermore, it is proposed to utilize a con-

ventional AC circuit breaker to interrupt this fault current by exploiting the

zero crossings resulting from the oscillations. Using the proposed scheme for

the example case, the peak fault current magnitude as well as the interruption

time is significantly reduced.
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Chapter 1

Introduction

This chapter presents an outline of the research carried out on fault

analysis in AC and DC distribution systems. It begins with an overview of

the commonly used fault mitigation strategies. The shortcomings of these

methods are highlighted and the need to develop new techniques is justified.

Research objectives are subsequently stated, followed by a summary of the

approach taken to achieve these objectives. Key technical contributions are

discussed along with the list of publications.

1.1 Background and Motivation

Electrical short-circuit or fault events can take place on overhead lines,

underground cables, and power equipment [1–3]. While the fault is on the

system, end-users served off the faulted and parallel feeders may experience

voltage sags. Depending on the layout of the distribution circuit, the cause of

the fault, and the utility fault clearing practice, the duration of voltage sags

can be as little as a quarter of a cycle to six cycles or as long as few minutes.

End-users downstream from a protective device (e.g. a recloser attempting

to clear the fault) may experience multiple momentary interruptions [4]. In
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a nutshell, the faults on the power system can be classified based on their

duration into two types as follows:

• Transient or temporary faults: No permanent damage is caused to sys-

tem insulation and voltage can be restored after fault arc is extinguished.

• Permanent faults: Faults caused by physical damage to the element of

the insulation system. A line crew must be dispatched to clear the fault

and restore power.

Urban electric distribution utilities have extensive underground electric

networks [3, 5]. Increased usage of underground cables has been followed by

enhanced techniques for locating faults taking place on the underground sys-

tem. Cable failure is a gradual process characterized by single-phase sub-cycle

incipient faults eventually resulting in a permanent fault on the same phase

[6]. An example of actual cable failure captured by a power quality monitor

on an underground distribution circuit is shown in Fig. 1.1. When the faults

are intermittent; no overcurrent protective device operates because the fault

duration is very short for the relay to operate. The prevalent cable fault loca-

tion approaches depend on the voltage class and the installation of the cable

system. The terminal and tracer methods [2, 3, 7] are commonly used. These

methods along with impedance-based fault location algorithms are applicable

once a complete full-blown cable failure has occurred [8, 9]. However, these

cable faults are self-heal and typically have high electric arc voltage values

associated with them. Once the fault becomes permanent, the fault duration
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(c) Permanent Fault on 2008-11-14 at 15:51

Figure 1.1: Self-Clearing Faults Leading to Permanent Fault in Underground
Cable Captured at the same Monitor

is one cycle or longer allowing the relay to send a trip signal to the associated

circuit breaker. This results in a disruption of service to the customers of the

utility. Moreover, repairing underground cables is time consuming and costly.

Hence, providing operators with relatively accurate and reliable knowledge

of developing cable faults will prevent impending permanent faults, thereby

avoiding the disruption of service.

Shifting the focus to overhead AC distribution lines, majority of faults
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occurring on them are single line-to-ground faults [5]. However, sometimes, a

fault caused by a foreign object such as a tree branch or an animal coming in

contact with one conductor generally starts off as a single line-to-ground fault

[3]. After few power frequency cycles, the object and/or its debris can spread

and come in contact with another phase conductor and the fault is now line-

to-line-to-ground. Such faults are called as evolving faults. Most of the fault

location algorithms are designed for single line-to-ground faults and are not

directly applicable to multi-phase faults. Accurately identifying and locating

such evolving faults is also of interest to utilities. The main challenge is to

adapt the fault location algorithm to the changing circuit conditions during

an evolving fault.

Accurate estimation of fault location is just one part of the solution to

rapid and efficient fault management. The second part of the effort to expedite

service restoration involves determining the root cause of the said fault [10].

Faults on overhead distribution lines can be caused by animal, birds or tree

branches coming in contact with the conductors. Lightning during thunder-

storms is also a leading cause of faults. Moreover, every electric power utility

has the propensity to power quality disturbances based on the geographical

location [11]. In addition, the weather conditions and the time of day also play

a vital role in determining the cause of the fault. Power quality disturbance

characterization can help the utility in improving the operations by having

the knowledge of when and where the probability of a particular disturbance

occurring is high. Characteristics of a fault waveform can also provide clues
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about the cause of the fault.

The above discussion concentrated on AC systems that have been tra-

ditionally used for distribution. However, owing to the advances in power

electronic devices and control, DC distribution systems are becoming more

and more popular in medium and low voltage applications. A lot of focus

has been channeled towards overcurrent management and protection of DC

systems because the principles of AC protection cannot be applied directly.

The nature of DC current, with the absence of a current zero as well as the

presence of power electronic devices influencing the current behavior makes it

challenging to interrupt the fault current in DC systems.

The DC system of particular interest is of an all-electric ship power

system that consists of various loads that include propulsion motor, control

equipment, computers and pulse loads such as railguns and high energy lasers

[12]. The electric ship is an isolated power system having tightly coupled gen-

eration and load with no interconnection to any external grid. In this system

there is a lack of diversity in generation and generally the generators are lo-

cated close to the load. The transmission distance is short. As a result, any

fluctuations in the generator voltage or frequency can cause significant prob-

lems in the functioning of the loads [13, 14]. Conversely, events like faults in

the loads can cause voltage sags that easily propagate and affect the generator

as well as other loads. Such voltage variations are particularly detrimental to

sensitive loads that require high fidelity power supply for proper working. A

number of DC fault breakers and fault interruption methods are still in the
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research and development stage [15–19]. Hence, the main concentration of this

research work is on developing a fault interruption scheme for the DC electric

ship power system.

1.2 Objectives

The overall objective of the research presented in this document is to

provide the utility operator with high-fidelity information about an impending

fault or a fault that has recently occurred on the distribution system. This

will help the operator take preventive steps in avoiding unplanned outages, re-

duce system downtime after a fault, and increase reliability of the distribution

system, and thus avoid heavy financial burden of permanent cable or overhead

line failure.

Specifically, for the AC as well as DC distribution systems the research

objectives can be stated as follows.

• Objective 1: To Locate Incipient Faults on Underground Cables

This objective involves developing a fault locating algorithm using only

the three-phase voltage and current waveforms captured by power quality

monitors or relays to estimate the location of self-clearing cable faults

before they become permanent.

• Objective 2: To Locate Evolving Faults on Overhead Lines

This objective is an extension on Objective 1 and involves developing

a time-domain algorithm to locate evolving faults taking into account

6



the presence of the electric arc between two phases and/or phase and

ground.

• Objective 3: To Characterize Fault Waveforms to Identify Root Cause

This objective involves determining common and unique waveform and

meteorological characteristics that can be used to estimate different fault

types. These fault types include cable faults (cable, joint or splice, and

termination failures), animal contact, tree contact and lightning induced

faults.

• Objective 4: Fault Interruption Mechanism for Rectifier-fed MVDC Sys-

tems

This objective entails proposing and successfully demonstrating the ap-

plication of a MVDC fault clearing technique for rectifier-fed DC electric

ship power system. This method should limit the fault current magni-

tude and physically isolate the faulted section from rest of the system to

prevent damage to equipment.

1.3 Approach

This section spells out the approach taken to achieve each objective set

in Section 1.2.
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1.3.1 To Locate Incipient Faults on Underground Cables

To avoid permanent cable failures, the first step is to scan the available

power quality monitor or relay data in real-time and identify single-phase sub-

cycle incipient faults. Particularly of interest are recurring incipient faults in

the same phase, since they are a clear indication of impending failure. In

the second step, a fault location algorithm is developed in the time-domain

and utilizes waveform data collected by power quality monitors and relays

to estimate the distance to the fault in terms of the line impedance. The

fault impedance can be easily converted to actual distance in feet or miles if

the utility line conductor data is available. A time-domain implementation is

chosen because incipient cable faults are sub-cycle, while at least one cycle data

is needed to accurately convert voltage and current data into phasor quantities.

Furthermore, a reasonably accurate model of the electric arc, utilizing only the

limited fault voltage and current data is developed. Finally, the algorithm is

evaluated and proved out using field data collected from utility distribution

circuits.

1.3.2 To Locate Evolving Faults on Overhead Lines

The approach taken is to divide the evolving fault into two parts,

namely, the single line-to-ground (SLG) portion and the line-to-line-to-ground

(LLG) portion. Each portion is analyzed separately since the circuit condi-

tions are different. Time-domain models are derived for the SLG and LLG

portion using a direct circuit analysis approach. For the single line-to-ground
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portion of the fault, the distance to the fault is estimated in terms of the loop

or self-reactance between the monitor and the fault. On the other hand, for

the line-to-line-to-ground and line-to-line portion of the fault the distance is

estimated in terms of the positive-sequence reactance. A simple modification

of the algorithm is extended to locate line-to-line faults. Similar to the method

developed as a part of Objective 1, the evolving location estimation method

requires only the three-phase voltage and current as the input and the fault

arc voltage is taken into account.

1.3.3 To Characterize Fault Waveforms to Identify Root Cause

Estimating fault types based on waveform characteristics is a challeng-

ing task. To achieve this task real-world power quality event data was obtained

from monitors located in utility distribution networks. The effort was started

by visually inspecting hundreds of these fault waveform data sets and cor-

relating them with fault event logs to determine known and verifiable fault

events. Signal processing tools were then used to uncover common and unique

characteristics of each fault type. These characteristics include but are not

limited to the presence of impulse-like oscillation, the number of phases in-

volved, duration of a fault event, phase angle, time of day, spectral content

(time-frequency and time-scale), rate of rise of voltage or current, and the arc

voltage. Fault events considered are those of cable failures (cable, splice, and

termination), lightning induced, and animal and tree contacts. An individ-

ual characteristic alone is insufficient to provide an estimate of the fault type.
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Hence, the approach taken is to combine the useful characteristics using sta-

tistical analysis techniques. The weight is distributed according to the ability

a particular characteristic to distinguish between fault types.

1.3.4 Fault Interruption Mechanism for Rectifier-fed MVDC Sys-

tems

The first step in the approach to develop a DC fault interruption scheme

is to thoroughly study and quantify the behavior of the DC fault current. It

is found that a fault at the terminals of a controlled rectifier results in a

large magnitude fault current. With no zero crossings, clearing such faults is

challenging. Furthermore, for faults with low fault resistance (or even bolted

faults) the transient DC fault current has a high magnitude impulse and a short

rise time. This can have detrimental effect on the equipment. In the second

step, an innovative DC fault interruption scheme for a controlled rectifier by

inserting a series reactor and using a conventional AC circuit breaker for fault

clearing. The addition of the reactor causes the rising fault current to oscillate

and have zero crossings which are inherently absent from DC systems. A

conventional AC circuit breaker can then be employed to interrupt the fault

current during the first zero crossing. Using the proposed scheme, not only

can the fault current magnitude be reduced, but the interruption time can

also be shortened. Additionally, no new components or devices are used in the

scheme. Commercially available AC circuit breakers and reactors can be used

for this task.
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All the data used for validating the fault location and characterization

studies for Objectives 1, 2 and 3 is obtained from power quality monitors

and relays in the distribution networks of participating utilities. On the other

hand, PSCAD/EMTDC and MATLAB/Simulink software has been used to

conduct the research on MVDC electric ship power system.

1.4 Original Research Contribution

This section summarizes key results and the original research contribu-

tions made while achieving the objectives for this work. Three major and one

supporting contributions are identified below. A complete list of publications

resulting from this research work is also provided.

1.4.1 Major Contributions

The major contributions and resulting publications are given below:

• To achieve Objective 1, a time-domain incipient fault locating algorithm

is designed for applications in underground distribution systems. Using

three-phase voltage and current waveforms captured by real-world power

quality monitors, the algorithm estimates the location of the self-clearing

faults in terms of the reactance between monitor and fault. The algo-

rithm uses a square wave approximation to model the arc voltage usually

associated with cable failure. Chapter 3 describes the characteristics of

cable failure, while the development of this robust algorithm to locate

incipient faults in underground cables is detailed in Chapter 4. This
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work is submitted for review in [20]:

– S. Kulkarni, S. Santoso, and T. Short, “Incipient fault location algo-

rithm for underground cables,” IEEE Transactions on Smart Grids,

submitted for review, July 2012, (TSG-00414-2012).

• As part of Objective 2, a time-domain algorithm for estimating the loca-

tion of evolving faults on overhead distribution lines is developed. This

algorithm is divided into two parts, namely, the single line-to-ground

portion of the fault and the line-to-line-to-ground portion of the fault.

The arc voltage occurring during faults is taken into consideration. This

evolving fault algorithm is described in Chapter 5 and has been accepted

for publication in [21]:

– S. Kulkarni and S. Santoso, “Time-domain algorithm for locating

evolving faults,” IEEE Transactions on Smart Grids, accepted for

publication, June 2012, (TSG-00706-2011).

• As a part of working towards Objective 4, an innovative DC fault inter-

ruption scheme is proposed. This scheme consists of inserting a reactor

in series with a controlled rectifier and subsequently using a conventional

AC circuit breaker for fault clearing. DC fault interruption using this

scheme is demonstrated in Chapter 9 and submitted for review in [22, 23]:

– S. Kulkarni, P. Murali, and S. Santoso, “Average value modeling of

three-phase six-pulse rectifier for fault analysis,” IEEE Transactions
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on Power Electronics, submitted for review, July 2012, (TPEL-Reg-

2012-07-0998).

– S. Kulkarni and S. Santoso, “DC fault interruption using reactor

assisted circuit breaker for MVDC systems in electric vehicles,”

Hindawi Publications Advances in Power Electronics, submitted for

review, (805958).

1.4.2 Supporting Contributions

The supporting contribution and resulting publications are given below:

• Working towards Objective 3, the information present in the waveforms

captured by power quality monitoring stations is extracted in form of

characteristic signatures which can be used for root cause analysis. The

signatures analyzed are the time stamp, fault insertion phase angle, num-

ber of affected phases, time duration of fault, wavelet coefficients, fault

impedance and arc voltage. The characteristics of cable faults are ana-

lyzed in Chapter 3 while, those of overhead line faults, namely, animal

contact, tree contact and lightning induced, are analyzed in Chapter 6.

The results of the analysis are published in [24–28]:

– S. Kulkarni, D. Lee, A. J. Allen, S. Santoso, and T. A. Short, “Wave-

form characterization of animal contact, tree contact, and lightning

induced faults,” in Power and Energy Society General Meeting,

2010 IEEE, July 2010, pp. 1 –7.
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– S. Kulkarni, A. Allen, S. Chopra, S. Santoso, and T. Short, “Wave-

form characteristics of underground cable failures,” in Power and

Energy Society General Meeting, 2010 IEEE, July 2010, pp. 1 –8.

– V. Nunez, S. Kulkarni, S. Santoso, and M. Joaquim, “Feature anal-

ysis and classification methodology for overhead distribution fault

events,” in Power and Energy Society General Meeting, 2010 IEEE,

July 2010, pp. 1 –8.

– V. Nunez, S. Kulkarni, S. Santoso, and J. Melendez, “Svm-based

classification methodology for overhead distribution fault events,”

in Harmonics and Quality of Power (ICHQP), 2010 14th Interna-

tional Conference on, Sept. 2010, pp. 1 –6.

– V. Nunez, J. Melendez, S. Kulkarni, and S. Santoso, “Feature analy-

sis and automatic classification of short-circuit faults resulting from

external causes,” European Transactions on Electrical Power, 2012.

• All other publications resulting from this research work related to fault

management are given in [29–34]:

– S. Kulkarni and S. Santoso, “Estimating transient response of sim-

ple ac and dc shipboard power systems to pulse load operations,”

in Electric Ship Technologies Symposium, 2009. ESTS 2009. IEEE,

April 2009, pp. 73 –78.

– S. ’Kulkarni and S. Santoso, “Impact of pulse loads on electric ship

power system: With and without flywheel energy storage systems,”
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in Electric Ship Technologies Symposium, 2009. ESTS 2009. IEEE,

April 2009.

– S. Kulkarni, A. Allen, S. Santoso, and W. Grady, “Phasor measure-

ment unit placement algorithm,” in Power Energy Society General

Meeting, 2009. PES ’09. IEEE, July 2009, pp. 1 –6.

– S. Kulkarni, N. Karnik, S. Das, and S. Santoso, “Fault location

using impedance-based algorithms on non-homogeneous feeders,”

in Power and Energy Society General Meeting, 2011 IEEE, July

2011, pp. 1 –6.

– N. Karnik, S. Das, S. Kulkarni, and S. Santoso, “Effect of load

current on fault location estimates of impedance-based methods,”

in Power and Energy Society General Meeting, 2011 IEEE, July

2011, pp. 1 –6.

– S. Das, S. Kulkarni, N. Karnik, and S. Santoso, “Distribution fault

location using short-circuit fault current profile approach,” in Power

and Energy Society General Meeting, 2011 IEEE, July 2011, pp. 1

–7.

1.5 Outline

The organization of this document is as follows. Chapter 2 provides

an overview of commonly used as well as state-of-the-art fault location tech-

niques for AC distribution systems. Chapter 3 analyzes underground cable
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faults in order to extract their distinguishing characteristics. An algorithm

to detect incipient cable faults is developed in Chapter 4. This algorithm is

extended to detect evolving faults on overhead lines in Chapter 5. Chapter 6

examines a large number of voltage and current waveforms recorded by power

quality monitors so as to explore distinguishing characteristic signatures of

animal contact, tree contact and lightning induced fault events. Chapter 7

demonstrates the application of all the fault location methods to momentary

faults on actual utility distribution feeders. Chapter 8 gives an introduction

to the electric ship power system architecture and also provides a summary of

currently used as well as proposed DC fault interruption techniques. Chapter

9 demonstrates the concept of using a reactor assisted AC circuit breaker in

clearing DC faults. Finally, the conclusion in given in Chapter 10.
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Chapter 2

Fault Location Techniques on Distribution

Systems

The common fault location practices used to determine fault locations

in the distribution system are numerical methods, hardware based methods,

customer calls, and line inspection [8]. Line inspection is labor intensive and

time consuming. Hence utilities generally prefer numerical or hardware based

methods, from which a location estimate to the fault can be obtained. Nu-

merical based methods explicitly use voltage and current recorded by a relay

or a power quality monitor at the monitoring station. An algorithm uses these

voltage and current values to estimate the distance to fault location.

Hardware or microprocessor based devices such as fault indicators are

effective in detecting faults in distribution systems [35]. With the advanced

microprocessor technology, it not only detects fault currents, but also differ-

entiates between a permanent and a temporary fault and alerts the system

operator. Restoration time is expedited and temporary faults can be pre-

vented from becoming a permanent outage.

The goal of the current state-of-the-art in fault location is to integrate

both numerical and hardware based approaches [1–3]. In this framework, fault

location algorithms and system circuit models are integrated with the mon-

17



itoring database. Fault events are distinguished from non-fault events and

voltage and current data are used to provide a location estimate to the system

operator.

The emphasis of this chapter is on fault location using numerical ap-

proaches. These approaches can be broadly classified into two types, namely,

impedance-based and short-circuit current based methods. Some of the popu-

lar fault location approaches are explained in Section 2.1. The various factors

affecting the fault location estimates are presented in Section 2.3. Furthermore,

Section 2.4 provides an introduction to the power quality and fault databases

used throughout this document. Finally, Section 2.5 provides a brief overview

of the concept of self and mutual impedance which is frequently used in the

later chapters.

• Publication: Part of the work presented in this chapter has been pub-

lished in [32–34]:

– S. Kulkarni, N. Karnik, S. Das, and S. Santoso, “Fault location

using impedance-based algorithms on non-homogeneous feeders,”

in Power and Energy Society General Meeting, 2011 IEEE, July

2011, pp. 1 –6.

– N. Karnik, S. Das, S. Kulkarni, and S. Santoso, “Effect of load

current on fault location estimates of impedance-based methods,”

in Power and Energy Society General Meeting, 2011 IEEE, July

2011, pp. 1 –6.
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– S. Das, S. Kulkarni, N. Karnik, and S. Santoso, “Distribution fault

location using short-circuit fault current profile approach,” in Power

and Energy Society General Meeting, 2011 IEEE, July 2011, pp. 1

–7.

2.1 Impedance-based Fault Location Methods

Impedance-based methods are popular among the utilities because they

are straightforward to implement. They require the availability of voltage and

current data captured when the fault is on the circuit. The fault data can be

in the form of waveforms (time-series), phasors (magnitude and phase angle

quantities) and magnitude (no phase angle) recorded by a power quality mon-

itor (PQM) or digital relay upstream from the fault location. Relay data may

or may not contain voltage information. In such a case, the voltage magnitude

during the fault must be estimated using circuit data.

Impedance-based fault location methods can be divided into two types

depending on the the number of measurements, namely, single-ended and

double-ended [1, 36]. Single-ended fault-location algorithms (Fig. 2.1) are sim-

ple and economical, when compared with double-ended methods and those

based on the traveling-wave and high-frequency component techniques. On the

other hand, double-ended fault location methods utilized data collected from

two ends of the line as shown in Fig. 2.2. Double-ended methods can be further

divided into, synchronized [37, 38] and unsynchronized [39–41], depending on

the nature of the two measurements used. In the case of unsynchronized mea-
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surements, different ways of dealing with the unknown synchronization angle

have been described in literature.

Relay

Zsource d*ZLine

d = Distance to the fault from the monitoring station

VF
IF

Fault

Source

If Rf

Figure 2.1: One Line Equivalent for a Faulted Electrical System for Applica-
tion to Single-ended Algorithms

PQM PQM

ZreceivingZsource
(1-d)*ZLined*ZLine

d = Distance to the fault from the monitoring station

VF
IF

Fault

Source Load
IG

If Rf

Figure 2.2: One Line Equivalent for a Faulted Electrical System for Applica-
tion to Double-ended Algorithms

This document is focused on single-ended impedance-based fault loca-

tion methods. Since majority of distribution feeders are radial in nature, only

one power quality monitor or relay is needed at the substation for voltage and
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current measurement. Typically, These impedance-based methods [9] require

phasor values of both fault current and voltage. A few of them require positive-

and zero-sequence line impedances z1 and z0 (given in Ω/mile) and prefault

load currents. Commonly used impedance-based methods are described below

with the help of Fig. 2.1.

2.1.1 Loop Reactance Method

This is the simplest of the impedance-based methods. It assumes that

the circuit is unloaded. Fault location estimates are given in reactance (i.e.

loop reactance to be precise) instead of distance. The loop reactance-to-fault

estimate is given by (2.1).

Xs = imag

(

VF

I0

)

(2.1)

Where,

VF = Faulted phase voltage measured at the monitoring location, (V)

I0 = Zero-sequence component of the faulted phase current, (A)

Xs = Loop or self reactance-to-fault measured from the monitoring

location, Ω

This method computes the reactance-to-fault in order to compensate

for the effect of fault resistance. The loop reactance method assumes that the

system is not serving any load prior to the fault, so the prefault current is

zero. The definition of loop reactance is given in Section 2.5.

21



2.1.2 Positive-sequence Reactance Method

This method computes the positive-sequence reactance-to-fault, X1 as

given by (2.2)

X1 = imag

(

VF

IS

)

(2.2)

The current IS is given by (2.3)

IS = IF + kI0 (2.3)

The factor ’k’ is given by (2.4)

k =
z0 − z1

z1
(2.4)

Here the notations used are given below:

VF = Faulted phase voltage measured at the monitoring location, (V)

IF = Faulted phase current measured at the monitoring location, (A)

I0 = Zero-sequence component of the faulted phase current, (A)

z1, z0 = Positive- and zero-sequence impedances of the distribution line,

(Ω per unit length)

X1 = Positive-sequence reactance-to-fault measured from the monitor-

ing location, (Ω)

This method also computes the reactance-to-fault in order to overcome

the effect of fault resistance. The loop reactance and positive-sequence re-

actance methods are highly affected by the value of fault resistance and the

phase difference between current and voltage. For faults involving ground, loop
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impedance should be used instead of line impedance because of the ground re-

turn path. Conductor sizing also affects the fault distance estimate which is

considered constant in all the above methods.

2.1.3 Takagi Method

The Takagi method [42] requires both prefault and fault current data.

This method takes into account load current and minimizes the effect of fault

resistance. The distance is estimated as (2.5).

d =
imag

(

VF I
∗
sup

)

imag
(

z1IF I∗sup
) (2.5)

The superposition current I∗sup is given by (2.6)

I∗sup = IF − Iprefault (2.6)

Where * denotes a complex conjugate operation and the notations are as fol-

lows:

VF = Faulted phase voltage measured at the substation, (V)

IF = Faulted phase current measured at the substation, (A)

Iprefault = Prefault load current in the faulted phase, (A)

z1, z0 = Positive- and zero-sequence impedances of the distribution line,

(Ω per unit length)

d = Distance to fault, (miles)
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The positive-sequence reactance-to-fault (X1) is obtained as shown in

(2.7).

X1 = d× imag(z1) (2.7)

The main drawback of this method is that it considers the entire load

lumped beyond the fault point and assumes the distribution feeder to homo-

geneous (having same conductor type).

2.2 Short-circuit Fault Current Profile Methods

Short-circuit fault current profile methods attempt to move away from

the commonly used impedance-based algorithms since they do not use line

impedance values directly in estimating fault location.. Unfortunately impedances

are still present in the circuit model. However it does not make any system

homogeneity assumption and hence avoids errors in estimation introduced be-

cause of this assumption. It only requires the availability of current magnitude

measured during the occurrence of a fault. Utility may have the circuit model

of the distribution feeder in CymeDist, OpenDSS, ASPEN, FeederAll, DEW,

or any other distribution software. The circuit model is used to build a current

profile of fault current versus reactance or distance to the fault.

A scenario for this approach may be illustrated as follows. A fault oc-

curs in the distribution system. The relay upstream from the fault location

records only the maximum fault current magnitude. The utility will have a

circuit model of the distribution feeder, using which a fault current profile for

the system is available. The fault current magnitude is then extrapolated on
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the fault current profile and a location estimate in terms of distance or reac-

tance to the fault is obtained.

An analytical method using fault current magnitude and the distri-

bution circuit model developed in [34] can be used in conjunction with the

impedance-based algorithms to narrow down the fault location. The method

in [34] uses the recorded fault current data, and pre-developed short-circuit

current profiles to identify the feeder or lateral on which the fault might have

occurred. This method is heavily influenced by the accuracy of the circuit

model representing the actual distribution network as well as the fidelity of

the fault current measurements. Note that the method in [34] cannot be used

as a standalone technique, but, can only be used to narrow down the location

after an estimate is made available using impedance-based methods.

2.2.1 Summary of State-of-the-art Fault Location Methods

Various commonly used and implemented impedance-based methods

for locating faults on distribution grids were reviewed in the previous section.

Broadly speaking, fault location algorithms work either in the time-domain,

frequency-domain or phasor-domain [36]. Almost all the algorithms, including

the traditional ones such as Takagi as well as the state-of-the-art methods,

work in the phasor domain and require the voltage and current input in RMS

form [8, 9, 42]. Even the state-of-the-art methods like those proposed in [43, 44]

work in the phasor domain. With the proliferation of smart grid technology

tremendous amount of monitoring data is available. Modern PQ monitors
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and even relays have high sampling rates that make the time-domain voltage

and current waveforms available for analysis. Information is lost when these

time-domain quantities are converted into RMS values. This in turn affects

the accuracy of the fault location estimates.

A number of innovative fault location methods proposed in literature

attempt to estimate the fault distance using limited data. For example, two

fault location algorithms, which use only current phasor signals from one end

of a single transmission line as the input data are presented in [45]. The

first algorithm from [45] covers only the faults for which an earth is involved

and thus the zero-sequence current is present. For the phase-to-phase fault

one can formulate a relation between the incremental positive- and negative-

sequence currents, which is the second algorithm from [45]. However, the

drawback of this method is that the distance-to-fault can be determined from

this relation only for specific conditions with impedances of the network for

the positive- and negative-sequence being not identical. The fault location

algorithm proposed in [46] illustrates how one can use only current phasors to

first estimate the fault voltage phasor and then estimate the-distance-to fault.

On the other hand, it is suggested in literature to limit the use of current

phasors in order to achieve accurate fault location estimated even in the case

of CT saturation. A fault location algorithm utilizing only the voltage phasors

in proposed in [47]. In this method the relation between the symmetrical

components of the total fault current is used to formulate the fault location

algorithm. Furthermore, a method utilizing fault duration voltage phasor and
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prefault load current phasor to estimate the fault location is developed in [48].

Another major drawback of many fault location methods is that they

assume the circuit conditions to remain unchanged for the fault duration.

Commonly, a fault is caused by a foreign object, such as a tree branch or an

animal, coming in contact with one or more conductors of the distribution

line. Most of the fault location algorithms are applicable to only single line-

to-ground faults and are not fully extended to multi-phase faults [8, 9, 42, 49].

Some state-of-the-art fault location algorithms like the one proposed in [43, 50]

are applicable to multi-phase faults, however they works in the phasor-domain.

A direct three-phase circuit analysis approach for line-to-line faults using RMS

quantities is also developed in [44, 51].

In summary, there are numerous fault location methods described in

literature and in used today. Almost all these methods make some assumptions

in order to estimate the fault location. The factors affecting the accuracy of

fault location are analyzed in the next section.

2.3 Factors Affecting the Accuracy of Fault Location

The process of estimating fault location involves utilizing analytical

methods that employ the recorded fault information and any other system data

available to estimate the exact distance to the fault, with as much accuracy

as possible. One has to choose the appropriate fault location method or a

combination of methods depending on the amount and nature of data available.

More information is always better, and so is higher resolution data. Some of
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the factors that affect the applicability of fault location methods are listed

below.

• Fidelity and resolution of the fault voltage and current data

• Availability of prefault data

• Availability of accurate distribution system circuit model

• Knowledge of the system loading data

• Type of distribution circuit, single or double-wire

• Nature of system, strong or weak

• Type of grounding

• Presence of line compensation equipment

• Knowledge of meteorological conditions during the fault

2.3.1 Sources of Errors for Impedance-based Methods

The accuracy of fault location estimates obtained using impedance-

based methods depends upon the accuracy of voltage and current measure-

ments as well as values of positive- and zero-sequence z1 and z0 line impedances.

If either voltage and current measurements or the z1 and z0 values are erro-

neous, the location estimates will be affected. The results of the impedance-

based methods are also affected by system conditions such as level of load
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current in the system and presence of regulators and shunt capacitor banks.

Major factors affecting the accuracy of fault location estimates are described

below:

• Incorrect circuit modeling: The values of z1 and z0 depend upon four

parameters; they are, distance between phase conductors, sizes of phase

conductors, distance between phase and neutral conductors and value of

earth resistivity. Erroneous values of z1 and z0 introduce errors in the

fault location estimates of the impedance-based methods.

• Assumption of system homogeneity: In a practical distribution feeder,

there is a wide variation in conductor sizes and pole configurations. The

distances between the conductors may not be the same for all sections of

the feeder. As a result, the values of z1 and z0 are different for different

sections of the feeder. Such a feeder is called a non-homogeneous feeder.

The impedance-based methods described earlier are derived based on

assumption that values of z1 and z0 are constant throughout the length

of the feeder. Since this assumption is violated in a practical distribu-

tion feeder, the results of the impedance-based methods are affected.

A detailed analysis of system non-homogeneity and its impact on fault

location using impedance-based methods is given in [32].

