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ABSTRACT

The reliable electricity supply is now imperative for the utilities to retain/at-

tract customers in deregulated electricity market. The addition of Distributed Gen-

eration (DG) sources into the distribution system have changed its nature from

passive to active thus, making the fault location process even more difficult at dis-

tribution system level. The customers are mostly connected to the distribution

system, therefore, in recent times there is a growing interest among power system

engineers and researchers to develop fault location methods for distribution systems.

The prime focus of this thesis is to explore, and further develop methods for fault lo-

cation in distribution systems, with possible presence of DG units and PEV charging

loads. Moreover, the developed methods should be simple, and the use of measure-

ment units and communication channels from locations other than the substation

should be kept at minimum. Finally, the developed fault location methods should

be applicable for a general network.

Although the Plug-in Electric Vehicles (PEV) use is increasing day by day

as it provides viable alternate to concern associated with the conventional vehicles,

but integration of PEVs to the distribution system for charging purpose will pose

operational difficulties to the distribution grid. Assessment of the impact of PEVs

charging on a distribution system during fault conditions is important for proper

selection of protective equipments such as relays and circuit breakers, so that fault

is removed as soon as possible and equipment’s in the power system are protected

from heavy fault current. The work done to study the effect of PEVs charging on the

distribution system during fault conditions is limited, and as faults in the electric

distribution system are a common occurrence, the impacts of PEVs charging on

distribution system at different fault conditions are investigated in this work.

Fault data have been generated using simulations in the MATLAB/SIMULINK,

where IEEE 34 node distribution system is simulated. A distribution system may

have various appearances, as the total length, number of laterals, loading and other

parameters may vary greatly, considering all these factors, IEEE 34 node distribu-

tion system is chosen as test system for this work. The chosen system is an actual

distribution feeder situated in Arizona. This is a long and lightly loaded feeder

with the main feeder of rated voltage level 24.9 kV and also has laterals with rated



voltage level of 4.16 kV. The IEEE 34 node test feeder has unequal lateral spacing

with uneven load distribution and is an unbalanced system. The actual system is

modified for this work and DG unit and PEV charging load are added to the system.

Two methods for fault location based on travelling waves, which combines

travelling wave theory and application of discrete wavelet transform (DWT) for

fault location in active multi-lateral distribution system have been developed. One

method locates fault using the time difference between the initial or subsequent wave

peaks due to reflection from the fault point and another method uses arrival time

of first peak of current travelling wave at the line terminals for fault location. The

developed schemes are capable of fault detection, fault type identification, faulted

line segment identification, and fault location respectively.

A hybrid method which combines high-frequency transient method and impeda-

nce based method is also developed for fault location in this thesis. The fault gen-

erated high-frequency transients are used for faulted line section identification and

after identification of faulted line section the exact fault location is estimated us-

ing impedance based method. The proposed hybrid method uses high-frequency

transients for faulted line segment identification only, therefore, it does not require

very high sampling rate for obtaining the high time resolution for identification of

travelling wave peaks.

Several scenarios were simulated on the test system for checking the perfor-

mance of developed algorithm. Various DWT mother wavelets were considered for

processing of fault signals but db4 mother wavelet is selected for analysis of signals

due to its orthogonality, compact support and its good performance in transient

analysis of power system. Rule-based decision taking algorithms were developed for

the fault detection and fault type identification tasks respectively. The fault detec-

tion algorithm verifies if a fault occurs or not, while the fault type identification

algorithm identify the fault type and faulted phase(s) involved in the fault.

The developed fault location methods are promising and would serve as a use-

ful tool for system operators to aid them in fault detection, fault type identification,

faulted line section identification and exact fault location in an active multi-lateral

distribution system, thereby helping to reduce system power outage time and im-

prove the reliability of electric power supply.
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Chapter 1

INTRODUCTION

1.1 Perspective

An electrical power system consists of generation, transmission and distribu-

tion of electrical energy. All components of power system are susceptible to dis-

turbances, but the transmission and distribution systems witness majority of these

faults, that causes the system to operate outside the normal operating conditions.

The electrical power system has grown rapidly over the last few decades which have

resulted in increase in overhead lines (and underground cables) in operation and their

total length. These overhead lines expand over long distances and are subjected to

harsh climatic conditions such as storms, snow, lightning and other uncontrollable

factors such as insulation breakdown due to improper maintenance, short circuits

caused by trees, birds, animals or other external objects, which make them prone to

faults [1]. Some faults are transient in nature and return to the normal operating

state. These faults are called temporary faults and they cause minor damage on

distribution system as they are self-cleared by de-energizing and re-energizing the

line. Other category of faults is permanent faults, which will persist until the short

circuit is identified and cleared. In case of permanent fault, distribution line may

experience some mechanical damage which has to be repaired before the supply is

1
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restored. Temporary faults, if not cleared within time will eventually convert into

permanent faults sooner or later.

The main objective of the distribution system of an electric power system is

to deliver the generated electricity to the customers with least interruptions. If

a fault occurs in a distribution system along the feeder at any location or any of

the lateral feeders, the feeder will be disconnected from the source by a circuit

breaker, and thus the electricity supply to the customers along the main feeder is

interrupted. It is estimated that 80% of all interruptions occur due to the faults in

distribution networks [2]. We are living in a technologically growing world, deeply

dependent on electric power. The power outages degrade the quality of supply

leading to expensive failures of equipment which may unavoidably cost customers in

lost time and revenue. Huge financial and economic losses are associated with power

outages. As reported in the study [3] the average cost for an outage duration of 1 h

is reported to be USD 3 for household, USD 1200 for commercial and USD 82000 for

big industries. Hence, to reduce the effects of interruption time and restoration time,

quick identification and location of fault with reasonable accuracy is very important.

Nowadays, the technological innovation, environmental policies, and restruc-

turing of electricity markets, are changing the way in which conventional power sys-

tem operates. The electricity providers have to ensure a reliable and un-interruptible

power supply service to remain competitive to meet the strict reliability indices en-

forced by the regulatory bodies and to retain/attract the customers. The most ef-

fective way of achieving this is to have an efficient fault location technique that can

minimize the inspection time and expedite the service restoration process. Moreover,

recurrence of permanent faults and consequently major damage of the equipment

can be prevented by accurately locating the temporary faults.

The global impetus to ”Go Green”, the evolution in prices of oil and gas, the

increasing pressure to reduce emission of CO2 gas and the economic incentives pro-

vided by policy makers are important factors leading to the massive deployment of
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renewable energy generation system and the growing interest in transportation elec-

trification. The introduction of new type of loads such as Electric Vehicle (EV),

whose behavior is difficult to predict is another change in the distribution sys-

tem. The penetration of the new type of generation i.e. distributed generation

DG technologies along with the new type of EV load in the distribution systems

has transformed the traditionally passive distribution systems into active distribu-

tion systems. This change in characteristics of distribution system from passive to

active makes the existing fault location techniques for radial networks to be inef-

ficient and ineffective. The massive integration of both DG and EV create stress

on the distribution system by disturbing the voltage level of network, overloading

of the components and disturbing the functioning of relays [1]. Thus, the emerging

power system calls for accurate and fast fault location technique to detect and iso-

late the faults in the power system to fulfilling the global objective of maintaining

the continuous power supply and reliable service to the customers.

1.2 Fault Location in Active Distribution System

with EV Charging Load

The limited reserve of fossil fuels and their unbalanced distribution across the

globe has led to the global energy crisis. In response to this worldwide emergency,

it is important to change the current method of energy generation and utilization,

which depends on petroleum products, to a sustainable mode with clean uncon-

ventional energy sources and low carbon emissions [4]. This concept of “green and

clean energy” has led to vary fast growth of DG installation, directly integrated to

the distribution systems. An electricity generation unit ranging in capacity from

a few kilowatts to a few megawatts (micro to large) are termed as a DG and are

typically interconnected at substation, distribution feeder, or customer load level [5].

DG technologies include fuel cells, photo-voltaic, wind turbines, micro turbines, gas
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turbines etc [5]. Traditional distribution system is single sourced and radial with

power flow in only one direction, downstream from the generating station to the load

centers. Integration of DG to the conventionally passive distribution system changes

it into a multi-source unbalanced active network. Fault location in a distribution

system is accomplished by the protection system comprising of protective devices

such as fuses, reclosers and relays. The protection system in traditional distribution

system is designed on the assumption of unidirectional power flow i.e. assuming the

system to be single source and radial. Traditionally, the protective devices are coor-

dinated in a way that, the sections farthest from the substation isolates first, until

the fault is cleared [6]. The presumption of uni-directional power flow, however, is

not valid when DG units are integrated into the distribution system. A distribution

system with DG is no longer a single source system and power can flow upstream the

feeder, which affects the co-ordination and working of protective devices. Since the

underlying assumption for the fault location techniques in DG integrated system

breakdowns, the existing fault location techniques need to be re-evaluated in the

presence of DG and new fault location schemes for active distribution system need

to be proposed. Protection underreach, sympathetic tripping, unsuccessful clearing

of faults, and unintentional islanding are the main issues related with the successful

operation of DG integrated systems [7–9]. Currently, many utilities alleviate these

issues by strictly limiting the capacity, location and number of DG units [7].

Another major factor contributing to global warming and air pollution is con-

ventional Gasoline Vehicles (CV) emission. Electrical vehicles provide a promising

solution to mitigate the harmful consequences of CV. Different types of EV, such as

Battery Electric Vehicles (BEV), Hybrid Electric Vehicles (HEV), Plug-in Electric

Vehicles (PEV) are available in the market as an alternative to CV. Due to the

ability of these EV to increase the energy efficiency and decrease the dependency

on oil in transportation the electric vehicle market has emerged in both developed

and developing countries [10, 11]. Due to the environmental friendly nature of these

EV as compared to the CV, the use of EV is being promoted by offering lucrative
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economic incentives by the policy makers. Policy makers in different countries are

launching new policies to provide a major push for creation of a viable ecosystem

for growth of EV in that country. The prime focus of these policies is to allow

the EV to become the first choice for the customers so that the EVs can replace

CVs and thus, reduce the consumption of fossil fuels. In the not so distant future

it is expected that large fleets of electrical vehicles are to be integrated into the

distribution system. Although EVs will alleviate some of the concerns associated

with the CVs, the increased use of EVs will create new challenges for the electric

utility companies. Since, the EVs are new type of loads faced by the distribution

system and their characteristic are largely unknown, the utilities will have to devise

methodologies to adapt their system to it [12]. Research on the impact that EV may

have on unbalance distribution system during fault and on the performance of fault

location algorithm is very limited. As occurrence of faults in the power distribution

network is a common event, therefore, the impact of EVs charging on distribution

system at fault conditions and on fault location estimation is needed to be studied

in detail.

1.3 Challenges of Fault Location in Active Distri-

bution Systems

Accurate fault location has always been an area of extensive research in trans-

mission system because they are accountable for bulk electricity transfer from the

generation sites to load centers. Recently, in a deregulated environment fault lo-

cation in distribution system has gained attention as the utilities are competing

with each other to improve continuity indexes and avoid penalties if they fail to

accomplish these indexes. Faults in distribution system are inevitable and since the

economic repercussions are associated with them, a fast and accurate fault location is

inevitable, but is not an easy task due to its complex and varying structure. While
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impedance based and travelling wave methods are most commonly used for fault

location at transmission level, distribution feeders are usually protected by a non-

directional overcurrent relay. The power distribution systems differ from the trans-

mission systems by some important characteristics therefore, fault location methods

developed for transmission systems are prone to errors when applied in distribution

systems [13, 14]. A typical distribution network may consist of both overhead lines

and underground cables. The conductors are non-homogeneous in nature because

the cross-sectional area is not constant throughout the feeder length. As a result, the

relationship between the measured impedance and the fault distance is not linear.

The topology of the two networks is very different from each other, the distribution

networks generally have a tree structure with the main feeder containing several

laterals. Therefore, faults at different locations in the network can generate same

impedance at the substation in such situations the estimated fault location may

coincide with several possible fault locations, making it difficult to determine real

fault location.

The integration of DGs to the distribution system affects the direction of power

flow and the impact of EV charging load during the fault conditions on distribution

system is largely unknown. The integration of new types of generation causes funda-

mental in the topological performance and the operational aspects of the traditional

distribution systems. Additionally, the loads connected to distribution systems may

be single phase or three phase and the load taps are typically found at irregular

intervals all these cause the system to be unbalanced. Finally, the topology of a

distribution system may be modified in different operating conditions. As a result it

is important that updated information about the system topology is available at the

substation for estimation of fault location. Thus the fault location in distribution

system is a challenging task owing to the non-homogeneity of feeders, high number

of laterals, many load taps and integration of new types of generation and load.
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1.4 Motivation

Efficient fault location with minimum time and maximum accuracy is highly

required to expedite service restoration and repair process thereby, helping utilities

to reduce economic losses and to provide high quality customer service. It is also

certain that distribution system of near future will depend on DG for continuous

load support. The penetration of PEV in the distribution system will also increase

significantly in the upcoming years.

The reliability and versatility of a fault location scheme are major factors

which are considered before a scheme is selected for application in power distribu-

tion system. Literature survey of available work in the field of distribution system

fault location has shown that most of the existing schemes have one limitation or

another and thus, unable to detect faults under all possible conditions. Such as the

impedance based method suffers from the problem of multiple fault position from the

substation in a multi-lateral distribution system and its accuracy depends heavily

on fault resistance and system loading whereas the travelling wave based methods

faces difficulty in the configuration and location of fault transient detectors due to

complexity in multi-lateral distribution system. The benefits of PEV come along

with its adverse effects on power distribution systems. Very few works have been

reported in the area of fault analysis of distribution systems in presence of PEV

charging load and assessment of its impact on the performance of fault location

algorithm.

Therefore, this work was motivated by the need to have in place, an all-round

scheme capable of fault detection, classification and location in balanced/unbalanced

multi-lateral power distribution system embedded with DG and PEV charging load.
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1.5 Contributions

The major contribution of this thesis are following:

1. Analyzing the impacts of plug-in electric vehicle charging load on distribution

system during unbalanced, balanced and open circuit faults.

2. The development of an efficient algorithm for fault detection and fault type

identification in distribution system with DG and PEV charging load using

Wavelet Energy Entropy of fault current and magnitude of ground mode com-

ponent Wavelet Modulus Maxima.

3. The development of a single terminal travelling wave based fault location tech-

nique for multi-lateral distribution system with DG and PEV charging load.

4. The development of a two terminal travelling wave base method for fault lo-

cation in multi-lateral distribution system with DG and PEV charging load.

5. The development of a hybrid method combining high-frequency transient based

technique and impedance based technique for fault location in multi-lateral

distribution system with DG and PEV charging load.

1.6 Thesis outline

The thesis is made up of eight chapters. Current chapter introduces major

issues involved in fault location in active distribution networks. It analyses the in-

volved problems in this area that motivated the work and based on that aim and

objective of this thesis is given. The pictorial representation of the thesis structure

is shown in Fig. 1.1. Colored boxes are used to show the flow of research objec-

tives and theoretical background of the problem. White boxes indicate introductory
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literature related to the proposed work. Light blue boxes indicate challenges, moti-

vation and review of related works. Green boxes indicate the implementation of test

system and modelling of PEV charging system in the proposed chapters. Blue boxes

demonstrate the simulation results obtained for the fault analysis of PEV connected

distribution system and for the proposed fault location methods. And the red boxes

show conclusion, summary of significant findings and future scope of the work. Short

descriptions of rest of the chapters of this thesis are given below.