• Measurement errors: Errors in current and voltage measurements affect

the location estimates of all the impedance-based methods. Measure-

ment errors arise due to ratio and phase angle errors in current trans-
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formers (CTs) and voltage transformers (VTs). It is likely that ratio

errors in CTs and VTs have opposite effects on fault location estimates.

Also the performance of impedance-based methods may be different for

positive and negative phase angle errors.

• Load current level: The impedance-based methods make simplifying as-

sumptions regarding the system load. The loop reactance method has

been derived for a no-load condition. The Takagi method assumes a con-

stant current load model. Additionally, the Takagi and positive-sequence

reactance methods assume that the entire load is lumped beyond the

fault point. In a practical distribution system, the magnitude of fault

current for distant faults is relatively comparable to the load current.

Hence load current cannot be neglected. Single-phase and three-phase

load taps are present all along the length of the distribution feeder. Be-

cause of this, the lumped load assumption is erroneous. The load may

not be balanced nor may it have constant current characteristics. Thus

many assumptions made by the impedance-based methods regarding the

system load are not satisfied in a practical distribution system resulting

in errors in fault location estimates. The effect of load current magni-

tude on the performance of impedance-based fault location methods is

quantified using the IEEE 34 node test feeder in [33].

• Presence of voltage regulating devices: Voltage regulators and shunt

capacitors are present in distribution systems to maintain the voltage
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level within acceptable limits. For example, tap changing transformers

are commonly used to regulate voltage. Such transformers add reactance

to the system. Hence the reactance-to-fault estimates obtained by the

impedance-based methods are affected by presence of transformers.

2.4 A Note about Datasets

All the data used for the purpose of fault location and characterization

in the document is obtained from PQ monitors and relays located in the distri-

bution networks of different utilities. These datasets differ on the basis of the

recording device, voltage level, voltage and current sampling rate, availability

of system model, availability of fault cause, availability of weather conditions,

nature of grid (urban or rural), overhead lines or underground cables and other

criteria. In the subsequent chapters, whenever any dataset gets utilized, it is

preceded by a detailed description of the data. Similarities and differences

between other datasets are pointed out.

2.5 Concept of Self and Mutual Impedance

This section provides a brief overview of the concept of self and mutual

impedance with the help of the three-phase line shown in Fig. 2.3 [52]. The

line-to-neutral voltages at node p can can be written in terms of the line-to-

neutral voltages at node q, the line current and the self-impedance of each line

and the mutual impedance between the lines. The expression in the matrix

form is given in (2.8).
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[VLNabc
]p = [VLNabc

]q + [Z
abc
] · [I

abc
] (2.8)

The diagonal elements zaa, zbb and zcc are the self-impedances of the

line, while the off-diagonal elements are the respective mutual impedances

between the lines. It is assumed that the three lines have identical construction

and are fully transposed, hence the self-impedance zs and mutual impedance

zm can be written as follows.
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zs =
1

3
(zaa + zbb + zcc)

zm =
1

3
(zab + zbc + zca)

Zabc =





zs zm zm
zm zs zm
zm zm zs



 (2.9)

The phase and sequence domain quantities are related with each other

as given in (2.10).

[VLNabc
] = [A] [VLN012

]

[VLN012
] = [A]−1 [VLNabc

]

[A] =
1

3





1 1 1
1 a2 a
1 a a2



 a = 1∠120◦ (2.10)

Using the identity in (2.10) to express the current and simultaneously

multiplying each term by A−1, (2.8) can be written as follows.

[A]−1 [VLNabc
]p = [A]−1 [VLNabc

]q + [A]−1 [Z
abc
] · [A] [I

012
]

[VLN012
]p = [VLN012

]q + [Z
012

] · [I
012
]

[Z
012

] = [A]−1 [Z
abc
] · [A] =





z0 0 0
0 z1 0
0 0 z2





z0 = zs + 2 · zm

z1 = zs − zm = z2

zs =
z1 + z2 + z0

3
=

2 · z1 + z0
3

(2.11)

z0, z1 and z2 are known as the zero-sequence, positive-sequence and

negative-sequence impedances of the line, respectively. While zs is known as
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the self-impedance or loop impedance of the line. Note that the magnitude

of the self-impedance is usually much greater than the mutual impedance zm.

On the other-hand, the magnitude of the zero-sequence impedance is larger

than the positive and negative-sequence impedance (which are almost always

identical for a transmission/distribution line).

The above described concept of self, mutual and sequence impedance

is used throughout the next few chapters that deal with fault location on

distribution systems.

2.6 Summary

This chapter provided a review of some of the commonly used impedance-

based methods of fault location in Section 2.1. A brief description of some

state-of-the-art methods was also presented. The various factors dictating the

choice of the fault location algorithm to be utilized as well as the common

reasons for errors in location estimates were detailed in Section 2.3. Section

2.4 provided an introduction to the utility fault databases used in the sub-

sequent chapters. The concept of self, mutual and sequence impedance was

summarized at the end of the chapter.
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Chapter 3

Waveform Characterization of Underground

Cable Faults

Most modern utilities have underground distribution system installa-

tions in urban areas. Increased usage of underground cables has been followed

by enhanced techniques for locating faults taking place on the underground

system. The prevalent cable fault location approaches depend on the voltage

class and the installation of the cable system and include the terminal and

tracer methods [2, 3, 7]. These methods are applicable once a complete full-

blown cable failure has occurred. However, some cable faults are self-clearing

in nature and may get unnoticed till they eventually lead to a full-blown fault.

These self-clearing cable faults can be identified from monitored waveforms.

While attempts have been made in the past to identify and locate cable faults

using time-domain based simulation models [53] and artificial neural networks

[54], not much importance has been given to the unique characteristics buried

in the actual voltage and current waveforms during a cable fault.

This chapter presents the unique characteristics and example wave-

forms for cable faults along with methods to identify such faults with suitable

accuracy. Hundreds of actual distribution waveform records were analyzed to

identify cable faults and their unique characteristics were extracted. These

35



characteristics can be helpful in distinguishing cable faults from overhead line

faults, as described in Sections 3.2 and 3.3. Additionally, knowledge about ca-

ble equipment failure and root cause behind the fault is revealed. Self-clearing

cable faults are identified and generic waveform equations are obtained in Sec-

tion 3.3 which can be helpful in root cause identification. In Section 3.4 unique

waveform signatures such as high frequency oscillations and impulses are ob-

served to be associated with cable faults. Wavelet transform coefficients and

arc voltage during a cable fault also revealed significant information about

cable failure.

Identifying cable faults and distinguishing them from overhead line

faults using waveform characteristics may lead to significant improvement in

cable fault analysis. Once identified, the characteristics of cable faults can

be used to determine the cause of the failure, point of failure, as well as in

developing automated fault location and characterization algorithms for cable

faults. Arc voltage during the event has also been identified to play a vital

role in cable fault location and characterization [1, 2, 55]. These efforts can ex-

pedite utility fault restoration and thus improve the reliability of underground

distribution systems.

Before approaching the above mentioned topics, cable construction is

described in Section 3.1. The cause of cable failure is then described in more

detail, and waveforms of these events are examined so that the unique char-

acteristics from these events can be extracted.

• Publication: Part of the work presented in this chapter has been pub-
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lished in [25]:

– S. Kulkarni, A. Allen, S. Chopra, S. Santoso, and T. Short, “Wave-

form characteristics of underground cable failures,” in Power and

Energy Society General Meeting, 2010 IEEE, July 2010, pp. 1 –8.

3.1 Construction of an Underground Cable

Electric power cables generally consist of phase conductor, insulation

and external protection. The conductor acts as the conducting path, whereas

the insulation prevents direct contact and arcing because of the close proximity.

External protection prevents moisture ingress, mechanical damage, chemical

or electrochemical attack, fire, or any other harmful influences which could

cause damage to the cable itself [56].

Cables can be classified into two groups, namely, cables with solid di-

electric insulation and cables that are pressurized with oil or gas. The pres-

surized cables can be either high-pressure fluid filled pipe-type cables or a

self-contained fluid filled cable that uses a paper tape insulation. One type

of solid dielectric type of cable is cross-linked polyethylene or XLPE cables.

XLPE cables do not require insulating fluids, which is one advantage of solid

dielectric cables over pressurized cables.

An example of a solid dielectric type cable, a concentric-neutral cable,

is described here [5]. In addition to the above components, this type of cable

has additional components shown in Fig. 3.1 [57]. The conductor is covered

in a shield which is used to prevent excessive electrical stress in voids that
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may appear in the insulation [56]. Voids are air gaps inside the cable insu-

lation which could lead to cable failure. Advancements in cable construction

have led to the reduction of voids, making solid dielectric cables more popular

[58]. Outside the conductor shield is the insulation which is covered by an

insulation shield. A concentric neutral, consisting of several copper wires, is

concentrically wound around the insulation shield. Underground residential

distribution (URD) typically uses concentric-neutral cables [5]. The exter-

nal protection covers the outside of the cable and protects the cable against

mechanical damage or stresses [56].

Figure 3.1: Concentric-neutral Cable with Labeled Components

Joints or splices and cable terminations are where most of the cable fail-

ures occur. Splices or joints connect two separate pieces of conductor. Splices

are needed because there are limits to how much cable can be wound around a

spool and to how much cable can be pulled through a pipe [59]. Terminations

are used when the underground cable is brought above ground. Porcelain in-

sulation or housing, often called ’potheads’, protects the connections between
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the underground and above ground cable [59]. They also keep moisture from

entering the underground cables.

3.2 Analysis of Cable Failure

According to [6], a cable fault is any problem in the cable that affects

the performance of a cable and includes contact faults, ground contact faults,

breaks, ingress of moisture, crimping, cross-talking, flashing fault, transitory,

and partial discharge.

Cable faults are typically single line-to-ground faults and can be clas-

sified into more than one of the following categories:

• Duration based: Sustained or temporary/self-clearing faults

• Cable equipment failure based: Fault located at the termination, splice,

or in the cable

• Root cause based: Fault caused by moisture, water treeing, or tracking

(or electrical treeing)

3.3 Analysis based on Fault Duration

Cable faults can be sustained or self-clearing in nature. Sustained faults

are generally cleared by the operation of an overcurrent protective device.

Most of the cable fault waveforms analyzed in later sections are sustained in

terms of duration. However, special consideration is given to self-clearing cable

faults in this section.
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3.3.1 Self-clearing Fault Characteristics

Cable failures are gradual and take place over a period of time in con-

trast to other instantaneous faults on distribution lines. Some of these faults

are initially incipient in nature and generally self-clear without the operation

of an overcurrent protective device. Such phenomenon is very common in

a cable splice following moisture penetration into the splice that results in

insulation break down. An electric arc is produced and it evaporates water

creating high pressure vapors which in turn extinguish the arc, making such

faults self-clearing [6]. The unique characteristics of self-clearing faults [60]

are explained with the example of field data events in Fig. 3.2.

• Fault duration is less than one cycle, generally 1/4 to 1/2 cycle. Self-

clearing events shown in Fig. 3.2(a) and Fig. 3.2(b) represent half-cycle

faults in phase B taking place on the same day nearly hour and a half

apart.

• Fault generally starts near the peak of the voltage waveform. In Fig. 3.2(a)

and Fig. 3.2(b) the fault occurs at the peak of the positive and negative

voltage cycle, respectively.

• No overcurrent protective device operates because a relay generally needs

more than 1/2 cycle to detect a fault. This is generally indicated by

relatively smooth and short-lived faulted current waveform which makes

such faults harder to notice.
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(a) Self-Clearing Fault on 2008-11-12 at 19:40
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(b) Self-Clearing Fault on 2008-11-12 at 21:11
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(c) Permanent Fault on 2008-11-14 at 15:51

Figure 3.2: Self-Clearing Faults Leading to Permanent Fault in Underground
Cable Captured at the same Monitor

• They are precursors to permanent faults on the same phase. The self-

clearing events in Fig. 3.2(a) and Fig. 3.2(b) are precursors to a probable

permanent fault. They are also known as incipient events. The perma-

nent fault in phase B is shown in Fig. 3.2(c).

• Frequency of incipient fault occurrence increases over time. There might

be one or two such events initially, but their frequency of occurrence can
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increase rapidly before they are about to turn permanent.

3.3.1.1 Sub-cycle Fault Identification

A number of self-clearing cable faults from the actual field data are used

here to develop an algorithm for sub-cycle fault identification. Sub-cycle faults

in the faulted phase current waveform are extracted by subtracting the load

current from the total current. The load current can be obtained by creating

a replica waveform from either the prefault or post-fault current waveform.

The replica waveform when subtracted from the original current waveform

provides the fault current. Around seventy self-clearing cable faults are used

to extract per unitized sub-cycle fault current waveforms shown in Fig. 3.3.

It can be observed that most of the sub-cycle fault waveforms appear in the

form of clusters concentrated around half to quarter of a cycle. Thus most of

the sub-cycle faults can be identified based on duration and peak magnitude

of the fault current.

Four generic equations can be used to represent all these sub-cycle

faults. In these examples the current waveform is sampled at the rate of 128

samples/ 60 Hz cycle. The equations are enumerated below.

1. Quarter cycle fault of high magnitude: The duration of the fault is close

to 32 samples whereas the magnitude is very high (greater than 5 per

unit). It is represented by a sinusoidal curve (a) as given in (3.1) and

shown in Fig. 3.4.

a = 6.17 · sin (695.4t− 0.126) ; 0 ≤ t < 0.005 (3.1)
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Figure 3.3: Sub-cycle Cable Fault Current

2. Half cycle fault of high magnitude: The duration of the fault is close to

64 samples whereas the magnitude is high (greater than 2-3 per unit).

It is represented by a sinusoidal curve (b) as given in (3.2) and shown in

Fig. 3.4.

b = 3.029 · sin (451.37t− 0.02726) ; 0 ≤ t < 0.008 (3.2)

3. Half cycle fault of small magnitude: The duration of the fault is close
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Figure 3.4: Generic Sub-cycle Detection

to 64 samples whereas the magnitude is low (around 1 per unit). It

is represented by a sinusoidal curve (c) as given in (3.3) and shown in

Fig. 3.4.

c = 1.275 · sin (458.03t+ 0.04495) ; 0 ≤ t < 0.005 (3.3)

4. Quarter cycle fault of small magnitude: The duration of the fault is close

to 32 samples whereas the magnitude is very small (less than 1 per unit).
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It is represented by a sinusoidal curve (d) as given in (3.4) and shown in

Fig. 3.4. It is very difficult to identify such low magnitude faults.

d = 0.6846 · sin (612.708t+ 0.213) ; 0 ≤ t < 0.008 (3.4)

Analysis can be carried out to determine the factors or causes leading to

a specific self-clearing waveshape. For example, high magnitude short duration

faults may be a result of moisture entering the cable splice. Similarly, long

duration small magnitude waveshape may be caused by insulation breakdown.

Interpretation of these generic waveshapes is expected to play a significant

role in root cause identification. More self-clearing cable fault waveforms with

known causes are required to develop an intelligent classification system. Once

determined, an algorithm can be developed to automatically identify such sub-

cycle faults based on the frequency and magnitude and send an alarm to avoid

full blown cable equipment failures.

3.4 Waveform Analysis Based on Root cause of Cable

Equipment Failure

In general, cable faults occur at a particular point (cable itself, termi-

nator or splice/joint) on the cable due to various causes. One of the main root

causes leading to cable failure is treeing. It is the general term used to describe

the type of electrical breakdown that occurs in the solid dielectric insulation

of the cable. Treeing may not necessarily cause a fault. However, since failures

are often preceded by fissures in the insulation, treeing is a potential hazard
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[56].

There are three types of treeing: water trees, electrical trees and elec-

trochemical trees. Water trees are caused by water coming into contact with

the insulation and they accelerate the failure of the cable [56]. The formation

of water trees does not indicate a certain cable failure. However, failure occurs

when water treeing converts to an electrical tree, or tracking [55].

Electrical trees and electrochemical trees differ significantly in physical

appearance from water trees. Electrochemical trees are caused by the water in

the insulation containing solute ions. Moisture or an electrolyte allows water

trees or electrochemical treeing to occur at a much lower voltage than is needed

for electrical treeing. Electrical trees, sometimes referred to as ’tracking’, are

the resulting voids or pockets of air found in the insulation. These pockets

of air are caused by the thermal expanding and contracting that occurs dur-

ing changes in load. Voids tend to ionize and cause corona discharge, which

scorch and carbonize surrounding insulation. When enough air pockets form,

tracking or a charred path forms where the insulation breaks down, causing

cable failure [61].

The voltage and current waveforms recorded during an underground

cable fault event contain identifying signatures that can be used to classify

such events. The waveforms containing detailed written information about

the cause of the event were selected and analyzed from a database of events

provided by participating utilities. This includes information about where the

fault occurred on the cable and in some cases what caused the cable to fail.
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The analysis can generally be classified into the following categories:

• Location of the failed component: This category includes the cable body

itself, the splice/joint, and the termination.

• Cause of the failure: This category includes treeing, tracking, or mois-

ture.

A number of unique signatures are identified and extracted from the

power quality monitoring data. Some of these distinguishing cable failure

features are discussed below.

3.4.1 Multiple short duration impulses or high frequency oscilla-

tions

One of the common characteristic for cable faults include short duration

impulses or high frequency oscillations that occur once each half cycle. The

impulses or oscillations typically occur at the same instant as the faulted phase

current zero crossing. If an oscillation is present, the oscillation frequency is

from 0.9 to 4.0 kHz. In the case of underground cable faults that occur at the

joint and are caused by tracking, the frequency of the oscillations is in the 1.3

to 1.9 kHz range. The oscillations can be seen for the joint fault with tracking

in Fig. 3.5. These oscillations or impulses may appear at different instants of

the event. Sometimes the impulses continue through the duration of the event

and in some cases they may appear only near the middle or end of the event.

47



-15000

-10000

-5000

0

5000

10000

0.03 0.04 0.05 0.06 0.07 0.08

V
ol

ta
ge

 (
V

)

Time (s)

Vb

Figure 3.5: Oscillation of 1.9 kHz in the Voltage Waveform during a Cable
Fault in the Joint with Tracking
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Figure 3.6: Waveforms for Fault Located at the Cable Termination with Im-
pulses in the Voltage
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Figure 3.7: Waveforms for Fault Located at the Cable Termination without
Impulses in the Voltage

The waveforms for cable termination faults are shown in Fig. 3.6 and

Fig. 3.7. Even though the faulted phase voltage waveform in Fig. 3.6 has

impulses located at the start of the event, not all termination faults have

impulses located in the faulted phase voltage waveform. An example of the

lack of impulses is shown in Fig. 3.7.

The waveform for fault located at the cable is shown in Fig. 3.8. Note

that fault in the cable refers to insulation failure. For underground cable

failures, the fault is typically single-phase and may evolve into two or three

phases due to close proximity of phase conductors. In Fig. 3.8, the impulses

seen in the faulted phase voltage are very high and occur throughout the

duration of the fault. Near the end of the event window, the voltage waveform
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Figure 3.8: Voltage and Current Waveforms for an Underground Fault Located
at the Cable

begins to take on a square waveform shape and looks very similar to an arc

voltage waveform.

3.4.2 Wavelet Transform Coefficients

Wavelet transform is a mathematical tool used to decompose a given

signal into different levels of resolution in the time and frequency (scale) do-

mains. The level of decomposition depends on the sampling rate of the signal

to be transformed. There are two basic types of wavelet transforms - the con-

tinuous and discrete wavelet transforms. The continuous wavelet transform

works by continuously dilating and translating the mother wavelet, φ (t) over

the entire range of the function, x (t). As a result, there is a significant amount
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of redundancy in the wavelet domain. The transformed signals in the contin-

uous wavelet domain are excellent for visualizing time and scale behavior of

the time-domain signal. Oftentimes when visualization is not called for, the

continuous dilation and translation of the mother wavelet are replaced with

discrete dilation and translation. They can be accomplished by selecting the

dilation and translation parameters as follows, a = am0 , b = nb0a
m
0 , where a0

and b0 are fixed constants with a0 > 1, b0 > 0, m,n ∈ Z, and Z is the set

of positive integers. With this substitution, the discrete wavelet transform of

x (t) can be defined as given in (3.5).

DWTφx (m,n) =

∫ ∞

−∞
x (t)φ∗

a,b (t) dt

φa,b (t) = a
−m/2
0 φ

[

t− nb0a
m
0

am0

]

(3.5)

Using the values of a0 = 2 and b0 = 1 in (3.5), a special type of dis-

crete wavelet transforms called the dyadic-orthonormal wavelet transform is

obtained. It eliminates information redundancy among the decomposed signals

due to their orthonormal properties. The other importance of this substitution

is that an algorithm called the multi-resolution signal decomposition (MSD)

technique can be used to decompose a signal into scales with different time

and frequency resolutions [62].

The mother wavelets for the dyadic wavelet transform are mathemati-

cally derived to achieve the orthonormal properties. They are called Daubechies

wavelet after the mathematician whom derived them. These wavelets can be

constructed from four, six, eight, ten and so on filter coefficients and are known
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as Daub4, Daub6, Daub8, and Daub10 wavelets, respectively [63]. The choice

of the analyzing wavelets plays an important role in detecting and localizing

various types of power quality disturbances. This choice becomes all the more

important when considering one- or two-scale signal decompositions. The ap-

plicability of various mother wavelets in different scenarios is analyzed in [62].

Daub4 and Daub6 wavelets are suitable for short and fast transient distur-

bances whereas Daub8 and Daub10 wavelets are suitable for slow transients.

Examination of squared wavelet transform coefficients (WTC) [63] for

the faulted phase voltage can help in characterizing cable faults. Daub4 is se-

lected as the mother wavelet because the fast and short transient disturbances

get detected at lower decomposition scales whereas slow and long transients

get identified at higher decomposition scales. For this reason, the time-domain

signal is decomposed into three decomposition scales with different levels of res-

olution. For a time-domain signal with a sampling rate of 128 samples/cycle,

the frequency resolutions of the transformed signals in the scales are as follows:

• Scale 1 :1920 Hz - 3840 Hz

• Scale 2 :960 Hz - 1920 Hz

• Scale 3 :480 Hz - 960 Hz

The wavelet transform variables in terms of squared wavelet transform

coefficients (WTC) are utilized to determine the smoothness of the waveform.

In other words, when applying the wavelet transform to the voltage waveform
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above, the WTC will indicate the start and end of the event. The start and

end times are then used to calculate the duration of the event. Furthermore,

squared wavelet transform coefficients (WTC) also indicate when the abrupt

irregularities occur in the input waveform. The frequency of the impulses in

the voltage waveform can be used to categorize the event type. In this chapter,

the squared WTC1, WTC2, and WTC3 are examined to see if the cause of a

cable failure or if the location of the cable failure at the underground cable has

an impact on the squared WTCs’ amplitudes. Examples are used to determine

if WTC’s are a good tool to help classify underground cable faults.

Fig. 3.9 shows the voltage waveform for a fault that occurred on the

splice of the cable and there was tracking on the sleeve of the cable. The

wavelet transform for this example is shown in Fig. 3.10. The scale of the

squared WTC’s reach 0.02 pu2 for WTC1, 0.25 pu2 for WTC2, and 2.0 pu2 for

WTC3. However, it should be noted that the WTC’s also indicate the change

from nominal voltage to the start of the fault seen in the voltage waveform as

well as the oscillations unique to cable faults.

The WTC’s of the fault initiation can be very high and mask the sta-

tistical behavior of WTC’s of the fault event. For this reason, since signatures

during the fault are of interests, the high amplitude WTC indicating the start

of the fault in the WTC’s are removed. In order to select which points to

remove, the average and the standard deviation of all the peaks in the WTC’s

are taken. If any of the peaks are greater than three times the standard de-

viation, that peak is removed and then the WTC’s re-plotted. If necessary,
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the process is repeated to make sure that the peaks caused by the fault start

are removed. Once the WTC’s are re-plotted, the new range of the squared

WTC’s are 0.01 pu2 for WTC1, 0.16 pu2 for WTC2, and 1.0 pu2 for WTC3.
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Figure 3.9: Faulted Phase Voltage Waveform for a Cable Fault Located at the
Splice with Tracking on the Sleeve

It must be noted that if the peaks in the WTC’s caused by the fault

start do not dominate other WTC’s, then they do not need to be removed.

WTC method is tested for one more case where the fault occurred on the splice

of the cable and there was tracking on the sleeve of the cable. For this case,

the scale of the amplitude for squared WTC’s is 0.01 pu2 for WTC1, 0.11 pu2

for WTC2, and 0.8 pu2 for WTC3. This range is similar to the previous case.

To show that this range is unique to faults located at the joint or to

tracking on the sleeve, more underground cable faults are examined. This
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Figure 3.10: Wavelet Transform Coefficients for Voltage Cable Fault Located
at the Splice with Tracking. (a) Faulted Voltage, (b) WTC1, (c) WTC2, (d)
WTC3

includes faults identified by the utility crew as cable faults due to moisture

ingress or treeing in the cable insulation. In Fig. 3.11 below, the fault was

located at the cable and contained treeing. The squared WTC’s are plotted in

Fig. 3.12. The ranges of the squared WTC’s are 0.0015 pu2 for WTC1, 0.02

pu2 for WTC2, and 0.15 pu2 for WTC3. The peaks are all significantly lower

in this case compared to the squared WTC’s for events located at the joint

that are caused by tracking.

55



-10000

-5000

0

5000

10000

0.00 0.02 0.04 0.06 0.08 0.10

CHERRYST - 7/21/2006 10:22:43.063

V
ol

ta
ge

 (
V

)

Time (s)

Va

Figure 3.11: Faulted Voltage Waveform for a Fault Located at the Cable with
Treeing

From the above analysis, the squared transform WTC’s appear to be

unique for different underground cable events. By analyzing the statistical

behavior and magnitude variations from one scale to another, the wavelet

transform may be an effective tool to distinguish faults located at the cable

joint with tracking on the sleeve from the WTC’s for faults located at the

cable with treeing and with moisture in the cable. However, since the number

of event waveforms that contained information about the cause of the fault is

limited, more events are needed to obtain a better definition of the range of

WTC’s by event cause.
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Figure 3.12: Wavelet Transform Coefficients for a Fault Located at the Cable
with Treeing (a) Faulted Voltage, (b) WTC1, (c) WTC2, (d) WTC3

3.4.3 Arcing in Underground Cable Systems

The arc voltage during a cable fault can be used to help categorize

events. The arc voltage can be calculated using (3.6). Detailed explanation of

arc voltage theory and modeling techniques is given in Chapter 4.

Van = Rs · Ia + Ls ·
dIa
dt

+ Varc,mag · sign(Ia) (3.6)
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where,

Van is the fault phase voltage measured at PQ monitor

Ia is the line current of the faulted phase A

Ls is the self-inductance of the line from the monitor to the fault

Rs is the self-resistance of the line from the monitor to the fault

Varc,mag is the amplitude of the ideal square wave voltage

sign[Ia(t)] = 1, if Ia(t) > 0 and -1 if Ia(t) ≤ 0

It must be noted here that the arc voltage is assumed to be a square

wave in phase with the current and (3.5) estimates its peak value. Arc voltage

estimate can be used to determine whether the fault is a cable fault or a fault

caused by tree or animal contact. Moreover, the estimated arc voltage can be

used to help determine the root cause behind the cable fault and the failed

component leading to the fault. An example of an underground cable fault and

the estimated peak arcing voltage magnitude for the fault is shown in Fig. 3.13

and Fig. 3.14, respectively. The event is labeled as an underground cable fault

and is a sustained single line to ground fault. Only the stable part of the arc

voltage magnitude during the time when the fault is active, is considered for

further analysis. This applies to all future use of arc voltage magnitude in this

chapter.

To show that the arc voltage can be used to differentiate a cable fault

from other types of faults, the arc voltage was estimated for a variety of cases,

including 20 animal contact cases, 25 underground cable failure cases, 8 light-

ning induced cases, and 24 tree contact cases. However, here the broad term,
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Figure 3.13: Example of Voltage and Current Waveforms for an Underground
Cable Fault

’cable failure’ encompasses cable joint, insulation and termination failures.

The specific part of the cable that failed is unknown. Each value of the es-

timated arc voltage is grouped by type of failure, normalized, and plotted in

Fig. 3.15. To interpret the graph, it is easiest to look at the 0.9 mark on the

y-axis. This means that 90% of the arc voltage is below 300 V for cable failures

and approximately 90% of the arc voltage for lightning induced arcing is below

1200 V. Also 90% of the arcing caused by animal contacts and tree contacts

falls below approximately 1400 V and 1650 V, respectively. This means that
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Figure 3.14: Estimated Arc Voltage for the Underground Cable Fault in
Fig. 3.13

it might be easier to pick out cable failures from animal or tree contacts by

examining the arc voltage. However, it may be difficult to distinguish cable

failures from lightning failures based on arc voltage. Other characteristics can

be used to differentiate between the two events.

The same method is used to differentiate between cable component fail-

ures such as cable joint, cable insulation, and cable termination. A number of

cases were examined, such as, 25 cable joint failures, 22 insulation failures and

16 termination failures. This field data is different from that used to generate

Fig. 3.15, but is obtained from the same utilities. In this case, the exact cause

of the cable failure was known. If a voltage is selected along the x-axis, it

can be seen from the plots what percentage of the arc voltage falls under the

selected voltage. For example, in Fig. 3.16, if 500 V is selected, that means

50% of the arc voltage for joint failures, 62% of the arc voltage for termination

failures, and 85% of arc voltage for cable insulation failures are under 500 V.

Conversely, it could be thought of as a certain percentage of the waveform
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Figure 3.15: Comparison of the Arc Voltage for Underground Cables to the
Arc Voltage of Animal Contact, Lighting, and Tree Contact

being above the selected voltage on the x-axis. The steeper the plot, the lower

the value of the estimated arc voltage is likely to be.

The dataset used to generate Fig. 3.16 is further examined in Fig. 3.17

by dividing the joint failures into two types, namely, with tracking and with-

out tracking. It is seen that the joint failures with no tracking have similar

arc voltage characteristics as termination failures. When a joint failure with

tracking occurs, the values of the estimated arc voltage tend to be larger than

the arc voltage for a joint failure without tracking.
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Figure 3.16: Comparison of the Arc Voltage for Joint, Cable, and Termination
Failures on Underground Cables

Even though the arc voltage cannot always be used to determine the

cause or locate the failed component that caused the fault to occur, it can be

used along with the previous characteristics to categorize underground cable

faults.

3.5 Summary

In this chapter, the characteristics seen in current and voltage wave-

forms caused by faulted underground cables were described. As explained in
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Figure 3.17: Comparison of the Arc Voltage for Failures on the Joint of Un-
derground Cables with Tracking and without Tracking

Section 3.1, underground power cables consist of a phase conductor surrounded

by insulation and external protection to prevent damage to the cable. Joints

or splices and cable terminations are where many cable failures occur. A cable

joint or splice connects two separate phase conductors. A cable termination

connects the underground cables to overhead cables. Voids in the insulation

which lead to treeing and eventually tracking which can cause cable failure.

The presence of moisture in the cable can escalate underground cable failure.

As described in Section 3.3, cable failure is gradual and is characterized by a
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series of sub-cycle incipient faults before leading to a permanent fault. Event

data recorded at monitoring stations located upstream from the fault and by

crews sent to repair underground cable faults were provided by utilities. The

data contained three phase voltage and current waveforms, information on the

failed cable component (joint, termination, or cable), and information on the

cause of the cable failure. However, some events do not contain information or

contain insufficient information about the cause of the fault that would help

our analysis. Therefore, the results discussed in this chapter are preliminary

because of limited availability of information.