Chapter 2 provides a comprehensive literature review on issues pertaining to

fault location in active distribution system including the impact of PEV charging on

distribution system. This chapter also provides a comparative analysis of different

types of fault location technique for distribution system.

Chapter 3 presents modelling and simulation of IEEE 34 node test feeder

and EV charging load including the bidirectional battery charger in SIMULINK.

Details of the various components used in modelling the test feeder are presented

and the load flow result comparison is done with the benchmark IEEE distribution

sub-committee result in order to validate the simulation result obtained.

Chapter 4 describes fault analysis of IEEE 34 node distribution system in

presence of plug-in electric vehicle charging load. The impact of PEV load at the

time of fault in the system for both balanced and unbalanced fault condition is given

in detail.

Chapter 5 introduces the fault detection and fault type identification method

developed using Wavelet Energy Entropy (WEE) and magnitude of ground mode

component Wavelet Modulus Maxima (WMM).

Chapter 6 deals with development of travelling wave based method for fault

location in an unbalance multi-lateral distribution system in presence of DG and

PEV load. Simulation results for both one terminal and two terminal method under

verity of operating condition are presented.
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Chapter 7 presents development of hybrid fault location method combining

high-frequency transient method and impedance based method.

Chapter 8 contains conclusion and future scope of the work.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

Electrical power distribution systems have expanded expeditiously and have

become a complex network over the last few decades. The integration of Distributed

Generation (DG) sources have turned the traditionally passive distribution system

into an active system, which has resulted in several technical challenges for successful

operation of protective devices in distribution system [1, 8]. Therefore, development

of fast and accurate fault location algorithm for distribution system has become a

challenging task for power system engineers and researchers.

Conventional protection systems prefer to disconnect DG sources from the

distribution system in case there is a fault or any other disturbance in the system.

This is done to retain the original coordination settings of protection devices by

ensuring that there is no contribution to fault current by DG sources [15–18]. The

practice of removing the DG from the network whenever a fault occurs makes DG

supply and as a result the whole power system unreliable, this may also lead to

possible blackout [19]. Furthermore, since the integration of DG to the distribution

system is increasing, the unselective removal of healthy DG from the grid is not

13
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recommended neither it is acceptable in a liberalized multi-player power supply

market [20]. The connected DGs should have fault-ride-through capability to provide

continuous power supply and improve system reliability [21].

2.2 Impact of PEV Charging on Distribution Sys-

tem

Assessment of the impact of PEV charging on a distribution system during fault

conditions is important for proper selection of protective equipment’s such as circuit

breakers and relays, so that fault is removed as soon as possible and equipment’s in

the power system are protected from heavy fault current.

Much research has been done to explore the PEV charging effect on the dis-

tribution system and finding solutions to mitigate them. These works have been

focused on understanding the effects of electrical vehicle charging system on dis-

tribution network voltage levels [22–25]. The integration of large fleet of PEVs to

the power grid can have negative impact on the grid in the form of system losses,

phase unbalances, harmonics, voltage drop, equipment overloading, the surge in

power demand and stability issues [26, 27]. Large number of PEV load connected to

the distribution system for charging purpose may overload the system components

especially the distribution transformer. The impact of PEV charging on distribu-

tion transformer is studied in [28–30]. In reference [28] the ageing of a distribution

transformer is studied with the help of National Household Travel Survey (NHTS)

data. Work done in [29, 30] also conclude that large PEV charging load will have

negative impact on distribution transformer life. Large penetration of PEVs to the

distribution system and their uncoordinated charging may lead to the violation of

safe voltage limits of the system [31, 32]. Phase unbalance can also occur in case

of single phase AC charging of PEV loads [33]. Another problem associated with

PEV charging is harmonics injection in the power grid. Charger required for PEV
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charging operation contains power electronic switches which introduce power quality

issues in the distribution system [34]. Research in the area of electric vehicle charg-

ing is also focused on development of fast charging methods to reduce losses and

also to optimally utilize PEVs for supporting the grid [35, 36]. But the work done to

study the effect of PEVs charging on the distribution system during fault conditions

is very limited. In [37] a qualitative fault analysis in the presence of PEVs is done on

a small model of 5 bus distribution system. In [38] the impact of PHEVs charging

system on distribution system during fault conditions is studied on IEEE 13 bus

system. In this work, a switching voltage of high-magnitude is detected during the

time of fault recovery.

2.3 Protection of Power Distribution System

The prime objective of an electric power distribution system is to provide

energy to the consumers in an economic, secure and reliable way. Primary and

secondary distribution feeders are backbone of distribution network to deliver power

from source to load centers. The distribution networks generally experience shunt

faults [1]. The most common relays used for detecting and locating the faults in a

distribution network are , (a) Phase-overcurrent relays and (b) Ground-overcurrent

relays [39–41]. Distance relays are also sometimes used in a special condition such as

for feeders which have a substantial generation or low fault current to load current

ratios.

2.3.1 Shunt Faults

Among the different power system facilities, the distribution feeders are prone

to faults more often than others. Primary reason for the line faults is insulation

failure resulting in single line to ground faults and multiple line short circuits. For

a three-phase overhead line, shunt faults are categorized as follows
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1. Single phase-to-ground faults

2. Phase-to-phase faults

3. Two phase-to-ground faults

4. Three phase faults

5. Three phase-to-ground faults

2.3.1.1 Single Phase-to-Ground Faults

Single phase-to-ground faults are experienced in overhead lines when any one

phase of the three-phase(s) comes into contact with the ground. Such types of faults

has highest percentage of occurrence among all type of fault. Fig. 2.1 depicts the

electrical circuit for a single phase to ground fault with phase A being the faulted

phase. In this figure Rf is the fault resistance which includes the arc resistance and

ground resistance of the contact between the conductor and the ground.

Figure 2.1: Single phase-to-ground fault on a three-phase line

2.3.1.2 Phase-to-Phase Faults

Phase-to-phase faults occur when there is a short circuit between any two

phases, caused by the ionization of air, or when any two phase(s) comes into contact

with each other. These faults can be divided into two categories, one is phase-to-

phase faults where only any two phases are short-circuited to each other and another
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is phase-to-phase to ground fault where the any two phases are short-circuited with

ground as shown in Fig. 2.2.

Figure 2.2: Phase-to-phase faults

2.3.1.3 Three Phase Faults

A three phase fault is described as a condition when all the three phases comes

into contact with each other. These faults can also be divided into two categories,

one involving ground and other not involving ground as shown in Fig. 2.3. Three

phase faults are also called balanced fault because they generally have equal fault

resistance in the three phases. Roughly 2-3% faults in the overhead lines are balanced

faults.

Figure 2.3: Three phase faults
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2.4 Review of Fault Location Techniques in Ac-

tive Distribution Systems

Faults on distribution feeders are caused by many events such as storms, light-

ning, insulation breakdown and short-circuit by a tree branch or any other external

object. These faults could either be temporary or permanent faults. The temporary

faults are self-cleared but in case of permanent faults the distribution lines experi-

ence some mechanical damage, which require to be repaired before the line could

be restored. This restoration process can be accelerated if the fault location can

be estimated with reasonable accuracy [1]. Therefore, an accurate fault location

scheme plays an important role in reliable and fast restoration of power distribution

network.

In recent times several techniques for fault detection and location in active

distribution systems have been proposed. Fig. 2.4 depicts classification of fault

location techniques. An appropriate fault location technique for DG integrated

system should have the ability to locate fault under bi-directional power flow as is

the case in presence of DG. The fault location techniques proposed are specifically

classified in following subsections.

Figure 2.4: Classification of fault location techniques
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2.4.1 Adaptive Methods: Proposed Schemes and their Chal-

lenges

In adaptive schemes the basic idea is to continuously adjust the setting of re-

lay according to the present system state. This concept has been applied by many

researchers for resolving protection coordination problems associated with DG in-

tegration [42–44]. Whenever there is a change in system state such as a generator

is connected or disconnected or any switching action is made, the relay settings are

re-calculated by the central computer and communicated to the individual protec-

tion relays. Such fault location schemes are economical as it retains the traditional

protection structure and avoid new investment. These methods calculate optimum

system setting, location and size of DGs and also the DG penetration level for min-

imizing the events of protection failure and improving system reliability. However,

the choice of obtaining these optimal operating conditions are not always available in

practice and such operating conditions can actually neutralize the very principle and

benefits of distributed generation. An adaptive method based on optimized thevenin

equivalent parameters estimation is presented in [45] where the sampled local mea-

surements are utilized to obtain the thevenin equivalent circuit parameters and to

mitigate the impact of DGs on the protection devices, an online method of fault cur-

rent calculation under various system operation conditions is used. In [46] change in

protection settings with load variations is suggested. A method which replaces all

fuses by reclosers on a distribution feeder and utilizes conventional equipment for

protection is presented in [47]. The limitation of this scheme is obviously the high

installation cost of a recloser in each branch. In [48] the voltage and current are

monitored at various points along the distribution feeder through a central protec-

tion device. Tripping signal is provided to reclosers and breakers after detecting and

locating a fault by the central device. Reclosers and breakers operates before any of

the fuses operate, this results in fuse saving. The main demerit of this scheme is that

it heavily depends on the central unit and communication system to make a decision.

In [49] a transfer trip scheme is presented which observes the status of all breakers
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on the distribution line. When any detection about one of them being open is made,

the generators downstream to that breaker receives tripping signal thus, unneces-

sary islanding of a section is prevented. Authors in [50] present an adaptive scheme

utilizing the conventional relay-recloser-fuse structure. The relay operation is based

on the algorithm that uses current measurement at all recloser and fuse positions to

find all possible locations of DGs and then depending on the relative current mag-

nitudes, operates the recloser to sustain recloser-fuse coordination. However, this

method is effective in low level of DG input because at high level, the fault current

falls beyond the recloser-fuse coordination setting. Methods proposed in [44, 51]

adjust the settings of the protection devices whenever a DG goes offline or comes

online or on information about the network configuration to maintain coordination

among the protection devices. However, the system may lose protection during the

time of calculation of the new settings and network reconfiguration.

The limitations of adaptive protection schemes are following

• The setting of the protective devices which are utilized in the distribution

system needs to be continually adjusted according to the current system state.

• These techniques depends heavily on optimal location, capacity of DGs and

penetration level, however in practice these choices might not be available.

• Most of the methods employ a central computer for adjusting the setting of

protection devices as per the system condition to retain coordination, but

coordination may not remain during the time of calculation of new settings.

• The requirement of communication and measurement infrastructure may be

expensive.
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2.4.2 Impedance Methods: Proposed Schemes and their Chal-

lenges

The impedance base method calculates the impedance of faulted line segment

which is considered to be a measure of the distance to fault. The Impedance mea-

surement based method utilizes the fundamental frequency component of voltage

and current together with line parameters for determining the fault location. De-

pending upon the data input signals, these methods can be further classified into

either single ended method or double ended method [52, 53]. The major advantage

of single ended methods is that they do not require any communication means and

can be implementation easily into digital relays. However, if communication means

are available then more accurate estimation of fault location can be obtained with

the help of double ended methods, where measurements are available from both

ends of the line. The basic system model for fault location using impedance based

method is depicted in Fig. 2.5 and the basic equations used in fault location is given

below.

VG = mZLIG +RF IF (2.1)

ZFG =
VG
IG

= mZL +RF
IF
IG

(2.2)

Where, VG is voltage at the terminal G, ZL is the line impedance between the

terminal G and H, m is distance to fault, IG is the line current from terminal G, RF

is the fault resistance and IF is the total fault current.

The fault location techniques using impedance measurement exhibits several

advantages and are the most popular in real implementation in both overhead trans-

mission and distribution lines. Work done in [54–57] presents fault localization

method where measurement are taken from one end only. In [54] the impact of both

the load and remote infeeds are considered on the fault location. F. M. Aboshady et

al., [56] proposed sequence components method for fault location in a 11 kV feeder

network, the method considers non-homogeneous feeder sections, fault resistance,



Chapter 2. Literature Review 22

Figure 2.5: Basic model with system parameters

various types of faults, load distribution and high DG penetration level. Authors in

[57] presents a fault location technique considering various uncertainties associated

with the system such as variations in fault resistance, fault type and load magni-

tude. The DG power is accounted for by measuring the current which feeds the

fault. A phase-to-phase fault location method is presented in [58]. In this method,

measurement are taken at the main supply and at the DG supply, the network is

divided into two sections one before DG connection and the other after DG connec-

tion, also special measure have been taken to reduce residual errors in the section

before DG. Work done in [59] presents an impedance-based fault location method

for unbalanced DG systems with low level of DG penetration, improving upon this

work [60] proposes a fault location scheme for unbalanced distribution system based

on positive sequence apparent impedance, the fault location algorithm is iterative in

nature, the algorithm starts searching for possible fault location from the starting

point of the feeder and runs till it converges, where it obtains an estimation of fault

location. Method presented in [61] uses synchronized phasor data obtained by GPS

and digital fault recorders during the fault for estimation of distance to fault. S.M.
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Brahma [62] illustrate a method for fault location in a multi-source unbalanced sys-

tem using thevenin equivalent of source. The scheme assumes that the waveforms

obtained from all digital fault recorders are available as synchronized phasors. Table

2.1 presents comparative analysis of some of the key references.

Table 2.1: Comparative analysis of impedance based methods

Reference Network Model Fault Type Type of Diagnosis

J.J. Mora
Flórez et al.,
[57]

IEEE 34 node system,
variation in load model,
DG

All shunt
fault type

Fault type, faulted
section, fault location
estimation

S.M. Brahma
[62]

Actual 12.47 kV
distribution system,
constant power load,
DG

LG, LLG,
LLL

Faulted section,
fault location

S.F. Alwash
et al., [61]

IEEE 34 node system,
constant impedance loads,
DG

All shunt
fault

Exact fault point
estimation amid
multiple candidates
by voltage matching

M. T. Hagh
et al., [58]

9 bus system with single
phase and three phase
laterals

Phase-to-Phase
fault

Fault location

F. M. Abo-
Shady et al.,
[56]

11 kV feeder LG, LLL Fault location

A. S. Bretas
et al., [59]

13.8 kV distribution line,
Synchronous generator DG

Grounded fault

Use of positive
sequence apparent
impedance for
fault location

J.U.N.
Nunes
et al., [60]

12 buses distribution feeder,
DG

Phase-to-phase
fault

Fault location using
pre fault analysis

Some challenges related with the implementation of these techniques are as

follows:

• As the impedance based fault location techniques depend on fundamental fre-

quency components of voltage and current, the harmonics and transient nature

of current can create difficulty in accurately extracting the fundamentals.

• Fault resistance and system loading may create serious errors in the measured

impedance which results in erroneous fault location estimation.
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• In multilateral distribution network these schemes suffers from the problem of

multiple fault position from the substation in the system.

• Fault events having small duration presents a challenge, due to short data

window more analysis is required to get accurate results. For long duration

fault, the fault location estimate gives better result.

2.4.3 Travelling-Wave Methods: Proposed Schemes and their

Challenges

As the accuracy of impedance based methods for fault location depend heavily

on system parameters, slight variation in system condition such as change in line

loading, fault type, inception angle, fault resistance and source parameter of the net-

work, results in inaccurate estimation of fault location [63]. For these reasons, the

travelling wave based fault location techniques are increasingly used as an alternate

to overcome the drawbacks of impedance-based methods, since their fault location

estimation accuracy depends mainly on the sampling rates of data acquisition and

time synchronization [64, 65]. The underlying concept of travelling wave-based fault

location methods is to utilize the relationship between backward and forward travel-

ling waves propagating along the line when fault occurs. The different power system

events, such as line faults, switching maneuvers, and lightning strokes induces the

transient travelling-waves in overhead lines [66]. The lattice diagram shown in Fig.

2.6 is generally used to depict the different propagation pattern of travelling waves.

In Fig. 2.6 fault is assumed to occurred at a distance d from the node A, ta is arrival

time of first travelling wave peak at terminal A and tb is the arrival time of first

travelling wave peak at terminal B. In case of a fault, the originated travelling-wave

travels in both directions at a speed very close to speed of light, until it arrives at the

line terminals [67]. By detecting these impulses and determining the time difference

between the arrival of an impulse and its reflection or by comparing the arrival times

of the two impulses (wave fronts) at the respective terminals of a line, the location
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of a fault can be determined if length of the line and the propagation velocity of

travelling waves are known. Travelling waves based technique for fault location has

been widely used in transmission systems and its application in distribution systems

has also been explored in the past.

Figure 2.6: Lattice diagram showing propagation pattern of travelling waves

Travelling wave based fault location approaches for distribution system pro-

posed in [68–73] uses single-terminal recording of fault generated travelling wave.

These methods utilize either CWT or DWT analysis of voltage transients for extract-

ing fault information. The method proposed in [70] uses travelling wave recording

in radial distribution network for fault location. In this work, depth search method

is applied to determine exact location of fault from multiple-candidate in the multi-

lateral distribution system. K. Jia et al. [72] proposed a fault location method

in distribution system using high-frequency transient method, here the influence of

DG on fault location is avoided by using short window measurement. The technique

proposed in [73] uses travelling wave information obtained from multi-measuring

points in the distribution network for fault location. Two terminal methods using

synchronized data for fault location are presented in [74–77]. In [74] the degradation

of distribution feeders is identified by monitoring the generated travelling wave due

to the sub-health condition of feeder in real time so that permanent fault conditions

can be avoided. The method proposed in [75] consists three measurement points,
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one at the mid-point of line and other two measurement point at the two terminals

of the line. The measurement at mid-point records the time tags of the subsequent

wavefronts to avoid time synchronization requirement. A directional protection us-

ing Rogowski coil is presented in [76] and the method proposed in [77] uses the first

arrival time of travelling waves at each terminal is applicable in multi-terminal DC

network. Comparative analysis of key references on travelling wave based method

is presented in Table 2.2.

Table 2.2: Comparative analysis of travelling wave methods

Reference Network Model Fault Type Type of Diagnosis

L. Rui et. al.,
[68]

Radial distribution
network of 110kV

Grounded,
ungrounded
fault

BP neural network based velocity
estimation, fault location using the
difference in velocities of zero
mode and aerial mode

A. Borghetti
et al., [69]

Reduced-scale
experimental setup

Phase to
phase fault

Integrated time-frequency wavelet
decomposition of the voltage
transients

M. P. Nakhli
et. al., [71]

6-bus distribution
system loads, DG

Phase to
ground fault

Path characteristic frequency-
based fault location

K. Jia et al.,
[72]

IEEE 34 node
distribution system

Phase to
phase fault

Fault location using
Impedance measurement
at high frequency

M. Goudarzi
et. al., [73]

IEEE 34 node
distribution system

Shunt
faults

DWT based fault section
identification, fault location using
difference between arriving
times of voltage transients

J. Ding
et al., [75]

220 kV power
system model

Shunt
faults

Distributed fault-location
unit base fault location
without time synchronization

D. Wang
et al., [76]

500 kV power
transmission
system model

Phase to
ground fault

Travelling wave directional
protection using electronic
transformers

Q. Lin
et al., [77]

DC Network
Not
specified

Graph theory and travelling
wave method

For a travelling wave based technique, the key factors influencing the accuracy

of fault location are as follows:

• Small fault inception angles and faults close to the place of fault locator in-

stallation affect the accuracy of travelling wave fault location estimation.
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• There is a need of accurate synchronization of devices in case of double ended

travelling wave fault location schemes.

• In case of multiple discontinuities (reflection points) in distribution system,

errors associated with detecting travelling wave.

• Difficulties in the configuration and location of the fault transient detectors

due to complexity in distribution system.

2.4.4 Distributed Device based: Proposed Schemes and their

Challenges

In smart grid environment, wide area protection is often employed for fault

location. Wide area protection can share the field devices and communication system

with the distribution network automation system [78–80]. Traditional protection

system is usually centralized control, where breakdown of central computing unit

or a communication channel will disable the protection of whole network. Hence a

distributed protection scheme has its advantage as problem at one node causes failure

of local protection only. Protection scheme utilizing distributed architecture using

devices such as Phasor Measurement Unit (PMU), Intelligent Electronic Devices

(IEDs) and Relay Agents are introduced in distribution systems to improve fault

detection and location.

PMU based fault location schemes are proposed in [81–84], the schemes pro-

posed in these works uses PMUs to improve the observability of distribution system

under both normal condition and faulty condition. Knowledge of voltage signals

at both end of the lines and the current at either end of the lines during faulty

condition are used for fault location purpose. The proposed methods give good

accuracy but none of them have considered DG in the distribution system. IEDs

based fault location scheme is presented in [85, 86]. In [85] advanced metering infras-

tructure (AMI) based centralized fault management system is introduced, from this
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system fault currents of the sources and fault voltage profile of buses are gathered

for state estimation of the system these estimation are processed in order to have

real-time monitoring and fault location estimation. This technique requires advance

infrastructure with measurement at number of location in the distribution system.

Authors in [86] proposed a wide area protection scheme using advance feeder ter-

minal units (AFTUs) for fault zone location and faulted section identification, the

scheme is dependent on DG capacity. Multi-agent based methods for fault location

is proposed in [87–89]. An agent can be called as an intelligent device which is

capable of taking independent action (protection in this case) within an environ-

ment to achieve the desired objective. In [87] entropy value calculated from the

wavelet coefficients of the measured current signal is used to identify and isolate the

faulty segment of distribution system with DGs, the relay agents are installed at

the boundary of network sections. J. Ghorbani et. al., [88] proposes a multi-agent

system in which an agent communicates with its neighboring agents and uses the

local differential current information to detect and isolate the faulted section in dis-

tribution system with 50% DG penetration level. Work done in [89] also proposes

agent-based protection method utilizing wavelet technique in which the relay agents

acting as protection devices are used to determine the faulty section. Table 2.3

shows comparative analysis of key references.

The key issues related with the deployment of such devices in the distribution

system are as follows

• Advanced communication infrastructure is required for sharing network infor-

mation between the devices, which is costly.

• For optimally placing PMU or other intelligent devices it is often required to

run some optimization algorithm.

• Such schemes often use a central computer to process the data obtained from

distributed devices in the network, failure of which may result in loss of pro-

tection.
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Table 2.3: Comparative analysis of distributed device based methods

Reference Network Model Fault Type Type of Diagnosis

A.M. El-
Zonkoly
[87]

66 kV distribution
network

Shunt
faults

Fault classification,
faulted line,
fault location

J. Ghorbani
et al., [88]

Feeders of West
Virginia super
circuit

Shunt
faults

Identification of faulted
zone, fault type and fault
location using MAS system
with 50% DG penetration

J. Cordova
et al., [85]

IEEE 37 node test
feeder

Shunt
faults

Advanced Metering
Infrastructure (AMI)
and other IEDs based
fault location identification

M. Xu et al.,
[86]

10 kV distribution
network

Not
specified

Fault location using
AFTUs and IEDs

N. Parera
et al., [89]

CIGRE MV benchmark
network, constant
impedances load

All shunt
fault

Faulted section identification

K. Mazlumi
et al., [83]

41-bus 230kV
network

Grounded
faults

Less number of (PMUs)are
used for fault location

2.4.5 Intelligent Techniques: Proposed Schemes and their

Challenges

An intelligent fault location technique relies on artificial intelligence and math-

ematical techniques for fault detection and location. These techniques comprise of

wavelet based methods, artificial neural network (ANN) based methods, fuzzy based

methods and statistical learning theory based methods. The wavelet based schemes

generally locate fault by analyzing high frequency transients in the fault current or

voltage signals with the help of suitable mother wavelet. Method proposed in [90]

estimates the fault point and faulted section by using the transient fault current

wavelet coefficients recorded at the interconnecting points of the network. In [91]

separate schemes are proposed for fault classification and fault direction identifica-

tion. The scheme has a wider application and gives high speed protection. A scheme

based on modern communication arrangement is proposed in [7]. The scheme has a

master-slave structure which is substation oriented, it has the capability of providing
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protection to entire distribution system with high DG penetration level. The appli-

cation of ANN based methods in distribution system is done by H. Zayandehroodi et

al., in [92] they proposed a two stage radial basis function neural network (RBFNN)

based method to locate fault distance and to identify the faulted line segment, the

first stage RBFNN is used to estimate the fault distance from each source and the

second stage RBFNN is used to determine the exact faulted segment. In a later work

the author’s uses same methodology only the RBFNN function is replaced by Radial

Basis Neural Network function learning algorithm with Optimum Steepest Descent

for faulted segment identification [93]. In [94] a Multilayer Perceptron (MLP) neural

network scheme for fault localization and classification is presented, the algorithm

uses proportion of injected supply current as input for training of neural network.

A multi class Support Vector Mechanism (SVMs) based approach is presented in

[95]. SVM is a statistical learning theory based method, the proposed approach uses

offline data generated from load flow for training the SVM and online calculation

are done for fault location and diagnosis. The approach shows good accuracy but

requires retraining of SVM whenever there is a change in system topology. Table

2.4 presents comparative analysis on intelligent methods.

Implementation of intelligent techniques for fault location suffers from the main

challenges listed below

• Choice of mother wavelet, support size and noise in the signal affects the

performance of wavelet based methods.

• The ANN based methods highly depend on the amount and the quality of

training data provided to ANN algorithm. A limited or inaccurate training

data can affect the accuracy of fault location algorithm.

• Other problems with AI based method are slow convergence in the training

process, also the algorithm requires to be retrained every time there are changes

in the system state.
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• The performance of SVM suffers when dimension of input vector is large be-

cause in such condition it is difficult to find the optimum solution due to large

sizes of the data set.

Table 2.4: Comparative analysis on intelligent methods

Reference Network Model Fault Type Type of Diagnosis

G. Celli
et al., [90]

Typical rural
distribution
network

Grounded
faults

To find direction and
location of fault,
wavelet coefficients of
transients faults are utilized

Hadi
Zayandehroodi
et al., [92, 93]

20 kV 32-bus
distribution
system

Shunt
faults

Fault classification,
faulted line, fault location

S. A. M.
Javadian
et al., [94]

22-bus, 20 kV
distribution
network

Shunt
faults

To determine type and
location MLP neural
network is used

M. A.
Figueroa
et al., [91]

33-kV
distribution feeder

Shunt
faults

Discrete wavelet transform
for identification and
classification

R. Agrawal
et al., [95]

Practical
distribution feeder
emanating from
132/11kV-grid
substation

Shunt
faults

Fault location and
diagnosis in distribution
network in presence of DGs,
using multi-class SVMs

2.4.6 Hybrid Methods: Proposed Schemes and their chal-

lenges

The hybrid methods for fault identification and location are adopted to develop

a novel method which exploits the benefits provided by the incorporation of more

than one fault location methods. The idea is to utilize the strengths of individual

methods while restraining the shortcomings. Some techniques using hybrid methods

for fault location in distribution network have been proposed till now [96–105]. These

methods generally use artificial intelligence techniques along with advanced signal

processing techniques to extract fault information from the recorded signals and

locate fault. Work done in [96] proposes a method combining wavelet theory and
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fuzzy logic for islanding detection and fault location in distribution systems with

distributed generations, the method claims to be very fast and detects fault within

10 ms from its inception. A. Rafinia et. al., [97] presents a method combining

artificial neural network (ANN) and fuzzy logic for fault location in three phase

underground distribution system, wavelet is used for feature extraction from the

simulated data. The method is tested under various conditions like load shedding,

load increase and load unbalance, also the method is tested against the effect of

DG addition to the network. Hybrid methods combining ANN and support vector

mechanism (SVM) are proposed in [98, 99]. Authors in [98] use ANN and SVM for

faulted section identification and fault location respectively. Feature extraction is

done using measurements obtained at substation, relay status and at circuit breaker.

The data is analyzed using principal component analysis technique. This method

robustness is tested under verity of conditions but the distribution system used does

not contain any DG source. Whereas, the method proposed in [99] use ANN and

SVM application for fault location in power transmission lines in presence of non-

linear loads. In [100] a method based on wavelet transform and SVM is presented for

locating fault in micro grid. In this the search space for faulted section identification

is reduced by detecting the DG with the lowest harmonics and finally the faulted

segment is determined using the wavelet and optimized multi-class support vector

mechanism (OMSVM). Another method combining WT and SVM proposed in [101]

is used for fault location in distribution network in case of high impedance faults.

In [102] a hybrid method combining SVM and smart meters are proposed. Smart

meters are used for providing data for training of SVM which are used for fault

location purpose. A faulted section identification followed by fault location for

distribution network with multiple branches based on WT and ANN is proposed

in [103] in this paper, WT is used for faulted section identification and ANN is

used for fault location. Fault location method using impedance based method and

voltage sag matching algorithm in [104] is applicable for single phase faults only and

the method proposed in [105] locates fault in an active distribution network using

polarities of current transients. Table 2.5 presents comparative analysis on hybrid
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methods.

Table 2.5: Comparative analysis of hybrid methods

Reference Network Model Fault Type Type of Diagnosis

M. Dehghani
et al., [96]

20 kV 5 km pi section
distribution line

Shunt
faults

Fault location in distribution
systems with DG based
on combination of wavelet
singular entropy and
fuzzy logic

A. Rafinia
et al., [97]

20 kV underground
power distribution
system

Shunt
faults

Combination of ANN and
FLS to classify and locate
fault

D. Thukaram
et al., [98]

52 bus distribution
system

Shunt
faults

Combination of ANN and
SVM forfault location and
classification

E. Koley
et al., [99]

400 kV three phase
double circuit
transmission line

Shunt
faults

(SVM), ANN
and Kalman filter based
algorithm

S. Hamid
Mortazavi
et al., [101]

20-kV radial
distribution feeder

High
impedance
fault

Stationary wavelet transform
and SVM based fault location

M. Daisy
et al., [104]

IEEE 34 node
system

Single
phase
faults

Impedance based method
combinedwith voltage sag
matching

Amila
Pathirana
et al., [105]

230 kV transmission
system and IEEE
34 node system

Not
specified

Rogowski coil sensors based
transient protection scheme

Some limitations associated with application of hybrid method in distribution

system are as follows

• These methods generally use some AI technique therefore reliable modeling of

the system is required to generate data for AI training.