As seen from Section 3.4, in most underground cable faults, impulses

or short oscillations appear in the faulted phase voltage waveform. If oscilla-

tions are present the frequency of the oscillation was calculated. The wavelet

transform is also applied to the faulted phase voltage waveform and the mag-

nitudes of the squared wavelet transform coefficients (WTC) are examined.

A few examples of one type of cable fault, fault occurring on the joint with

tracking on the sleeve, are used to show that the range of the frequency of

oscillations and the magnitudes of the WTC’s are similar and can be used to

classify other events as well. The voltage and current waveform characteristics

are analyzed for cable joint or splice failures, cable termination failures, and

cable failures. Another unique characteristic that can be used to categorize

underground cable fault is the estimated arc voltage. From a variety of events

taken from the database, the arc voltage is used to distinguish an underground

cable fault from animal and tree contact events. The fault arc voltage can also
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used to determine the likelihood of an underground cable component failure.

The next chapter utilizes these unique characteristics of cable failure in

order to locate incipient faults before they turn permanent.

65



Chapter 4

Arc Voltage Based Incipient Fault Detection

and Location Algorithm for Underground

Cables

As explained in the previous chapter cable failures are gradual and take

place over a period of time, in contrast to other faults on overhead distribution

lines [2]. Cable faults are initially incipient and self-clear, typically without the

operation of an overcurrent protective device as shown in Fig. 3.2 and repeated

in Fig. 4.1 for convenience. These faults are also known as intermittent faults.

Impedance-based distribution fault location methods are most commonly used

with voltage and current waveforms captured by power quality (PQ) monitors

[8, 9]. These algorithms generally work in the phasor-domain and thus require

duration of one or more cycles to provide reasonable location estimates. Even

the state-of-the-art methods like those proposed in [43, 44] work in the phasor

domain. Another major drawback of the present fault location methods is

that they assume the circuit conditions to remain unchanged for the fault

duration. The arc voltage present at the fault location is neglected. A high

voltage magnitude electric arc is typically associated with incipient faults in

cables [6]. The use of arc voltage in fault location was proposed in [64, 65].

Given these requirements, the applicability of impedance-based algorithms is
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limited. To overcome these drawbacks, a robust algorithm is developed in this

chapter to locate single line-to-ground incipient faults in underground cables

before they become permanent.
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(a) Self-Clearing Fault on 2008-11-12 at 19:40
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(b) Self-Clearing Fault on 2008-11-12 at 21:11
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(c) Permanent Fault on 2008-11-14 at 15:51

Figure 4.1: Self-Clearing Faults Leading to Permanent Fault in Underground
Cable Captured at the same Monitor

The goals of any smart power distribution grid include improving the

overall level of reliability and quality of power supplied to end users. The pro-

posed scheme in this chapter involves scanning the PQ monitor data to detect
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sub-cycle faults and estimating their location. Crews can be sent to repair the

failing cable section, thus preventing an unplanned outage when that section

breaks down permanently. This helps in achieving the goals of the smart grid

enumerated above. The algorithm developed takes into account the arc voltage

associated with incipient cable faults. Chapter 3 described the characteristics

of self-clearing faults in underground cables. The crucial role of arc voltage in

fault detection and various arc modeling techniques are described in Section

4.1. The proposed algorithm is implemented in the time-domain and utilizes

waveform data collected by power quality monitors and relays to estimate the

distance to the fault in terms of the line impedance. The algorithm uses a

moving window approach, where the length of the window is governed by the

fault duration. The basic algorithm remains the same for incipient and perma-

nent faults, with some differences in the implementation. Section 4.2 details

the derivation of the incipient fault location algorithm. Before applying the

proposed algorithm to PQ data, the input waveforms are pre-processed to fil-

ter out the unwanted noise. Similarly, statistical techniques are applied to the

output of the algorithm as a part of post-processing to obtain best possible

location estimates. These pre- and post-processing techniques are discussed

in Section 4.3. In Section 4.4, the proposed algorithm is validated using two

permanent fault cases, with known arc voltage profile and fault location, re-

spectively. Furthermore, the accuracy of the proposed method is compared

with other commonly used impedance-based algorithms. The proposed time-

domain based method is superior compared to the other methods and this is
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underscored by the fact that it has the lowest average relative error of 12.58%

when compared with other methods. The application of the proposed algo-

rithm to locate three actual incipient fault events and the permanent faults

ensuing them is given in Section 4.5. The average relative error in locating

incipient faults for these cases is 7.37%, 4.69% and 3.58% respectively. In Sec-

tion 4.6 a modified version of the algorithm is developed taking into account

the cable capacitance.

• Publication: Part of the work presented in this chapter has been sub-

mitted for publication in [20]:

– S. Kulkarni, S. Santoso, and T. Short, “Incipient fault location algo-

rithm for underground cables,” IEEE Transactions on Smart Grids,

submitted for review, July 2012, (TSG-00414-2012).

4.1 Electric Arcs: Theory and Application

An electric discharge results when the air or any other medium be-

tween two electrodes is ionized and there is a flow of charges. An arc is a

self-sustained electrical discharge which can be caused by short circuits on the

power system, exhibiting low voltage drop and capable of sustaining large cur-

rents. The arc can be formed in air, vacuum, oil or in any other medium. For

air to breakdown the voltage gradient must be equal to or greater than 3×106

V/m. An electric arc is dangerous as the arc power is dissipated in the environ-

ment and involves high temperatures (typically thousands of Kelvins). It can
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initiate a fire, lead to thermal degradation, pressure rise, conductor melting

or evaporation, jets and sometimes high noise production [66]. An electric arc

can be classified into two categories, namely, high pressure and low pressure.

A high pressure arc is the one that exists at or above the atmospheric pressure,

while the low pressure arc generally occurs in vacuum.

The arc voltage is an important quantity while studying electric arcs.

The arc voltage remains constant over a wide range of currents and arc lengths.

Hence, the arc resistance is a non-linear function of the voltage. Generally, it

is preferred to measure the arc in terms of the voltage rather than the resis-

tance. Arc voltage is strongly dependent on the inherent physical properties of

the faulted equipment. High heat conductivity causes the arc to restrict and

create a higher-density current flow (and more resistance) which results in a

higher voltage gradient. The arc voltage gradient is also a function of pressure

(generally proportional to P k, where k varies with the ionizing gas).

The current in the power system is a 60 Hz sinusoidal wave which

crosses zero twice in one cycle. This phenomenon is very useful in interrupting

the arc. When the current flowing through the arc decreases, the resistance of

the arc increases and simultaneously the ionization level also drops. The arc

disappears just before the actual current zero. However, it can reignite when

the current starts flowing in the next half cycle because of the stored energy in

the system inductance leading to quick build up of the recovery voltage. This

is shown in Fig. 4.2 [67] where Ia and Ea are the respective current and voltage

waveforms during the arc extinction process, Eextn is the peak of extinction
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voltage and Erein is the peak of re-ignition voltage. In addition, the voltage

required to sustain the arc is less than that required for reigniting the arc.
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Figure 4.2: Voltage and Current Variations during Arc Extinction Process

As stated earlier, a long electric arc during a fault event is partially ion-

ized gas (plasma) discharge in free air. Arc current waveform is predictable and

can be expressed analytically once the circuit parameters are known. However,

it is very difficult to obtain an analytical expression for the arc voltage curve

because of the non-linear arc resistance. The arc resistance, being strongly

dependent on the physical properties of the faulted equipment results in a dis-

torted arc voltage curve as shown in Fig. 4.3. In general, there is a blip at the

start of the waveform because the arc cools off at the current zero decreasing

the ionization rate and increasing the arc resistance. Once the temperature

increases, the voltage flattens out. Presence of high odd harmonics makes the

arc voltage waveform resemble a distorted square wave shape.
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Figure 4.3: Typical Arc Voltage and Current Waveforms

The arc present at the fault location is called as the primary arc. There

are various models of the electric arc presented in literature and are classified

into two categories, dynamic and static [36]. Dynamic models are based on

empirical formulas generally given in terms of the arc conductance as a time

varying function of the arc current and length. An experiment using a tree

leaning on to a medium voltage line is used to verify the dynamic model of an

electric arc in [68, 69]. This model is based on the universal arc representation

described in [70]. Reference [71] has developed an expression for arc resistance

based on parameters depending on system voltage and types of insulation.

Hence, it is not possible to apply this formula when these parameters are

unknown. In [72] Terzija has developed a formula for arc resistance derived

under the assumption that the arc voltage is a rectangular waveform, in phase

with the arc current. It requires the arc voltage gradient and arc length to
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be known. On the other hand, in literature, a simpler static model of the arc

voltage waveform has been extensively utilized. This model is very useful when

only the fault voltage and current measurements at the PQ monitor/relay are

available. The arc resistance is still non-linear and will change with the fault

current magnitude. In [72] the use of the square wave arc voltage model,

in phase with the current is proposed. Further, in [64] Radojevic and Shin

proposed an arc voltage model as a square wave with a superimposed harmonic

content. However, the main drawback to this method is that it is in the

spectral domain and does not work reliably for events less than a full cycle of

fault current. In this chapter, we assume that only the faulted phase voltage

and current waveform at the PQ monitor are available, and hence the square

wave model of the arc voltage is chosen. The arc resistance is still non-linear

and will change with the fault current magnitude.

The following assumptions have been made to simplify the algorithm

development.

• Arc voltage has an ideal square wave shape. This implies that the arc

voltage is constant irrespective of the magnitude of the fault current.

• Arc current and voltage are in phase.

In general, the arc voltage during the fault is a combination of a square wave

shape and a random white noise which can be expressed as follows [65].

Varc(t) = Varc,mag · sign[IF (t)] +£(t) (4.1)
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where,

Varc(t) is the arc voltage

IF (t) is the fault current

£(t) is the random zero mean white Gaussian noise

Varc,mag is the amplitude of the ideal square wave voltage

sign[IF (t)] = 1 , for IF (t) > 0 and -1 for IF (t) ≤ 0

4.1.1 Importance of Arc Voltage in Fault Location

Having the knowledge of the arc voltage during a fault has many ad-

vantages. Some of these are summarized below:

• Arc voltage can help deduce the characteristics of a fault. This can

potentially help determine the cause of the fault by analyzing the wave-

forms at the power quality monitoring site. Once specific range for arc

voltage has been identified, it can be used to classify the fault causes

such as splice failure, lightning, animal contact and other causes. Such

characterization for faults occurring on overhead distribution lines will

be discussed Chapter 6. The use of arc voltage for cable fault character-

ization was discussed in Chapter 3.

• Generally, relatively low arc voltage (Varc) corresponds to a fault that is

more likely to be permanent in nature, whereas a high arc voltage value

indicates that the fault is temporary. The value of Varc can be used to

decide the operation of the automatic reclosers [64, 73]. It must be noted
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that several permanent faults are also observed to have high arc voltage.

Thus, all permanent faults do not possess low arc voltage.

• Arc voltage can be used to estimate the arc power and energy. Both these

quantities can be used for investigating manhole explosions, equipment

failure forensics, and estimation of arc flash during a fault [74].

• Incorporating the arc voltage in the distance estimation algorithms gen-

erally improves their accuracy. This is because fault arc resistance cannot

be assumed as zero (bolted fault) in all the cases especially the ones with

significant arc voltage. The indicators of high arc voltage are that the

voltage bulges to the left and the current looks tipped to the right. This

is shown in Fig. 4.4 [75].
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Figure 4.4: High Arc Voltage Characteristics - Voltage Bulges and Tipped
Current
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4.2 Arc Voltage Based Fault Location Algorithm

PQM

VF

LR

Varc

IFZsource

Vsource

Figure 4.5: Faulted Phase Circuit During a Single Line-to-ground Fault

The use of arc voltage based method was proposed in [55, 64] and a

simplified approach is used here. The algorithm is applicable to single line-to-

ground faults and it estimates the arc voltage magnitude in the affected phase

and the resistance and reactance to the fault. The single-line diagram for a

faulted circuit can be represented as shown in Fig. 4.5. The voltage at the PQ

monitoring site in the time-domain, VF for the faulted phase can be written

as follows.

VF = R · IF + L ·
dIF
dt

+ Varc,mag · sign(IF ) (4.2)

where,

VF is the fault phase voltage measured at PQ monitor

IF is the line current of the faulted phase

L is the line inductance between monitor and fault

R is the line resistance between monitor and fault

Note that R and L used in (4.2) are the self-resistance and inductance
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of the line conductor, respectively. The effect of mutual coupling is not taken

into consideration. Furthermore, the self-impedance of a line is also known

as the loop impedance and is given by Zloop = (2 · Z1 + Z0)/3, where Z1 and

Z0 are the positive- and zero- sequence impedances of the line between the

monitor and the fault location.

In a distribution system, the faulted phase current typically contains

a component of the load current, which can lead to inaccurate fault location

estimates. On the contrary, the neutral current (In = Ia + Ib + Ic) during

the fault purely consists of the fault current, as the balanced load current in

the three phases gets canceled out. As a result, the use of neutral current in

the fault location algorithm yields better estimates. Hence, neutral current

recorded at the monitor is used in (4.2) instead of faulted phase current IF .

The expression in (4.2) is applicable at every point of the voltage and current

waveform obtained from the power quality monitors. Common sampling rates

of PQ monitor waveforms are 128 or 256 samples per cycle, which results in an

overdetermined system of equations. These equations can be represented in the

matrix form as shown in (4.3). A window is defined as the number of sample

points analyzed at a given time instant. A discussion on the appropriate choice

of window length is given later in Section 4.3.

[VF ] =

[

In
dIn
dt

sign(In)

]

·





R
L

Varc,mag



 (4.3)
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For solving R, L and Varc,mag, (4.3) is written as follows.

A ·X = b

A = [a1 a2 a3] , a1 = In, a2 =
dIn
dt

, a3 = sign(In)

[X]T = [R L Varc,mag]

b = VF (4.4)

The system of equations in (4.4) is overdetermined with 3 unknowns

given by X. Such an overdetermined system of equations is solved using non-

negative least square method [76]. This assures that only positive values of R,

L and Varc,mag are considered as only positive values of these quantities hold

physical significance. Non-negative least squared algorithm minimizes the sum

of squares of the errors (or white noise) as written mathematically in (4.5).

minimize norm(A ·X − b) subject to X ≥ 0 and A, b ⊂ real (4.5)

After computing the unknowns at one time instant the window is shifted

to the next instant and the process is repeated for the entire waveform. Note

that the arc voltage during the fault may vary considerably due to the ten-

dency of the arc to elongate or shrink over a period of time. Nevertheless, the

resistance and reactance to the fault should be constant during a fault. Once

constant values for R and L are known, the impedance from the monitoring

point to the fault location can be obtained and hence the fault location.

Fault resistance can either arise from a foreign object in physical con-

tact with the line conductor or from an electric arc. The proposed algorithm

78



takes into account the non-linear fault resistance arising from the electric arc.

Many fault locating algorithms assume a bolted fault [8, 9] which yields ac-

ceptable results as long as the fault resistance is low. Some algorithms lump

the fault resistance term with other error terms and estimate its magnitude.

In the proposed algorithm the fault resistance, apart from that resulting from

the electric arc, will get lumped into the R term in (4.2). Hence, we utilize

the L term to estimate the fault distance in terms of the reactance. This

term will not be affected by the fault resistance so an accurate estimate can

be obtained every time. Furthermore, after calculating the reactance to the

fault, the resistance of the line conductor for that length can be determined,

if the line parameters are known. The difference between this calculated line

resistance and the R value from the algorithm will give the fault resistance.

4.3 Pre- and Post-processing to Improve Results

4.3.1 Pre-processing of Input Data

The inputs to the proposed fault location algorithm are the voltage

and current waveforms captured by the power quality monitor. The following

pre-processing is implemented before feeding the data to the algorithm.

4.3.1.1 Sampling Rate Adjustment

Generally, most voltage waveforms are sampled at 256 samples per cycle

in contrast to current waveforms that are sampled at 128 samples per cycle.

To avoid the loss of valuable information, the current is usually up-sampled
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to match the voltage. Current up-sampling interpolates the in-between data

points providing a waveform smoothing effect [77].

4.3.1.2 Smoothing and Curve Fitting

Smoothing the voltage and current waveforms before using them in

the fault locating algorithm yields results with less noise. A moving average

filter is applied to the voltage and current samples obtained after sampling the

respective waveforms. In this method, a low-pass filter with filter coefficients

equal to the reciprocal of the span is applied [77]. The number of sample

points to be smoothed is given by the span. Generally, the span is equal to 16

or 32 data samples depending on the noise in the signal.

In the algorithm proposed in (4.3) the derivative of the neutral current

In needs to computed at every time instant. A method based on smoothing

splines has been used to differentiate In. This method uses the curve fitting

procedure and fits a smoothing spline to the current waveform and calculates

the derivative at each point [78]. The smoothing spline method results in

the reduction of random noise when compared to simpler methods like the

trapezoidal method [79].

4.3.2 Post-Processing of Results

The proposed incipient fault location algorithm uses a moving window

approach resulting in a range of values for fault resistance and reactance over

the entire faulted portion of the waveform. Note that only the results obtained
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when the fault is active are valid and those when there is no fault present are

to be disregarded. Most of the times, the results obtained are stable during

the fault or vary within a very small range. The following post-processing

methods were used to obtain the best estimates during the fault.

4.3.2.1 Running Mean

All the estimates obtained during the fault interval are averaged pro-

viding the best possible estimate for R and L. Reasonable results can also be

obtained by simply taking the average of the highest and lowest value of the

result during the fault period.

4.3.2.2 Back Substitution

In this method the estimated parameters are substituted back into

(4.2). The best estimate for arc voltage, resistance and reactance to the fault

will result in the least square error when the estimated voltage in the faulted

phase is compared with that measured by the PQ monitor. The method can

be identified as given in (4.6).

VF,estimated = R · In + L ·
dIn
dt

+ Varc,mag · sign(In) (4.6)

min(e2) = min(
∑

(VF,estimated − VF,measured)
2)

where, VF,estimated is the faulted voltage estimated by substituting the param-

eters back into (4.6), VF,measured is the faulted voltage measured at the PQ

monitor. The time instant along the waveform where the least squared error

(LSE) exists is found out. The parameters at that time instant are considered
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to be the best estimated parameters, Rbest = R(tLSE) and Lbest = L(tLSE).

4.3.2.3 Median Estimate

The best estimate can also be obtained by taking the median of all

the estimates during the fault. The median is a robust statistic and is not

influenced by outliers.

Note that either of these methods can be used for selecting the best

resistance and reactance estimates to the fault.

4.3.3 Effect of Sample Window Length

Fault duration is the most important factor that determines the width

of the sample window. The window length chosen has to contain the entire

fault for a least one time instant. Sustained faults having duration more than

a few cycles can be easily identified if the window length is less than the

duration of the fault. However, using a very small window introduces noise in

the results that makes the interpretation of the estimates more difficult. On

the other hand, a longer window filters out most of the noise providing almost

constant resistance and reactance estimates during the fault period. Thus, in

case of a sustained fault, better results are obtained if a one cycle window (256

samples) is chosen. On the contrary, for incipient faults the window length

is less than one cycle (generally 1/4 to 1/2 cycle) depending on the duration.

The rule for window selection can be stated as, ’the window length should be

less than the fault duration’.
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4.4 Validation of Arc Voltage Algorithm

In this section, the proposed incipient fault location algorithm is eval-

uated and validated using known permanent fault cases, before applying it to

detect incipient cable faults. In the first step, the arc voltage estimate from the

proposed algorithm is compared with a fault having known arc voltage wave-

form. In the second step, the algorithm is applied to detect a permanent fault

with a known location. Finally, the performance of the proposed algorithm

in detecting permanent faults is compared to other common impedance-based

algorithms.

4.4.1 Validation Using Arcing Fault Waveforms

Fig. 4.6 shows a faulted 12.47 kV distribution feeder along with the

monitoring stations, namely, A at the bus level and B downstream from it.

PQM
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Fault

Feeder

P
Q

M

Source
Zsource

Figure 4.6: Faulted Distribution Feeder with Monitor Locations

A single line-to-ground fault in phase B occurred immediately down-

stream from monitor B. The faulted phase voltage and current captured by
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Figure 4.7: Faulted Phase Voltage and Current Recorded by Monitor A and
B

monitor A and B are shown in Fig. 4.7. The proposed incipient fault location

algorithm is applied to waveforms obtained from monitoring station A and is

compared with actual faulted phase voltage waveforms obtained from monitor-

ing station B. The arc voltage at monitor B has the classic square wave shape.

This can be approximated as measured arc voltage at the fault location since

monitor B is immediately upstream from the fault. Fig. 4.8 compares the es-

timates of arc voltage waveforms based on the substation monitor A with the
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Figure 4.8: Comparison between Estimated and Measured Arc Voltage

actual measurement of the arc voltage from the downstream monitor B. The

two are seen to match. Additionally, the arc voltage magnitude was observed

to increase during the event. This can be attributed to the arc elongation

phenomenon.

4.4.2 Validation Using Permanent Faults on Distribution Feeders

The application of the proposed algorithm to permanent faults is ex-

plained in this section. Permanent faults have duration of several cycles and

are cleared by the operation of overcurrent protection devices. Fig. 4.9 shows

the voltage and current waveforms captured by a power quality monitor during

a permanent fault on a 13.8 kV distribution feeder. The proposed incipient

fault locating algorithm is applied to this event. Resistance (R) (not shown

here), reactance XL = 2πfL and arc voltage(Varc) are computed as shown in

Fig. 4.10 and Fig. 4.11, respectively. As the fault has duration of several cycles

the window chosen is one cycle,corresponding to 256 samples.
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Figure 4.9: Voltage and Current During a Permanent Fault
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Figure 4.10: Estimated Reactance to the Fault XL

The three techniques for post-processing are applied to find the best es-

timate of the reactance to the fault. The results are summarized in Table 4.1.

The actual value of the reactance to the fault is 2.692 Ω. The estimated reac-
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Figure 4.11: Estimated Arc Voltage Magnitude at the Fault Varc,mag

tance is nearly equal to the actual value and the error percentages are found

to be low. In this way the accuracy of the proposed algorithm is validated

using a permanent fault. Note that in the subsequent sections of this chapter

the running mean technique is applied to obtain the best estimates.

Table 4.1: Reactance to Fault Estimates for Permanent Fault

Mean Median
Back

Substitution
XL (Ω) 2.517 2.512 2.509

Absolute Error(Ω) 0.175 0.180 0.183
Relative Error(%) 6.50 6.68 6.79

4.4.3 Comparison With Other Impedance-Based Methods

The accuracy of the proposed incipient fault locating method is com-

pared with other impedance-based methods by analyzing 27 actual permanent

faults. The reactance to the fault is calculated using the simple ohm’s law

based method, absolute value of impedance method, loop reactance method,
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Takagi method and Santoso et al algorithm [8, 9, 49]. The cumulative errors

are summarized in Table 4.2. It is seen that the proposed algorithm has the

least average relative error (12.58%) compared to rest of the methods.

Table 4.2: Comparison of Fault Location Methods
Method Average Relative Error(%)

Proposed Algorithm 12.58
Simple Ohm’s Law 16.22

Absolute Value of Impedance 16.17
Loop Reactance 21.98

Takagi 17.45
Santoso et al Algorithm 14.39 to 17.48

4.5 Application to Incipient Fault Location

The most important application of the proposed algorithm is for locat-

ing self-clearing or incipient faults. Three actual incipient cable fault cases are

analyzed in detail.

4.5.1 Case 1: Two Incipient Faults Leading to Permanent Fault

A series of faulted voltage and current waveforms captured by the same

monitor on a 13.8 kV distribution feeder were shown in Fig. 4.1. In this section,

the proposed algorithm is applied to determine the location of these events in

terms of the reactance to the fault from the monitor. The monitor samples the

voltage at a rate of 256 samples per cycle, while the current is sampled at a

rate of 128 samples per cycle. The current is up-sampled to match the voltage

sampling level. Based on the discussion in Section 4.3, the window length
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chosen for the two incipient faults in Fig. 4.1(a) and Fig. 4.1(b) is 100 samples,

i.e. between half and quarter cycle. On the other hand, for the permanent fault

shown in Fig. 4.1(c), the window length chosen is 256 samples, or one cycle.

The reactance to fault, XL estimates for all three events are shown in Fig. 4.12.

For this case, the actual reactance to the fault is unknown. However, assuming

the estimated reactance during the permanent fault as the actual value, the

errors for the results obtained by the precursor events are given in Table 4.3.

The average relative error in the reactance estimates obtained from the

self-clearing faults is 7.37% or 0.0250 Ω. It can be concluded that the first two

self-clearing events were precursors to the permanent fault event.

Table 4.3: Reactance to Fault Estimates for Events in Fig. 4.1

Event
Mean

Reactance
Estimate(Ω)

Absolute
Error(Ω)

Relative
Error(%)

Self-Clearing Fault 1 0.344 0.0050 1.47
Self-Clearing Fault 2 0.384 0.0450 13.27

Average 0.0250 7.37
Permanent Fault 0.339 N/A N/A

4.5.2 Case 2: Final Stages of Cable Failure

An interesting event captured by a monitor on a 13.8 kV underground

cable is shown in Fig. 4.13. This event depicts the last stages of the cable

failure process, where the incipient faults have increased in frequency and are

followed by a permanent fault. The first three faults on phase C, are incipient,

with a duration between half and one cycle, while the permanent fault has
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Self-Clearing Fault on 2008-11-12 at 19:40

Self-Clearing Fault on 2008-11-12 at 21:11

Permanent Fault on 2008-11-14 at 15:51

Figure 4.12: Reactance to Fault Estimates for Events shown in Fig. 4.1

duration of about one and a half cycles.

90



0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
−20

0

20

time(s)
kV

 

 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
−5

0

5

time(s)

kA

 

 

Permanent FaultSC−3SC−2SC−1

Figure 4.13: Incipient Cable Faults on 2005-04-02 at 13:16
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Figure 4.14: Reactance to Fault Estimates for Events shown in Fig. 4.13

The monitor samples the voltage at a rate of 256 samples per cycle,

while the current is sampled at a rate of 128 samples per cycle. A 128 sample

window is chosen and the reactance to fault estimates are computed as shown

in Fig. 4.14. For this case, the actual reactance to the fault is unknown.

However, assuming the estimated reactance during the permanent fault as

the actual value, the errors for the results obtained by the precursor events
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are given in Table 4.4. The average relative error in the reactance estimates

obtained from the three self-clearing faults is 4.69% or 0.049 Ω. Note that,

only the estimates computed when the fault is active hold significance.

Table 4.4: Reactance to Fault Estimates for Events shown in Fig. 4.13

Event
Mean

Reactance
Estimate(Ω)

Absolute
Error(Ω)

Relative
Error(%)

Self-Clearing Fault 1 0.954 0.092 8.80
Self-Clearing Fault 2 1.004 0.042 4.02
Self-Clearing Fault 3 1.033 0.013 1.24

Average 0.049 4.69
Permanent Fault 1.046 N/A N/A

4.5.3 Case 3: PQ Monitor and Relay Data

This section describes the location results for incipient faults recorded

at a 13.8 kV distribution feeder for an underground circuit. The PQ monitor

is located at the bus which has four distribution transformers connected to it.

Since there are four transformers in service, the reactance to the fault results

are divided by four from the actual estimates. Relays are located on each of

the feeders. A series of self-clearing faults occurred on this underground circuit

and were recorded by the PQ monitor as well as the feeder relay. The entire

event had four self-clearing faults followed by a permanent fault (not shown

here). The first incipient fault captured by the PQ monitor and the relay is

shown in Fig. 4.15 and Fig. 4.16, respectively. The other incipient faults are

similar to the first fault in the series. The cause of this event was a cable
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joint failure and the actual reactance to the fault is known, 0.5817 Ω from the

monitor.
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Figure 4.15: First Incipient Fault Captured by PQ Monitor on 2009-10-07

The sampling rate of the PQ monitor for current and voltage is 128

samples per cycle. On the other hand, the relay samples the three-phase

voltage and current at a rate of 32 samples per cycle. The reactance to the

fault is estimated by applying the proposed algorithm to both the PQ monitor

and relay data. A half cycle window is used for the incipient faults, while a

one cycle window is used for the permanent fault. The results are summarized

in Table 4.5 and Table 4.6 for the reactance estimates obtained from PQ

monitor and relay data, respectively. It can be seen that the reactance to

the fault estimates computed using the PQ monitor data are closer to the
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Figure 4.16: First Incipient Fault Captured by Relay on 2009-10-07

known value with an average absolute error of 0.0208 Ω and average relative

error of 3.58%. The accuracy decreases for the relay estimates as the sampling

rate is 32 samples per cycle as compared with the PQ monitor, which has a

sampling rate of 128 samples per cycle. However, this case demonstrates that

the proposed algorithm can be applied to relay data as well, to yield acceptable

results. Higher the sampling rate, better the accuracy of the results.

4.6 Effect of Line Capacitance

An algorithm to estimate the distance to the fault based on the voltage

and current data recorded at a monitoring site was proposed in this chapter.

In this section a modified version of this algorithm is developed taking into
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Table 4.5: Reactance to Fault Estimates for Events Captured by PQ Monitor

Event
Mean

Reactance
Estimate(Ω)

Absolute
Error(Ω)

Relative
Error(%)

Self-Clearing Fault 1 0.6460 0.0064 11.05
Self-Clearing Fault 2 0.5740 0.0077 1.32
Self-Clearing Fault 3 0.5775 0.0042 0.72
Self-Clearing Fault 4 0.5888 0.0071 1.21

Average 0.0208 3.58
Permanent Fault 0.6125 0.0308 5.29

Table 4.6: Reactance to Fault Estimates for Events Captured by Feeder Relay
Event Mean Reactance Estimate(Ω) Absolute Error(Ω)
Self-Clearing Fault 1 0.8362 0.2545
Self-Clearing Fault 2 0.7112 0.1295
Self-Clearing Fault 3 0.7838 0.2021
Self-Clearing Fault 4 0.7553 0.1736
Permanent Fault 0.4446 0.1629

account the capacitance of the distribution line or cable.

4.6.1 Algorithm Development

Consider that a single line-to-ground fault occurs on an underground

cable. The cable, as seen from the monitoring site, can be represented by an

equivalent Π model as shown in Fig. 4.17.

To simplify the analysis it is assumed that the capacitor on the load

side of the Π model is essentially shorted by the fault. Now the fault circuit

consists only of R ,L and C on the source side, as shown in Fig. 4.18.

The faulted phase voltage measured at the monitoring station, VF , and
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Figure 4.17: Equivalent Π Model of Cable During a Single Line-to-ground
Fault
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Figure 4.18: Simplified Model of Cable During a Single Line-to-ground Fault

the currents I1 and I2 are represented in (4.7).

VF = R · I1 + L ·
dI1
dt

+ Varc,mag · sign(I1)

I1 = IF − I2

I2 = C ·
dVF

dt
(4.7)

Using (4.7), the expression representing a single line-to-ground fault

can be given as (4.8). As the fault current IF is much greater than the current
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I2, only the sign of IF is calculated in the last term.

VF = R · IF −R · C ·
dVF

dt
+ L ·

dIF
dt

− L · C ·
d2VF

dt2

+ Varc,mag · sign(IF ) (4.8)

Note that R and L used in (4.8) are the self-resistance and inductance

of the line conductor, respectively.

It was stated in Section 4.2, the faulted phase current typically contains

a component of the load current, which can lead to inaccurate fault location

estimates. Hence, neutral current recorded at the monitor is used in (4.8)

instead of faulted phase current IF . Common sampling rates of PQ monitor

waveforms are 128 or 256 samples per cycle, which results in an overdetermined

system of equations. These equations can be represented in the matrix form

as shown in (4.9).

[VF ] =

[

In −
dVF

dt

dIn
dt

−
d2VF

dt2
sign(In)

]

·













R
−R · C

L
−L · C
Varc,mag













(4.9)

For solving (4.9) is written as follows.
A ·X = b

A = [a1 a2 a3 a4 a5]

a1 = In, a2 = −
dVF

dt
, a3 =

dIn
dt

,

a4 = −
d2VF

dt2
, a5 = sign(In)

[X]T = [R −R · C L − L · C Varc,mag]

b = VF (4.10)
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The system of equations in (4.10) is overdetermined with 5 unknowns

given by X. Such an overdetermined system of equations is solved using non-

negative least square method given by (4.5). This assures that only positive

values of R, L, C and Varc,mag are considered as only positive values of these

quantities hold physical significance.

4.6.2 Validation

The incipient fault location algorithm with the cable capacitance is

validated on the similar lines as before. Since, the arc voltage estimation

technique is the same as before, the results are identical for the example in

Section 4.4, .

4.6.2.1 Application to Permanent Fault

In the first step of the validation process the modified algorithm is

applied to the permanent fault shown in Fig. 4.9. The reactance to fault

estimate is plotted in Fig. 4.19 and the mean value is 2.434 Ω. The absolute

error is 0.258 Ω, while the relative error is 9.58 %.

4.6.2.2 Application to Incipient Fault

In this step the modified algorithm is applied to the series of incipient

cable faults shown in Fig. 4.13. Using a 128 sample window, the reactance

to the fault estimates are computed as shown in Fig. 4.20 and the errors are

given in Table 4.7. The average absolute error and average relative error in
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Figure 4.19: Estimated Reactance to the Fault for fault shown in Fig. 4.9

the reactance estimates obtained from the three self-clearing faults is 0.043 Ω

and 4.25%, respectively.
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Figure 4.20: Reactance to Fault Estimates for Events shown in Fig. 4.13

4.6.3 Observations

All other cases were also recalculated using the modified algorithm and

no appreciable change in the results was observed. Hence, it can be concluded

that based on the above analysis there is no significant advantage of including

the line capacitance in estimating the fault location.
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Table 4.7: Reactance to Fault Estimates for Events shown in Fig. 4.13

Event
Mean

Reactance
Estimate(Ω)

Absolute
Error(Ω)

Relative
Error(%)

Self-Clearing Fault 1 1.050 0.039 3.86
Self-Clearing Fault 2 0.958 0.053 5.24
Self-Clearing Fault 3 1.048 0.037 3.66

Average 0.043 4.25
Permanent Fault 1.011 N/A N/A

4.7 Summary

In this chapter, a robust incipient fault location algorithm was devel-

oped in the time-domain, which utilizes waveform data collected by PQ mon-

itors to estimate the fault distance in terms of the line impedance. It takes

into account the arc voltage associated with incipient cable faults as described

in Section 4.1. The development of the algorithm was detailed in Section

4.2. This algorithm can be applied to any single line-to-ground fault as long

as an appropriate window length smaller than the fault duration is chosen.

Along with the proper window length, appropriate pre- and post-processing

techniques described in Section 4.3 have to be applied for obtaining accurate

results. The efficacy of the proposed algorithm was extensively evaluated us-

ing real world data in Sections 4.4 and 4.5. It was demonstrated through

example cases that the proposed algorithm can be used to locate multi-cycle

and sub-cycle faults for monitors with sampling rates as low as 32 samples per

cycle. The average error in incipient fault location was found to be below 10%

in all three cable fault cases analyzed. A modified version of the algorithm
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considering the line capacitance was developed in Section 4.6. It was found

that there was no significant improvement in the accuracy by including the

line capacitance.

In the next chapter, this arc voltage based incipient cable fault location

algorithm is extended to evolving faults on overhead distribution lines.

101



Chapter 5

Time-Domain Algorithm for Locating

Evolving Faults on Overhead Lines

As described in previous chapters, majority of faults occurring on over-

head distribution lines are single line-to-ground or SLG faults. However, a

common occurrence on overhead distribution lines is an evolving fault. A

fault caused by a foreign object such as a tree branch or an animal coming in

contact with one conductor generally starts off as a single line-to-ground fault.

After few power frequency cycles, the object can come in contact with another

phase conductor and the fault is now line-to-line-to-ground. Such faults are

called as evolving faults. Most of the fault location algorithms are applicable

to only single line-to-ground faults and are not fully extended to multi-phase

faults [8, 9, 42, 49]. Some state-of-the-art fault location algorithms like the one

proposed in [43, 50] is applicable to multi-phase faults, however it works in the

phasor-domain. A direct three-phase circuit analysis approach for line-to-line

faults using RMS quantities is also developed in [44, 51].

Another major drawback of the present fault location methods is that

they assume the circuit conditions to remain unchanged for the fault duration.

The arc voltage present at the fault location is neglected. An electric arc is

generally formed when a foreign object is coming in contact with the phase
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wires. The arc voltage magnitude can be particularly high for animal and

tree contact faults which commonly occur on overhead distribution lines. An

arc voltage fault location algorithm to detect incipient faults in electric cables

was developed in the previous chapter. Continuing on similar lines, this chap-

ter develops a time-domain algorithm for estimating the location of evolving

faults.

The approach taken in this chapter is to divide the evolving fault into

two parts, namely, the single line-to-ground (SLG) portion and the line-to-

line-to-ground (LLG) portion. Each portion is analyzed separately since the

circuit conditions are different. Time-domain models are derived for the SLG

and LLG portion using a direct circuit analysis approach. The proposed fault

location estimation method requires only the three-phase voltage and current

as the input. Unlike other present methods, it does not need the circuit model

of the distribution network. Section 5.1 develops the distance-to-fault esti-

mate for the SLG portion of the fault in terms of the loop reactance between

the monitor and the fault. On the other hand, for the LLG portion of the

fault the distance is estimated in terms of the positive-sequence reactance in

Section 5.2. Slight variation of the algorithm is extended for line-to-line faults

as well. In each case, the electric arc is dynamically modeled as a function

of the fault current. The proposed algorithm is applied to locate faults on

actual and known (two evolving, two line-to-line) fault cases in Section 5.3.

In order to contrast the results from the proposed time-domain method, those

from the traditional RMS method are also presented. Furthermore, additional
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ten actual and known multi-phase fault cases are also analyzed in Section 5.4.

The effect of load current on the accuracy of the fault location estimates is

quantified in Section 5.5. Section 5.6 explains the application to the proposed

approach to fault location on distribution feeders with laterals.

• Publication: Part of the work presented in this chapter has been ac-

cepted for publication in [21]:

– S. Kulkarni and S. Santoso, “Time-domain algorithm for locating

evolving faults,” IEEE Transactions on Smart Grids, accepted for

publication, June 2012, (TSG-00706-2011).

5.1 Analysis of SLG Portion of the Evolving Fault

As described in the introduction an evolving fault starts out as an

SLG fault and then spreads to another phase. It was also pointed out that

significant arc voltage is associated with contact faults on distribution circuits.

This section develops an algorithm to estimate the location of the SLG portion

of the fault taking the arc voltage into consideration. The location is estimated

in terms of the self-reactance of the line between the monitor and the fault.

Note that a similar approach for single-phase cable faults was described in the

previous chapter. It is repeated here with focus on evolving faults on overhead

lines.

A single line-to-ground fault in phase A is shown in Fig. 5.1. Van is

the recorded fault voltage at the monitoring site, while Varc is the arc voltage
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present at the fault. The arc present at the fault location is called as the

primary arc. In general, the arc voltage during the fault is a combination of a

square wave shape and a random white noise [65] which can be expressed as

(5.1). This arc voltage model was validated in the previous chapter.

PQM

Van

LsRs

Varc
Ia

Vbn

Ib

Vcn

Ic

Rm= mutual resistance Lm=mutual inductance

Rs Ls

Rs Ls

PQM

PQM

Figure 5.1: Single Line-to-ground Fault

Varc(t) = Varc,mag · sign[IF (t)] +£(t) (5.1)

where,

Varc(t) is the arc voltage

IF (t) is the fault current

£(t) is the random zero mean white Gaussian noise

Varc,mag is the amplitude of the ideal square wave voltage

sign[IF (t)] = 1, if IF (t) > 0 and -1 if IF (t) ≤ 0
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Incorporating the arc voltage in the distance estimation algorithms gen-

erally improves their accuracy. This is because fault arc resistance cannot be

assumed as zero (bolted fault) in all the cases especially the ones with signifi-

cant arc voltage. The use of arc voltage based method was proposed in [55, 64]

and a simplified approach is used here. The voltage at the PQ monitoring site

in the time-domain, Van for the faulted phase can be written as follows.

Van = Rs · Ia + Ls ·
dIa
dt

+Rm · Ib + Lm ·
dIb
dt

+ Rm · Ic + Lm ·
dIc
dt

+ Varc,mag · sign(Ia) (5.2)

where,

Van is the fault phase voltage measured at PQ monitor

Ia is the line current of the faulted phase A

Ib is the line current of the unfaulted phase B

Ic is the line current of the unfaulted phase C

Ls is the self-inductance of the line from the monitor to the fault

Rs is the self-resistance of the line from the monitor to the fault

Lm is the mutual inductance between the lines from the monitor to the

fault

Rm is the mutual resistance between lines from the monitor to the fault

During a single line-to-ground fault the magnitude of the fault current

(Ia) is much greater than the magnitude of the currents in other phases (Ib

and Ic). Also, it was stated in the previous section that the magnitude of

the mutual impedance is less than the self-impedance of the line. Hence,
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the expression in (5.2) can be simplified in to (5.3) by neglecting the mutual

coupling terms.

Van = Rs · Ia + Ls ·
dIa
dt

+ Varc,mag · sign(Ia) (5.3)

The expression in (5.3) is applicable at every point of the voltage and

current waveform obtained from the power quality monitors. Common sam-

pling rates of PQ monitor waveforms are 128 or 256 samples per cycle, which

results in an overdetermined system of equations. These equations can be

represented in the matrix form as shown in (5.4). A window is defined as the

number of sample points analyzed at a given time instant.

[Van] =

[

Ia
dIa
dt

sign(Ia)

]

·





Rs

Ls

Varc,mag



 (5.4)

For solving Rs, Ls and Varc,mag, (5.4) is written as follows.

A ·X = b

A = [a1 a2 a3] , a1 = Ia, a2 =
dIa
dt

, a3 = sign(Ia)

[X]T = [Rs Ls Varc,mag]

b = Van (5.5)

The system of equations in (5.5) is overdetermined with 3 unknowns

given by X. Such an overdetermined system of equations is solved using non-

negative least square method [76]. This assures that only positive values of Rs,

Ls and Varc,mag are considered as only positive values of these quantities hold
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physical significance. Non-negative least squared algorithm minimizes the sum

of squares of the errors (or white noise) as written mathematically in (5.6).

minimize norm(A ·X − b) subject to X ≥ 0 and A, b ⊂ real (5.6)

After computing the unknowns at one time instant the window is shifted

to the next instant and the process is repeated for the entire waveform. Note

that the arc voltage during the fault may vary considerably due to the ten-

dency of the arc to elongate or shrink over a period of time. Nevertheless,

the resistance- and reactance-to-fault should be constant during a fault. Once

constant values for Rs and Ls are known, the impedance from the monitoring

point to the fault location can be obtained and hence the fault location. Note

that fault resistance, other than that accounted for by the arc, can affect the

Rs term. However, the Ls term is robust and, hence it is preferred to measure

the fault distance in terms of the line reactance.

5.1.1 Smoothing and Curve Fitting

Smoothing of noisy waveforms is carried out using a moving average

filter before applying the algorithm in (5.6). A low-pass filter with filter coeffi-

cients equal to the reciprocal of the span is applied [77]. The number of sample

points to be smoothed is given by the span. Generally, the span is equal to 16

or less data samples (for data at 256 samples/cycle) depending on the noise in

the signal. This was also found to not remove any useful information. Further-

more, the derivative of the fault current needs to be computed at every time

instant. The differentiation is carried out using the smoothing splines based
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technique [78]. This helps to mitigate any noise in the measurements that

might have not been filtered out properly. The current waveform during the

fault is fitted as a function of time using the smoothing splines technique. The

resulting parametric piecewise cubic polynomials are then analytically differ-

entiated since they have a closed-loop form. This results in the reduction of

random noise when compared to simpler methods like the trapezoidal method

[36, 79].

5.1.2 Choice of Window Length

A window is defined as the number of sample points analyzed using

(5.5) at a given time instant. Fault duration is the most important factor that

determines the width of the sample window. The window length chosen has

to contain the entire fault for a least one time instant. Sustained faults having

duration more than a few cycles can be easily analyzed if the window length

is less than the duration of the fault. However, using a very small window

introduces noise in the results that makes the interpretation of the estimates

more difficult. On the other hand, a longer window filters out most of the

noise providing almost constant reactance estimates during the fault period.

A one cycle window is chosen in this chapter since all the fault cases analyzed

are sustained faults. After applying the proposed algorithm to fault data, a

range of values for the reactance to fault are obtained. The running mean of

these estimates is computed from the start time of the fault to the end of the

fault minus the window length, so that the fault is always in the window. This
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value is reported as the fault location estimate for both SLG and LLG fault

portions.

The expression developed in (5.5) is a time-domain estimate of the

reactance-to-fault, considering the arc voltage. The simplified expression for

the impedance-to-fault, Zs using RMS quantities is given in (5.7). This formula

assumes a bolted fault and is commonly used to estimate the fault distance

[1, 8, 9].

Zs =
Van

3 · I0
(5.7)

where,

I0 is the zero-sequence current during the fault

5.2 Analysis of LLG Portion of the Evolving Fault

Section 5.1 developed an algorithm for estimating the location of the

SLG portion of an evolving fault. In this section the LLG portion of the fault

is analyzed and an algorithm is developed to estimate the distance-to-fault

in terms of the positive-sequence reactance of the line between the monitor

and the fault. Consider the line-to-line-to-ground fault in phases A and B

represented in Fig. 5.2. Application of KVL around the loop shown in Fig. 5.2

(solid line) can be expressed as (5.8). Note that other loops can also be formed

(shown in dotted lines). However, the most convenient one is chosen here.

110



PQM

Van

LsRs

Varc

Ia

Vbn

Ib

Vcn

Ic

Rm= mutual resistance Lm=mutual inductance
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Rs Ls

PQM

PQM

Figure 5.2: Line-to-line-to-ground Fault

Van = Rs · Ia + Ls ·
dIa
dt

+Rm · Ib + Lm ·
dIb
dt

+ Rm · Ic + Lm ·
dIc
dt

−Rs · Ib − Ls ·
dIb
dt

− Rm · Ia − Lm ·
dIa
dt

−Rm · Ic − Lm ·
dIc
dt

+ Vbn (5.8)

As the mutual resistance and inductance terms for Ic cancel each other

out, (5.8) is written as (5.9) and further as (5.10) and (5.11).

Van − Vbn = Rs (Ia − Ib) + Ls

(

dIa
dt

−
dIb
dt

)

− Rm (Ia − Ib) + Lm

(

dIa
dt

−
dIb
dt

)

(5.9)
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Van − Vbn = (Rs −Rm) (Ia − Ib)

+ (Ls − Lm)

(

dIa
dt

−
dIb
dt

)

(5.10)

Vab = (Rs −Rm) (Ia − Ib)

+ (Ls − Lm)

(

(dIa − dIb)

dt

)

(5.11)

Since, (Rs −Rm) = R1 and (Ls − Lm) = L1 (from (2.11)) the equation

can be simplified to (5.12).

Vab = R1 (Ia − Ib) + L1

(

(dIa − dIb)

dt

)

(5.12)

The expression in (5.12) is applicable at every point of the voltage and

current waveform obtained from the PQ monitors, thus forming an overdeter-

mined set of equations. Similar to the single line-to-ground fault case in (5.4),

these equations can be represented in the matrix form as shown in (5.13).

[Vab] =

[

(Ia − Ib)
(dIa − dIb)

dt

]

·
[

R1

L1

]

(5.13)

For solving R1 and L1, (5.13) is written as follows.

A ·X = b

A = [a1 a2] , a1 = (Ia − Ib) , a2 =
(dIa − dIb)

dt

[X]T = [R1 L1]

b = Vab (5.14)

The system of equations in (5.14) is overdetermined with 2 unknowns

given by X. Such an overdetermined system of equations is solved using non-

negative least square method [76]. Similar to the single line-to-ground fault
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case, it is preferred to measure the fault distance in terms of the line reactance.

However, in this case, it is the positive-sequence reactance as compared to the

self-reactance or loop reactance for the single line-to-ground fault case. The

magnitude of the arc voltage, can be determined by using the results obtained

using (5.14) and the dotted loops shown in Fig. 5.2.

The expression developed in (5.14) is a time-domain estimate of the

reactance-to-fault. The simplified expression for the impedance-to-fault using

RMS quantities is developed here assuming a bolted fault as shown in Fig. 5.3.

The voltages at the fault location are denoted by Vfa, Vfb, and Vfc, and the

voltages measured at PQM are denoted as Van, Vbn, and Vcn.

PQM

Van

LsRs

Ia

Vbn

Ib

Vcn

Ic

Rs Ls

Rs Ls

Vfa = Vfb = 0

Vfc

PQM

PQM

Figure 5.3: Line-to-line-to-ground Fault: RMS Method

The line-to-line-to-ground faulted circuit shown in Fig. 5.3 is trans-

formed into the sequence domain as shown in Fig. 5.4. Unlike an ideal power

system, this system cannot be assumed to be perfectly balanced and hence
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there will be prefault positive as well as negative and zero-sequence voltages.

Remember, we are measuring voltages at PQM and not at fault site.

V1

z1 z2 z0

V2 V0

I1 I2 I0

+

-

+

-

+

-
Vf1

Vf2 Vf0

Figure 5.4: Line-to-line-to-ground Fault: RMS Method-Sequence Network

From Fig. 5.4,

V1, V2, and V0 are the positive, negative and zero-sequence voltages

measured at the monitoring site

Vf1, Vf2, and Vf0 are the positive, negative and zero-sequence voltages

at fault location

I1, I2, and I0 are the positive, negative and zero-sequence currents

measured at monitoring site

z1, z2, and z0 are the positive, negative and zero-sequence impedances

between monitoring site and fault location

The sequence voltages at the fault location can be expressed as follows.

Vf1 = V1 − I1 · z1

Vf2 = V2 − I2 · z2

Vf0 = V0 − I0 · z0 (5.15)
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From the circuit shown in Fig. 5.4, we have the following identity.

V1 − I1 · z1 = V2 − I2 · z2 (5.16)

For an ideal circuit z1 = z2 and hence (5.16) can be expressed as (5.17)

and further rearranged as (5.18).

V2 − V1 = z1 · (I2 − I1) (5.17)

z1 =
V2 − V1

I2 − I1
(5.18)

Since I1 + I2 + I0 = 0, I1 = −I2 − I0, the expression for the positive-

sequence reactance-to-fault z1 is given in (5.19). This expression is commonly

used to determine the fault distance during a line-to-line-to-ground fault, how-

ever is less accurate than the one developed in (5.14)

z1 =
V2 − V1

2 · I2 + I0
(5.19)

5.2.1 Line-to-line Fault

The time-domain fault location algorithm developed for the line-to-

line-to-ground fault can be modified for a line-to-line fault shown in Fig. 5.5.

Applying KVL and following the same procedure as before, the result-

ing expression is as given in (5.20). Note the existence of the electric arc
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Figure 5.5: Line-to-line Fault

between the two phases.

[Vab] =

[

(Ia − Ib)
(dIa − dIb)

dt
sign (Ia − Ib)

]

·





R1

L1

Varc



 (5.20)

The solution is obtained using the non-negative least square method

used previously. Similar to the LLG case, the fault distance is measured in

terms of the positive-sequence line reactance from the monitor.

5.3 Application to Faults in Utility Distribution Net-

works

In this section, the application of the algorithm developed in Section

5.1 and Section 5.2 to locate faults on utility distribution feeders is explained.

All data used is obtained from the relays and PQ monitors located in the
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distribution networks of the participating utilities.

5.3.1 Case 1: Evolving Fault

The circuit diagram for Case 1 is shown in Fig. 5.6 [80]. The rated

voltage at the substation is 12.47 kV. The feeder conductor has positive- and

zero-sequence impedances of z1 = 0.2780 + j0.6584 Ω/mile and z0 = 0.5474 +

j1.9720 Ω/mile, respectively. A SEL-351S relay is present at the substation

for line protection. The relay sampling rate is 16 samples per cycle.

 

Substation  
(Relay) 

Fault Location 

Figure 5.6: Case 1: Circuit Diagram with Relay and Fault Location

At 20:57 on 6th June 2010, a fault occurred on this circuit. The voltage

and current waveforms for this event were recorded by the relay and are shown

in Fig. 5.7. It can be seen that this event starts off as a single line-to-ground
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Figure 5.7: Case 1: Fault Starts in Phase C and Spreads to Phase A

fault in phase C. Within three cycles, the fault evolves into a line-to-line-to-

ground fault between phases A and C. The faulted equipment was identified

by the utility as a burned capacitor located on a three-phase lateral 3.10 miles

from the substation. The fault location is identified in the circuit diagram

shown in Fig. 5.6.

The algorithm developed in Section 5.1 for single line-to-ground faults

is applied to first three cycles of the fault in phase C with the window length

of 1 cycle or (16 samples). The reactance-to-fault estimate obtained in terms

of the self-reactance Xs = 2π60Ls Ω is shown Fig. 5.8. It is converted in terms
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of the distance-to-fault in miles using the self-impedance of the line, zs in

Ω/mile. Note that only the estimates when the fault is active are valid. Since,

the estimate is nearly constant, we take a running mean of all the Xs values

in the fault range. The running mean of Xs is calculated from the start time

of the fault to the end of the fault minus the window length, so that the fault

is always in the window. The results obtained for the SLG portion of the fault

are summarized in Table 5.1. The proposed time-domain algorithm as well

as the conventional RMS method has been used for comparison. The RMS

method only provides a point estimate. Since the total length of the feeder is

unknown, the error in the location estimate is calculated using (5.21). It can

be seen from Table 5.1 that the relative error using the proposed method is

about 6% as compared to 9.67% using the RMS method.
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Figure 5.8: Estimated Loop Reactance-to-fault, Xs for Case 1

error(%) =

(

estimated location− actual location

actual location

)

· 100 (5.21)

Now, the algorithm developed in Section 5.2 for line-to-line-to-ground
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Table 5.1: Loop Reactance-to-Fault (Xs) Estimates for Event shown in Fig. 5.8
zs = 0.3678 + j1.0963 Ω/mi, actual dist = 3.10 mi

Method
Mean Distance
Estimate(mi)

Absolute
Error(mi)

Relative
Error(%)

RMS Method 3.4000 0.3000 9.67
Proposed

Time-domain Method
3.2842 0.1842 5.94

faults is applied to latter part of the fault, when phases C as well as A are

affected. The reactance-to-fault estimate obtained in terms of the positive-

sequence reactance X1 = 2π60L1 Ω is shown Fig. 5.9. It is converted in terms

of the distance-to-fault in miles using the positive-sequence impedance of the

line, z1 in Ω/mile. The results obtained for the LLG portion of the fault

are summarized in Table 5.2. The proposed time-domain algorithm as well

as the conventional RMS method is used for comparison. It can be seen from

Table 5.2 that the relative error using the proposed method is only about 0.6%

as compared to 15.48% using the RMS method.
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Figure 5.9: Estimated Positive-sequence Reactance-to-fault, X1 for Case 1
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Table 5.2: Positive-sequence Reactance-to-Fault (X1) Estimates for Event
shown in Fig. 5.9

z1 = 0.2780 + j0.6584 Ω/mi, actual dist = 3.10 mi

Method
Mean Distance
Estimate(mi)

Absolute
Error(mi)

Relative
Error(%)

RMS Method 3.5800 0.4800 15.48
Proposed

Time-domain Method
3.1185 0.0185 0.59

In this way, the proposed algorithm was applied to the SLG as well as

the LLG portion of the fault and accurate location estimates were obtained.

The accuracy is much better than the conventional RMS method.

5.3.2 Case 2: Evolving Fault

The voltage and current waveforms captured by a PQ monitor during

an evolving fault on a 13.8 kV distribution feeder are shown in Fig. 5.10.

The monitor samples the voltage and the current at a rate of 256 and 128

samples per cycle, respectively. The current is up-sampled to match the voltage

sampling level. The event begins as an SLG fault in phase A and spreads to

phase B after about 4 cycles. The cause of the fault was recorded as ’conductor

off pin’ during heavy rains. The utility is aware of the exact fault location

after visual inspection and the distance is given in terms of the line impedance

from the monitor at the substation. The actual known positive-sequence,

zero-sequence and loop impedance-to-fault are z1 = 0.3799 + j0.3996 Ω, z0 =

0.7421 + j1.1148 Ω and zs = 0.5006 + j0.6379 Ω, respectively. The proposed

algorithm is first applied to the SLG fault in phase A. The reactance-to-fault
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estimate obtained in terms of the loop reactance is shown in Fig. 5.11 and

is summarized in Table 5.3. The relative error using the proposed method is

about 6% as compared to over 100% using the RMS method.
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Figure 5.10: Case 2: Fault Starts in Phase A and Spreads to Phase B
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Figure 5.11: Estimated Loop Reactance-to-fault, Xs for Case 2
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Table 5.3: Loop Reactance-to-Fault (Xs) Estimates for Event shown in
Fig. 5.11

actual zs to fault = 0.5006 + j0.6379 Ω

Method
Mean

Reactance
Estimate(Ω)

Absolute
Error(Ω)

Relative
Error(%)

RMS Method 1.2851 0.6472 101.45
Proposed

Time-domain Method
0.5997 0.0382 5.98

In the second step, the proposed algorithm is applied to the LLG por-

tion of the fault. The fault location estimate obtained in terms of the positive-

sequence reactance is shown in Fig. 5.12 and is summarized in Table 5.4. The

relative error using the proposed method is about 2% as compared to 22%

using the RMS method.
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Figure 5.12: Estimated Positive-sequence Reactance-to-fault, X1 for Case 2
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Table 5.4: Positive-sequence Reactance-to-Fault (X1) Estimates for Event
shown in Fig. 5.12

actual z1 to fault = 0.3799 + j0.3996 Ω

Method
Mean

Reactance
Estimate(Ω)

Absolute
Error(Ω)

Relative
Error(%)

RMS Method 0.4883 0.0887 22.20
Proposed

Time-domain Method
0.3915 0.0081 2.03

5.3.3 Case 3: Line-to-line Fault

The voltage and current waveforms captured by a PQ monitor during

a line-to-line fault on a 13.8 kV distribution feeder are shown in Fig. 5.13.

The monitor samples the voltage at a rate of 256 samples per cycle, while the

current is sampled at a rate of 128 samples per cycle. The cause of the fault

was a vehicle accident. The actual known positive-sequence, zero-sequence and

loop impedance between the monitor and the fault are z1 = 0.4259+j0.8009 Ω,

z0 = 1.1779 + j2.4818 Ω and zs = 0.6766 + j1.3612 Ω, respectively.

The proposed algorithm is applied to the LL fault in phases B and

C. The reactance-to-fault estimate obtained in terms of the positive-sequence

reactance is shown in Fig. 5.14 and is summarized in Table 5.5. The relative

error using the proposed method is merely 0.3% as compared to 15.59% using

the RMS method.
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Figure 5.13: Case 3: Line-to-line Fault between Phases B and C
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Figure 5.14: Estimated Positive-sequence Reactance-to-fault, X1 for Case 3

5.3.4 Case 4: Line-to-line Fault

The voltage and current waveforms captured by a PQ monitor during a

line-to-line fault on another 13.8 kV distribution feeder are shown in Fig. 5.15.
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Table 5.5: Positive-sequence Reactance-to-Fault (X1) Estimates for Event
shown in Fig. 5.14

actual z1 to fault = 0.4259 + j0.8009 Ω

Method
Mean

Reactance
Estimate(Ω)

Absolute
Error(Ω)

Relative
Error(%)

RMS Method 0.9258 0.1249 15.59
Proposed

Time-domain Method
0.7985 0.0024 0.30

The monitor samples the voltage at a rate of 256 samples per cycle, while the

current is sampled at a rate of 128 samples per cycle. The cause of the fault

was connector failure. The actual known positive-sequence, zero-sequence and

loop impedance between the monitor and the fault are z1 = 0.0813+j0.1364 Ω,

z0 = 0.2035 + j0.4143 Ω and zs = 0.1220 + j0.2290 Ω, respectively.
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Figure 5.15: Case 4: Line-to-line Fault between Phases B and C
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The proposed algorithm is applied to the LL fault in phases B and

C. The reactance-to-fault estimate obtained in terms of the positive-sequence

reactance is shown in Fig. 5.16 and is summarized in Table 5.6. The relative

error using the proposed method is 8.79% as compared to 45.23% using the

RMS method. Additionally, the resultant arc voltage (Varc,mag · sign[IF (t)]) at

fault location between the two phases is shown in Fig. 5.17. It can be seen

that the arc voltage magnitude varies during the fault, however the positive-

sequence reactance estimate is nearly constant as seen in Fig. 5.16.
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Figure 5.16: Estimated Positive-sequence Reactance-to-fault, X1 for Case 4
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Figure 5.17: Estimated Arc Voltage at Fault Location for Case 4
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Table 5.6: Positive-sequence Reactance-to-Fault (X1) Estimates for Event
shown in Fig. 5.16

actual z1 to fault = 0.0813 + j0.1364 Ω

Method
Mean

Reactance
Estimate(Ω)

Absolute
Error(Ω)

Relative
Error(%)

RMS Method 0.1981 0.0617 45.23
Proposed

Time-domain Method
0.1484 0.0120 8.79

5.4 Additional Cases and Summary

Apart from the four cases explained in detail in the previous section, ten

more known evolving fault and line-to-line fault cases were analyzed. The re-

sults of all fourteen cases are summarized in Fig. 5.18. The estimated positive-

sequence reactance for the two-phase section of the fault is plotted vs. the

actual reactance obtained from the circuit database of the utility. The plot in

Fig. 5.18 shows a reference line having slope 1 and passing through the ori-

gin, superimposed on the location estimates. It can be seen that the location

estimates, on an average, fall close to this line. In order to better quantify

the accuracy of the estimates, a least-square estimate regression line is plotted

as shown in Fig. 5.18. The slope of this line is 0.886 while the y-intercept is

0.0273. The R2 value is 0.9431, which indicates a good linear fit. A R2 value

of 1.0 is a perfect linear fit and corresponds to zero error is fault location [81].