• Application to distribution system is difficult because of network complexity,

different conductor size and multiple branches.

• When two methods are combined decision regarding which relay output to be

used for fault location requires careful decision making process.
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Table 2.6: Comparative analysis of different methods

Techniques Merits Demerits

Adaptive
methods

Provides correct settings
for different operating
conditions

Communication system requirements
which increases system cost
Complex relay setting calculation in
case of high DG penetrationRetains the original

protection setup hence
economical

Requirement of modification in FL
algorithm following an alteration
in the system

Impedance
based

Communication channels
not required in one ended
technique and simple
utilization into digital
protection relay

Multiple fault positions in multilateral
distribution network

More accurate results can
be obtained with two
ended method with
communication channel

Assumes homogenous network, error
due to system loading and fault
impedance

Travelling
wave
based

Very fast and accurate Needs high frequency data acquisition
Independent of many
system parameters

Requires very precise common
time reference

Distributed
device
based

Provides continuous
monitoring of system

Requires large investment

Distributed architecture
of protection

Requirement of communication
between the devices

Intelligent
techniques

Possess characteristics
such as fast learning
rate, fault tolerant

Slow convergence, amount and quality
of data provided for training

Able to deliver accurate
output with partial input

Retraining of algorithm in case of
system change

Hybrid
methods

Exploits benefit of two
or more methods

Requires careful decision making for
relay output to be used
Reliable models to create training data

2.5 Conclusion

From the reviewed references it can be observed that since each of the fault

location method are developed considering specific topology and assumptions, none

of them have the capability to solve all problems related to the fault location. Each

method may solve problem of particular system depending on the availability of the
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monitoring technology and complexity of the system. Such as, fault location based

on intelligent techniques can be suitable for use in a distribution system which is

equipped with monitoring equipment’s. Whereas, impedance measurement tech-

niques are more suited for single end measurement. Therefore, it can be concluded

that the working principle of a fault location technique must be understood before its

application to a specific system to use it effectively. Table 2.6 shown above presents

the comparative analysis of all type of fault location method presented above.





Chapter 3

NETWORK MODELLING AND

SIMULATION

3.1 Introduction

This chapter is focused on developing an accurate model of the distribution

network test system and the electric vehicle charging load. The IEEE 34 node dis-

tribution system [106] is selected as the test system to evaluate the performance of

the developed fault location schemes. A distribution system may have various ap-

pearances, as the total length, number of laterals, loading and other parameters may

vary greatly, considering all these factors, among the available benchmark distribu-

tion feeder from the IEEE power engineering society distribution subcommittee, the

34 node distribution system is selected for this work, also it is the most versatile

and widely used network for fault location studies. This distribution system is an

actual feeder located in Arizona, USA. The IEEE 34 node distribution system is

characterized by a nominal voltage level of 24.9 kV and it is an unbalanced system

with uneven load distribution and unequal lateral spacing.

37
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3.2 Implementation of IEEE 34 Bus Distribution

System

The IEEE 34 node distribution system shown in Fig. 3.1 is implemented in

MATLAB/SIMULINK. This is a radial distribution network having only one path

for power flow from the source to the load centers. The distribution network is made

up of one main feeder having total length of 57.7 km at a voltage level of 24.9 kV

and eight side laterals. Of these side laterals four are single phase lines, three are

three phase line and one lateral contains both three phase and single phase lines. All

lateral operates at main feeder voltage level except lateral 832-890, which operates at

4.16 kV voltage level. It also contains two transformers, two voltage regulators, two

shunt capacitor banks, six spot loads and nineteen distributed loads. The network

was validated by performing a load flow calculation on the system and by comparing

the results with the IEEE results shown in Table 3.1. The network elements consist

of the following:

(a) Main feeder

(b) Side laterals

(c) Distribution transformers

(d) Loads

(e) Capacitor banks

(f) Voltage regulators

Detail parameter of each element of the network is provided in Appendix A
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Figure 3.1: IEEE 34 node distribution system

3.2.1 Feeder Modelling

The distribution feeders are made up of five different overhead line configu-

rations (300-304) and contain thirty line segments. The main feeder is modelled

with configuration type 300 and 301 and the different single phase laterals are mod-

elled using 302, 303 and 304 line configuration types. The distributed parameter

line model has been used to model all the line segments. The input parameter of

the line sections are positive and zero sequence impedances and shunt susceptances,

which are obtained from impedance (Z) and susceptances (B) matrices using Car-

son’s equation and Kron’s reduction technique [107]. The test feeder modelled in

SIMULINK showing various line segments is depicted in Fig. 3.2.

3.2.2 Load Modelling

The loads in IEEE 34 node distribution network is specified either as star or

delta loads and modeled as constant power load, constant current load and constant

impedance load. The sum of entire load on the network is 1769 kW, of which six
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loads are spot load and nineteen loads are distributed loads as given in Appendix A.

The spot loads were connected to their respective nodes and the distributed loads

are divided into two half and each half is placed at the two ends of the respective

line section. Three phase series RLC load block in SIMULINK is used to model all

the three phase loads of the network and series RLC load block is used to model all

single phase loads.

3.2.3 Transformer Modelling

Two transformers are used in this network. One transformer is located at

substation node (800) and another one is located at node 832. The substation

transformer is a 2.5 MVA 69/24.9 kV transformer and the in-line transformer has

a rating of 0.5 MVA, 24.9/4.16 kV. Detail parameters of the transformer are shown

in Appendix A. Both transformers are modelled using three-phase two windings

transformer block available in SIMULINK.

3.2.4 Voltage Regulator Modelling

The IEEE 34 node network has two voltage regulators, one regulator is located

between node 814 and node 850 and another one is located between node 852 and

node 832. No voltage regulator block is available in Simulink component library.

Hence, the voltage regulators are implemented as ideal instrument transformer using

three phase autotransformer. The primary side of the autotransformer is set equal

to the input voltage of regulator and the secondary side voltage is set equal to the

regulator output voltage.
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3.2.5 Shunt Capacitor Modelling

The shunt capacitor banks are used for voltage regulation and reactive power

support. Two shunt capacitor banks are located on line section 834-848 at node 844

and node 848 respectively. The capacitors are modelled as three phase banks. The

parameters used for modelling is given in Appendix A.

3.3 Modelling of Distributed Generation

A synchronous generator DG and a PV source type of DG are used in this work

to test the performance of developed fault location algorithm in the DG integrated

distribution network. The parameters for 350 kW synchronous generator DG are

based on work carried out in [108] as given in Appendix B. A 500 kVA step up

transformer is used to connect the synchronous generator to the distribution network.

In addition to this a 100 kW PV source [109] is also connected to the network. The

specification of PV source is given in Appendix B. The size and location of installed

DGs are based on recommendations given in [110].

3.4 Steady State Load Flow Results Comparison

with the IEEE Results

In order to verify the modeled distribution network for further studies, the

published IEEE results are compared with the steady state load flow results of the

modeled network. Table 3.1 presents the comparison of the node voltage obtained

from MATLAB/SIMULINK simulation with the published IEEE results. The slight

error in results can be due to the modelling difference in SIMULINK and that used

by the IEEE subcommittee.
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3.5 Modelling Of Electric Vehicle Charging Sys-

tem

The Electric Vehicle (EV) or Plug-in Electric Vehicle (PEV) can be categorized

into two types as Battery Electric Vehicle (BEV) and Hybrid Electric Vehicle (HEV).

The BEVs depends solely on their battery pack to meet all the power requirements.

The HEVs use combination of both conventional power and battery power, the

HEVs are of two type, Plug-in Hybrid Electric Vehicle (PHEV) and Extended Range

Electric Vehicle (EREV). The PHEV and EREV contains both conventional engine

and a battery pack to meet the power requirement, the basic difference between the

two is that the PHEV depends mainly on conventional combustion engine whereas

the the EREVs first exhaust its battery pack then switches to the conventional fuel.

Of all these types, the BEVs has the highest electrical range for an electrical vehicle.

In this work, the electrical vehicle load is designed as per the specification of PEV.

Appropriate modelling of electric vehicle charger is necessary for accurate as-

sessment of the effects of EV charging infrastructure on distribution system. Accord-

ing to the Society of Automotive Engineers (SAE) Standard J1772 [111], there are

three charging levels that provide the ability to charge the EVs faster by increasing

the charging voltage, as shown in Table 3.2. Most of the electric vehicles can be

plugged into an outlet at home for Level 1 charging (slow charging). Level 2 charging

which requires 240 V outlets is typically described as the primary method for both

private and public facilities. Future developments focus on fast Level 3 charging (AC

or DC). Hence, considering these factors AC level 2 EV charging system is selected

for work in this thesis.

The charger considered in this work is an AC single phase level 2, bidirectional

charger. The charging system modeled contains an AC-DC converter and a DC-

DC converter; both are capable of bi-directional operation. Fig. 3.3 shows the

configuration of the charging system. The topology consists of six IGBT switches,



Chapter 3. Network Modelling and Simulation 45

Table 3.2: Rating of EVs charger based on SAEJ1772 standard

Charging Level Nominal Supply Voltage Max. Current Input Power

1-phase AC Level 1 120 V
12 A 1.4 kW
16A 1.92 kW

1-phase AC Level 2 208 to 240 V
17 A 4 kW
32A 8 kW
80A 19.2 kW

3-phase AC Level 3 208 to 600 V 400 A > 7.68 kW

DC Charging 600 V maximum 400 A < 240 kW

four switches used in AC-DC converter stage and two in the DC-DC stage [112]. The

charger is designed to deliver 6.6 kW power at 240 V to the battery for charging

purpose. The following section gives detail about the battery charger.

Figure 3.3: Configuration of PEV battery charger

3.5.1 Bidirectional AC-DC Converter

During the charging of battery power is transferred from grid to vehicle as

shown in Fig. 3.4, the direction of current from grid to converter is taken as positive.
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Figure 3.4: Representations of Grid and Charger

The sinusoidal grid voltage is taken as,

vgrid(t) =
√

2Vgrid sin(wt) (3.1)

Where, vgrid(t) is instantaneous grid voltage and Vgrid is RMS (root mean square)

value of grid voltage. The fundamental component of converter voltage is

vconv(t) =
√

2Vconv sin(wt− δ) (3.2)

Where, vconv(t) is instantaneous voltage of converter and Vconv is the RMS value, δ

denotes angle between grid voltage and the converter voltage. The grid current is

given as

igrid(t) =
√

2Igrid sin(wt− θ) (3.3)

Where, θ is the angle between igrid(t) and vconv(t)

Active power flows from the grid when vconv(t) lags vgrid(t) , and it flows to the

grid when vgrid(t) lags vconv(t) . Phase angle of determines the direction of flow of

reactive power. For a positive value of θ the reactive power flows from converter to

grid and for negative θ the reactive power flow from grid to converter. The converter

is capable of meeting the requirement of bidirectional power flow. The fundamental

value of the converter voltage is related to dc link voltage as

Vconv =
mVdc√

2
(3.4)
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Here, m is the modulation index taken as 0.9 and Vdc is the voltage of dc link which

is set at 380 V. The fundamental component of converter voltage is related to grid

voltage by the relation given as

Vconv =
√
V 2
grid + (I2grid ×X2

l ) (3.5)

Here, Xl is the inductive reactance. The rating of capacitor in dc bus is given as,

Cdc =
Idc

2× w × Vdcripple
(3.6)

Where, Idc is the DC link current, w is the angular frequency and Vdcripple is 5% of Vdc.

The output of AC-DC converter is the dc link voltage Vdc and it is the input to the

DC-DC converter. For control of bidirectional AC-DC converter a unipolar switching

scheme is used, in which a fixed frequency triangular carrier wave is compared with

the positive reference signal and the negative reference signal. The output dc link

voltage varies between ±Vdc. For controlling the dc link voltage a PI controller is

used. This PI voltage controller compares the reference voltage to the sensed dc

link voltage to calculate the error as the difference between the two. The PI voltage

controller then generates the control signal to minimize the error so that the dc link

voltage closely tracks the reference voltage. The output of this voltage PI controller

is the reference current to the PI current controller, which closely tracks the reference

current by minimizing the error between the sensed current the reference current.

The switching signals for triggering the switches of the AC–DC converter at different

instants are generated by comparing the amplified control signal to a fixed frequency

sinusoidal wave.

3.5.2 Bidirectional DC-DC Converter

The working of bidirectional DC-DC converter is divided into two modes. One

is charging and other is discharging mode. Switch S5 in Fig. 3.3 will be turned
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on during charging mode and converter will work as a buck converter to charge the

battery. During the discharging mode switch S6 will be turned on and the converter

will function as a boost converter. While boosting the DC-DC converter will boost

up the initial voltage to 380 V. For designing the DC-DC converter the inductor

value is calculated from the relationship between switching frequency f , inductance

Lc given as:

f =
1

2× P × Lc

(
1

1

Vdc
+

1

Vb

)
(3.7)

Where, P is the power delivered from grid to battery, Vdc is DC link voltage and

Vb is the battery voltage and f is the switching frequency and its value is 50 kHz.

PWM technique is applied for controlling the battery charging and discharging using

bi-directional converter. A PI controller controls the input current (Ib) of battery.

The PI controller compares the dc link current to the reference current and error is

minimized with the help of control signal generated by the controller. The switching

signals for the IGBTs of the DC-DC converter is generated by comparing the con-

troller’s output to a fixed frequency saw-tooth carrier waveform [113]. The above

control strategy is applicable for both buck and boost mode of operation.

The battery used in the PEV load is modeled as lead-acid battery, imple-

mented in SIMULINK using the model parameters given in [114]. The performance

of charger is tested by simulation for 2 sec; charging is done for 1 sec and for an-

other 1 sec discharging is done. Simulation results obtained are shown in Fig. 3.5.

Fig. 3.5(a) shows, that the voltage across the DC link bus is maintained at 380 V

during both buck (charging) and boost (discharging) mode by the converter. The

current delivered to the battery for charging and current provided by battery while

discharging maintains a magnitude of 30 A as shown in Fig. 3.5(b), the change in

polarity of current while giving energy back to grid shows that the supplied current

is in phase opposition of the grid voltage. The battery voltage profile while operat-

ing in both buck and boost mode are shown in Fig. 3.5(c). During the one second

of buck mode of operation battery voltage level increases from 202.6 V to 207.9 V
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Figure 3.5: Charging system performance under normal operating conditions

and during boost mode it discharges back to 200.1 V. In all these profiles there is

change in operating mode at 1 sec i.e. from charging of battery to discharging of

battery. The simulated results validate the performance of charger which is used for

the integration of PEVs to the grid.

3.6 Conclusion

The selected distribution network is modeled in SIMULINK for further work

related to fault analysis and fault location estimation. Steady state load flow simula-

tion studies are performed to validate the network and obtained results are compared

with published IEEE results. Furthermore, detail modelling of PEV charger and its
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control strategy is provided in this chapter. Simulation results for charging system

performance under normal operating conditions is also given in this chapter.



Chapter 4

IMPACT OF PLUG-IN

ELECTRIC VEHICLES ON

FAULTED DISTRIBUTION

SYSTEM

4.1 Introduction

Plug-in Electric Vehicle (PEV) provides one of the most promising solutions

to reduce NOX and SOX emissions from the conventional vehicles. However, in-

tegration of large-scale PEVs to the existing grid may introduce new challenges

especially at distribution system level as the existing distribution grid was not de-

signed to accommodate such electrical vehicle loads. Therefore, fault analysis of

distribution system in the presence of electric vehicle charging load is required to

access the impact of this new type of load during fault conditions. This chapter

evaluates the impact of PEV charging on distribution system under different fault

conditions. IEEE 34 node distribution system with AC level 2 single phase PEV

51
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charging station coupled to one of its nodes is used to investigate the effect of PEV

charging on the system under balanced and unbalanced fault conditions. The im-

pact of PEV charging load is compared to the impact of equivalent constant power

load at main feeder and lateral respectively under balanced and unbalanced faults.

4.2 System Configuration

To evaluate the impact of PEV charging load on an unbalanced distribution

system during fault conditions, the IEEE 34 node test feeder shown in Fig. 3.1

is used as test system. A charging station consisting of fifteen PEV, each with a

maximum capacity of drawing 6.6 kW of power from the grid to charge the battery

is connected to the distribution system node, contributing to a load of 33 kW per

phase above the base system load. Connection of PEVs to the system is shown

in Fig. 4.1. The impact is investigated for the for two locations of PEV charging

load, one with PEV charging load connected at the node 890 of the low voltage

lateral 832-890 and other with PEV charging load connected at the node 840 of the

main feeder of the distribution system under both unbalanced and balanced fault

conditions respectively. In order to compare the impacts of PEV charging load to the

impact of constant power loads on the distribution system during fault conditions,

two cases were simulated on this test system as follows:

Case 1: Faults are applied with PEV load connected to the distribution system.

Case 2: Faults are applied with PEV load replaced by an equivalent constant power

load at the same node of distribution system.

The impact of PEV charging on distribution system during fault condition is deter-

mined by observing the voltage, active power, reactive power and the fault current

at all major nodes of the system.



Chapter 4. Impact of Plug-In Electric Vehicles on Faulted Distribution System 53

Figure 4.1: Connection of PEVs in distribution system

4.3 Simulation Results

Case1 and Case 2 were simulated at two different locations in the distribution

system. One with charging load connected to node 890 of the lateral and other with

the charging load connected to the main feeder at node 840. Faults in power system

are categorized as short circuit faults and open circuit faults. The short circuits

faults are of two types, unbalanced (asymmetrical) faults and balanced (symmetri-

cal) faults. All types of unbalanced faults, balanced faults and open circuit faults

have been investigated in this work. The result are compared to the equivalent

constant power load case as observed during the fault period, and after the fault is

cleared from the system but the faulted phase is yet to be reconnected to the system

by the circuit breaker. Considerable variations are observed in fault voltage, fault

current and reactive power demand at the faulted node of the system.

4.4 PEV Charging load Connected to Lateral 832-

890 at Node 890

The PEV charging load is connected at first, to node 890 of lateral 832-890 for

analyzing the impact of PEV charging on distribution system.
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4.4.1 Unbalanced Fault

Unbalanced or unsymmetrical faults are very common in distribution systems,

this type of fault leads to unequal current and unequal phase shift in a three phase

system. There are three types of unbalanced faults namely single line to ground

fault (LG), line to line faults (LL) and double line to ground fault (LLG). Impact

of EV charging on each of these faults are discussed below.

(a) Single line to ground faults (LG)

Single line to ground faults are the most common fault in power system. As

per the fault statistics of overhead lines [115], 80 % of the faults that occur in power

system are single line to ground faults. In this work, a line to ground fault in phase

A is applied at 0.33 s between node 888 and node 890 of the distribution feeder and

the fault is cleared from the system at 0.42 s. Both case 1 i.e. with charging load

connected at node 890 and case 2 with charging load replaced by equivalent constant

power load are simulated.

Figure 4.2: Voltage of faulted phase A for LG fault
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Fig. 4.2(a) gives the voltage of faulted phase A at node 890 for the period

of fault and fault recovery for PEV load case and Fig. 4.2(b) shows the voltage of

faulted phase A at node 890 during the period of fault and fault recovery for equiva-

lent load case. As can be seen in Fig. 4.2(a) for the case 1 with PEV load connected

at node 890, a transient voltage of high frequency having peak magnitude of approx-

imately half of the steady-state peak voltage is observed at the time of reconnection

of phase A to the system as compared to the equivalent constant power load case 2.

Once the phase A is reconnected back to the distribution system the voltage regains

its steady-state value. This transient voltage appears due to continuous switching

of charging system of PEV load connected to the distribution node.

Figure 4.3: Phase B current for LG fault

Fig. 4.3 gives phase B current at node 890 during fault condition and recovery

period. Fault current is an important fault parameter which determines the severity

of fault and affects the function of protective device in the system. As can be seen

from Fig. 4.3(a) for case 1, with charging vehicle load connected to the node 890,
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the phase B current at the time of fault shows the peak magnitude of 3 times the

magnitude of steady state current. An increase in magnitude is also observed in

both phase C current but major increase is observed in the phase B current due

to mutual coupling of the distribution lines which is shown in Fig. 4.3(a). For

case 2 with charging vehicles load replaced by equivalent constant power load the

effect is not significant and the transient in the current during the fault is much less

pronounced as compared to case 1.

Figure 4.4: Phase B reactive power for LG fault

Another significant change is observed in reactive power requirement in phase

B during fault condition at node 890. For PEV load connected case the reactive

power of phase B shows a sudden jump of approximately 21 times from 0.31 kVAR

before fault to 6.6 kVAR at the time of fault and then settles to a value of 0.45

kVAR shown in Fig. 4.4(a). The sudden rise in reactive power observed in phase

B is nearly 2.5 times the reactive power rise during fault with equivalent constant

power load connected to node 890 as can be seen in Fig. 4.4(a) and Fig. 4.4(b). This
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increase in reactive power requirement can have undesired effects like low voltages,

increased system losses and equipment heating.

(b) Double line to ground faults (LLG)

Double line to ground faults are considered less severe as compared to the three

phase fault and single line to ground faults on the overhead lines. In this work a

double line to ground fault is simulated with phase A and phase B as the faulted

phases in the line section connecting node 888 and node 890. The fault is applied at

0.33 s into the simulation and removed at 0.42 s. The simulation results are displayed

in Fig. 4.5, in this fig (a), fig.(c) and fig.(e) shows results for PEV load case and

fig (b), fig.(d) and fig.(f) display results for equivalent load case respectively. The

voltage, current and the reactive power demand at node 890 are observed for each

of the two cases. Fig. 4.5(a) and Fig. 4.5(b) show the voltage waveform at node 890

for the double line to ground fault for PEV load case and for equivalent load case

respectively. As can be seen from the Fig. 4.5(a) with PEV load connected, a high

frequency transient voltage appears during the breaker reclosing period whereas in

equivalent load case shown in Fig. 4.5(b) no such transient voltage appears during

breaker reclosing.

The effect on phase currents due to PEV charging load at node 890 is shown

in Fig. 4.5(c). The fault current show sharp rise in magnitude from 15 A to 25 A in

the first cycle of the fault and a switching transient current can be observed in the

faulted phases during the fault and reclosing period. The fault current in equivalent

load case is depicted in Fig. 4.5(d), here; the faulted phase current waveform does

not show any sharp rise or transient during the fault time and the reclosing period.

With PEV charging load connected at node 890 the reactive power requirement

show a sharp rise in healthy phase C from 386 VAR to 890 VAR as the fault strikes,

which settles down to normal value after two cycles as shown in Fig. 4.5(e). The

reactive power requirement for faulted phase A and phase B reduces to zero for the

fault duration. Not much variation in reactive power requirement is observed in
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Figure 4.5: Impact on voltage, current and reactive power for LLG fault at node
890

equivalent load case as shown in Fig. 4.5(f). For this case the reactive power for the

healthy phase C varies between -1 VAR to 2 VAR for the fault duration.

(c) Line to line fault (LL)

Line to line faults are the second most common fault on overhead lines. This

fault does not involve path to ground and are least severe in nature. A line to line

fault case is simulated involving phase A and phase B in line section 888-890. The

fault is applied at 0.33 s into the simulation and removed at 0.42 s. Fig. 4.6(a) and

Fig. 4.6(b) shows three phase voltage for PEV load case and for equivalent load

case respectively. The voltage, current and the reactive power demand at node 890

are observed. As can be seen from the Fig. 4.6(a) the effects are similar to double
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line to ground fault case and a high frequency transient voltage appear during the

breaker reclosing period with PEV load whereas in equivalent load case shown in

Fig. 4.6(b) no such transient voltage appears during breaker reclosing.

The effect on phase current due to PEV charging load at node 890 is shown in

Fig. 4.6(c). The fault current don’t show any significant rise in magnitude, only a

switching transient current appears in the faulted phases for the fault duration and

reclosing period. The fault current in equivalent load case is depicted in Fig. 4.6(d),

as can be seen the faulted phase current waveform does not show any transient for

fault duration and reclosing period.
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Figure 4.6: Impact on voltage, current and reactive power for LL fault at node
890

The reactive power requirement at the faulted node is shown in Fig. 4.6(e) and

Fig. 4.6(f) for case 1 and case 2 respectively, no considerable variation in reactive
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power requirement is observed for the PEV case and the equivalent load case due to

the fault. For the PEV load case the reactive power requirement for faulted phase

A and phase B reduces to zero for the fault duration and for the healthy phase

C reactive power remains almost constant for the whole fault period and after the

fault is removed. Not much variation in reactive power requirement is observed in

equivalent load case as well, reactive power for the healthy phase C varies between

-3 VAR to 6 VAR for the fault duration.

4.4.2 Balanced Faults

Balanced or symmetrical faults are very severe in nature but are rare in dis-

tribution system. To understand the impact of balanced fault on the distribution

system, a three-phase fault is applied at 0.33 s between node 888 and node 890 of

the distribution feeder with charging electrical vehicle load connected at node 890.

Figure 4.7: Impact on three phase voltage for LLL fault at node 890
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Fig. 4.7 shows the three-phase voltage waveforms in case of a three-phase

fault in the system. The effect shown is similar to single phase fault case and

potentially harmful high magnitude transient voltage is observed in all three phases

during the fault recovery time for the PEV load connected case, for equivalent load

case the effect on voltage waveform is not significant. Phase current and reactive

power requirement is not shown in this case because all the three phases have been

disconnected by the circuit breaker during the fault.

4.4.3 Open Circuit Faults

Open circuit faults are much more unusual than short circuit faults (both

unbalanced and balanced faults), and often they are transformed into short circuits

by subsequent events. In terms of the severity of a fault, short circuits faults are of

far greater concern than the open circuit faults, although some open circuit faults

may present a potential hazard to personnel [115]. An open circuit fault occurs

when one or more phases of conductor break on an overhead line. Such faults may

also occur in situations where circuit breakers or isolators open but fails to close in

one or more phases.

In this work an open conductor fault is simulated by opening phase A at node

888. The fault is applied at 0.33 s and removed at 0.42 s. After occurrence of the

open conductor fault, the magnitude of voltage, current and reactive power at the

faulted node 890 is shown in Fig. 4.8. It can be seen from this figure that the

magnitude of voltage and current of the faulted phase A reduces to almost zero

whereas the magnitude of voltage of healthy phase B and phase C does not change

significantly.

Fig. 4.8(a) and Fig. 4.8(c) shows voltage and current waveform respectively

for case of PEV charging load, the behavior shown is similar to the equivalent load

case and no significant change is observed in the voltage and current waveforms of

the healthy phases.
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Figure 4.8: Impact on voltage, current and reactive power for open circuit fault
at node 890

Reactive power requirement for PEV load case is shown in Fig. 4.8(e), as can

be seen from the figure, the reactive power requirement remains almost constant for

the two healthy phases B and phase C due to open circuit fault. It is only for the

open circuited phase A the reactive power drops to 0 VAR for the fault duration.

For equivalent load the reactive power requirement is almost zero for the faulted

phase A and healthy phase C only phase B show very small reactive power varying

between 1 VAR to -1.7 VAR as shown in Fig. 4.8(f).

Hence, from the obtained results it can be concluded that the PEV charging

loads do not have any adverse effect on the distribution system for the open circuit

fault.
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4.5 PEV Charging load Connected to the Main

Feeder at Node 840

The analysis shown above was performed on lateral 832-890; this section has

the voltage level of 4.16 kV only which is very low compared to the voltage level of

main feeder. To see the impact of PEV charging on fault condition in the system

on a section at high voltage level, the same analysis is performed on main feeder of

the distribution system having nominal voltage rating of 24.9 kV. For this case, the

PEV charging load is connected at node 840 of the distribution system on the main

feeder.

4.5.1 Unbalanced Faults

(a) Single line to ground faults

With the PEV charging load connected at node 840 of the distribution system

on the main feeder a single line to ground fault is applied to phase A at 0.33 s

between node 836 and node 840 of the main feeder and the fault is cleared from

the system at 0.42 s. The voltage waveform for faulted phase A for PEV load case

and equivalent load case is shown in Fig. 4.9(a) and Fig. 4.9(b) respectively. As

can be seen when the electrical vehicle charging load is connected at a node of

high voltage main feeder the magnitude of voltage transients observed during the

period of reconnection of phase A after the fault is cleared from the system is less as

compared to the magnitude of voltage transients when the electric vehicle charging

load is connected to the low voltage lateral of the distribution system at node 890.

Similar improvement appears in the current waveform as well. As can be seen in

Fig. 4.9(c), no significant rise in magnitude of phase B current during the fault is

observed with charging vehicle load connected to node 840 of the main feeder, as

compared to the case when PEVs load is connected to node 890 of the lateral.
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Figure 4.9: Impact on voltage, current and reactive power for LG fault at 840

No significant change in the reactive power requirement of phase B is observed

during fault when the PEVs charging load is connected to the main feeder as shown

in Fig. 4.9(e). Reactive power for the equivalent load case is shown in Fig. 4.9(f).

No significant impact in current, voltage and reactive power is observed at other

nodes of the distribution system. Hence, it can be said that the effect of PEV load

at the time of fault is limited to the faulted node only, because the clearing of fault

by the circuit breaker helps in restricting the effect of PEV load to the faulted node

only. These results show that the high voltage level of the distribution line minimizes

the negative impacts of PEV load on distribution system during the fault.

(b) Double line to ground fault



Chapter 4. Impact of Plug-In Electric Vehicles on Faulted Distribution System 65

Fault analysis results for double line to ground fault case on main feeder for a

AB phase fault in line section 836-840 is presented in Fig. 4.10.
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Figure 4.10: Impact on voltage, current and reactive power for LLG fault

No significant change is observed in fault current, voltage and reactive power at the

faulted node due to the very high voltage level of the distribution feeder compared to

the charging station requirements. Fig. 4.10(a) and Fig. 4.10(b) shows the voltage

waveform at node 840 for PEV load case and equivalent load case respectively, here,

it can be seen that minor voltage transients appear in the waveform for the PEV

load case at the time of reclosing whereas in equivalent load case no such transient

appears in the waveform. The fault current and reactive power do not show any

significant rise in either case.