Note that the relative % error for faults close to the monitor tends to be larger,

even if the absolute error in Ω is quite small. On the contrary, the relative %

error for faults far from the monitor tends to be forgiving for relatively higher
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absolute error in Ω.
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Figure 5.18: Estimated vs. Actual Positive-sequence Reactance-to-Fault, X1

for All Cases-With Reference and Least Square Regression Lines

5.5 Effect of Load Current

This section analyzes the impact of the load current on the results

obtained using the proposed algorithm. The only data made available by the

participating utilities was the three-phase voltage and current recorded by the

PQ monitor/relay and other field data collected by the line crew which includes

cause and location. The cause was not available in every case. Additionally,

the circuit model was provided for only Case 1 and Case 2. However, the load

profile was not provided in any case. Section 5.4 quantified the estimated vs.

actual positive-sequence reactance-to-fault values for 14 utility cases. Now,

the accuracy of the fault location estimates is analyzed based on the ratio

of the prefault load current to the fault current. Note that only cases where
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Table 5.7: Impact of Load Current on Fault Location

Case

Peak
Prefault
Current
(kA)

Peak
Fault

Current
(kA)

Ratio of
Fault to
Prefault
Current

Actual
X1 (Ω)

Estimated
X1 (Ω)

Relative
Error
(%)

1 0.94 9.16 9.80 0.3996 0.3915 2.03
2 0.19 1.54 8.03 2.0410 2.0532 0.60
3 1.13 8.67 7.70 0.8009 0.7985 0.30
4 1.79 13.1 7.35 0.1364 0.1484 8.80
5 1.38 7.29 5.30 0.5052 0.5500 8.87
6 0.98 4.97 5.08 1.0532 0.9301 11.69
7 1.84 8.58 4.65 0.1933 0.2231 15.42
8 1.72 7.54 4.39 0.3788 0.3950 4.28
9 2.03 8.67 4.27 0.2480 0.2752 10.97
10 1.49 5.91 3.98 0.8088 0.6956 14.00
11 2.33 7.48 3.21 0.3840 0.4152 8.13
12 2.55 6.56 2.58 0.6264 0.5500 12.20
13 1.87 4.66 2.50 1.3840 1.2123 12.41
14 2.94 6.43 2.19 0.7948 0.6823 14.15

prefault data is available are considered here. As shown in Table 5.7, lower

the prefault load current, higher the accuracy of the fault location estimate.

If the peak fault current is greater than 4 times the prefault current, the error

in location estimates is generally less than 10%. Table 5.7 shows that there

is higher error in fault location estimates (though not perfectly uniform) if

the prefault load current is higher component of the fault current. However,

higher error in location estimates may also arise due to other factors such as

measurement errors and erroneous field data. Additionally, the impact of load

current can be better analyzed if a detailed load model is made available.
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5.6 Application to Fault Location on Distribution Feed-

ers with Laterals

A fault can occur on the main distribution feeder or on a single-phase

or multi-phase lateral. Note that evolving faults cannot occur on single-phase

laterals since they involve two phases. The proposed fault location algorithm

estimates the reactance (or distance) to fault, however, does not pin-point the

exact location on the distribution circuit. Various techniques such as relay/

breaker status report, customer outage calls are commonly used by the utilities

to narrow down the fault to a unique location [1, 2]. An analytical method

using fault current magnitude and the distribution circuit model developed in

[34] can be used in conjunction with the proposed algorithm to narrow down

the fault location. The method in [34] uses the recorded fault current data,

and pre-developed short-circuit current profiles to identify the feeder or lateral

on which the fault might have occurred. This method is heavily influenced by

the accuracy of the circuit model representing the actual distribution network

as well as the fidelity of the fault current measurements. Note that the method

in [34] cannot be used as a standalone technique, but, can only be used to nar-

row down the location after an estimate is made available using the proposed

algorithm.

5.7 Summary

This chapter developed a time-domain algorithm for estimating the

location of evolving faults. As explained in Sections 5.1 and 5.2, the algorithm
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was divided into two parts, namely, for the single line-to-ground portion of the

fault and for the line-to-line-to-ground portion of the fault. The algorithm has

been extended to line-to-line faults as well. The arc voltage that exists during

the fault is taken into consideration while deriving this methodology. For the

single line-to-ground portion of the fault, the distance-to-fault is estimated in

terms of the loop or self-reactance between the monitor and the fault. On

the other hand, for the line-to-line-to-ground and line-to-line portion of the

fault the distance is estimated in terms of the positive-sequence reactance.

The reactance-to-fault is more robust than the resistance-to-fault, because it

is unaffected by any fault resistance value (apart from that of the electric

arc). When the conductor parameters are known in terms of the Ω/mile, the

reactance can be easily converted into actual miles. Two evolving fault cases

as well as two line-to-line fault cases were analyzed in detail in Section 5.3 and

the error in the location estimates was found to be below 10% in each case.

In Section 5.4 ten additional cases were analyzed and the plot of the results

was presented. A high R2 value of 0.9431 for the regression line indicated

that the fault location estimates were close to the actual values. Furthermore,

the effect of load current on the accuracy of the fault location estimates was

quantified in Section 5.5. It was observed that lower the prefault load current,

higher the accuracy of the fault location estimate. The application of the

proposed method to locate faults on distribution feeders with laterals was

given in Section 5.6.
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Chapter 6

Waveform Characterization of Animal

Contact, Tree Contact, and Lightning Induced

Faults

Power quality or PQ disturbances on distribution lines are caused by

a number of factors [10] and can be internal or external. Internal events are

primarily the result of equipment malfunction or failure, while external dis-

turbances occur mainly due to animal and bird contacts, tree contacts, vehicle

accidents as well as natural phenomena like lightning. The power quality

monitoring stations that detect the deviations caused by these events store a

snapshot of the voltage and current waveforms. This captured data possesses

a large amount of information that can be analyzed to identify the root cause

of the disturbance.

A significant amount of work has been carried out in the areas of fault

diagnosis, root cause identification and automatic classification of power qual-

ity disturbance events. The use of wavelet-domain analysis for fault cause

identification is proposed in [62]. In addition, a number of artificial neural

network based fault-cause identification methodologies have been traditionally

discussed in literature [82]. For example, in [83] supervised clustering based

neural networks are used to distinguish between faults and system conditions
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that appear like faults. A power distribution fault cause classifier developed

in [84] makes use of logistic regression and artificial neural networks. A hybrid

wavelet-domain and artificial neural network based approach is proposed in

[85] for fault classification. The method used in [86] uses rough-cloud theory

to tackle the problem of abundance and uncertainty of PQ data. Furthermore,

a comparison of deterministic and statistical fault classification techniques is

presented in [10].

On the contrary to the above discussion, not much work has been done

in waveform characterization of fault events, which is the first step towards root

cause analysis. The goal of this chapter is to utilize the waveform characteris-

tics of fault events to distinguish between different fault causes. The approach

taken is to identify, extract and analyze characteristics of fault events based

on their waveforms. These characteristic can be common to many faults types

or unique (differentiating) to a particular fault type. From Section 6.2 to 6.8,

a number of characteristics are explored, namely, time of occurrence of fault,

number of affected phases, fault insertion phase angle, time duration of fault,

frequency content, fault impedance and arc voltage. Some of the characteris-

tics like the number of affected phases and time duration of fault are common

to all fault types. On the other hand, the characteristics like time of occurrence

and arc voltage can be effectively employed to distinguish between fault types.

Section 6.9 analyzes these unique characteristics using multivariate analysis

of variance and rule extraction induction algorithms. These statistical tools

evaluate the efficacy of each signature in terms of its uniqueness and determine
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conditional relations for use in the rule-based classification in Section 6.9.2. A

classification method described in Section 6.10 minimizes mis-identification by

adding two categories, namely, inconclusive and unclassified. The inconclusive

category represents ambiguous events due to conflicting between two or three

causes, while the unclassified category represents unknown events.

• Publication: Part of the work presented in this chapter has been pub-

lished in [24, 26–28]:

– S. Kulkarni, D. Lee, A. J. Allen, S. Santoso, and T. A. Short, “Wave-

form characterization of animal contact, tree contact, and lightning

induced faults,” in Power and Energy Society General Meeting,

2010 IEEE, July 2010, pp. 1 –7.

– V. Nunez, S. Kulkarni, S. Santoso, and M. Joaquim, “Feature anal-

ysis and classification methodology for overhead distribution fault

events,” in Power and Energy Society General Meeting, 2010 IEEE,

July 2010, pp. 1 –8.

– V. Nunez, S. Kulkarni, S. Santoso, and J. Melendez, “Svm-based

classification methodology for overhead distribution fault events,”

in Harmonics and Quality of Power (ICHQP), 2010 14th Interna-

tional Conference on, Sept. 2010, pp. 1 –6.

– V. Nunez, J. Melendez, S. Kulkarni, and S. Santoso, “Feature analy-

sis and automatic classification of short-circuit faults resulting from

external causes,” European Transactions on Electrical Power, 2012.
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6.1 Data Source for Power Quality Disturbances on Over-

head Distribution Lines

The data analyzed in this chapter is obtained from PQ monitoring

stations located in an electric supply utility in the Northeastern part of the

United States. The utility has a network consisting of overhead power lines

and also underground cables. The PQ data set has 74 tree contact cases,

42 animal contact cases and 32 lightning induced cases. Lightning induced

cases refer to all the events that had lightning as the primary cause and not

necessarily a direct lightning strike. The cause of the fault is identified by the

utility after conducting a physical survey of the fault site. The distribution

voltage level is either 12.47 kv or 13.8 kV. The PQ monitor sampling rate is

128 samples per cycle. Generally, the sampling window contains 10 cycles with

the fundamental frequency of 60 Hz. The PQ data is analyzed based on the

characteristic signatures explained in the following sections.

6.2 Characteristic Signature: Time Stamp

The first signature is based on the time stamp of the disturbance. Even

though this is not an electrical quantity, it provides vital clues considering that

power quality disturbances are influenced by the weather conditions, seasonal

and diurnal cycles. For example, lightning is associated with thunderstorms

which generally occur in late spring and summer. Animal and bird contacts

associated with power lines are more common during the migratory season.

A similar analysis for animal contact events was presented in [11]. Based
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on the month of occurrence, events are classified into four types; Summer

(June-August), Fall (September- November), Winter (December-February)

and Spring (March -May). Fig. 6.1 [26] shows this seasonal classification.
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Figure 6.1: Events Classified According to Day of Year

Since the data were collected from substations in the Northeastern re-

gion of the continental U.S, it can be observed that most animal contact events

occurred during spring and summer. Only few animal contact events took

place in other seasons. Likewise, a majority of lightning induced events oc-

curred during summer when storms with thunder and lightning are common.

On the other hand, most of the tree contact events occurred during fall, when

the wind is usually strong. The occurrence of tree contact events in the rest

of the year is relatively low.
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Figure 6.2: Events Classified According to Time of Day

Based on the time of day, events are classified as shown in Fig. 6.2 [26].

The disturbances between 6 : 00 am and 6 : 00 pm are categorized as ’daytime’

events while ’night time’ events are those that occur between 6 : 00 pm and

6 : 00 pm. Nearly 90% of the animal contact triggered events occur during

the daytime. This number is influenced by the kind of animals present in the

geographical region of the utility. If a particular utility has a large presence of

nocturnal animals, the graph will be opposite to Fig. 6.2. Tree contact cases

occur throughout the day, while three quarters of the lightning induced events

occur after the sun has set.
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6.3 Characteristic Signature: Fault Insertion Phase An-

gle

Fault insertion angle can be defined as the angle of the normal sine

wave at the disturbance initiation point. Initially, it was construed that the

tree contact and animal contact triggered events would start around the peak

of the sine wave as the voltage gradient between the animal/tree branch and

the power line is highest at the peak. Fig. 6.3 and Fig. 6.4 show an animal

contact and tree contact event, respectively, occurring near the positive peak

of the sine wave. For the animal contact case the fault occurs in phase A,

while in the tree contact case phase B is affected. The inception of the fault is

characterized by a sudden sag in the voltage and a corresponding rise in the

current of the same phase above the normal operating value. However, it was

found that some lightning induced events also occur at the peak of the sine

wave as shown in Fig. 6.5. In this case the fault inception is at the negative

peak of the voltage waveform and phase C is affected.

The fault insertion phase angle was computed using the fundamental

voltage waveform extracted from the first prefault voltage cycle. The fun-

damental voltage amplitude (V1) and phase angle (φ1) were computed using

Fourier transform. Later, the signal as function of time given by (V1) and

φ1 is compared sample-by-sample with the captured event. Then, the signal

rupture instant and fault insertion phase angle are detected.

The fault insertion phase angle takes values between ±180◦. The abso-

lute value of the fault insertion phase angle is plotted in Fig. 6.6 [26]. Phase
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Figure 6.3: Animal Contact Event Occurring at Voltage Peak
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Figure 6.4: Tree Contact Event Occurring at Voltage Peak

angle values roughly around ±90◦ correspond to events starting around the

peak of the voltage wave. Most of the animal contact events have fault inser-

tion phase angles around the positive and negative peaks of the voltage wave,

i.e., phase angle values between 60◦ and 120◦ degrees. Conversely, only a few

lightning induced events are inside this angle range.
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Figure 6.5: Lightning induced Event Occurring at Voltage Peak
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Figure 6.6: Absolute Value of Fault Insertion Phase Angle

6.4 Characteristic Signature: Fault Duration

Characteristically, lightning induced events are high-frequency tran-

sients having higher energy content as compared to contact triggered events.
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Figure 6.7: Tree Contact Event Lasting for Only One Cycle

The AC resistance and line impedance of an overhead conductor is directly

proportional to increasing frequency [87]. This increased opposition to the

flow of higher frequency currents makes high frequency transients like light-

ning die down faster as compared to relatively lower frequency transients like

those due to tree/animal contact triggered disturbances. However, this may

not always be the case as seen in Fig. 6.5 where the lightning induced fault in

phase C lasts for several cycles. Fig. 6.7 shows a tree contact event in which

the fault in phase A is temporary and has duration of just one cycle, because

the tree branch initiating the fault burns and falls to the ground, before any

protective device operates.

From the above examples it is clear that the time duration of the fault
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cannot be recognized as a unique characteristic of any particular event. The

duration of the fault is determined by the operation of the overcurrent protec-

tive device interrupting the fault, rather than the cause itself.

6.5 Characteristic Signature: Number of Phases

A fault can affect one, two, or all three phases of a distribution feeder.

The number of phases involved in the fault depends on the cause of the fault.

Generally, animal and tree contacts tend to affect only one phase and hence

these events are single line-to-ground faults. On the contrary, lightning has the

likelihood of affecting all three phases of the power line. The number of faulted

phases is found out for all cases in Section 6.1. A disturbance affecting only

one phase is called a single-phase fault, while if two or three phases are affected

the event is categorized as a multi-phase fault. The PQ data set contained

111 single-phase fault events; 39 of those were animal contact events, 53 were

tree contact events, while 19 were lightning induced events.

As in the case of the fault duration, the number of phases involved is

not a characteristic signature of any particular event. Further research needs

to be conducted in order to better utilize this signature.

6.6 Characteristic Signature: Wavelet Transform

A lightning event can have one or more current pulses or strokes. The

current stroke penetrates into the power system at the strike point and may

be followed by one or more strokes. The entire flash event occurs in a very
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short period, usually in few hundreds of microseconds. Induced voltage and

current transients propagates away from the strike point and are captured by

PQ monitors. Regardless of the location of PQ monitors, i.e., upstream or

downstream from the lightning current injection, as long as they are located

within the affected area, voltage and current waveforms should be captured

almost simultaneously by all. Lightning induced waveforms may look quite

different depending on the distance between the strike point and the PQ mon-

itor. PQ monitors near the strike point are likely to capture high frequency

oscillations at the initiation of the disturbance. While, those at different volt-

age levels or some electrical distance apart are unlikely to capture these high

frequency oscillations, since overhead lines and transformers are inductive.

Fig. 6.8 and Fig. 6.9 show two sets of three-phase voltage and current

waveforms caused by a lightning stroke on a 161 kV system at 10 : 01 : 22.000.

Monitor T, downstream from strike, did not see the high current, while Moni-

tor W-C, upstream from strike, saw it. Appreciable oscillatory transients (2.2

kHz) were present during the initiation of the disturbance. Fig. 6.10 shows a

set of waveforms due to the same lightning stroke captured by a PQ monitor

at a 13.8 kV system. The voltage and current waveforms are smooth and do

not have an appreciable oscillatory transient.

Wavelet transform can be used to analyze and uncover the spectral

content in the time-scale domain. In this chapter, orthogonal-dyadic wavelet

transform is applied [63]. Only one phase is analyzed since results from other

phases are similar. Voltage waveform is normalized and decomposed into three
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Figure 6.8: Three-phase Voltage and Current Waveforms of Lightning Event
Captured at 161 kV System. Monitor T Downstream from Lightning Stroke.

wavelet analysis scales; Scale 1 (1920-3840 Hz), Scale 2 (960-1920 Hz), Scale 3

(480-960 Hz). They represent the time-scale energy spectra of the time-domain

signal. The discrete wavelet transform of the waveform captured by Monitor

W-C (Fig. 6.9) is shown in Fig. 6.11. The wavelet transform of the Monitor

AC-AP is computed on similar lines in Fig. 6.12.

By analyzing the wavelet transforms it was clear that transients with

high frequency contents appear in lower scales while those with lower frequency

content appear in higher scales. Comparing the square of the transform out-

puts, on a scale by scale basis, for the voltage waveform captured by Monitor

W-C, the maximum energy in scale 1, 2, and 3 is 1.7 ∗ 10−2, 4.3 ∗ 10−2, and

5.4 ∗ 10−2, respectively. In contrast, the voltage waveform captured by Mon-
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Figure 6.9: Three-phase Voltage and Current Waveforms of Lightning Event
Captured at 161 kV System. Monitor W-C Upstream from Lightning Stroke.
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Figure 6.10: Three-phase Voltage and Current Waveforms of Lightning Event
Captured at 13.8 kV System by Monitor AC-AP
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Figure 6.11: Three-scale Wavelet Transform of Lightning induced Voltage
Waveform Captured by Monitor W-C (161 kV)

itor AC-AP has maximum energies in the first two scales as 2.6 ∗ 10−3 and

7.8 ∗ 10−4, while there is no meaningful maximum energy information in the

third scale. These results indicate that lightning induced waveforms may be

identifiable in the wavelet domain if a PQ monitor is near the strike point.

Lightning induced waveforms captured by remote PQ monitors can be iden-

tified indirectly through the use of time-proximity cross-correlation approach

and other identifying signatures described in this chapter.

Tree contact events also have a number of wave shapes and are depen-

dent on the voltage level where the tree contact occurs. Fig. 6.13, Fig. 6.14 and
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Figure 6.12: Three-scale Wavelet Transform of Lightning induced Voltage
Waveform Captured by Monitor AC-AP (13.8 kV)

Fig. 6.15 show simultaneous tree contacts captured by Monitor C-C (161 kV),

Monitor C-CE1 (161 kV) and AC-AP (13.8 kV), respectively. Unlike tree con-

tacts on distribution lines, they generally do not result in a permanent fault.

Waveforms captured at transmission system level do possess more significant

transients than those captured at a distribution system level. This is because

inductive elements (transformers and overhead lines) of the power system offer

higher impedance at a higher frequency. The square of the wavelet transform

of voltage waveform captured by Monitor C-C is shown in Fig. 6.16. The

frequency of the decomposition scale is the same as the one used for lightning-

148



-100000

0

100000

-100

0

100

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Cullman-Colbert Cullman Primary - 7/7/2005 14:32:56.000

Electrotek/EPRI PQView®

V
ol

ta
ge

 (
V

)
C

ur
re

nt
 (

A
)

Time (s)

Va Vb Vc Ia Ib Ic

Monitor C-C

Figure 6.13: Three-phase Voltage and Current Waveforms of Multiple Tree
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Figure 6.15: Three-phase Voltage and Current Waveforms of Multiple Tree
Contacts Captured at 13.8 kV System (Monitor AC-AP)

induced events. The wavelet transforms for Monitor AC-AP is computed on

similar lines in Fig. 6.17.

For the voltage waveform captured by Monitor C-C (161 kV), the max-

imum energy in scale 1, 2, and 3 is 2.1 ∗ 10−3, 1.39 ∗ 10−2, and 3.3 ∗ 10−2, re-

spectively. In contrast, in the voltage waveform captured by Monitor AC-AP,

the maximum energy in each scale is 9.4 ∗ 10−7, 1.28 ∗ 10−5, and 1.2 ∗ 10−4.

Comparing these values to those shown earlier for a lightning event; scale 1

value for a voltage waveform (captured at 161 kV) caused by a lightning event

is approximately 10 times higher than that for a tree-contact event (captured

at 161 kV also). For scale 2 and 3 values, they are comparable. Using lim-

ited waveform samples, it is observed that lightning events appear to possess

higher frequency content than tree contact events. This is reasonable given
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Figure 6.16: Three-scale Wavelet Decomposition of Tree-contact Voltage
Waveform Captured by Monitor C-C (161 kV)

the fact that lightning tends to have higher frequency due to the traveling

wave phenomena arising from the discontinuity (from a piece of equipment to

another) encountered during pulse propagation.

6.6.1 High Frequency Oscillations

The magnitude of high frequency oscillations in faulted waveforms is

estimated here using wavelet transforms as described in the previous section.

The voltage waveforms of each event in the dataset were normalized and de-

composed into two wavelet analysis scales. Fig. 6.18 [26] depicts the square
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Figure 6.17: Three-scale Wavelet Decomposition of Tree-contact Voltage
Waveform Captured by Monitor AC-AP (138 kV)

of the maximum energy of the first and second wavelet scales. The frequency

content of the scales is 1920-960 Hz and 960-480 Hz, respectively. Other lower

frequency scales were analyzed but no valuable information was found [62].

The high maximum energy values in the first scale are clearly indicative

of lightning induced events. The lightning induced events with higher values

in the first and second scales correspond to events captured close to the strike

point. In addition, lightning induced events have greater maximum square

energy values in the first scale than animal and tree contact events.
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Figure 6.18: Wavelet Decomposition of Voltage Waveforms into Two Scales

6.7 Characteristic Signature: Fault Impedance Magni-

tude

The value of the fault impedance was estimated from the faulted phase

voltage and neutral current, as given in (6.1).

Zfault = min

(∣

∣

∣

∣

Vi∠θi
Ini∠φi

∣

∣

∣

∣

)

(6.1)

Where,

Zfault is the estimated fault impedance value

i is the number of the voltage/current cycle in the event
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Vi is the fundamental faulted phase voltage magnitude in cycle ′i′

θi is the phase angle of the faulted phase voltage in cycle ′i′

Ini is the fundamental magnitude of the neutral current in cycle ′i′

φi is the phase angle of the neutral current in cycle ′i′

Fault impedance was taken as the minimum impedance value because it

corresponds to the worst fault condition during the event. The fault impedance

magnitude computed for every event is shown in Fig. 6.19 [26]. The faulted

phase corresponds to the phase having the maximum voltage drop. The neutral

current was used in the computation of the fault impedance, instead of faulted

phase current because the neutral current does not contain the load current.

In other words, the magnitude of the neutral current itself depends on the

fault impedance.

It can be seen that a majority of the events have a fault impedance

magnitude lower than 20 Ω , with the exception of a representative set of tree

contacts events. It can be thought that the cases with fault impedance greater

and lower than 20 Ω correspond to events caused by tree branches and tree

leaves, respectively.

According to Goodfellow [88], large-diameter pathways are much more

conductive and therefore more likely to cause a fault than small-diameter con-

tacts. Thus, those tree contact events with high fault impedance (> 20 Ω)

were caused to small diameter trees, whereas those with low fault impedance

(< 20 Ω) to large diameter trees.

The fault impedance signature is not able to discriminate between ani-
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Figure 6.19: Fault Impedance Magnitude

mal contact and lightning induced events. The lightning induced event whose

fault impedance magnitude is 80 Ω (Fig. 6.19) correspond to a lightning event

with the lowest neutral current during the fault, therefore the fault impedance

estimation using (6.1) is greater than the rest of lightning events. The reasons

for a low neutral fault current in this particular event are neglected. A possible

reason is that it does not correspond to lightning induced event, so possibly it

was previously misclassified by the participating utility.
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6.8 Characteristic Signature: Arc Voltage Magnitude

When an object (tree or animal), is about to be in contact with the

power lines, there may be an electric arc struck in the medium (generally air)

between the object and the line [66]. The characteristics of the arc such as

the arc length, arc impedance and arc voltage hold crucial information about

the cause of the disturbance [74]. Arguably, the arc voltage is one of the most

important characteristic out of all the above and can be used as a signature

of the power quality disturbance. A algorithm to estimate the arc voltage was

developed in Chapter 4 and is applied to all the single line-to-ground faults in

the dataset. Fig. 6.20 [26] shows the maximum per-unitized arc voltage value

for each event compared to the prefault voltage.

It can see from Fig. 6.20 that most of the animal contact events have

arc voltage values greater than 40% of the prefault voltage. Conversely, most

of the lightning induced events have an arc voltage value lower than 40% of the

prefault voltage. Hence, it can be concluded that the animal contact events

have greater maximum arc voltage than lightning induced events. This proves

the initial hypothesis (presence of higher arc voltage in animal and tree contact

events only). Although, arc voltage signature is not able to distinguish between

tree contact events, it can reasonably distinguish between animal contact and

lightning events.

Another method of visualizing arc voltage values is by plotting them in

a normalized fashion as shown in Fig. 6.21. 25 cable permanent failure cases

from the same PQ data set are included for the purpose of comparison with
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Figure 6.20: Maximum Arc Voltage as Per Unit of Prefault Voltage

overhead faults.

It is observed that lightning induced events have the least arc voltage

among the three categories, while tree contact events have the highest arc

voltage values. For the most part, animal contact events have an arc voltage

in between lightning induced and tree contact events. Compared with these

events, cable failure disturbances, on an average, have much less arc voltage

values.
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Figure 6.21: Normalized Arc Voltage Distribution for Animal Contact, Tree
Contact, Lightning and Cable Faults

6.9 Statistical Analysis of Characteristic Signatures

The purpose of this section is to quantify and characterize the above

described signatures in order to better interpret and analyze the event causes.

The statistical technique used here is Multivariate Analysis of Variance or

MANOVA [81], which allows determining the signatures that are relevant to

the event cause. Thereafter, the machine learning inductive algorithm CN2 is

applied to the events described by the signatures. CN2 automatically extracts

rules that describe the events according to their cause.

Table 6.1 lists the mean, µ, and standard deviation, σ, of each signature,
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in every class. Using Table 6.1 some premises that were not identified in

previous section are now analyzed. The mean and standard deviation values

for each signature were computed using all events except for arc voltage, which

is computed only for the single-phase events.

Table 6.1: Mean and Standard Deviation of Characteristic Signatures
Cause Animal Lightning Tree

Signature µ σ µ σ µ σ

Day 154.1 71.7 203.8 37.5 224.4 77.8
Hour 11.7 4.1 11.8 8.8 13.7 6.8
Varc 0.5 0.2 0.2 0.2 0.3 0.2
Varc

(1-phase)
0.5 0.2 0.3 0.2 0.4 0.3

FIPA 88.8 22.6 100.9 45 104.6 39
HFO110

−3 3.8 7.4 23.8 60.2 5.1 10.7
HFO210

−3 17.5 30.8 47.5 83.3 16.7 24.2
Zfault 4.7 3.2 9.9 13.3 14.5 19.5

• Day and Hour: According to the mean values in Table 6.1, the animal

contact events take place at the beginning of the year (154.1), lightning

induced events in spring (203.8), and finally tree contact events in fall

(224.4). On the other hand, the ’Hour’ signature indicates that most

of the animal contact events take place around noon. This is evident

from the lower standard deviation value for the animal contact events as

compared to the others.

• Arc Voltage: This characteristic signature takes different mean values

for each cause. The arc voltage mean is the greatest for animal contact
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events (0.5 p.u) and lowest for the lightning induced events (0.3 p.u).

It can be seen that there is no significant difference between the mean

and standard deviation values obtained using single-phase faults and all

types of faults.

• Fault Insertion Phase Angle (FIPA): The statistics values indicate that

animal contact events take place near the peak of the voltage wave, since

the mean value is close to ±90◦ (peak of the wave) and a small standard

deviation, 22.6◦. The other two causes have approximately the same

mean and standard deviation values.

• High Frequency Oscillation: The signatures related with high frequency

oscillations in first (HFO1) and second (HFO2) wavelet scales clearly in-

dicate that lightning induced events have mean maximum energy values

greater than other causes, (23.8 and 47.5) V2 respectively. It is impor-

tant to note that lightning HFO1 mean is 5 to 6 times greater than the

mean of the other two causes. Furthermore, lightning HFO2 mean is 2

or 3 times greater than that of the other causes. In fact, this demon-

strates that HFO1 is able to better detect lightning events captured close

to lightning strike point than the HFO2 signature. Moreover, the first

wavelet scale is better because its range contains higher frequencies than

the second wavelet scale.

• Fault Impedance Magnitude: The statistics for Zfault indicate that ani-

mal contact events have the lowest fault impedance magnitudes (4.7 Ω),
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whereas tree contact events have the highest magnitude (14.5 Ω ). The

ratio σ/µ is lower than unity for animal contact cases, so the cloud of

points for this cause is less dispersed.

6.9.1 Multivariate Analysis of Variance

The main purpose of MANOVA [89] is to explore how independent

variables influence the patterning of response in dependent variables. Thus,

MANOVA allows the following question to be answered- What is the rela-

tive importance of each characteristic signature in fault cause identification ?

MANOVA can determine the influence grade of the event cause for each signa-

ture. The event cause (animal, lightning and tree) was used as the independent

variable and the day and hour of occurrence, arc voltage, fault insertion phase

angle, and high frequency oscillations (HFO1, HFO2) signatures were used as

dependent variables.

Table 6.2 shows the quality of the cause effect for each signature. Qual-

ity values near 100% indicate that most of the variability in the signature is

associated with the event cause. While, values near 0% indicate that the sig-

nature does not contain any information about the event cause. The quality

values listed in Table 6.2 show that the signatures with the most information

are FIPA, Day, Hour and Varc, respectively. Conversely, the medium and lower

quality signatures were HFO2, Zfault and HFO1.

MANOVA results are confirmed in the next section where some rules

are extracted. This rule set describes each cause and the signatures containing
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Table 6.2: Quality of Each Characteristic Signature
Signature Day Hour Varc FIPA HFO110

−3 HFO210
−3 Zfault

Quality 87.4 82.8 71.1 89.8 14.3 33.4 26.5

most information according to MANOVA.

6.9.2 The CN2 Induction Algorithm

CN2 is a rule extraction algorithm that induces an ordered list of classi-

fication rules from a set of labeled observations [90]. The rules are in the form

Condi → Classj, where the property of interest is Classj that appears in the

consequent rule, and the condition Condi is a conjunction of the signatures

selected from training observations. CN2 works as an iterative process, where

every iteration forms a condition that covers a large number of observations

of a single, Classj and a few observations of other classes. Upon finding a

good Condi, the algorithm removes those observations from the training set

and adds the rule ’If < Condi > Then Classj’ to the end of the rule list. This

process iterates until no more satisfactory conditions can be found.

6.9.2.1 Experimentation and Results

The purpose behind applying the CN2 algorithm to PQ disturbances is

to extract the set of rules that best describe the event data set. Thereafter, the

meaning of the rules is analyzed. The rules listed in Table 6.3 were generated

using the CN2 algorithm. As arc voltage is computed for single-phase faults,

the rule set was extracted using the single-phase events only.
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Table 6.3: Extracted Rule Set Using CN2 Induction Algorithm

Extracted Rule
Animal

Coverage (%)
Lightning

Coverage(%)
Tree

Coverage (%)
Varc > 0.311 & 8 < Hour ≤
14 & FIPA ≤ 118.1 →

Animal

74.4 5.3 3.8

Day ≤ 238 & Hour >
21 & FIPA ≤ 149.1 →

Lightning

0.0 52.6 0.0

241 < Day ≤ 325 → Tree 0.0 5.3 56.6

The first column corresponds to the extracted rules and the rest of the

columns represent the proportion of the events covered for the rule in each

event class. For instance, the first rule describes the animal contact events

and covers 74.4%, 5.3% and 3.8% of the animal contact, lightning induced and

tree contact events, respectively.