(c) Line to line faults
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Fault analysis for line to line fault case gives similar results as obtained in the

double line to ground fault case. Fig. 4.11(a) and Fig. 4.11(b) shows the three

phase voltage recorded at node 840, a transient voltage of small magnitude appears

in the faulted phase A and phase B for the PEV load case and no such transients in

the faulted phases are observed in the equivalent load case. The three phase current

at node 840 for the PEV load case and equivalent load case is shown in Fig. 4.11(c)

and Fig. 4.11(d) respectively, the fault current does not show any change and the

reactive power for the case 1 and case 2 shown in Fig. 4.11(e) and Fig. 4.11(f)

respectively also do not show any significant rise.
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Figure 4.11: Impact on voltage, current and reactive power for LL fault at node
840
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4.5.2 Balanced Faults

The three phase voltage waveform obtained at node 840 when a three-phase

fault is applied at section 836-840 is shown in Fig. 4.12. Fig. 4.12(a) shows the

three phase voltage waveform for PEV load case and Fig. 4.12(b) shows three phase

voltage waveform for equivalent load case. As can be seen, the magnitude of high-

frequency switching transients during the fault recovery time for PEV load case is

very low compared to that obtained at node 890 in case of three-phase fault.

Figure 4.12: Impact on three phase voltage for LLL fault at node 840

4.5.3 Open Circuit Faults

The results for open circuit fault on main feeder applied in line section 836-840

are shown in Fig. 4.13. The PEV load does not have any significant effect on the

voltage, current and reactive power at the faulted node 840 in comparison to the

equivalent load as can be seen in the Fig. 4.13.
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Figure 4.13: Impact on voltage, current and reactive power for open circuit
fault at node 840

4.6 Conclusion

Electric vehicles are already in the market and their utilization is increasing

day by day as electrification of transportation sector provides a promising way to

alleviate the pollution caused by the conventional vehicle. Charging of their battery

pack requires them to be integrated into distribution system. In this chapter, the

impact of PEV charging on distribution network during fault conditions is studied.

The results obtained shows that in case of a fault the PEV load connected node

are associated with increase in fault current and reactive power demand as compared

to the equivalent constant power load connected to same node in the distribution

system. This increase in fault current compared to the equivalent constant power
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load is due to energy fed back to the system from the vehicles connected in healthy

phase(s) of the distribution system. The increase in reactive power demand can be

attributed to the fact that there is a direct relationship between voltage dip and

increase in reactive power requirement. Since, there is a voltage collapse at the time

of fault hence, the reactive power demand increases in proportion to the voltage

dip in the system. When PEVs are integrated into the system a high magnitude

transient voltage is observed during the period of re-connection of faulted phase to

the system due to the continuous switching of PEV charging system. The impact

is highest in case of single line to ground fault and lowest in case of open circuit

faults. This high magnitude transient can cause insulation failure and re-ignition of

arc in the circuit breaker. The rise in fault current above a safe limit triggers mal-

operation of protective device in the distribution system whereas the rise in reactive

power demand is associated with increase in system losses and heating of equipment.

Suitable topology of charger control and filter type should be determined to mitigate

these impacts. The high-frequency voltage transients and increase in current and

reactive power during the fault are more significant when the PEVs charging load

is connected on a lateral with low voltage level compared to that obtained on the

main feeder with high nominal voltage level. Therefore, it can be concluded that

the PEV charging load should be connected to a node having high voltage level in a

distribution system so that the impact of it on the distribution system during fault

conditions could be minimized.

As the important fault parameters such as fault current gets affected due to

the presence of EV charging load in the distribution system therefore, the fault

location schemes developed in this thesis are tested in presence of EV charging load

in distribution system.





Chapter 5

DEVELOPMENT OF FAULT

DETECTION AND FAULT

CLASSIFICATION SCHEME

5.1 Introduction

This chapter describes the development of fault detection and faults classifica-

tion scheme for the proposed fault location methods. The proposed fault detection

and fault classification method is based on Wavelet Energy Entropy (WEE), mag-

nitude of ground mode current component and algorithm based on decision taking

rules.

The voltage and current signal of a network contain distinctive signatures which

give the information about the presence or absence of a fault, its type and location

in the distribution network [116]. The WEE of DWT detail coefficients obtained

from three phase current signal is used by the proposed method in this thesis. The

current signal contains important information which can provide detail about the

fault status of the distribution network.

71
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Furthermore, this chapter also covers the detail about the signal processing

technique and modal transformation used in this thesis. Theories of Wavelet Trans-

form and Modal Transformation are discussed in detail. Modal transformation is

used in the proposed travelling wave based fault location methods. The estimation

of travelling wave propagation speed which is required for travelling wave based fault

location method is also given in this chapter.

5.2 Wavelet Transform

A wavelet is a waveform of effectively limited duration that has an average

value of zero. The short time duration of the wavelets helps in achieving the local-

ization in frequency and time. Sinusoids do not have limited duration as they extend

from minus to plus infinity. Moreover, sinusoids are smooth and predictable, but

wavelets tend to be irregular and asymmetric as shown in Fig. 5.1. As Fourier anal-

ysis consists of breaking up a signal into sine waves of various frequencies, wavelet

analysis is the breaking up of a signal into shifted and scaled versions of the original

(or mother) wavelet. In the wavelet transform (WT), the wavelets are time com-

pressed and expanded. In the wavelet transformation process, each of the wavelet

family has the same number of oscillations or cycles as the mother wavelet. The re-

sulting wavelets, called daughter wavelets, are localized both in time and frequency.

Thus, wavelet transform provides a local representation of signal in both time and

frequency unlike Fourier transform which gives a global representation of signal in

terms of frequency.

Figure 5.1: Comparison of a sinusoid and a sample mother wavelet
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Due to the above mentioned properties of wavelet transforms, the WT are suit-

able for analyzing the compact patterns in transient analysis of power systems [117].

Although the classical Fourier transform is commonly applied in signal processing

for frequency analysis, it is suitable to analyze stationary signal where time infor-

mation is not required. Power system transient, which are typically non-periodic

and contains short impulses, can be studied in a better way using WT. Thus, the

wavelet transform has been particularly successful in analyzing the power system

transients and in protective relaying [118]. Continuous wavelet transform (CWT)

and discrete wavelet transform (DWT) are the ways by which wavelet transform can

be implemented.

The CWT of a signal x(t) is defined as:

CWTψx(a, b) =
1√
| a |

∫ +∞

−∞
x(t)ψ(

t− b
a

)dt (5.1)

Where, ψ(t) is the mother wavelet, a and b are scaling parameters which defines the

oscillatory frequency, the length of the wavelet and the shifting position respectively.

The application of WT in power system generally requires the DWT;

The equation of the DWT is given by:

DWT (k, n,m) =
1
√
amo

∑
x[n]ψ(

k − nb0am0
am0

) (5.2)

Here, ψ(t) is the mother wavelet where m indicates frequency localization and n

denotes time localization, the scaling and translation parameter of CWT is replaced

by am0 and nb0a
m
0 respectively.

In CWT, the scaling parameters a and b are continuous. Therefore, in case of

non-stationary signals, huge amount of data is generated. This is not economical in

practical situations; the DWT is therefore, introduced in order to solve this problem,

where both scaling parameters can be discrete. In DWT, with multi-resolution

analysis, the transient signals can be proficiently analyzed and disintegrated using
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two filters, one being a high pass filter (HPF) and the other being a low pass filter

(LPF). The high pass filter is derived from the mother wavelet function and measures

the details in a certain input. On the other hand, the low pass filter provides a

smooth account of the input signal and is based on a scaling function linked with

the mother wavelet [119]. Fig. 5.2 shows the multi-level disintegration of a signal

using DWT.

Figure 5.2: Wavelet multi-level decomposition

The above figure shows that the DWT has high-pass and low-pass filter banks at

each decomposition level. The signal X[n] is decomposed by the high pass and low

pass filters into A1(n) and D1(n) at each decomposition level. D1(n) is the detail

version of original signal and A1(n) is the smoothed version of original signal which

contains only low frequency components.

Fig. 5.3 shows the original signal recorded after fault in the system and the

Fig. 5.4 shows the wavelet coefficient’s at different decomposition levels. From Fig.

5.4 it is clear that the higher levels give global information and the lower levels

provide detail information of the wave.

5.2.1 Wavelet Energy Entropy (WEE)

The Wavelet Energy Entropy gives energy distribution of signals in frequency

and time domain [120]. The recorded signal wavelet energy at scale j and instant k
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Figure 5.4: Wavelet decomposition at level 4

(k = 1, 2, . . . , N) is given as:

Ejk = | Dj(k) |2 (5.3)

Where, Dj is the detail coefficient of DWT at scale j. Total energy of signal at scale

j s given as:

Ej =
N∑
k=1

Ejk (5.4)
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The relative wavelet energy is given as:

Pjk =
Ejk
Ej

(5.5)

The Wavelet Energy entropy (WEE) at each scale is defined as:

WEE = −
∑
j

Pjk logPjk (5.6)

5.2.2 Wavelet Modulus Maxima (WMM)

The modulus maxima at any point (s0, x0) of the wavelet transform is defined

as a strict local maximum of the modulus if it satisfies the condition:

| Wf(s0, x) | < | Wf(s0, x0) | (5.7)

Where x belongs to either side of x0.

The modulus maxima represent singularity of a step signal and the point where

modulus maxima appear is the point where sharp variation occurs [121]. The wavelet

modulus maxima contain all the valuable information of the original signal and the

signal can get approximate reconstruction by it.

5.2.3 Selection of Mother Wavelet

In principle, signal processing of fault transients can be performed by any

wavelet but it has been observed that the signal processing performance is influenced

by the used mother wavelet [122]. There are different family of mother wavelet such

as Daubechies wavelets, Symlets, Coiflets and Biorthogonal wavelets which can be

used for analysis of fault transients [117]. The best mother wavelet should have a

high correlation with the signal of interest [123]. Research performed in [124, 125]
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concludes that the Daubechies family wavelets are the best mother wavelet for power

system transients. Authors in [123, 126, 127] performed analysis using db1-db8

Daubechies mother wavelets, with db-4 showing best result.

In this thesis, Daubechies family mother wavelets from db1-db8 are considered

from which db4 mother wavelet is selected for analysis of fault transients because of

its orthogonality, compact support and its good performance in transient analysis

of power system as reported in [118].

5.2.4 Selection of Wavelet Detail Scale

The best scale of wavelet decomposition is selected in the same way, which is

used in selection of mother wavelet. The optimum scale of wavelet detail coefficients

is selected by the analysis of details’ spectral energy of the current signal. The

spectral energy of each detail component is obtained using the equation 5.3.

In this thesis, travelling wave based methods are used for fault location, which

involves high-frequency fault transients. For selecting the travelling wave fault tran-

sient scale, the detail scale that has the highest frequency of all scales is usually

selected. The range of frequencies for scale 1 to scale 6 for a sampling frequency of

1 MHz is given in Table 5.1.

Table 5.1: Frequency decomposition with DWT successive filtering

Detail scale Frequency range
Scale 1 250 kHz- 500 kHz
Scale 2 125 kHz- 250 kHz
Scale 3 62.5 kHz- 125 kHz
Scale 4 31.25 kHz- 62.5 kHz
Scale 5 15.625 kHz- 31.25 kHz
Scale 6 7.8125 kHz- 15.625 kHz

As can be seen from the Table 5.1, for 1MHz sampling frequency scale 1 has

highest frequency range but, the wavelet detail coefficients at scale 2 is used in this
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work since the coefficient at scale1 has significant amount of noise and measurement

error as it corresponds to highest frequency band [128].

5.3 Modal Transformation

Modal transformation is a process in which a certain group of coupled equations

are decomposed into decoupled equations by excluding the mutual parts of these

equations. By using modal transformation the coupled three phase voltage and

current signals can be decomposed into a new set of decoupled voltage and current

signals, which can be utilized individually in a manner similar to single phase line.

This is illustrated using the impedance matrices of mutually coupled conductors in

Fig. 5.5 and by equation 5.8.

Figure 5.5: Modal transformation decomposition


Zs Zm Zm

Zm Zs Zm

Zm Zm Zs

⇒

Zm0 0 0

0 Zm1 0

0 0 Zm2

 (5.8)

In this figure Zmi are the modal components for ground mode and two aerial modes

(i = 0, 1, 2). Modal transformation can be performed using either Clarke, Karren-

bauer or Wedepohl transformation matrix.

The travelling waves based method use travelling wave velocity and its arrival

time difference at the terminals to estimate the fault location. Hence, it is required

to estimate the speed of travelling waves correctly. But the three-phase overhead
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line has strong electromagnetic coupling between the conductors due to which the

fault generated travelling waves do not propagate at a uniform speed. Therefore, a

modal transformation matrix is required to decompose the three phase voltages or

current into three sets of decoupled quantities i.e. modal voltages or current so that

a uniform constant speed of travelling wave can be obtained.

The modal voltage and current equation can be represented as:

V (x, t) = TvVm(x, t) (5.9)

I(x, t) = TiIm(x, t) (5.10)

Here, V and I represent modal voltage and current respectively and subscript m

represents modal component. Tv and Ti represents transformation matrix.

In this work Clarke’s transformation matrix [129] is used to transform the

three-phase transients into their modal components:

v0,1,2 = T−1va,b,c (5.11)

i0,1,2 = T−1ia,b,c (5.12)

T−1 =
1

3


1 1 1

2 −1 −1

0
√

3 −
√

3

 (5.13)

Here, suffix 1 and 2 represents aerial mode components, 0 represents ground mode

component and T−1 is the Clarke transformation matrix.

5.4 Overview of Proposed Fault Location Schemes

The proposed fault location schemes comprises of three stages. In the first

stage, fault detection and fault type identification task is performed using magnitude
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of ground mode component of current and wavelet energy entropy (WEE) per phase.

After fault detection and fault type identification the faulted line section is identified

using aerial mode component wavelet modulus maxima (WMM) in the next step.

The aerial mode WMM is obtained at all the points where laterals are connected to

the main feeder. The magnitude of WMM determines the proximity of node to the

fault, higher the magnitude of WMM at the node, closer is the node to the fault.

Once the faulted section is identified, the actual fault location is estimated along

the pre-identified faulted line section in the third and final stage. The proposed

single-terminal travelling wave fault location method assumes that the fault data

recording are available at the substation node, all the junction point and DG and

PEV connected nodes. The proposed two terminal fault location method assumes

that the fault data recording are available at both ends of each line section and the

incoming samples are time-stamped using GPS. It is assumed that optical current

transducers equipped with travelling wave recorders are placed at each end of the

line section, and an open communication channel is available through which relay

can send fault data to the relay at the remote terminal. Fig. 5.6 shows the schematic

overview of proposed fault location schemes.

Figure 5.6: Schematic overview of proposed fault location schemes
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5.5 Fault Detection Algorithm

The developed fault location schemes in this work at first identify the fault

condition in the system. This identification is performed using the WEE obtained

per phase at scale-2 decomposition level by equation 5.6. The wavelet decomposition

is performed using the db4 mother wavelet and detail components at scale-2 are

selected due to reasons mentioned in subsection 5.2.3 and in subsection 5.2.4.

Figure 5.7: Fault detection schematic diagram

5.5.1 Rules for Fault Detection Algorithm

The fault condition in the system is detected by comparing the WEE obtained

per phase at scale 2. Fig. 5.7 shows the different stages of rule based fault detection

algorithm. The three phase current signals serves as the data input to the algorithm.

The decomposition of the current signal is carried out using DWT and then the WEE

(ea2, eb2, ec2) for each phase at scale-2 is calculated. The calculated WEE for each

phase is then compared with the predefined threshold values of each of the respective

phase. If the calculated WEE of any phase is greater than the respective threshold

value, the fault is detected. The thresholds ζdp, p ∈ (A,B,C) for each phase is

decided by several simulations performed on the distribution system under fault

and no fault conditions to ensure that the algorithm would be able to discriminate

correctly between normal switching events and faults. The rules for fault detection
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in the distribution system are:

(ea2 or eb2 or ec2) > ζdp → Fault is detected

else → No fault
(5.14)

Here, (ea2, eb2, ec2) are the WEE of phase A, phase B and phase C at scale 2 respec-

tively, and ζdp is the threshold value of the phase.

5.6 Fault Classification Algorithm

After fault is detected the fault type identification is performed by the pro-

posed method. Each type of fault has its own characteristic features by which the

fault classification task is accomplished. Fig. 5.8 shows the flowchart for fault clas-

sification and faulted phase selection. This is accomplished in two stages. At first,

fault is categorized into grounded or ungrounded fault. The presence of ground path

in the fault is determined by looking at the magnitude of ground mode component

WMM. If ground mode component is non-zero then fault is identified as a grounded

fault otherwise, the fault is identified as an ungrounded fault. Then, the individual

phase entropies values are compared for faulted phase selection. The wavelet en-

ergy calculated for the faulted phase possess higher energy but the wavelet energy

entropy calculated using equation 5.6 uses relative energy therefore, the WEE of

faulted phase(s) possess lower energy than non-faulted phase.

5.6.1 Rules for Fault Classification Algorithm

The rules for the fault type identification are listed below; these rules are

formulated by observing the patterns during the simulations. Here, the ground

mode WMM is represented by WMMgm.

Rule 1 : if (ea2 < eb2, ec2) and WMMgm 6= 0 → A− g Fault
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Figure 5.8: Flowchart for fault classification

Rule 2 : if (eb2 < ea2, ec2) and WMMgm 6= 0 → B − g Fault

Rule 3 : if (ec2 < ea2, eb2) and WMMgm 6= 0 → C − g Fault
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Rule 4 : if (ea2, eb2 < ec2) and WMMgm = 0 → AB Fault

Rule 5 : if (eb2, ec2 < ea2) and WMMgm = 0 → BC Fault

Rule 6 : if (ec2, ea2 < eb2) and WMMgm = 0 → CA Fault

Rule 7 : if (ea2, eb2 < ec2) and WMMgm 6= 0 → AB − g Fault

Rule 8 : if (eb2, ec2 < ea2) and WMMgm 6= 0 → BC − g Fault

Rule 9 : if (ec2, ea2 < eb2) and WMMgm 6= 0 → CA− g Fault

Rule 10 : else (rule 1 to 9) and WMMgm = 0 → ABC Fault

Rule 11 : else (rule 1 to 9) and WMMgm 6= 0 → ABC − g Fault

5.7 Conclusion

A fault detection and fault classification scheme is presented in this chapter.

The tasks performed by the scheme are the waveform decomposition using DWT,

fault event verification and fault type classification. Scale-2 detail coefficients of

DWT decomposition of the three phase current and ground mode component WMM

of current transients was used as the input source to the algorithms. Wavelet energy

entropy of the scale-2 detail coefficient was used as the input to the fault detection

algorithm. After fault is detected fault type is identified. The WEE and magni-

tude of ground mode component WMM serve as the input to the rule-based fault

classification algorithm.

The results obtained from the implementation of fault detection and fault

classification algorithm on the test system under different operating condition is

presented in next chapters.



Chapter 6

TRAVELLING WAVE BASED

FAULT LOCATION METHODS

6.1 Introduction

The principle of fault location using travelling wave is based on fault generated

high-frequency transient signals which travel away from the fault point towards the

line terminals. These transients travel along the lines and are reflected at the line

terminals following the rules of Bewley’s Lattice Diagrams [66]. The utilization of

travelling wave fault location methods in power systems has been till date limited

to transmission system only, its use in distribution system has not been explored in

depth owing to difficulties such as the requirement of high frequency travelling wave

recorders, problem in time synchronization of the recorded data and need of an open

communication channel between the terminals. The development in high voltage

and current optical transducers technology together with high-frequency transient

recorders have overcome the problems encountered in recording of high-frequency

transients of fault generated travelling wave and have made travelling wave-based

fault location methods more practical [130]. If the time of arrival of the travelling

waves at the two ends of the transmission line can be measured precisely, the fault

85
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location then can be determined using arrival time of first peak of either current or

voltage travelling wave at the line terminals or the using the time difference between

the initial or subsequent wave peaks due to reflection of travelling waves from the

fault point. The proposed methods are implemented using transient current signals

as input signal. The three-phase current signals are selected as data input for the

proposed fault location schemes because the overcurrent protection is the most used

form of protection in distribution systems. Hence, the line current signals are readily

available. Moreover, the surge in fault current is easier to detect than the voltage

collapse during faults and the current travelling wave transients are generally much

less distorted than the voltage transients.

6.2 Process of Transient Travelling Waves on Over-

head Lines

The occurrence of travelling wave on overhead transmission lines can be ex-

plained with a single line to ground fault assumed on single phase overhead line of a

two terminal bus network. According to superposition theorem for overhead lines the

fault point is superimposed of two equal amplitude and opposite direction voltage

source. The pre-fault voltage at fault point has same amplitude as these two voltage

sources. The post fault single phase overhead line network can be represented as a

superimposed circuit of pre-fault normal operating network and an additional fault

component network.

Fig. 6.1 represents the superposition principle for overhead lines [131]. Fig.

6.1(a) presents single line diagram for two terminal overhead line with fault at point

F. Fig. 6.1(b) shows equivalent network of Fig. 6.1(a), vf is the pre-fault voltage

at fault point and −vf is the opposite in direction but equal amplitude pre-fault

voltage. Fig. 6.1(c) is the normal operating network in pre-fault condition; vf is the

fault point pre-fault voltage. And the Fig. 6.1(d) is the fault component network.
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Figure 6.1: Superposition principle for overhead lines

The voltage and current transient travelling waves travel toward the end ter-

minals whenever there is a fault on the overhead line. These transient wave signals

will continue to bounce back and forth between the fault points and line terminals

[1]. The voltage (V) and current (I) equation in partial differential equation for a

single-phase lossless overhead transmission line is represented as [1]:

∂v

∂x
= −L∂i

∂t
(6.1)

∂i

∂x
= −C∂v

∂t
(6.2)

In the above equations L and C are the line inductance and capacitance per unit

length. The above equations can be further differentiated as:

∂2v

∂x2
= LC

∂2v

∂t2
(6.3)

∂2i

∂x2
= LC

∂2i

∂t2
(6.4)
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In these equations resistance is assumed to be negligible. The solution of equation

6.3 and equation 6.4 is given as:

v(x, t) = vf (x− vt) + vr(x+ vt) (6.5)

i(x, t) =
1

Zc
vf (x− vt)−

1

Zc
vr(x+ vt) (6.6)

Here, Zc

√
L

C
is the characteristic impedance of transmission line and v =

√
1

LC
is

the velocity of propagation.

6.2.1 Wave Reflection and Refraction

The buses and transformers act as discontinuities in the path of travelling

waves on the overhead lines. When a travelling wave reaches a discontinuity, it

suffers both reflection and refraction; part of it reflected back and remaining part

passes through. The characteristic impedance of the line and impedance of line

beyond the discontinuity decides the magnitude of reflected and refracted waves.

Fig. 6.2 shows the Bewley’s lattice diagram explaining the phenomena of reflection

and refraction of travelling waves.

Figure 6.2: Bewley’s Lattice diagram
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The total energy of the incident wave is distributed between the reflected and

refracted waves at each discontinuity. The reflection and refraction of travelling wave

continue till it loses all the energy and the amplitude become negligible. For a trans-

mission line having characteristic impedance Z0, the Z0 in forward and backward

direction of fault is given as:

Z0 =
V +

I+
(6.7)

− Z0 =
V −

I−
(6.8)

Here V + and I+ are the voltage and current in forward direction and V − and I− is

the voltage and current in backward direction w.r.t. fault point.

The load impedance Zt at the line termination is given by

Zt =
V t

I t
(6.9)

Here, Vt and It are reflected voltage and current waves.

Since, voltage and current waves exist at the same time at a junction

V t = V + + V − (6.10)

I t = I+ + I− (6.11)

Substituting equation 6.11 and equation 6.10 in equation 6.9

Zt =
V + + V −

I+ + I−
(6.12)

Substituting for I+ and I− we get

Zt
Z0

=
V + + V −

V + − V −
(6.13)
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Rearranging this equation provides,

V −

V+
=
Zt − Z0

Zt + Z0

(6.14)

This ratio represented by ρv is called voltage reflection factor

ρv =
Zt − Z0

Zt + Z0

(6.15)

Similarly, ρi represents current reflection factor and is given by

ρi =
Z0 − Zt
Z0 + Zt

(6.16)

6.2.2 Estimation of Travelling Wave Velocity

The aerial mode components 1 and 2 have the same velocity V1, this is called

aerial mode velocity. The ground mode component has different velocity than aerial

mode component represented by V0. The accuracy of travelling wave based fault

location method is dependent on accuracy of estimated travelling wave propagation

speed. The approximated aerial mode and ground mode component has speed near

to speed of light but smaller than it. The velocities can be calculated using following

equations.

The modal voltage and modal current equations are given as [132]

∂2Vm
∂x2

= S−1LCS
∂2Vm
∂t2

(6.17)

∂2Im
∂x2

= Q−1LCQ
∂2Im
∂t2

(6.18)

S−1LCS = Q−1LCQ


L0C0 0 0

0 L1C1 0

0 0 L1C1

 (6.19)
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Thus, the aerial modes have same velocity V1, and ground mode velocity is V0

V1 = vi1 = vi2 =
1√
L1C1

(6.20)

V0 =
1√
L0C0

(6.21)

Here, L1, C1 are positive sequence line inductance and line capacitance respec-

tively, and L0, C0 are zero sequence line inductance and line capacitance respectively.

The travelling wave speed is calculated using the system parameters. For this work

the system parameters of the used test system are given in Appendix section. Putting

the value of those parameters in equation 6.20 and equation 6.21, we get aerial mode

and ground mode velocity as:

V1 = vi1 = vi2 = 2.9188× 105 km/s

V0 = 2.1089× 105 km/s

According to [133] the ground mode impedance is large therefore, the ground

mode speed is less than aerial mode speed. Also, the ground mode component is

present in case of grounded fault only therefore, it cannot be used for all fault type.

Hence, the aerial mode component is selected for fault location in this work.

6.3 Proposed Single-Terminal Fault Location Method

The proposed single-terminal fault location scheme comprises of three stages.

In the first stage, the fault detection and classification tasks are performed using

Wavelet Energy Entropy (WEE) and magnitude of ground mode component of the

current as explained in chapter 5. The identification of faulted line section is done in

next stage by comparing the modulus maxima of aerial mode wavelet coefficients ob-

tained at interconnecting point of each line section. The third stage determines the
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actual fault location along the faulted line section. In the development of the pro-

cedure, it is assumed that the measurements are available at all the interconnecting

point of laterals and the measurements need not be synchronized. Optical current

transducers equipped with travelling wave recorders are assumed to be placed at the

substation and the interconnecting points of each lateral i.e. at nodes 800, 808, 816,

824, 854, 858, 834 and 836 respectively. The following section explains each step of

the fault location process in detail.

6.3.1 Faulted Line Section Identification

In a multilateral distribution system the calculated fault location can point

to multiple locations in the network from the substation. Hence, for accurate fault

location, it is essential to locate the faulted lateral or line section. The identification

of faulted lateral is performed by comparing the magnitude of aerial mode WMM

obtained at the measurement point where the laterals are connected to the main

feeder. From Fig. 6.4 there are 7 such points for IEEE 34 node system, at nodes

808, 816, 824, 854, 858, 834 and 836. Node 832 is also a junction point where lateral

is connected but length of the line section 832-888 is 0 feet and it is used only for

transformer connection therefore, this node is not used as a measurement point. At

the time of fault, the magnitude of WMM is highest for the node closer to the fault

and the node at other end has lesser magnitude of WMM than the node which is

closer to the fault. All, the other non-faulted line segment node has lesser magnitude

of aerial mode WMM compared to the two nodes of faulted line segment. Hence, by

comparing them for magnitude, the lateral having highest magnitude of first peak

of WMM is identified as the faulted lateral.
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6.3.2 Fault Location along the Faulted Line Section

If a fault involving ground occurs in the system, then the backward and forward

travelling waves suffers reflections from both the fault point and remote terminals,

but in case of balanced or ungrounded fault, there are no significant reflections from

remote ends [133]. Thus, the proposed method is developed accordingly, and fault

location process for ungrounded and grounded faults is presented separately. The

proposed scheme is explained with the help of power system model shown in Fig.

6.3.

Figure 6.3: Lattice diagram for the faults in power system model

Assume faults at point F1 and F2 on the power system model at the first

half and second half of line section AB from bus A respectively. The distance of

F1 from bus A is same as that of F2 from bus B. The Bewley lattice diagram for

travelling waves produced by fault F1 and for remote end fault F2 is shown in Fig.

6.3. For a grounded fault occurred at F1 the first peak at bus A is due to arrival of

backward travelling wave at time t01 and the second peak at bus A is due to arrival

of backward travelling wave reflected from fault point at time t02. The calculation of

fault location is done using the time difference between the first two peaks of aerial
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mode wavelet coefficients obtained at bus A, as follows:

x =
v × dtF1

2
(6.22)

dtF1 = t02 − t01 (6.23)

Here v is the propagation velocity of aerial mode and x is the distance to fault.

It can be observed that the difference in time (dtF1 & dtF2) recorded by the

travelling wave fault locator is likely to be identical for the fault F1 and the fault

F2 for two consecutive transient wavefronts. Therefore, for accurate fault location

using travelling wave method an additional discrimination is required. Such dis-

crimination is provided by first identifying the faulted region of the line section.

This identification is done by comparing the time difference ∆t0 between the arrival

instant of initial peak of modulus maxima of aerial mode and ground mode wavelet

coefficients with the difference in time ∆tm obtained between arrival instant of aerial

and ground mode wavelet modulus maxima for a fault at the center of the line sec-

tion. If ∆t0 is lesser than ∆tm then faulted region is recognized as first half of the

line section and if ∆t0 is greater than ∆tm then second half of the line section is the

faulted region.