6.9.2.2 Interpretation of Extracted Rules

The first rule indicates that most of the animal contact events (74.4%)

take place during the morning/ early afternoon, until 2 : 00 pm, their arc

voltage magnitude is greater than 31.1% of the prefault voltage and their fault

insertion phase angle is lower than 118.1◦. Fig. 6.22 [26] depicts the extracted

rule for animal contact events. Similarly, the rule describing lightning induced

events indicates that they take place during nighttime and before fall, and also

their fault insertion angle is lower than 149.1◦. The third rule indicates that

tree contact events take place mostly during fall (see Fig. 6.1).

From the above analysis, it can be seen that the rules extracted using
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Figure 6.22: Rule for Identifying Animal Contact Events. Most Animal Con-
tact Events are Inside Shaded Region.

CN2 algorithm are according to the weather (day of the year or season and

hour of the day) as well as the electrical characteristics like the arc voltage.

Also, it is very important that the three extracted rules are a combination of

characteristic signatures based on time stamp and waveforms. Hence, an event

cause identification framework requires both weather and waveform based sig-

natures to adequately identify the cause of any given event.

Similarly, the most relevant signatures were included in the extracted

rules. On the contrary, the signatures with medium or lower relevance were

not included. It does not mean that these characteristic signatures are not

useful; it just means that they cover fewer events than the signatures with

more relevance.
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6.10 Methodology for Fault Cause Identification

The proposed methodology uses the rule set extracted in the previous

section along with two premises discussed about lightning induced and tree

contact events.

6.10.1 Description of Methodology

The input data corresponds to the three-phase voltage and current

waveforms captured by the PQMs. The block diagram containing the proposed

sequence of steps is shown in Fig. 6.23 [26]. The step-by-step procedure is

described below.

• Step 1: Extraction of Signatures: The characteristic signatures Day,

Hour, Varc and Zfault are obtained from the three-phase voltage and

current waveforms.

• Step 2: Evaluation of Rules: Once the characteristic signatures are ob-

tained, the three rules listed in Table 6.3 are evaluated.

• Step 3: Decision Making Scheme: If the event follows one rule, it will

be labeled with the cause described by the rule. If the event follows

two or three rules, it will be classified as inconclusive or ’Not conclusive

result’ (NCR). Whereas, if the event does not follow any rule, it will be

classified as unclassified or ’Not classified’ (NC). These three steps are

repeated for all events in the data set. At the end, the events will be
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Figure 6.23: Classification Methodology to Identify Cause of PQ Events

classified as animal contact, tree contact, lightning induced, NC or NCR

events.

• Step 4: Time Cross-correlation: The correlation process is based on the

maximum energy in the first wavelet scale. Hence, the HFO1 signature

has to be computed for each NC and NCR events. In the following

step, each of the NC and NCR events whose HFO1 is greater than the
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global HFO1 mean, are selected to perform a time cross-correlation with

events previously classified as ’lightning induced’ in Step 3. This pro-

cess is necessary to avoid correlation between tree contact and animal

contact events that took place in close time proximity of a lightning

event. Those NC and NCR events (HFO1 greater than global mean)

with close proximity with one or more pre-classified lightning induced

events are now classified as ’lightning induced’ event. In step 4, the time

cross-correlation is performed with 5 minutes of time synchronization.

• Step 5: Tree Contact Event Identification: The tree contact events with

high fault impedance magnitude are identified in this step. It can be seen

from Fig. 6.19 that there are two groups of tree contact events according

to their fault impedance magnitude. Therefore, in this step, NC and

NCR events with Zfault greater than 15 Ω are classified as tree contact

events. Finally, all the remaining NC and NCR events are considered,

by the methodology, as ’Unknown cause events’.

6.10.2 Result of Classification Methodology

The classification results of the methodology are shown in Fig. 6.24 and

Table 6.4 [26]. For instance, shaded region on the left-hand side in Fig. 6.24

indicates that 27 animal-events were correctly classified. Two animal contact

events were misclassified as lightning induced events. Additionally, 11 animal

contact events were not classified (NC) while 2 of them were classified as NCR

events. A similar analysis can be performed for other causes.
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Figure 6.24: Results of Classification Methodology to Identify Cause of PQ
Events

The classification results obtained in each step of the methodology are

listed in Table 6.5. It can be seen that most of the events are classified between

Step 1 and Step 3. This confirms that the extracted rules are able to cover a

great part of the data. Moreover, only 4 events followed two or three rules,

which demonstrate that the rules have good true positive rates.

On the other hand, six NC and NCR events were correctly identified

in Step 4 and Step 5. According to Table 6.5, one (+1) of them was classified

as lightning induced event and five (+5) were classified as tree contact events.
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One NC and NCR event, each was not correctly classified in Step 4 and Step 5,

respectively. Although Step 4 and Step 5 introduced two mistakes, both steps

are able to identify those events that were not following any rule or following

more than one rule in Step 1 to Step 3. Unfortunately, fourth and fifth steps

were not beneficial to the methodology with the used database, but they are

needed to identify lightning induced and tree contact events, respectively.

Table 6.4: Result of Classification Methodology for Each Cause
True Cause

Predicted Animal Lightning Tree NC NCR Total
Animal 27 2 0 11 2 42
Lightning 1 12 4 15 0 32

Tree 2 0 49 22 1 74
Total 30 14 53 48 3 148

Table 6.5: Result of Classification Methodology for Each Step
Step Animal Lightning Tree NC NCR
1 to 3 27 11 44 55 4

4 0
+1,
+1*

0 -2 0

5 0 0
+5,
+1*

-5 -1

Hit 27/42 12/32 49/74 48/148 3/148
Hit (%) 64.3 37.5 66.2 32.4 2

Misclassified 0 1 1 N.A N.A
(*) Misclassified Event

The methodology was able to correctly classify 88 out of 148 events

(about 60%), and only 9 out of 148 events were misclassified. Besides, 51 out

of 148 events were rejected (34.4%).
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6.11 Summary

The information present in the waveforms captured by PQ monitoring

stations was extracted in form of characteristic signatures which can be used

for event classification. The signatures analyzed from Section 6.2 to 6.8 were

the time stamp, fault insertion phase angle, number of affected phases, time

duration of fault, wavelet-domain analysis, fault impedance and arc voltage.

Using the time stamp, the events were classified according to the season and

also the time of day. Majority of the lightning induced events occurred in

summer while, most of the tree contact events took place in fall. Both the

animal and tree contact events were generally affecting only one phase of the

distribution line, and these events usually had the fault insertion angle near

the peak of the sine wave. The time duration of the fault proved to be an

inconclusive characteristic. It was shown that lightning events could be dis-

tinguishable from tree contact events in the wavelet domain. Furthermore,

lightning induced events had an arc voltage that was lower than the animal

and tree contact events.

Through the course of this analysis it was found that no single signa-

ture can exclusively identify a given event. However, a combination of these

signatures can be used to uniquely characterize the animal contact, tree con-

tact and lightning induced events. In order to achieve this goal, six promising

signatures for fault characterization were statistically analyzed in Section 6.9

using Multivariable Analysis of Variance or MANOVA. Furthermore in Sec-

tion 6.9.2, CN2 induction algorithm was used to quantify the relevance of the
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characteristic signatures and extract patterns (rule set) from a dataset. Each

of these methods can be used in other power quality projects involving col-

lected data. Finally, in Section 6.10 a classification methodology for events

based on fault cause identification was developed and tested using actual PQ

disturbances in utility circuits.
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Chapter 7

Application of Fault Location Algorithms to

Track Momentary Faults

A number of existing fault location techniques were described in Chap-

ter 2. Furthermore, in Chapters 4 and 5 an innovative time-domain based fault

location method was developed. This algorithm took the fault arc voltage into

consideration while estimating the fault location. This chapter presents the

application of all these fault location methods to actual utility distribution

feeders. Section 7.1 analyzes two example cases in detail and then summarizes

the results from the entire utility dataset. A step-by-step demonstration of lo-

cating different types of momentary faults is presented using utility examples

in Section 7.2. Section 7.3 explains the implementation guidelines for utilities

to adopt the fault location approaches presented in this document.

• Publication: Part of the work presented in this chapter has been pub-

lished in [32–34]:

– S. Kulkarni, N. Karnik, S. Das, and S. Santoso, “Fault location

using impedance-based algorithms on non-homogeneous feeders,”

in Power and Energy Society General Meeting, 2011 IEEE, July

2011, pp. 1 –6.

172



– N. Karnik, S. Das, S. Kulkarni, and S. Santoso, “Effect of load

current on fault location estimates of impedance-based methods,”

in Power and Energy Society General Meeting, 2011 IEEE, July

2011, pp. 1 –6.

– S. Das, S. Kulkarni, N. Karnik, and S. Santoso, “Distribution fault

location using short-circuit fault current profile approach,” in Power

and Energy Society General Meeting, 2011 IEEE, July 2011, pp. 1

–7.

7.1 Utility Data Collection and Fault Location Analysis

The fault dataset analyzed in this chapter is obtained from four par-

ticipating utilities, A, B, C and D from January 2010 to September 2010.

Table 7.1 summarizes the data collected.

Table 7.1: Fault Dataset Summary

Utility
No.
of

Events
Relay

Samples/
Cycle

Voltage
Circuit
Data

A 4 SEL-251D 4 34.5 kV ASPEN

B 8 SEL-651R 16
12.47 kV and

24 kV
CymeDist

C 5 SEL-351S 32 34.5 kV CymeDist

D* 8
SEL-251 and
SEL-351A

4
12.8 kV, 25
kV and 34.5

kV
FeederAll

*Note: Circuit models not available for all events in utility D.
Relay data used for calculating voltage level.
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The dataset consists of 20 circuits and 25 fault events on those circuits.

For all the cases, the voltage and current waveforms captured by SEL relays

[35] during the fault are made available, along with the event date and time.

The circuit data format is different for every utility and whenever possible the

events were analyzed in the native circuit model software. One circuit each

from utility B and C and two circuits from utility D are converted to OpenDSS

for convince. The positive- and zero-sequence line impedances obtained from

these circuit models are utilized in the various algorithms to estimate the fault

distances. Out of the total 25 fault cases analyzed, the respective utility is

aware of the exact fault location for 18 cases, while the fault location is un-

known for the remaining cases. Fault causes and weather conditions during

the event are also provided for some cases. The information provided by the

utilities is employed to obtain distance estimates using the Takagi [42], arc

voltage (Chapters 4 and 5), current phasor only [46], current magnitude loop

reactance and current profile methods [34]. This information is also used to

test the accuracy of the estimates and provide comments on the efficacy of the

methods.

Impedance-based fault locations algorithms like the positive-sequence

reactance and Takagi methods are derived assuming a homogeneous line con-

ductor in the distribution circuit. However, this assumption is violated in prac-

tical utility distribution feeders which are constructed using different conductor

types and pole configurations. The positive- and zero-sequence impedances of

the conductors vary according to the configurations. Reference [32] demon-
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strates that the above mentioned fault location methods can still be effectively

applied to non-homogeneous feeders by using the line parameters of the most

commonly occurring conductor type in the circuit. The errors in the fault loca-

tion estimates for a distribution feeder constructed using the most commonly

occurring conductor type are compared with those from the original feeder in

[32]. It is found that the errors in fault location are comparable. Hence, the

positive- and zero-sequence line parameters of the most commonly occurring

conductor type in a distribution feeder can be used for fault location purposes.

After calculating the fault distance by employing all methods, a dis-

cussion on the accuracy of the results is given for each case. Whenever the

circuit data is available, a fault was placed in the circuit model software at

the estimated distance and the corresponding current is measured at the relay

location. This value is used as a measure of the accuracy of the distance es-

timates. It can be assumed that the circuit model is reasonably accurate and

thus short-circuit currents estimated by the model are also reasonably accu-

rate. Hence we know an estimate is reasonable by comparing the short-circuit

fault current computed by the circuit model at the estimated location to the

fault current measured by the relay. This method usually works if the fault is

few cycles long, indicating that the fault has reached some steady state con-

dition. However, if it is a half-cycle fault, the computed short-circuit current

tends to be higher than the measured fault current. Nevertheless this method

provides a performance measure for the accuracy or quality of the estimate.

Various errors affecting the fault location estimates are discussed in [33].
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In a practical distribution system, measurement and modeling errors occur si-

multaneously. Additionally, system load conditions as well as the status of

the equipment such as the voltage regulators may be unknown during a fault.

Therefore it is necessary to account for the cumulative effect of all errors on

the fault location estimates. Using the analysis in [33] a method is formulated

with the help of which we report a range of possible fault location values after

taking into account the measurement, modeling and system condition errors.

As mentioned at the beginning of the chapter, every fault event is captured

by a substation relay which records the peak fault current, among other fault

characteristics. A 10% confidence interval is built around the maximum fault

current measured by the relay, i.e. from 0.9 to 1.1 times the value of the re-

lay fault current. The corresponding minimum and maximum fault location

estimates lying in this current interval are chosen and reported as the lower

and upper limits of the fault location range. On the other hand, if the circuit

model is unavailable for a particular utility case, we simply report the range

of the fault location between the minimum and maximum distance estimates.

Two sample cases are described in detail below, followed by a summary

of all 25 cases in the utility dataset.

7.1.1 Example Case 1

The circuit diagram for this example, utility C circuit P shown in

Fig. 7.1 was imported from CymeDist [80] and constructed in OpenDSS [91].

This circuit is considered to be a high tech circuit by utility C. At about every
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1000 feet, the line is protected by arresters which are also fused with either

fault tamers or cutouts with current-limiting fuses. There is also a static line

which is grounded to the neutral on every pole. This circuit does not serve

many customers, and there are no overhead transformers on the main line.

There are two three-phase tap lines and three three-phase underground dips

off of the main line. These dips are protected by electronic reclosers. One of

the tap lines serves an underground loop protected by ’200e’ fuses.

Fault Location

SUBSTATION

(RELAY)

Figure 7.1: Utility C Circuit P in OpenDSS with Fault Location

The rated voltage at the substation is 23.9 kV, while the short-circuit

capacity calculated using the circuit model is 239 MVA. The most commonly

occurring conductor type in the circuit has the code, ’556-ACSR-HW, 556-

ACSR-HW, 556-ACSR-HW, 336-ACSR-HW, 56, ABC’, whose positive- and
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zero-sequence impedances are z1 = 0.1680 + j0.6218Ω/mile and z0 = 0.4372 +

j1.9305Ω/mile, respectively. According to the approach described earlier in

Section 7.1, these line parameters are used for the purpose of fault location

[32].

At 08 : 45 am on 16th June 2010, several industrial customers called to

complain about a momentary outage on circuit P. The relay recorded voltage

and current waveforms for this single line-to-ground fault on phase C are shown

in Fig. 7.2.
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Figure 7.2: Single Line-to-Ground Fault in Phase C for Utility C Circuit P

An investigation by the utility engineers found one of the lightning ar-

resters on the underground loop severely damaged in several places. A dead

squirrel was found at the bottom of the pole as shown in Fig. 7.3. The ar-
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rester did not have a squirrel guard. The momentary interruption cleared the

problem and the 200e fuses did not blow. The faulted lightning arrester is

located on a three-phase lateral 5.33 miles from the substation as shown in

the OpenDSS circuit diagram in Fig. 7.1. The fault location estimates are

given in Table 7.2.

Figure 7.3: Utility C Circuit P- Faulted Lightning Arrester

For each of the location methods a fault was placed in the CymeDist

circuit model at the distance estimated and the corresponding current was

measured at the substation. The fault distance known to utility C is 5.33

miles, which corresponds to a short-circuit current of 1.661 kA in the Cyme

circuit model. The relay recorded a maximum fault current of 1.907 kA (re-

lay fault log not shown here). The possible reasons for this current to differ
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from the maximum fault current measured by the relay are the circuit model

inaccuracies and load conditions. Such model inaccuracies are inevitable. It

can be seen from Table 7.2 that all the location methods have their estimates

close to the actual location; however, all underestimate the distance to fault.

The short-circuit currents corresponding to the distance estimates are close to

the maximum current measured by the relay.

Table 7.2: Example 1: Utility C Circuit P-Fault Location Estimates
Actual Fault Location is 5.33 mi

Relay Fault Current Model Short-circuit Current

1.907 kA 1.66 kA
Fault Location Analysis

Data Availability Method Used Location
Estimate
(mi)

Model
Short-circuit
Current (kA)

Voltage & Current
Phasor

Takagi 4.82 1.787

Voltage & Current
Waveform

Arc Voltage 4.90 1.778

Current Phasor Only Takagi 4.99 1.747

Current Magnitude Only
Loop Reactance 4.69 1.827
Current Profile 4.81 1.797

As mentioned earlier the relay records a maximum fault current mag-

nitude of 1.907 kA in phase C. Using the method described earlier in Section

7.1, a 10% confidence interval is created around the this maximum relay fault

current value. For this case, the range is between 1.716 kA and 2.098 kA.

The corresponding minimum and maximum location estimates in Table 7.2

are 4.69 miles and 4.99 miles, respectively. Note that all location estimates
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have their model short-circuit currents within the 10% interval around the

relay fault current.

7.1.2 Example Case 2

The circuit diagram for utility C circuit X shown in Fig. 7.4 was con-

structed in CymeDist. The rated voltage at the substation is 12.47 kV, while

the short-circuit capacity calculated using the circuit model is 99 MVA. The

most commonly occurring conductor type in the circuit has the code, ’336-

AAC,336-AAC,336-AAC,336-AAC,42,ABC’, whose positive- and zero-sequence

impedances are z1 = 0.2780 + j0.6584Ω/mile and z0 = 0.5474 + j1.9720Ω/mile,

respectively. According to the approach described earlier in Section 7.1, these

line parameters are used for the purpose of fault location.

Fault Location

Substation 
(Relay)

 

Figure 7.4: Utility C Circuit X in CymeDist with Fault Location
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At 20 : 57 on 6th June 2010, a customer called utility C to report about

a blown transformer. The customer reported that the power had gone out for

a few seconds and had then come back on. The voltage and current waveforms

recorded by the relay are shown in Fig. 7.5 and Fig. 7.6. The event starts off

as a single line-to-ground fault in phase C and within three cycles it evolves

into a double line-to-ground fault between phases A and C.
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Figure 7.5: Single Line-to-Ground Fault in Phase C evolving into Phase A for
Utility C Circuit X

A lineman dispatched to the site found that two barrels on two cutouts

of a capacitor bank were burned. He pulled the third barrel and left after

making sure everything was safe. On returning to the operation center he

turned in a follow-up for the capacitors to be checked. Utility C did not find

any obvious reason for the cutouts to flash as they did. The burned capacitor
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Figure 7.6: Double Line-to-Ground Fault in Phases A and C for Utility C
Circuit X

cutout is shown in Fig. 7.7. The faulted capacitor is located on a three-phase

lateral 3.10 miles from the substation as identified in Fig. 7.4. The fault

distance estimates for waveforms shown in Fig. 7.5 and Fig. 7.5 are presented

in Table 7.3 and Table 7.4, respectively.

The fault distance known to utility C is 3.10 miles, which corresponds to

a single line-to-ground short-circuit current of 1.435 kA in the CymeDist circuit

model. The double line-to ground short-circuit current at 3.10 miles is 1.780

kA. It can be seen from Table 7.3 that all fault distance methods are applied

to obtain the estimates for the single line-to-ground portion of the fault from

Fig. 7.5. The estimation method using only the current magnitude of the fault

fails for this case because the relay has recorded the maximum fault current

183



Figure 7.7: Utility C Circuit X- Burned Capacitor Cutout

magnitudes only for the double line-to-ground part of the event. Furthermore,

the arc voltage method has been utilized to estimate the distance to fault for

the double line-to-ground portion of the fault in Fig. 7.5 and Fig. 7.6. The

fault distances obtained for the double line-to-ground portion of the fault are

3.12 and 3.09 miles, respectively, which are close to the known fault location.

Again, the method described earlier in Section 7.1 is used to generate

a range of fault location estimates. The 10% confidence interval around the

maximum relay recorded fault current in phase C for the first part of the event

is between 1.664 kA and 2.031 kA and for the second part between 1.5975 kA

and 1.9525 kA (relay fault log not shown here). From Table 7.3, it can be seen

that the all the fault location estimates for the LG part have the corresponding

short-circuit currents less than the lower limit. This is expected as the relay

has recorded the maximum fault current magnitudes only for the double line-
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Table 7.3: Example 2: Utility C Circuit X-Fault Location Estimates for
Fig. 7.5

Actual Fault Location is 3.10 mi
Relay Fault Current Model Short-circuit Current

1.846 kA 1.435 kA (LG)
1.780 kA (LLG)

Fault Location Analysis

Data Availability Method Used Location
Estimate
(mi)

Model
Short-circuit
Current (kA)

Voltage & Current
Phasor

Takagi(LG) 3.40 1.310

Voltage & Current Waveform
Arc

Voltage(LG)
3.85 1.130

Arc
Voltage(LLG)

3.12 1.771

Current Phasor Only Takagi(LG) 3.32 1.347

Current Magnitude Only
Loop

Reactance(LG)
N/A -

Current
Profile(LG)

N/A -

to-ground part of the event. It can be seen from Table 7.3 and Table 7.4 that

the model short-circuit currents for the arc voltage estimates fall within the

10% interval around the relay current.

7.1.3 Accuracy Analysis of Utility Fault Location Estimates

All 25 cases in the dataset were analyzed on similar lines as the above

examples. The Takagi, arc voltage, current phasor only, current magnitude

only loop reactance and current profile methods were utilized for estimating

the fault location. Table 7.5 summarizes the accuracy of the location estimates
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Table 7.4: Example 2: Utility C Circuit X-Fault Location Estimates for
Fig. 7.6

Actual Fault Location is 3.10 mi
Relay Fault Current Model Short-circuit Current

1.775 kA 1.780 kA (LLG)
Fault Location Analysis

Data Availability Method Used Location
Estimate
(mi)

Model
Short-circuit
Current (kA)

Voltage & Current
Phasor

Takagi N/A -

Voltage & Current
Waveform

Arc Voltage 3.09 1.786

Current Phasor Only Takagi N/A -

Current Magnitude Only
Loop Reactance N/A -
Current Profile N/A -

for all dataset cases where the actual distances to faults are known. The

median value of all the fault location estimates for a particular case is utilized

for testing the accuracy. The error in fault location for a utility case is defined

as the absolute value of the difference between the median estimate and the

actual distance known to the utility.

The absolute error in the median estimate is plotted vs. the actual

distance to fault in Fig. 7.8. It can be seen that the error value increases with

the fault distance. This means that faults farther out tend to have more error

in the location estimates than faults close to the monitoring station.
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Figure 7.8: Absolute Error in Median Estimate vs. Actual Fault Distance

7.2 Momentary Faults

According to IEEE 1159-1995, voltage sag is defined as a short duration

decrease in the RMS AC voltage between 0.1 and 0.9 pu of the nominal voltage

magnitude, at the power frequency. On the other hand, a decrease in the RMS

AC voltage between 0 and 0.1 pu is called an interruption. Based on duration,

voltage sags and interruptions are classified into the following categories:

• Instantaneous (0.5 - 30 cycles)

• Momentary (0.5 - 3 seconds)

• Temporary (3 - 60 seconds)
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Table 7.5: Error Calculation for Cases with Known Fault Locations

Case No.
Actual Distance to

Fault
Median Distance
to Fault Estimate

Absolute Error in
Median Estimate

1 3.72 mi 3.92 mi 0.20 mi
2 3.72 mi 3.95 mi 0.23 mi
3 3.72 mi 3.87 mi 0.15 mi
4 3.18 mi 2.55 mi 0.63 mi
5 2.67 mi 2.69 mi 0.02 mi
6 3.07 mi 3.20 mi 0.13 mi
7 5.33 mi 4.82 mi 0.51 mi
8 3.10 mi 3.32 mi 0.22 mi
9 3.10 mi 3.09 mi 0.01 mi
10 1.70 mi 1.74 mi 0.04 mi
11 0.93 mi 1.10 mi 0.17 mi
12 10.70 mi 12.27 mi 1.57 mi
13 0.28 mi 0.20 mi 0.08 mi
14 2.50 mi 2.92 mi 0.42 mi

The most common cause of voltage sags and interruptions is short cir-

cuit conditions or faults on the power system. The faults on the power system

can be classified based on their duration into two types as follows:

• Transient or temporary faults: No permanent damage is caused to sys-

tem insulation and voltage can be restored after fault arc is extinguished.

• Permanent faults: Faults caused by physical damage to the element of

the insulation system. A line crew must be dispatched to clear the fault

and restore power.

A fuse is the most inexpensive and maintenance free device used by

utilities for overcurrent protection as well as line isolation. The purpose of the
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fuse is to operate on permanent faults and isolate the faulty section from the

healthy portion of the feeder. On the contrary, a recloser is a special circuit

breaker which is used to perform fault interruption and reclosing functions.

The recloser has two time characteristics, namely, fast and delayed curves

[4]. It can switch between these two curves depending on the nature of the

fault. Fast tripping is typically used for fuse saving application, while delayed

tripping allows the down-line fuses to clear the fault. If the last operation of

the recloser restores service, i.e. the reclose is successfully, the fault is said to

be momentary. Conversely, if the last recloser operation results in a lockout

open, the fault is permanent.

In either of the above cases, i.e. momentary/temporary or permanent

fault, the utility needs to know the exact location of the fault as well as

the faulted equipment. In the subsequent sections we focus our attention on

the location of momentary or temporary faults. Twenty-five fault events on

distribution circuits of four utilities have been analyzed in the previous section.

From this set of events we choose momentary faults and identify three distinct

categories of faults, namely, self-clearing faults, faults cleared by fast operation

of recloser and faults cleared after multiple recloser operations. The following

sections provide a step-by-step guideline, with the help of examples for fault

location estimation for these three types of momentary faults.
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7.2.1 Self-Clearing Faults

Self-clearing faults, as the name suggests, refers to those temporary

faults where an overcurrent protective device does not operate. They have

duration less than one cycle, generally 1/4 to 1/2 cycles. Such self-clearing

events may be precursors to eventual permanent faults at the same location.

Hence it is necessary to detect and locate these self-clearing faults when they

occur. The step-by-step procedure to find a distance estimate for self-clearing

faults is illustrated below.

Step 1-Identification of Self-clearing Faults

Inspect the relay recorded voltage and current waveforms to determine

the duration of the fault. A fault having duration less than one cycle is to

be classified as a self-clearing fault. Using this definition the event shown in

Fig. 7.9 for utility B circuit G1 is classified as a self-clearing fault. The most

commonly occurring conductor type in the circuit has the code, ’3ph h-795,

aac795, aac795, aac397, acsr’, whose positive- and zero-sequence impedances

are z1 = 0.130837 + j0.554619Ω/mile and z0 = 0.402886 + j1.86188Ω/mile,

respectively. These line parameters are used in the fault location methods.

Step 2-Distance to Fault Estimation

Run the arc voltage fault location algorithm to obtain a distance esti-

mate. Note that this is the only method applicable to self-clearing faults. For

the waveforms shown in Fig. 7.9, the arc voltage method gives the distance to

fault estimate as 3.92 miles.
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Figure 7.9: Single-Cycle Fault in Phase A for Utility B Circuit G1

Step 3 -Computation of Model Short-circuit Current

Once the fault distance estimate is computed, apply a single line-to-

ground fault at the estimated location in the circuit model software and record

the short-circuit current magnitude. The circuit model for utility B circuit G1

is available in CymeDist. A fault at a distance of 3.92 miles results in a short-

circuit current of 2.298 kA at the substation relay.

Step 4-Comparison of Recorded and Estimated Fault Currents

To evaluate the quality of the distance estimate, the short-circuit cur-

rent obtained in Step 3 is compared with the maximum fault current recorded

by the relay. For this case, the relay event log (not shown here) recorded a

maximum fault current of 1.905 kA. The model short-circuit current at 3.92

miles, is about 20% more than the maximum fault current measured by the

relay. This discrepancy can be considered reasonable for a self-clearing fault.
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One of the reasons for this discrepancy is the error resulting from the

circuit model itself [33]. Moreover, the short-circuit current computed from

the circuit model is for steady-state conditions. Based on the duration of self-

clearing faults, they can be considered to be transient in nature which does

not allow the fault current to settle to a steady-state value. Additionally, the

relay may not be able to accurately record the peak magnitude of this tran-

sient current.

Step 5-Calculating 10% Short-circuit Current Interval and 10% Location Esti-

mate Interval

To account for various errors, vary the estimated fault location such

that the corresponding model short-circuit current is within 10% of the max-

imum fault current measured by the relay. In this case, the 10% confidence

interval around the maximum relay recorded fault current of 1.905 kA, is be-

tween 1.715 kA and 2.096 kA. The upper and lower limits of this short-circuit

range correspond to a fault distance of 4.57 and 7.1 miles in the CymeDist

circuit model, respectively. The difference between the upper and lower limit

of this range is 2.53 miles which is about 65% of the estimated fault location

value of 3.92 miles. Another simpler alternative is to calculate a 10% interval

around the fault location estimated by the arc voltage method. In the example

case, this 10% location interval is between 3.53 and 4.31 miles. Note that the

interval length is just 0.73 miles.

Step 6-Constructing Range of Possible Fault Locations

Based on the above steps and other self-clearing faults analyzed from

192



Table 7.6: Worksheet for Locating Self-clearing Faults
Utility B Circuit G1

Relay Fault Current 1.905 kA
Fault Location Analysis

Fault Location Method
Location
Estimate

Model
Short-Circuit

Current

10% Location
Estimate
Interval

Arc Voltage 3.92 mi 2.298 kA 3.53-4.31 mi

the dataset, a worksheet containing empirical rules for locating these faults is

shown in Table 7.6. Using the worksheet, the location for self-clearing faults is

reported as the 10% interval around the arc voltage estimate. In this example

case the location range is between 3.53 and 4.31 miles. Note that the actual

location of fault was 3.71 miles, which falls within this range.

The multiplier value of 10% used in the worksheet has been selected

based on the effect of circuit model errors on fault location estimates [33].

This multiplier is also corroborated using the self-clearing faults available in

the utility dataset. The multiplier values can be altered based on the operating

experience of every utility.

7.2.2 Momentary Faults Cleared by Fast Operation of Recloser

When the relay detects the fault, the recloser typically takes a few

cycles to open for the first fast operation. After the completion of the reclose

interval the recloser closes again. If at this point the fault has been cleared,

the recloser stays closed, resulting in a momentary fault that lasts a few cycles.

The step-by-step procedures to find a distance estimate for faults cleared by
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the fast operation of the recloser are illustrated below with an example from

utility B circuit G5. This event is the first in a sequence of momentaries;

however, we are using it as a standalone case.

Step 1-Identification of Faults Cleared by Fast Operation of the Recloser

Inspect the relay recorded voltage and current waveforms to determine

the duration of the fault. A fault having duration of few cycles and the service

being restored at the end of the event is to be classified as a fault cleared by

the fast operation of the recloser. Using this definition the event shown in

Fig. 7.10 for utility B circuit G5 is classified under this category. The most

commonly occurring conductor type in the circuit has the code, ’3ph h-795,

aac795, aac795, aac397, acsr’, whose positive- and zero-sequence impedances

are z1 = 0.130837 + j0.554619Ω/mile and z0 = 0.402886 + j1.86188Ω/mile,

respectively. These line parameters are used for the purpose of fault location.

Step 2-Distance to Fault Estimation

The worksheet for distance estimation for a fault cleared by the fast

operation of the recloser is shown in Table 7.7. The Takagi, arc voltage, current

phasor only, current magnitude loop reactance and current profile methods are

applied to the fault data.

Step 3 -Computation of Model Short-circuit Current

Once the fault distance estimates from all methods are computed, apply

a single line-to-ground fault at the estimated location in the circuit model

software. Record the short-circuit current magnitudes at the relay location.

The circuit model for utility B circuit G5 is available in CymeDist. The short-
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Figure 7.10: Single Line-to-Ground Fault in Phase C for Utility B Circuit G5

Table 7.7: Worksheet for Locating Faults Cleared by Fast Operation of Re-
closer

Utility B Circuit G5

Relay Fault Current 10% Interval

3.168 kA 2.851-3.485 kA
Fault Location Analysis

Data Availability Method Used Location
Estimate
(mi)

Model
Short-circuit
Current (kA)

Voltage & Current
Phasor

Takagi 2.53 3.29

Voltage & Current
Waveform

Arc Voltage 2.54 3.29

Current Phasor Only Takagi 2.83 3.07

Current Magnitude Only
Loop Reactance 2.96 3.04
Current Profile N/A N/A

Estimated Location Range 2.53-2.96 mi

circuit currents computed for each of the distance estimates are shown in the

worksheet given in Table 7.7.
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Step 4-Calculating 10% Short-circuit Current Interval

To account for the circuit model and measurement errors, a 10% con-

fidence interval is built around the maximum fault current measured by the

relay, i.e. from 0.9 to 1.1 times the value of the maximum fault current. The

upper and lower limit of this interval is compared with the short-circuit cur-

rents calculated in Step 3. For the example case, the 10% confidence interval

around the maximum relay recorded fault current of 3.168 kA (relay event log

not shown here), is between 2.851 kA and 3.485 kA. From the worksheet given

in Table 7.7, it is seen that all the distance estimates have their corresponding

model short-circuit currents within this range.

Step 5-Constructing Range of Possible Fault Locations

From step 4, all the distances estimated were found to have their cor-

responding model short-circuit currents within 10% of the relay recorded fault

current magnitude. This 10% interval around the fault current magnitude was

found to be sufficient to account for circuit model errors in the dataset ana-

lyzed in this chapter. Furthermore, this multiplier value can be altered based

on practical operating experience of every utility. Taking all these factors into

account, it is reported that the possible location of the fault is between min-

imum and maximum location estimates that have their model short-circuit

currents within 10% of the relay recorded fault current. In the example case,

the range of location estimates is from 2.53 to 2.96 miles.
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7.2.3 Faults Cleared After Multiple Recloser Operations

If a fault is cleared by the end of the last recloser operation and the

power is restored, the fault is said to be momentary. During a momentary

fault the customers downstream from the recloser will experience a series of

sags and interruptions. A step-by-step process of locating such a series of

momentary interruptions on distribution feeders is given below.
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Figure 7.11: Utility B Circuit G5-Momentary Fault Events on 3/9/2010. Part
1: First Fast Operation Time: 23:05:25

Step 1-Identification of Faults Cleared After Multiple Recloser Operations

Based on the voltage and current waveforms recorded by the relay, a

fault on utility B circuit G5 was identified as a momentary fault. This event

consists of four faults captured by the same relay, all within few seconds of

each other. These events belong to one momentary interruption caused by a

lightning strike on the distribution feeder. This series of events is shown in
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Figure 7.12: Utility B Circuit G5-Momentary Fault Events on 3/9/2010. Part
2: Second Fast Operation Time: 23:05:27
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Figure 7.13: Utility B Circuit G5-Momentary Fault Events on 3/9/2010. Part
3: First Delayed Operation Time: 23:05:30

Fig. 7.11 to Fig. 7.14. The most commonly occurring conductor type in the

circuit has the code, ’3ph h-795, aac795, aac795, aac397, acsr’, whose positive-

198



-2500

0

2500

-20

-10

0

10

20

2.5 5.0 7.5 10.0 12.5 15.0

IA
 I

B
 I

C
V

A
Y

(k
V

) 
V

B
Y

(k
V

) 
V

C
Y

(k
V

)

Cycles

IA IB IC VAY(kV) VBY(kV) VCY(kV)

Figure 7.14: Utility B Circuit G5-Momentary Fault Events on 3/9/2010.Part
4: Second Delayed Operation (Fault Cleared) Time: 23:05:33

and zero-sequence impedances are z1 = 0.130837 + j0.554619Ω/mile and z0

= 0.402886 + j1.86188Ω/mile, respectively. These line parameters are used

for the purpose of fault location.

Step 2-Distance to Fault Estimation

Run all the fault distance estimation methods for every part of the

momentary fault. A worksheet for calculating the fault distances for a series

of momentary faults is given in Table 7.8. The Takagi, arc voltage, current

phasor only, current magnitude loop reactance and current profile methods are

applied to all four waveforms shown in Fig. 7.11 to Fig. 7.14.

Step 3-Combining Location Estimation Results

To combine all the results calculated in Step 2, we find the median

value of the distance estimated by each method, for all the parts of the fault

as shown in Table 7.8.
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Table 7.8: Worksheet for Locating Series of Momentary Faults
Utility B Circuit G5-Fault Location Analysis

Data
Availabil-

ity

Method
Used

Location
Estimate
Part 1

Location
Estimate
Part 2

Location
Estimate
Part 3

Location
Estimate
Part 4

Median of
Location
Estimates

Voltage &
Current
Phasor

Takagi 2.53 mi 2.51 mi 2.53 mi 2.56 mi 2.53 mi

Voltage &
Current

Waveform

Arc
Voltage

2.54 mi 2.55 mi 2.56 mi 2.57 mi 2.56 mi

Current
Phasor
Only

Takagi 2.83 mi 2.98 mi 2.71 mi 2.98 mi 2.91 mi

Current
Magnitude

Only

Loop
Reactance

2.96 mi 2.92 mi 2.93 mi 2.94 mi 2.94 mi
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Step 4-Constructing Range of Possible Fault Location

The minimum and maximum values of these median estimates are re-

ported as the lower and upper limit of the fault location range. For the example

case, the minimum and maximum fault distance estimates are 2.53 and 2.94

mile, respectively. This range of estimated fault locations is marked on the

utility circuit diagram in CymeDist as shown in Fig. 7.15. A list of the equip-

ment in the range of the fault location is provided to utility. The line-crew

should be instructed to inspect this equipment for potential problems. The

list of equipment in the range of fault location estimates for utility B case G5

includes the following devices: one three-phase line switch, eight single-phase

residential spot loads and eight three-phase conductor sections of type, ’2/0

ACSR, 2/0 ACSR,2/0 ACSR,2 ACS’. The report obtained from utility B iden-

tifies the cause of this momentary fault as a lightning strike on an overhead

conductor, 2.67 miles from the recording device. Note that the actual fault

location falls within the estimated location range.

7.3 Implementation and Utility Adoption

The main aim of the work documented in this chapter was to improve

utility fault location. The future work would be to automate the fault location

approaches. A stand-alone module conceptualized in Fig. 7.16 [1, 2] would read

data from the relays, identify a fault event and use fault-location algorithms

to determine the distance to the fault. The circuit model of the distribution

feeder available to the utilities would be then used to determine the possible
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Figure 7.15: Utility B Circuit G5-Range of Fault Location Estimates

202



Event Data 
Collector
(PQView)

Fault 
Location 
System

(MATLAB)

Circuit Data 
Importer

(OpenDSS)

Operator Interface

SEL PQ
Monitor

CymeDist ASPEN
Sequence line 

impedance

Figure 7.16: Stand-Alone Fault Location Module Components

fault location range as well as the equipment names lying within that range.

The operator would be then presented with a detailed report about the fault

event and results of estimation. The entire process would require integration

between components which read data from relays, fault location algorithms,

circuit model and operator interface. If all the components work together, it is

anticipated that the stand-alone module would decrease the restoration time

of the utilities.

7.4 Summary

This chapter makes use of the number of fault location techniques de-

scribed in the previous chapters to locate faults on actual utility circuits. Sec-
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tion 7.1 analyzed two example cases in detail and then summarized the results

from the entire dataset. A step-by-step demonstration of locating different

types of momentary faults was presented in Section 7.2. Section 7.3 briefly

explained the process by which a utility can adopt the fault location practices

developed in this document.
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Chapter 8

Introduction to Electric Ship Power System

and DC Fault Interruption

Like any other terrestrial power system the electric ship power system

consists of generation, transmission and load [12]. The power is generally

transmitted using insulated cables. Various electric ship architectures have

been described in literature and they include AC, DC and part AC part DC

systems [13, 14]. The proposed voltage levels can be 4.16 kV AC, 13.8 kV

AC or 1 kV DC. The main differences between the present and the future

electric ship architectures are the addition of the propulsion load on the electric

system and the ability to support pulse loads that intermittently demand

few order of magnitude more power than the rest of the ship-board loads

combined. Moreover, the electric ship power system can be envisioned as a

distributed smart gird, where the generator is tightly coupled with rest of the

loads. A disturbance in any part of the ship power system tends to affect other

components, almost immediately. This makes working with the electric ship

power system challenging.

Current interruption capability is an important design aspect for any

power system. As the AC power systems have been in use for quite some

time, the science of current interruption for these systems is mature. On the
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other hand, the main challenge in the realization of large scale DC distribution

systems remains the difficulty in switching and protection. This is primarily

because, unlike AC current, there is no natural current zero for DC currents.

The fault current keeps flowing through the arc even after the physical contacts

have separated. The arc has to be extinguished to break the fault current.

This chapter provides an introduction to the electric ship power system

in Section 8.1. Section 8.2 introduces the concept of DC fault interruption.

The rest of the chapter, Section 8.3, onwards focuses on the currently available

as well as proposed DC fault interruption techniques.

• Publication: Part of the work presented in this chapter has been pub-

lished in [29, 30]:

– S. Kulkarni and S. Santoso, “Estimating transient response of sim-

ple ac and dc shipboard power systems to pulse load operations,”

in Electric Ship Technologies Symposium, 2009. ESTS 2009. IEEE,

April 2009, pp. 73 –78.

– S. ’Kulkarni and S. Santoso, “Impact of pulse loads on electric ship

power system: With and without flywheel energy storage systems,”

in Electric Ship Technologies Symposium, 2009. ESTS 2009. IEEE,

April 2009.
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8.1 Electric Ship Power System

In ships it is economical to supply the large power needs of radar,

propulsion systems, and weapons systems in a combined fashion rather than

using separate generators for each load. This lead to the consideration of

an integrated power system (IPS) that can supply all the loads in the ship.

Medium voltage ac (MVAC) at 60 Hz, high frequency ac (HFAC) and medium

voltage DC (MVDC) power supply systems are being considered for serving

the ship loads connected to the IPS. MVDC is considered as one of the at-

tractive options due to the reduction in size and weight that can be achieved

when compared against other AC alternatives. The distribution of DC power

to the loads throughout the ship will entail the need of DC fault management

scheme.

Fig. 8.1 shows the typical generation, distribution and loads in a no-

tional electric ship. The propulsion load, pulse loads and other AC as well as

DC loads are fed by a set of main and auxiliary generators. The generators

are typically gas turbine fed synchronous machines. The AC power generated

is converted to DC using rectifiers. The rectifier, which may be a six-pulse

rectifier or twelve-pulse rectifier, converts AC power to DC power and supplies

it to the rest of the ship power system. Note the presence of energy storage

in the electric ship power system in Fig. 8.1. Traditional battery energy stor-

age as well as flywheel energy storage technologies are being considered for

shipboard use.

207



�
�
�

����

�
�
�

����

	


	���

�����

�����

	���� ���� ����

����� ���

������

����

������

������

�� ����

�� ����

	��������


����������

	���� ����������

�������

	���� ����������

�������

�
 
!
�
�

�"#

���

��$������ 	����

���������� ������
%��������

����& '� '��

��� �� �����(����

)�(��*���

+�,�����

+�,�����

Figure 8.1: Typical Electric Ship Power System

8.2 Introduction to DC Fault Interruption

Broadly speaking, there are three available ’methods’ of interrupting

DC fault currents as given in Table 8.1. Interrupting DC faults on the AC

side of a rectifier fed system is possible, however, it entails overrating all the

equipment a longer fault clearing time. Fault on the DC side can be interrupted

by either using electromechanical breakers or power electronic switches. Power

electronic switches in the converters themselves can also be used to bring down

and interrupt the DC fault current. Table 8.2 lists the current state-of-the-art
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regarding power conversion technologies and their associated characteristics

under MVDC bus fault conditions.

Table 8.1: Means of Interrupting DC Faults
Method Commercial

Technology
Available

Technical Challenges

On AC side by means of conven-
tional AC circuit breakers

Yes Large and prolonged fault
currents due to several AC
cycle interruption time.
Overrating necessary for
generator frequencies above
60 Hz

On DC side by means of elec-
tromechanical DC circuit break-
ers

Yes Commercial solutions lim-
ited

On DC side by means of power
electronic switches

Yes Additional losses. Develop-
ment of technology neces-
sary

Table 8.2: DC Fault Behavior of Power Converters
Technology Fault Current Break-

ing Capability
Fault Current
Limitation
Capability

Diode Rectifiers No No
Forced Commutated ’Active’
Rectifiers using IGBTs, IGCTs,
etc. with Free Wheeling Diodes

No Yes

Thyristor Controlled Rectifiers At First AC Side Cur-
rent Zero

No

Isolated DC-DC Converters with
HF Transformer

Within one HF half-
cycle

Yes

Except for isolated DC-DC converters, the magnitude of DC fault cur-
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rents associated with all the common power conversion technologies listed

in Table 8.1 is governed by the combined effect of the AC and DC side

impedances. In addition, DC link capacitances may contribute additional,

significantly large, transient fault current injections as they discharge during

a DC fault event.

The general classification of DC fault interruption methods based on

various criteria is shown in Fig. 8.2. The various principle used for classifica-

tion are explained in detail in this chapter.

Figure 8.2: Classification of DC Fault Interruption Methods
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8.3 Methods of DC Fault Interruption

Current interruption in a power system depends upon the source, load

and the energy storage elements in the network. When a fault occurs in the

network, the energy supplied by the source will be dumped into the resistors

and the inductors along the path of the fault current, while the capacitors will

give out some energy proportional to the voltage reduction in the network.

From the basic circuit analysis, (8.1).

Ifault = Vs/Z (8.1)

Based on the formula, two methods for fault current control are evident.

The first method is to control the source voltage Vs and the other is to control

the line impedance, Z. Based on these two principles current interruption

is broadly classified into, ’Source potential reduction’ and ’Switch assisted

interruption’, as seen in Fig. 8.2. These methods are described below.

8.3.1 Source Potential Reduction

In this method, the source voltage is designed to be externally control-

lable. On sensing an increase in the network current, the source voltage can

be gradually brought to zero, thereby reducing the fault current. However, re-

ducing the source voltage can cause a large scale power outage throughout the

network, during a remote fault. The customers who have sensitive loads might

seek to install backup supplies at their ends. Fig. 8.3 shows the schematic for

this method. Source control method can be used in small DC networks which
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use controlled static AC-DC converters.

DC

Fault

Ordinary circuit 
breaker

source

Circuit breaker with 
bidirectional capability

Backup 
storage

Sensitive 
loads

Is Ib

Figure 8.3: Source Voltage Control for Current Interruption

8.4 Current Suppression through Impedance Control

In this method, the source voltage is held constant and the impedance

of the transmission line is left unmodified at normal currents levels. When

a fault occurs, large impedance is introduced in series with the transmission

line which suppresses the current and brings it to zero. Modern day circuit

breakers either use an arc or a non-linear device for producing the required

impedance in the network.

8.4.1 Current Commutation Principle

A device using this principle has one element for conducting the contin-

uous current and the other for conducting and stopping the fault current. The

element which is used for conducting continuous current has high continuous

current rating, low conduction losses and a low current interruption capabil-
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ity. The other element has opposite properties. Since the conduction and

interruption operations occur in separate devices designed for the respective

purposes, this method produces a high performance breaker with the lowest

size consideration. Hybrid breakers which are explained later fall under this

category.

8.5 Switch Assisted Interruption

8.5.1 Direct Current Suppression

These DC breakers, due to the absence of current zero, are designed to

produce a voltage drop equal to the source voltage and withstand the energy

dissipation caused by the inductor and the voltage source until the energy

from the inductor reduces to zero. Direct current suppression breakers can be

further classified as follows.

8.5.1.1 Conventional Mechanical Breakers

These circuit breakers use conventional arc quenching media like air,

oil, vacuum and SF6. These breakers can also use auxiliaries like puffers,

forced blast and arc chutes for enhancing arc interruption. A more detailed

analysis of these type of breakers to interrupt DC faults in given in section

8.6.
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8.5.1.2 Breakers making use of Non-linear Devices with Current

Commutation

Pyro-Breakers : Pyro-Breakers consist of a solid copper bar, explosive

charge and a fuse [92]. The solid copper strip in the breaker carries the con-

tinuous current. The copper bar along with the explosive charge forms the

pyrotechnic disconnecter. On receiving a trip command from a relay, the py-

rotechnic disconnecter shears the copper bar with the help of the explosive

charge and commutates the current to the fuse. The fuse interrupts the cur-

rent later. This breaker has special applications in rectifier protection on AC

and DC side.

Solid State Breakers : Solid State Breakers (SSB) are high speed break-

ers making use of power thyristors, GTOs, IGBTs, and MOSFETs for current

interruption. They make use of power electronic switches alone for interrupt-

ing the current with minimum arcing [93, 94]. SSBs produce a PN junction

barrier region during current interruption for impeding the current without

any arc. Since the above process does not involve any wear and tear the life

of the breaker is almost infinity. Since power electronic devices are prone to

breakdown at high voltage transients, SSBs are fitted with a series isolation

switch for galvanic isolation. Snubber capacitors and surge arresters are fit-

ted in parallel with the breakers for absorbing the voltage and current surges

during turn on and turn off periods. SSBs are mostly used as current limiting

breakers in those networks where the devices have low short time current rat-

ings [15–18].
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Since the semiconductor switches do not have the ability to dissipate

the energy stored in the power system, it is connected in parallel with surge

arresters, snubbers, and capacitors for absorbing the system energy after cur-

rent interruption. Any heat produced due to energy loss should be cooled

effectively for its successful operation. But this type of circuit breaker does

not provide the physical galvanic isolation between either sides of a breaker. It

may breakdown if a transient voltage across the contacts is relatively high. An-

other disadvantage that discourages the use of power semiconductor switches is

that their conduction losses are high due to its on-state resistance and forward

voltage drop. This energy loss poses an overload limit for the breaker. Even

though this type of circuit breaker operates at very high speeds, this attractive

feature becomes limited without the availability of high-speed relays. IGBT,

GTO, SIT and IGCT [19] are the most commonly used switches in solid-state

circuit breakers. Solid-state breakers remain in the research stage for high

power applications. However, commercial solid-state breakers are available for

low power applications.

8.5.1.3 Breakers making use of Non-linear Devices without Current

Commutation

PTC breakers : PTC breakers make use of positive temperature coefficient

(PTC) resistors as the current limiting element. The PTC resistors are made of

metal filled polymer matrix for carrying the current. Under normal conditions,

the heat produced is equal to the heat dissipated such that the filler materials

in the matrix cling together. When the current increases, the matrix expands
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and the filler particles move apart due to heat production and produce almost

a step increase in the resistance value [95, 96]. These PTC materials conduct

the entire steady state current under normal conditions.

Super-conducting Current Limiter : Only resistive superconducting cur-

rent limiters (SCCL) are used for DC interruption [97]. All superconductors

have a time dependent critical current value. When the current through the

superconductor is lower than the critical current the resistance of the super-

conductor is zero. The cooling of the superconductors is designed to keep

the critical current above the load current, under normal conditions. When a

high short circuit current above the critical value flows through the conductor,

the superconductor loses its zero resistance state and gets heated up. This

process acts like a positive feedback loop and in a few milliseconds causes a

step increase in the superconductors’ impedance. This process is used in these

breakers for current interruption.

8.5.2 Current Oscillation based DC breakers

Usually AC breakers are designed to interrupt currents at inherent cur-

rent zeros when the arc extinguishes temporarily. These breakers can be used

for DC current breaking by fitting an oscillator in parallel with the AC breaker.

The oscillator circuit consists of a capacitor in series with an inductor. It can

be classified based on the charge stored across the capacitor as follows.
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8.5.2.1 Passive Circuit Oscillator

In this type of circuit breaker, an LC circuit is connected across the

circuit breaker contacts before the opening of circuit breaker contacts. When

the contacts of a circuit breaker start to move apart, a small voltage appears

across the arc. This voltage excites the LC circuit into oscillation. The os-

cillation increases in magnitude with time. Finally at some point in time the

current through the oscillator will be equal to the fault current. When this

happens, the fault current commutates from the breaker to the LC circuit.

The transmission line inductance charges the capacitor to a high voltage.

8.5.2.2 Using Active Circuit Oscillator

The circuit for active current commutation breaker looks almost similar

to the passive circuit, except that the capacitor is always kept pre-charged.

When the circuit breaker receives a trip command, the contacts are retracted

and a counter current is injected through the arcing contacts with the help of

the capacitor.

8.5.3 Hybrid Circuit Breaker

Hybrid circuit breakers make use of a combination of both electrome-

chanical parts and power electronic switches for current interruption at high

speeds [18, 98]. They enjoy the advantages of both the solid-state and elec-

tromechanical breakers. Thus, this type of circuit breaker makes up a major

percentage of high-speed circuit breakers. The main components used in a
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hybridized circuit breaker are main switch, solid state switch, and isolation

switch. The power electronic switch is connected in parallel with the mechani-

cal switch, while the isolation switch is connected in series with the solid state

switch, as illustrated in Fig. 8.4 [98, 99]. During normal operating conditions

the current flows through the mechanical breaker (S). When a fault is de-

tected, breaker (S) opens and the current is commuted to the semiconductor

device. As a result, the mechanical part does not need to extinguish the arc.

The semiconductor device conducts until breaker (S) is able to fully block the

voltage. The stored energy in the line inductance causes fast voltage increase

until the varistor conducts. The varistor blocks voltage above the grid voltage

and hence the line inductance is demagnetized. Since hybrid breakers are in

the research and development stage, they are not yet economical [18, 99].

Varistor

L

Power 
Electronic

Switch

Mechanical 
Breaker

(S)

Isolation switch

Figure 8.4: General Schematic of Hybrid Circuit Breaker
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8.6 Breaking DC with Electromechanical Circuit Break-

ers

Electromechanical circuit breakers are typically used for interrupting

alternating currents. Their applications in direct currents are feasible. During

the interruption process, the direct current can be forced to zero by increasing

the arc voltage, injecting a current opposite to the fault current, or by doing

both. Another related method involves forcing the direct current to oscillate

during the fault so as to create artificial current zeros. These zero crossings

provide opportunities for arc extinctions.

A simple inductor-capacitor based oscillator shown in Fig. 8.5 illus-

trates how artificial zero crossings may be produced. A circuit breaker for

interrupting direct currents requires three interrupters, namely, one main and

two auxiliaries. In Fig. 8.5, the Main and Aux1 interrupters possess an iden-

tical interrupting current rating because they must carry high (i.e., fault) cur-

rent during the interruption process. In carrying a normal load current, Main

and Aux2 interrupters are closed, while Aux1 is open. The series inductor

and capacitor is charged through resistor R and Aux2. For this reason, Main

and Aux2 interrupters are normally closed, while Aux1 interrupter is normally

open.

In breaking a direct fault current, Aux1 is closed and Aux2 is tripped

open. The Main interrupter has not yet tripped, since the fault current has

no zero crossing. With Aux1 and Main in the closed position, and Aux2 in

the open position, an LC circuit illustrated in Fig. 8.6(a) is formed, forcing
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Figure 8.5: A simplified LC Oscillator with Circuit Breaker to Interrupt DC
Fault Current

the direct current to oscillate. The size of the inductor and capacitor must be

carefully selected so that the current oscillates about zero. With the availabil-

ity of current zeros, the Main interrupter can break the fault current as shown

in Fig. 8.6(b). The fault current cannot flow through the LC circuit since the

capacitor blocks the flow of a direct current.

This direct current interruption process is modeled and simulated in

a time-domain power system simulation software package. A two-mile DC

cable carries 190 A DC current to serve a 2 kV DC load. A line-to-ground

fault occurs in the middle of the cable requiring the upstream DC breaker

to interrupt. The LC oscillator circuit forces the fault current to oscillate

about zero, allowing the Main interrupter to break the current successfully,

assumed in this particular illustration, at the third zero crossing Fig. 8.7.

Note that the simulation has been simplified considerably to demonstrate the
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Figure 8.6: Use of LC Oscillator Circuit for Fault Interruption

concept of interrupting direct currents using an electromechanical interrupter.

The model does not include the formation of arc voltage and its subsequent

extinction processes.

There are a few commercial DC circuit breakers currently available in

the marketplace. They are used in HVDC, DC railway traction, and large

221



69.99 69.995 70 70.005 70.01 70.015 70.02 70.025 70.03
-2

-1

0

1

2

3

4

time(ms)

kA

 

 

Current through Main Interrupter

���������

�������

�����������	
����

�������

�����������	
����

��������

�������	���������

�����

Figure 8.7: Forced Oscillations Allowing Main Interrupter to Break at Third
Zero Crossing

DC industrial drive systems. Areva has developed electromechanical circuit

breakers based on an artificial zero crossing approach as well [100]. During

the interruption process, a simple LC oscillator circuit in parallel with the

contacts is excited by the arc voltage into resonance. The oscillating current

crosses zero allowing the arc to be extinguished. Other commercially available

DC circuit breakers (from General Electric, Secheron, Siemens [101–103]) are

rated between 1 kV DC and 5 kV DC with interrupting rating of 40 kA/31.5

ms to 125 kA/100 ms depending on the capacity of the arc chutes.

222



8.7 Summary

Section 8.1 of this chapter provided an overview of the electric ship

power system, while Section 8.2 introduced the concept of DC fault interrup-

tion. Furthermore, Section 8.3, onwards, the chapter dealt with the challenges

and approaches for DC fault interruption. It was pointed out that, unlike

AC current, there is no natural current zero for DC currents, which makes

fault interruption challenging. Various currently available and proposed DC

fault mitigation techniques were discussed. The following chapter describes

an innovated DC fault interruption scheme using a reactor assisted AC circuit

breaker.
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Chapter 9

Interrupting Short-Circuit Direct Current

using an AC Circuit Breaker in Series with a

Reactor

Medium voltage DC or MVDC system architectures are being con-

sidered in distribution systems of electric ships as well as electric vehicles

[104, 105]. Such systems are generally fed by phase-controlled rectifiers or sim-

ply controlled rectifiers. They are constructed using thyristors as the switch

element in the bridge. The firing pulses of the thyristors can be controlled

to change the DC voltage at the output terminals of the rectifier. However, a

fault at the terminals of a controlled rectifier results in a large magnitude fault

current. With no zero crossings, clearing such faults is challenging. Further-

more, for faults with low fault resistance (or even bolted faults) the transient

DC fault current has a high magnitude impulse and a short rise time. This

can have detrimental effect on the equipment. The previous chapter discussed

existing and proposed techniques for interrupting DC fault current utilizing

electromechanical interrupters, solid-state switches, and hybrid circuit break-

ers [100, 105]. In order to utilize electromechanical circuit breakers (EMCBs)

in DC systems it is proposed to generate artificial current zeros in the arc by

superimposing a counter flow of current, typically from an oscillating circuit
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evoked only during circuit breaking. On the other hand, solid-state circuit

breakers (SSCBs) make use of power electronic switches for interrupting the

current without arcing [106–108]. Disadvantages of SSCBs include not pro-

viding galvanic isolation and generally lacking the same withstand against

transient overvoltages. Power semiconductor switches have high conduction

losses due to on-state resistance and forward voltage drop discouraging their

use. Even though this type of circuit breaker allows for very high interruption

speeds, existing protection methods implemented on protection relays typi-

cally do not utilize the this attractive feature [109]. Solid-state breakers are

commercially available only for low power applications. Hybrid circuit break-

ers make use of a combination of both electromechanical parts and power

electronic switches for current interruption at high speeds [19]. They combine

the advantages of both technologies [106]. Just like SSCBs, hybrid breakers

are still in the research and development stage. In [110] relays associated with

converters are used to detect and clear faults in a DC distribution system.

The method proposed in [111] uses AC circuit breakers on the AC side of the

rectifier to coordinate with the DC switches to isolate the faulted section in a

multi-terminal DC system.

The objective of this chapter is to propose and successfully demon-

strate the application of a new DC fault clearing mechanism which is simple,

fast and efficient. Furthermore, the mechanism should limit the fault current

magnitude and physically isolate the faulted section from rest of the system to

prevent damage to equipment. To achieve this goal, the chapter proposes an
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innovative DC fault interruption scheme for a controlled rectifier by inserting

a series reactor and using a conventional AC circuit breaker for fault clearing.

The addition of the reactor causes the rising fault current to oscillate and have

zero crossings which are inherently absent from DC systems. A conventional

AC circuit breaker can then be employed to interrupt the fault current during

the first zero crossing [67]. This approach is developed in Section 9.1 using an

example of a fault at the terminals of a controlled rectifier. This fault also re-

sults in a high magnitude current impulse (56 kA) caused by the filter capacitor

discharging into the fault resistance. Section 9.2 describes the detailed switch

and average value circuit models used for validating the proposed approach.

Section 9.3 analyzes the use of firing angle control to bring the fault current

down to zero. The current is brought to zero in about 44 ms from the start

of the fault. In Section 9.4, it is proposed to add an inductor in series with

the rectifier output terminals to reduce the peak magnitude of the transient

fault current and induce oscillations in the fault current. Section 9.5 explains

how a conventional AC circuit breaker can be used for fault interruption at

the first zero crossing 25 ms after the fault occurs. Additionally, using a series

inductor of 1 mH the peak fault current is reduced to 14 kA. The fault current

interruption time is shown to be greatly reduced to about 9 ms by using simple

current detection scheme for the reactor assisted circuit breaker. Section 9.6

demonstrates the use of battery energy storage system during the clearing of

DC faults using the reactor assisted circuit breaker. A detailed discussion on

the selection criteria for the series inductor is given in Section 9.7 along with
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the quantification of inductor losses.

• Publication: Part of the work presented in this chapter has been sub-

mitted for publication in [22, 23]:

– S. Kulkarni, P. Murali, and S. Santoso, “Average value modeling of

three-phase six-pulse rectifier for fault analysis,” IEEE Transactions

on Power Electronics, submitted for review, July 2012, (TPEL-Reg-

2012-07-0998).

– S. Kulkarni and S. Santoso, “DC fault interruption using reactor

assisted circuit breaker for MVDC systems in electric vehicles,”

Hindawi Publications Advances in Power Electronics, submitted for

review.

9.1 Approach

Consider a simple MVDC system fed by a six-pulse phase-controlled

rectifier shown in Fig. 9.1(a). The detailed representation of the rectifier is

shown in Fig. 9.1(b). The input of the rectifier is connected to a 4.16 kV, 60

Hz three-phase AC source, with a 10 kA short circuit current capacity. The

filter inductor Ldc = 2.4431 µH, maintains continuous rectifier current and

the filter capacitor C = 8 mF keeps the output DC voltage ripple within 1%.

The rectifier supplies an equivalent DC load of 4 MW. During normal load

conditions, the firing angle of the rectifier (α) is set to 0◦ such that it supplies

5.62 kV to the DC load. At 0.3 s a fault with a resistance of 0.1Ω is simulated
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at the terminals of the rectifier using PSCAD/EMTDC. To get the worst case

fault current conditions any series inductance in the path of the fault has been

neglected. The fault current and the DC voltage profile are shown in Fig. 9.2.
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Figure 9.1: MVDC System Fed by Controlled Rectifier
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Figure 9.2: Fault Voltage and Current Profile for Circuit shown in Fig. 9.1(a)

It can be seen that the fault current rises almost immediately as the

result of the filter capacitor discharging into the fault resistance. After the

initial impulse subsides, the current contributed by the rectifier keeps rising till

it reaches a new steady state value. This case highlights the major challenges

in tackling DC faults. Firstly, the high magnitude current impulse can be

potentially harmful to the equipment and secondly, the fault current keeps

rising without any zero crossings. To bring this fault current to zero the firing

angle (α) can be set to 90◦ or the firing pulses to the rectifier can be blocked. A

detailed discussion on this method is given in Section 9.3. However, this action
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will not force the fault current to zero immediately. Furthermore, the initial

current impulse cannot be prevented by using this method. To overcome the

shortcomings of this technique it is proposed in this chapter to induce artificial

zero crossings in the fault current and utilize a conventional AC circuit breaker

to clear the fault. An LC oscillator circuit is needed to induce zero crossings.

Since, the filter capacitor is already present; it is proposed to insert an inductor

in series with it. This inductor will serve a dual purpose by also damping the

initial fault current impulse. Additionally, the inductor will not alter the

performance of the system during normal steady state load conditions. Using

an AC circuit breaker for fault clearing will also provide galvanic isolation to

the faulted section, which only firing control will be unable to do. The following

section provides a description of the rectifier modeling techniques and circuit

models used in this chapter. Subsequent sections detail the proposed method

utilizing these circuit models.

9.2 Analytical and Switch Models of Controlled Recti-

fier

The detailed model of a six-pulse rectifier system described in the pre-

vious section is shown Fig. 9.1(b). The circuit is composed of an AC source,

AC inductance (Lc), thyristors 1, 3 and 5 which form the upper part of the

bridge and carry positive current, and thyristors 2, 4 and 6 which form the

lower part of the bridge and carry negative current. On the DC side there is a

second order DC filter composed of Ldc and C with a series resistor Rdc and a
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DC resistive load, Rload. All the circuit parameter values are the same as those

used in Section 9.1. As the load is varied from light load to short circuit condi-

tions the six-pulse rectifier exhibits three different forms of switching pattern

due to the action of AC inductor Lc. For a cycle of sinusoidal AC input voltage

the rectifier exhibits six switching intervals. These six switching intervals are

identical in terms of the number of conducting switches in the upper and lower

half of the bridge and each interval lasts 60◦. Depending upon the number of

diodes that conduct simultaneously during a switching interval, the rectifier

would operate in mode 1, mode 2 or mode 3 [112–116].

The different modes are explained with the help of Fig. 9.3 which shows

the changes in the firing and overlap angles for a slow drop in DC load resis-

tance. In mode 1 operation, not more than three diodes conduct at any point

of time and the overlap angle, µ always stays below 60◦. This is because it

is not possible for the overlap angle to increase smoothly without an increase

in the firing angle α. This gives rise to a separate operation mode, mode 2,

as shown in Fig. 9.3. In mode 2, the firing angle increases for increase in DC

load current while the overlap angle stays constant at 60◦. This change hap-

pens automatically without any change in the firing signals of the thyristors

and is called as auto phase control. In mode 2, three diodes conduct during a

switching cycle. In mode 3, three and four diodes conduct during a switching

cycle and the overlap angle is always between 60◦ and 120◦.

Various models of power electronic devices and circuits are in use. De-

tailed switch models available in simulation software, are the most accurate.
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Figure 9.3: Firing Angle α, Overlap Angle µ, DC Voltage edc, and Current idc
for Decreasing Load Resistance Rload

The detailed switch model of the circuit shown in Fig. 9.1(a) is developed in

PSCAD/EMTDC. However, such models are very tedious and simulations us-
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ing them take a long time to run. On the other hand, average value models

(AVM) for power electronic converters are derived by averaging state variables

in a circuit, like inductor current and capacitor voltage over one switching in-

terval of the power converter operation [114, 115]. AVMs are more accurate

than steady state models, however, they require the knowledge of the recti-

fier mode of operation. Additionally, AVMs are applicable in limited range

of parameter values, like L and C. The operation of rectifiers in mode 1 has

been studied extensively since it is the normal mode of operation for six-pulse

rectifiers feeding DC loads. An average value model is developed in [112, 113]

for mode 1. Novel average value models for modes 2 and 3 are developed in

[116]. Due to the assumptions taken in the AVM approach, these models are

applicable only for rectifiers with high filter inductance in case of large signal

studies. The equations used to describe the operation of a rectifier in mode

1, mode 2 and mode 3 are presented in Table 9.1, Table 9.2 and Table 9.3,

respectively.

Table 9.1: Quantities for Mode 1 Operation of Rectifier
Conduction Pattern 2 to 3 switches

α (◦) 0

µ (radian) −α + arccos
(

cos(α)− 2ωLcidc0√
3Em

)

V̄dc(t) 3
√
3Em

π
cos(α)− idc0

(

3ωLc

π

)

−Lc
d̄idc
dt

(

2− 3u
2π

)

didc
dt

3
√

3Em
π

cos(α)−idc0(Rdc+
3ωLc

π )−edc

Ldc+Lc(2− 3u
2π )

In the following sections the proposed fault interruption scheme is ex-
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Table 9.2: Quantities for Mode 2 Operation of Rectifier
Conduction Pattern 3 switches

α (◦) π/3− arccos
(

2ωLcidc0√
3Em

)

µ (radian) π/3

V̄dc(t) 3
√
3Em

π
cos(α)− idc0

(

3ωLc

π

)

−Lc
d̄idc
dt

(

2− 3u
2π

)

didc
dt

3
√

3Em
π

cos(α)−idc0(Rdc+
3ωLc

π )−edc

Ldc+Lc(2− 3u
2π )

Table 9.3: Quantities for Mode 3 Operation of Rectifier
Conduction Pattern 3 to 4 switches

α (◦) variable

µ (radian) arccos
(

cos
(

π
6
− α

)

− 2ωLc

Em
idc0

)

− α− π
6

V̄dc(t)
9Em

π
sin

(

α + π
3

)

− 9ωLc

π
idc0 +

9ωLc

2π

(

α− δ + 2π
3

)

didc
dt

9Em
π

sin(α+π
3
)−idc0(Rdc+

9ωLc
π )−edc

Ldc+Lc(3− 9u
2π )

plained using the AVM as well as the detailed switch model.

9.3 Fault Interruption Using Firing Angle Control

In Section 9.1 it was stated that firing angle control can be used to

bring the fault current to zero. A detailed analysis of this method for the fault

shown in Fig. 9.1(a) is given here. Note that a fault with a resistance of 0.1Ω

was simulated using PSCAD/EMTDC at the terminals of the rectifier at 0.3

s. The fault current and the DC voltage profile are shown in Fig. 9.4. The

fault is detected at 0.315 s and the firing angle of the rectifier (α) is set to 90◦.

This delay of 0.15 s has been added to represent typical detection and reaction

times. The current decays after few milliseconds and then the firing pulses are
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blocked at 0.344 s, when the rectifier operates in the discontinuous conduction

mode. Current interruption from the time of fault inception using the above

method of firing angle control, without any circuit breaker is approximately

0.344 s −0.300 s = 44 ms.
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Figure 9.4: Fault Interruption Using Firing Angle Control

The rationale behind setting the firing angle control is explained as

follows. The DC voltage from the rectifier Vdc during continuous conduction

is dependent upon the firing angle, α (see (9.2)). At firing angle of 90◦, the

rectifier internal voltage drops to zero. This technique can be used to force the
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rectifier to operate in discontinuous conduction mode after a high fault current

event. Even though the rectifier internal voltage is negative above α = 90◦,

the firing angle is set to 90◦ to avoid any misfiring of thyristors which may

cause unwanted transients.

The fault current seen in Fig. 9.4 is contributed from two sources,

namely, DC filter capacitor and rectifier and is explained in detail below.

9.3.1 Fault Current from Filter Capacitor

The DC filter capacitor is charged to Vc(0) = 5.62 kV during normal

load operations. During the fault it discharges through the fault resistance,

Rf = 0.1Ω. Since this current path has a very low series inductance, it is

idealized to be zero. The resulting circuit is a series RC circuit and hence the

fault current rises immediately to a peak of Vc(0)/Rf = 56 kA. This current

decays over time and can be represented using the RC circuit transients as

follows.

If (t) =
Vc(0)

Rf

e−t/τ (9.1)

where, time constant τ = Rf · C = 0.1Ω × 8 mF = 0.8 ms. The theoretical

results obtained using (9.1) are compared in Fig. 9.5(a) with those from the

switch model shown in Fig. 9.4. The fault current peak estimate from the the-

oretical model is accurate and the current decay is followed up to 0.301 s, after

which the fault current contribution from the rectifier becomes appreciable. At

the same time, the capacitor voltage decays to fault voltage.
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Figure 9.5: Comparison of Theoretical and Actual Fault Current Contributions

9.3.2 Fault Current Contribution from Rectifier

The second peak of the fault current in Fig. 9.4 is due to the rectifier

feeding current into the fault. To represent the rectifier in a simplified form,

the mode 1 DC average value model given in Table 9.1 has been used. Em is
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the peak line to neutral voltage, Lc is the AC inductance, and Ldc is the DC

inductance. The differential equation is represented in equivalent circuit form

in Fig. 9.6, where, the voltage of the controlled DC source is given by (9.2).

Vd =
3
√
3

π
cos(α)Em = 5.62 cos(α) kV (9.2)

The equivalent DC series resistor is given by (9.3), while the equivalent DC

inductor is given by (9.4).

rd =
3

π
ωLc = 0.229 Ω (9.3)

ld = Ldc + 2Lc = 0.0013 H (9.4)

Since the capacitor circuit has a faster time constant than the rectifier

circuit, the peak from the capacitor precedes the peak of the fault current from

the rectifier. The fault current profiles obtained using the analytical model and

that from the PSCAD/EMTDC switch model are shown in Fig. 9.5(b).

RfVd

t= 0.3 sldrd

If

Figure 9.6: Equivalent Circuit for Fault Current Contribution From Rectifier

To keep the analytical model simple, only mode 1 operation of the rec-

tifier has been considered. The error between the analytical model and switch

model fault currents becomes maximum at high fault currents (see Fig. 9.5(b)).
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Additionally, the rectifier is line commutated and has uncontrolled turn off

time. Hence changing the firing angle to 90◦ affects the fault current only dur-

ing the next switching cycle. This delaying effect is evident from the results

(see Fig. 9.5(b)) obtained from the analytical model which responds instanta-

neously as compared to the detailed switch model in PSCAD/EMTDC.

The following section explains the proposed use of the series inductor to

mitigate the fault current impulse and induce oscillations in the fault current.

9.4 Fault Current Interruption with Series Inductor

A controlled rectifier with a reactor inserted in series with the LC filter

is shown in Fig. 9.7. The three-phase AC source as well as the rectifier and

filter components are same as those used in Fig. 9.1(a). The series inductor

has been added to reduce the peak magnitude of the transient fault current

shown in Fig. 9.4 and also induce oscillations with zero crossings in the fault

current. A detailed discussion on the selection criteria for the series inductor

value is given in Section 9.7. An inductance value of 1 mH is chosen in this

example to limit the magnitude of the transient fault current to less than 15

kA.

The current and voltage profile of the DC bus in Fig. 9.7 under load

and fault conditions is shown in Fig. 9.8. The DC bus supplies a 5.62 kV DC

voltage to the load until 0.3 s. At 0.3 s, a fault with resistance of 0.1Ω occurs

across the DC bus. The fault current from the rectifier and the capacitor

increases initially. Since, the series inductor and the filter capacitor form an
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Figure 9.7: Controlled Rectifier with Series Inductor

underdamped loop, the capacitor current is oscillatory after the initial rise. At

the same time, the rectifier current keeps rising to the new post-fault steady

state value. Similar to the previous case, the fault is detected at 0.315 s and

the firing angle of the rectifier is set to 90◦. The fault current from the rectifier

starts decaying after a small delay. During this decay, the fault current has

several zero crossings; for instance the first zero crossings occurs at 0.325 s

as seen in Fig. 9.8. The rectifier current, which keeps decreasing slowly with

time, can be interrupted by blocking the firing pulses after the rectifier goes

into discontinuous conduction mode (DCM). The fault current profile has been

analytically modeled using two circuit models, namely, the second order series

RLC circuit model and the third order rectifier and filter circuit model.
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Figure 9.8: Effect of Inserting Series Reactor on Fault Current and Voltage

9.4.1 Second Order RLC Circuit Model

After the fault occurs, the filter capacitor, which is charged to nominal

DC bus voltage, discharges into the fault through the series inductor. The

capacitor current contributes the major share of the fault current through

the series inductor during the initial few milliseconds. The fault current con-

tributed by the rectifier is negligible during this period (0.3 to 0.305 s), and

also after the decay of rectifier current (after 0.32 s). This can be seen in

Fig. 9.8. During those periods, the filter capacitor C = 8 mF, series reactor
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L = 1 mH and fault resistance, Rf = 0.1Ω form a second order series RLC

circuit. The current in the circuit can be expressed using the second order

differential equation with the solution given in (9.5).

If (t) = B1e
−αt cos(ωdt) + B2e

−αt sin(ωdt) (9.5)

where, damping coefficient α =
Rf

2L
= 50 nepers/sec, natural frequency ω0 =

1√
LC

= 353.535 rad/sec or 56.27 Hz and damping ratio η = α
ω0

= 0.141. Since

η < 1, the system is underdamped, with damped frequency, ωd =
√

(ω2
o − α2)

= 350 rad/sec or 55.7 Hz. B1 and B2 can be derived from the initial conditions

for the capacitor voltage, Vc(0) = 5.62 kV and the inductor current, If (0) = 0

A.

B1 = 0

B2 =
Vc(0)

Lωd

= 16.11 (9.6)

Substituting (9.6) in (9.5) yields,

If (t) = 16.11e−50t sin(350t) (9.7)

The peak time and peak current using (9.7) are calculated in (9.8).

tpeak =
π

2ωd

= 0.00448 sec

If,peak = If (tt=t,peak) = 12.78 kA (9.8)

9.4.2 Third Order Equivalent Circuit Model

The accuracy of the results obtained in the previous subsection can be

improved by adding an equivalent rectifier circuit model described in Section

242



9.2 in parallel with the second order RLC circuit. This results in a 3rd order

equivalent circuit. The results of the second order and third order equivalent

circuit models are compared with those from the detailed switch model in

Fig. 9.9.
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Figure 9.9: Comparison of Fault Current Profiles from Various Models

9.4.3 Comparison of Models

Both the second and third order models track the rising portion of the

fault current up to the first peak. The time constant of the rising portion can

therefore be derived with sufficient accuracy using the second order differential

equation solution given in (9.7). After the first peak, the rectifier current
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forms an appreciable portion of the inductor current; therefore the second

order solution does not track the fault current. Whereas, the third order model

which also includes the rectifier model follows the fault current, approximately,

after the first peak.

The third order model overestimates the second peak from the rectifier

current because it is applicable only in mode 1 operation. After 0.315 s the

firing angle is changed to 90◦ and the rectifier now operates in mode 2 and

then mode 3. Since the rectifier is line commutated with uncontrolled turn

off switches, the commanded firing angle takes about one switching cycle to

affect the DC fault current. This explains the delay in the start of current

decay after 0.315 s. During the decay, the third order model describes the rate

of fall in the fault current accurately until the rectifier operates in continuous

conduction mode (CCM). The accuracy of the mode 1 model is sufficient for

quantifying the rate of rise and estimate the peak fault current. A comparison

of both models is given in Table 9.4.

Table 9.4: Comparison of Circuit Models
Model Detailed

Switch(PSCAD)
2nd Order
Series
RLC

3rd Order Rectifier
and Filter Equiv.

tpeak (s) 0.0044 0.0044 0.0044
peak magnitude (kA) 14.10 12.78 13.68
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9.5 Fault Current Interruption Using AC Circuit Break-

ers

In the previous section, it was seen that the impulse current from the

capacitor can be mitigated by adding a series inductor in the fault current

path. However, by adding the inductor, the fault current does not go to

zero, after blocking the firing pulses of the rectifier due to oscillations in the

fault current. These oscillations after 0.32 s are shown in Fig. 9.8. This

high oscillatory current can be damaging to the capacitor, the DC bus and

transmission cables. Hence, this current has to be interrupted as soon as the

rectifier current reduces below the load current. The oscillatory nature of this

current can itself be exploited to interrupt the current using a conventional

AC circuit breaker.
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Figure 9.10: Controlled Rectifier with Series Inductor and AC Breaker

The rectifier schematic with the AC circuit breaker is shown in Fig. 9.10.

The fault current interruption for this circuit is shown in Fig. 9.11. In this
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interruption technique the circuit breaker is set to trip as soon as firing angle

is set to 90◦ at 0.315 s. Since the fault current has the first zero crossing at

0.325 s, the AC circuit breaker interrupts the fault current at this instant.

The circuit breaker remains open after 0.325 s, if the recovery voltage across

it does not cause any dielectric breakdown.
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Figure 9.11: Fast Fault Current Interruption Using AC Circuit Breaker

The fault current can be interrupted faster before the occurrence of

the second peak by sending the breaker trip signal and firing angle command

before 0.315 s. The results of the faster fault current interruption scheme

are shown in Fig. 9.12. The trip signal and firing angle command are sent

when the DC fault current exceeds 5 kA which happens before the first peak.

Since the first peak of the fault current is a result of the capacitor discharge,
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its magnitude is not affected by the the firing angle setting of the rectifier.

However, the rectifier current is interrupted before reaching its peak. The

RLC oscillation causes a zero crossing after the first peak at 0.3094 s, the fault

current is interrupted at this instant using the AC breaker.
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Figure 9.12: Fault Current Interruption With Fault Detect at 5 kA

9.6 Fault Interruption Using Reactor Assisted Circuit

Breaker: Use of Energy Storage

The concept of using a reactor assisted AC circuit breaker to interrupt

faults at the terminals of a phase-controlled rectifier has been presented in

this chapter. In this section, this methodology is extended for a rectifier-fed

MVDC system with multiple loads. The fault now occurs downstream from

the terminals. This scheme is explained using the circuit shown in Fig. 9.13.
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The AC supply and rectifier parameters are the same as those used

throughout this chapter. A series inductor, L = 1.0 mH is inserted at the ter-

minals of the rectifier to reduce the magnitude of the DC fault current. During

faults the inductor induces current oscillations with zero crossings. The selec-

tion criterion for the value of this inductor is explained in the next section

for a single load connected at the terminals of the rectifier. The magnitude

of the DC fault current for a given value of fault resistance, Rf is the same

for multiple loads as it is for an equivalent lumped load representing all the

downstream loads. This is because the value of the fault resistance is much

less than that of the load resistance. Furthermore, the loads are close to each

other and connected in parallel between the two DC rails.

As seen from Fig. 9.13 each load has its own AC circuit breaker. The

AC circuit breaker between the terminals of the rectifier and Load 1 is ac-
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companied by the series reactor. The fault current detection level is set to 5

kA for each circuit breaker. This means that the trip signal and firing angle

command are sent when the DC fault current exceeds 5 kA. The appropriate

circuit breaker to trip is decided by the location of the fault.

Load 1 is designated as a critical load and is backed-up by an en-

ergy storage system or ESS. During a fault, Load 1 is isolated from the main

rectifier-fed system using an isolation switch and the ESS is brought online.

In this case the energy storage is a battery capable of supplying the entire 1.5

MW demand in Load 1 for one minute. The battery terminal voltage when

completely charged is 5.6 kV, while it is 4.5 kV when considered discharged.

The battery is modeled as a large capacitor, while the power electronic inter-

face is simplified to a controlled current source. This simplified model of the

ESS is sufficient for analysis in this case.

At 0.3 s a fault with a resistance of 0.1 Ω occurs between Load 1 and

Load 2. The DC voltage and current at terminals of the rectifier are shown in

Fig. 9.14. The DC currents through breakers CB1, CB2 and Load 1 are shown

in Fig. 9.15.

The step-by-step procedure for clearing the fault using the reactor as-

sisted circuit breaker is explained below.

1. As soon as the fault current in breakers CB1 and CB2 exceeds the fault

pick-up current of 5 kA the firing angle α is set to 90◦. Note that the

first peak of the fault current seen in Fig. 9.14 is a result of the capacitor
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discharge, and hence its magnitude is not affected by the firing angle

setting of the rectifier.

2. At the time of fault detection, Load 1 is isolated from rest of the system

and the energy storage is brought online. This can be seen in Fig. 9.15.

The energy storage remains online for the duration of the fault.

3. Trip command is only sent to the farthest downstream breaker that

exceeds the fault current threshold. In this case, the trip signal is sent

to breaker CB2 only. The setting of α to 90◦ causes the fault current to

oscillate. Breaker CB2 opens at the first zero crossing, at 0.309 s. Thus

the fault is cleared and the faulty section is isolated. Note that breaker

CB1 and CB3 remain closed.

4. To make sure that CB2 has successfully opened and will not close, a

small delay of 0.01 s is added, after which firing angle α is again set to

0◦.

5. After the DC bus voltage rises to the prefault value, Load 1 is brought

back online and the energy storage is disconnected. Since, only Load 1

is online, the load current through breaker CB1 is 0.267 kA, one-third

of the prefault value of 0.8 kA.

6. The current drawn from the battery as well as the internal voltage of

the battery is shown in Fig. 9.16. The battery supplies the entire 1.5

MW demand of Load 1 for the duration of the fault. The drop in the
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internal voltage is shown in Fig. 9.16. The power electronic converter

at the interface of the battery maintains the voltage to the load at a

constant level even if the internal voltage drops.
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Figure 9.16: Current Supplied by Battery and Internal Voltage

The method described above uses the reactor assisted circuit breakers

to successfully interrupt DC fault currents. Only the section downstream from

the fault is affected, while the healthy upstream section is returned to prefault

conditions. The energy storage connected in parallel with Load 1 helps it ride

through the fault. Note that other loads, namely Load 2 and Load 3 can also

be backed up by an ESS if they are deemed as critical.
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The above study can also be done for a scenario in which the ESS is

not present to back-up the sensitive load. From the system point of view, this

will not make any difference in the fault clearing procedure using the series

rector and the AC circuit breaker. Hence, the DC bus voltage and current

profile will be identical to that shown in Fig. 9.14. However, the current in

Load 1 is affected as shown in Fig. 9.17. As soon as the fault occurs, the

current through Load 1 drops close to zero and then follows the shape of the

DC bus voltage, since the load is resistive. Once, the fault is cleared and the

firing angle of the rectifier α is set to 0◦, the DC bus voltage recovers to its

nominal value of 5.6 kV. Simultaneously, the current in Load 1 also returns to

the nominal pre-fault value.
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9.7 Criteria for Selection of Series inductor

In section 9.4, a 1 mH inductor was added in series with the output

filter to limit the magnitude of the DC fault current and induce current oscil-

lations with zero crossings. This section formalizes the rules for selecting an

appropriate value of the series inductor. The rules are explained below.

• The primary criterion for selection of the value of the series inductor is

that it must limit the fault current to the desired value. An estimate of

the peak fault current magnitude can be obtained by using the circuit

models developed in Section 9.4. The third order model is more accurate

than the second order model because it takes the rectifier dynamics into

account. A plot of peak fault current magnitudes vs. inductor values for

various fault resistances is shown in Fig. 9.18(a). Note that other circuit

parameters, like the rectifier input voltage, filter capacitor and inductor

are same as those used throughout the chapter. The plot will change

with the values of these parameters.

• For the second criteria, the filter capacitor, series inductor and fault re-

sistor must form an underdamped loop (damping ratio η < 1). Only

when this criterion is satisfied will there be oscillations in the fault cur-

rent. A plot of η vs. inductor values for various values of the fault

resistance is shown in Fig. 9.18(b). Other circuit parameters are same

as those used throughout the chapter.
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Figure 9.18: Criteria for Selection of Series Inductor

Referring to the plots in Fig. 9.18(a) and Fig. 9.18(b) for a series induc-

tor value of 1 mH chosen previously, the peak magnitude of the fault current is

around 14 kA, while the value of η is 0.14. These values match those obtained

using the detailed switch model in Section 9.4. The value of η and the peak

255



fault current magnitude can be used to set the firing angle and the circuit

breaker controls.

The value of the series inductor is chosen by utilizing the plots in

Fig. 9.18(a) and Fig. 9.18(b). However, the plots are themselves based on

different values of the fault resistance, Rf which will be unknown before the

fault actually occurs, in most cases. Hence, before applying these criteria

for the selection of series inductor, one must define the fault current thresh-

old. Utilizing this fault current threshold magnitude as well other component

values, the corresponding value of the fault resistance, Rf can be computed.

Once Rf is know, Fig. 9.18(a) and Fig. 9.18(b) can be easily applied to find

the appropriate series inductor value.

9.7.1 Series Reactor Losses

The reactor added in series at the terminals of the rectifier was assumed

to be ideal in the analysis presented so far in this chapter. The value of the

inductor was chosen to mitigate the fault current impulse magnitude and at

the same time induce oscillations in the fault current. An inductor of 1 mH was

found to be ideal for the rectifier and load parameters used. During normal

load operations the full-load current, around 0.8 kA flows through the inductor.

The DC resistance of an inductor of 1 mH with a full-load rating of about 1 kA

is around 0.01 Ω [117, 118]. Hence the full-load I2R losses for this reactor are

6.4 kW. These losses are about 0.14 % of the full-load (4.5 MW) supplied by

the rectifier. The reactor losses at various load conditions for different values
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of the DC resistance are plotted in Fig. 9.19. The resistance values range from

0.001 Ω to 0.05 Ω. It is obvious that higher the DC resistance, and higher the

load, more the losses. Arrangements have to be made to dissipate the heat

generated by the reactor losses. Note that the DC resistance of the reactor

increases due to temperature rise.
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Figure 9.19: Power loss vs. DC resistance of Reactor at Different Load Levels

9.8 Conclusion

This chapter develops an innovative DC fault interruption technique us-

ing a series reactor and a conventional AC circuit breaker. It is applicable to

MVDC system architectures in distribution systems of electric ships and elec-
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Figure 9.20: Comparison of Fault Interruption Using Different Methods

tric vehicles. As the first step, the fault current characteristics of a controlled

rectifier with LC filter were studied in Section 9.1 using analytical average value

models as well as detailed switch models developed in PSCAD/EMTDC. The

fault current was found to be contributed from two components, namely, the

filter capacitor and the rectifier. For a fault at the terminals of the rectifier,

the capacitor discharge causes a damaging impulse current to flow through the

circuit. Section 9.2 briefly explained the three modes of operation of a con-

trolled rectifier during normal load as well as faulted conditions. The use of
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firing angle control of thyristors for fault mitigation was demonstrated in Sec-

tion 9.3. The fault current was brought to zero in 44 ms as shown in Fig. 9.20.

It was proposed in Section 9.4 to use a series inductor to limit the magnitude

of the fault current impulse. Moreover, the series inductor causes oscillations

in the fault current due to underdamped series RLC configuration of the re-

sulting circuit. In the next step, it was proposed to exploit the resulting zero

crossings in the fault current for faster interruption. A conventional AC cir-

cuit breaker was used in Section 9.5 for this task. The fault was interrupted

at the first zero crossing, 25 ms after its inception as shown in Fig. 9.20. The

fault current interruption time was shown to be greatly reduced to about 9

ms by using simple current detection scheme for the reactor assisted circuit

breaker. Section 9.6 explained the use of battery energy storage system during

the clearing of DC faults utilizing the proposed approach. A detailed discus-

sion on the selection criteria for the series inductor was given in Section 9.7.

In this way, the proposed DC fault interruption scheme is simple with

its use of an AC circuit breaker, fast because the fault can be cleared sooner

than using firing angle control alone and efficient because it lowers the risk of

damage to the rest of the system components by isolating the faulted section.

259



Chapter 10

Conclusion

Broadly speaking, the topic of the research presented in this document

deals with location and characterization of faults in AC distribution systems

as well as isolated MVDC systems. This chapter summarizes the work done

in AC and DC systems.

10.1 AC Distribution System

For AC systems, the focus of fault location was on incipient faults in un-

derground cables. Chapter 2 provided a review of some of the commonly used

impedance-based methods of distribution fault location. A brief description of

some state-of-the-art methods was also presented. The drawbacks of all these

methods were also pointed out. In Chapter 3, the waveform characteristics of

underground cables were explored. Cable failure was classified based on the

fault duration, part of cable that failed as well as the root cause of the fault.

In Chapter 4, a robust incipient cable fault location algorithm was developed

in the time-domain. This algorithm utilizes voltage and current data collected

by power quality monitors to estimate the fault distance in terms of the line

impedance. It also takes into account the arc voltage associated with incipient
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cable faults. Furthermore, in Chapter 5, this time-domain algorithm is ex-

tended to locate evolving faults on overhead distribution lines. The algorithm

is divided into two parts, namely, the single line-to-ground portion of the fault

and the line-to-line-to-ground portion of the fault. It is also extended to lo-

cate line-to-line faults. In Chapter 6 the information present in the waveforms

captured by power quality monitoring stations was extracted in form of charac-

teristic signatures which are used for fault cause identification. The signatures

analyzed were the time stamp, fault insertion phase angle, number of affected

phases, time duration of fault, wavelet-domain analysis, fault impedance and

arc voltage. Utilizing statistical tools a classification methodology for fault

causes was developed and tested. To finish, Chapter 7 presented the appli-

cation of all fault location methods to actual utility distribution feeders. A

step-by-step demonstration of locating different types of momentary faults was

provided using utility example events.

It is again pointed out that all the data used for fault location and

characterization studies in Chapters 2 to and Chapter 7 is recorded by power

quality monitors and relays in the distribution networks of participating util-

ities.

10.2 MVDC Distribution System

For DC systems, the focus of this research was on the MVDC archi-

tecture in electric ship power systems. Chapter 8 provided an overview of the

electric ship power system. Furthermore, the chapter dealt with the challenges
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and approaches for DC fault current interruption. It was pointed out that, a

fault at the terminals of a phase-controlled rectifier results in a high magni-

tude current impulse caused by the filter capacitor discharging into the fault

resistance. In Chapter 9 it was proposed to use a series inductor to limit the

magnitude of this current impulse. The addition of the inductor results in an

underdamped series RLC circuit at the output terminals of the rectifier which

causes the fault current to oscillate about zero. A conventional AC circuit

breaker is then employed to interrupt this fault current by exploiting the zero

crossings resulting from the oscillations. The fault interruption time is shown

to be reduced by using this technique as compared to only firing angle con-

trol. In addition, the application of battery energy storage system during the

clearing of DC faults utilizing the proposed approach, is also demonstrated.

PSCAD/EMTDC and MATLAB/Simulink software has been used to

conduct this research on MVDC electric ship power system.
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