Now for a fault at point F2 the backward travelling wave reaches bus A at time

t11 and the forward travelling wave reaches at time t12. The fault location is given

by equation 6.22 but the time difference is substituted by

dtF2 =
2L

v
− (t12 − t11) (6.24)

Here, L is the line segment length and t12 − t11 is the difference in time between

two successive peaks of modulus maxima of the aerial mode. Substituting dtF2 in

equation 6.22 we get distance to fault x as:

x = L− v − (t12 − t11)
2

(6.25)
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In case of symmetrical and ungrounded fault, the fault location is given by equation

6.22 irrespective of the half in which fault occur, since these faults don’t produce

any significant reflection from remote end bus.

6.4 Simulation Results

The modified IEEE 34 node distribution system shown in Fig. 6.4 is used as

the test system for evaluating the performance of proposed fault location scheme.

Detail modelling of the distribution system is presented in chapter 3. In order the

consider the effect of DG and PEV charging load, a synchronous generator type DG

unit of 350 kW rated power [108] and an PEV charging station are connected to the

system at node 840 and node 890 as shown in Fig. 6.4. The synchronous generator

DG unit is connected to the end of main section at node 840. Node 890 is selected

for adding the charging station because line section 888-890 has nominal voltage

rating of 4.16 kV which is suitable for the PEV charging level [SAE Standard J1772,

2010] considered in this thesis. The charging station consists of three PEVs, each

with a maximum capacity of drawing 6.6 kW of power from the distribution system.

The total extra load due to PEV addition on the system is 19.8 kW. The detail of

PEV load modeling is given in chapter 3. All types of shunt fault are simulated at

different location on the main feeder and side branches to evaluate the performance

of proposed scheme. Simulations are done in MATLAB/SIMULINK at a sampling

frequency of 1 MHz.

6.4.1 Fault Detection

The fault detection results of the proposed fault location scheme are presented

in this sub-section. Various results covering ‘no fault’ and fault conditions are given

for the test system using Wavelet Energy Entropy (WEE). In order to show the

detection capability of the fault detection algorithm, the procedure given in section
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Figure 6.4: Lattice diagram for the faults in power system model

5.5 was followed. The fault detection results at the beginning, mid-point and the

end of line are presented for the main feeder. The reason behind this is that the

magnitude of the current signal changes and diminishes further down the feeder

away from the source at the substation.

From the simulation results obtained, the WEE of faulted phase(s) have lowest

value. This is because the WEE is computed using relative energy calculation and

since, the faulty phase(s) have the highest wavelet energy therefore, the faulted

phase(s) have lowest WEE value. Table 6.1 shows WEE values for different phases

at no-fault and various fault cases. These simulation results are obtained for 00

inception angle and 0 Ω fault resistances at 10% length of main feeder. The WEE in

bold text indicates faulted phase, it can be seen the WEE values of fault cases clearly

exceeds no-fault case. Table 6.2 shows fault detection results for 450 inception angle

and 10 Ω fault resistance at 50% length of main feeder. Similarly, the fault detection

result for 90% length of main feeder is presented in Table 6.3.
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Table 6.1: WEE values at 10% of feeder length

Individual
phase WEE

No fault
case

A-g
Fault

AB
Fault

AB-g
Fault

ABC
Fault

ABC-g
Fault

ea2 1.7062 3.6332 3.3711 2.0140 1.8466 1.8468

eb2 1.7063 4.8720 3.9668 2.1027 1.9716 1.9767

ec2 1.7062 4.5736 4.4235 3.8276 2.3199 2.3202

Table 6.2: WEE values at 50% of feeder length

Individual
phase WEE

No fault
case

A-g
Fault

AB
Fault

AB-g
Fault

ABC
Fault

ABC-g
Fault

ea2 1.6366 2.8310 1.9872 3.0077 2.1793 2.1926

eb2 1.6364 3.9332 1.8775 3.3840 2.7044 2.7459

ec2 1.6362 3.3989 2.8908 4.8704 2.7075 2.8909

Table 6.3: WEE values at 90% of feeder length

Individual
phase WEE

No fault
case

A-g
Fault

AB
Fault

AB-g
Fault

ABC
Fault

ABC-g
Fault

ea2 1.6348 2.6493 2.1326 2.2283 2.0992 2.1056

eb2 1.6365 4.2633 2.4308 2.5983 2.2115 2.2938

ec2 1.6366 4.1262 3.6748 3.7737 2.4109 2.3632

6.4.2 Fault Classification and Faulted Phase Selection

The fault classification and faulted phase selection ability of the proposed

scheme is tested using various fault cases. The procedure given in section 5.6 was

followed. At first, fault is categorized into grounded or ungrounded fault. The pres-

ence of ground path in the fault is determined by looking at the magnitude of ground

mode component WMM. Then, the individual phase entropies values are compared

for faulted phase selection. Table 6.4 shows the results of fault classification for

different fault types using wavelet energy entropy. The WEE shown in bold signify

the faulted phase(s). Here, fault classifications for 27 cases are shown in which two

cases are misclassified (highlighted text in Table 6.4) and the classification accuracy

of 92.59%.
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Table 6.4: WEE for faults at different locations

Fault
Type

WEE per
phase

1 Ω /00at 10%
feeder length

10 Ω /300 at 90%
feeder length

20 Ω /450 on
lateral 834-848

A-g
ea2 1.2163 1.6196 0.9572
eb2 2.1229 1.5712 1.6235
ec2 1.7300 1.5768 1.5910

B-g
ea2 3.3576 1.5944 1.3837
eb2 1.1355 1.4301 0.9589
ec2 4.6394 1.7349 1.4327

C-g
ea2 3.8934 1.6197 1.0357
eb2 2.0296 1.1107 1.0052
ec2 1.7557 0.8528 0.9936

A-B
ea2 1.3710 1.6255 1.3230
eb2 1.2368 1.6194 1.4520
ec2 1.5759 1.9068 1.0410

B-C
ea2 1.8861 1.6215 1.0933
eb2 1.4666 1.4596 0.8919
ec2 1.6928 1.0734 0.9134

C-A
ea2 1.6963 1.4974 1.1280
eb2 2.6251 2.3673 1.9060
ec2 1.3987 1.3670 0.9376

AB-g
ea2 2.0939 1.1411 1.2913
eb2 1.2690 1.1614 1.5911
ec2 4.5777 1.9215 2.4398

BC-g
ea2 2.6682 1.9542 1.5790
eb2 1.3113 1.6132 1.2733
ec2 2.0557 1.4444 1.3710

CA-g
ea2 4.2007 1.4205 1.4270
eb2 5.3289 2.0632 2.2404
ec2 1.5131 1.3281 1.2114

6.4.3 Identification of Faulted Line Section

As mentioned in sub-section 6.3.1 the faulted section identification is done by

comparing the magnitude of wavelet modulus maxima at scale 2 of aerial mode

components. Fig. 6.5 shows the magnitude of aerial mode component obtained at

the different nodes for a line to ground fault at a distance 28.62 km from the node

800 for Rf of 1Ω and θf of 00 in the line section 808-816. The magnitude of aerial

mode WMM obtained at node 816 is highest in comparison to other non-faulted

section as shown in Table 6.5; hence, the line section 808-816 is identified as faulted

line section.
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Table 6.5: Magnitude of aerial mode WMM

Node
Magnitude of aerial mode
WMM

800 4.012× 10−5

808 0.63× 10−2

816 1.149
824 2.019× 10−3

834 2.194× 10−3

836 1.057× 10−6

858 1.014× 10−10
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Figure 6.5: WMM of aerial mode component obtained at the different node

6.4.4 Fault Location along the Faulted Line Section

Table 6.7 shows the actual fault location obtained along the faulted line section

for different fault cases under different Rf and θf considering DG and EV load. The

faulted half of the line section is decided by comparing ∆t0 and ∆tm, ∆tm for
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different line section is shown in Table 6.6. Table 6.7 gives exact fault location for

both fault on the main feeder and fault on different laterals. It can be seen from

the Table 6.7 that the error in the calculated fault distances is very low. The error

is calculated using equation 6.26.

error% =
| Dactual −Dcalc. |

l
× 100 (6.26)

Where, Dactual and Dcalc. are actual and calculated distance of fault from substation

and l is the length of faulted line section. The maximum error in fault location is

3.39% in the laterals and 1.45% in the main feeder.

Table 6.6: ∆tm for faults at the centre of line
in different line sections

Distance (km) ∆tm Section
5.57 5.8 800-808
0.88 0.91 808-810
10.29 10.70 808-816
9.69 10.10 816-822
1.55 1.61 816-824
0.46 0.47 824-826
3.32 3.45 824-854
3.55 3.69 854-856
5.61 5.83 854-832
1.60 1.66 832-890
0.75 0.78 832-858
0.25 0.26 858-864
0.88 0.91 858-834
0.89 0.92 834-848
0.72 0.75 834-836
0.78 0.81 836-838
0.13 0.14 836-840
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Table 6.7: Fault location result in different sections

Fault
type

Rf & θf
Distance from
node 800 (km)

Faulted
section

Calculated
distance
(km)

Error
(%)

A-g 10Ω/300 1.81 800-808 1.47 0.58
B-g 1Ω/00 38.27 824-854 37.43 1.45
C-g 20Ω/450 56.25 834-848 56.19 3.39
AB 1Ω/00 28.62 808-816 28.37 0.43
BC 30Ω/900 35.05 816-824 35.22 -0.29
CA 10Ω/300 46.52 854-858 45.80 1.24
AB-g 20Ω/450 25.50 808-816 25.13 0.63
BC-g 1Ω/00 54.97 858-834 55.65 -1.17
CA-g 30Ω/900 43.83 816-822 44.37 -2.78
ABC 10Ω/1350 6.50 800-808 6.22 0.48
ABC-g 20Ω/300 55.10 832-890 55.00 3.11

6.5 Sensitivity Studies

6.5.1 Effect of different types of DG on Fault Location Scheme

The fault current level increases or decreases depending upon the type of DG

used and location of fault. Hence, the severance of transient current recorded at

the measurement point changes. The fault current level is maximum in case of

synchronous generator type of source and minimum in case of inverter based sources

[8]. To evaluate the accuracy of proposed method against the contribution to fault

current by different types of DG sources, the proposed fault location method is also

tested with a 100 kW PV (inverter based) source [109] connected at node 840 and

the results are compared with the results of fault in the absence of any source at the

node and in the presence of 350 kW synchronous generator type DG at the same

node. As can be seen from the obtained results shown in Fig. 6.6(a), Fig. 6.6(b)

and Fig. 6.6(c) without DG case, with synchronous generator case and with PV case

respectively, for a line to ground fault in line section 834-840 with a Rf of 10Ω and

θf of 300 at a distance 1.5 km from the node 834 the first two peak of WMM occur

at same time instants in all the three cases and hence the time difference between

the first two peaks of WMM, which is used for calculating fault distance remains
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unaltered and only the peak magnitude changes due to the change in fault level. As

the proposed method uses only time information from the WMM profile for fault

location estimation, the proposed method accuracy is not affected by the presence

of different types of DG sources.
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Figure 6.6: WMM for aerial mode current with DGs

6.5.2 Effect of Presence of PEV Load on Fault Location

Scheme

Electric Vehicles use is increasing day by day as it provides viable alternate

to concern associated with the conventional vehicles, but the integration of PEVs

to the distribution system for charging purpose will create operational challenges to

the utility grid. To understand the effect of PEV charging load on fault location

algorithm, PEV charging station consisting three PEVs are connected to the dis-

tribution system. The effects are similar to that shown by DG. The pattern of the

wavelet modulus maxima of current signal remains same only the magnitude changes
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as shown in Fig. 6.7(a) and Fig. 6.7(b) for a line to ground fault in section 832-890

at a distance of 2.22 km from node 832. Hence, the presence of PEV charging load

doesn’t affect the accuracy of proposed fault location scheme.
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Figure 6.7: WMM for aerial mode current with PEV

6.5.3 Effect of different Rf and θf on Fault Location Scheme

Fault resistance (Rf ) and fault inception angle (θf ) affect the magnitude of

fault transients especially the fault current transients and this could lead to error in

calculated fault distances. Several simulation tests were performed to evaluate the

accuracy of proposed scheme under different combination of Rf and θf . The fault

location results shown in Table 6.7 along the identified faulted section are obtained

for fault inception angle of 00, 300, 450, 900, 1350 and the assumed fault resistances

are 1Ω, 10Ω, 20Ω and 30Ω. The result shown indicates that error increase with

the increase in fault resistances. However, the highest error is 3.39% in the laterals

and 1.45% in main feeder. Hence the proposed scheme shows good accuracy under

variety of Rf and θf .
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6.5.4 Comparison with Previous Methods

In order to verify the accuracy and effectiveness of the proposed fault location

scheme the average error obtained in the proposed scheme is compared with the

average error reported in existing fault location methods available in literature. As

can be seen from Table 6.8 the proposed fault location scheme is more accurate

as compared to the previous works giving less error in exact fault location in a

multilateral distribution system with DG and EV Charging load. The test system

used in [134] does not contain any DG whereas method presented in [71] is tested

only against line to ground fault. The radial distribution network used in [68] is

small and simple without any laterals. The method in [135] shows good accuracy

but fault detection and classification is not clearly mentioned and the method in [77]

is not applied in multilateral distribution networks. None of the method mentioned

above is tested against the presence of EV charging load in the distribution network

and fault detection and classification are not performed in most of the works.

Table 6.8: Comparison with Previous Methods

Method Network used DG EV
Avg.
error

Continuous-Wavelet Transform
[134]

IEEE 34 bus network No No NA

Wavelet transform and neural
[71]

6-bus distribution system No No 132.26 m

BP neural network and
wavelet [68]

Radial distribution network
of 110kV

No No 380 m

Multi-measurements point and
wavelet [135]

IEEE 34 bus network Yes No 1.081 km

Graph theory and wavelet
maxima [77]

DC Network No No 0.176%

Proposed method IEEE 34 bus network Yes Yes
395 m
(1.41%)
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6.6 Proposed Two-Terminal Fault location Method

The single-terminal methods are capable of providing fast fault location with

good accuracy and don’t require any data synchronization. But the single-terminal

methods sometime face challenges in recognizing between travelling waves reflected

from the fault and from line terminals, which reduces the reliability of fault location

algorithm. Therefore, a two-terminal travelling wave based method is proposed in

this thesis. The two-terminal fault location scheme also comprises of three stages

of fault detection and classification, faulted line segment identification and exact

fault location along the identified faulted line segment. The working of the first

two stages is same as mentioned in section (5.5, 5.6) and in subsection 6.8.2 that is

used in single-terminal method. The exact fault location process along the identified

faulted line section in this method uses arrival time of first wave peak at the two

ends of the faulted line segment. The proposed fault location assumes that the

fault data recording are available at both ends of each line section and the incoming

samples are time-stamped using GPS. It is assumed that optical current transducers

equipped with travelling wave recorders are placed at each end of the line section,

and an open communication channel is available through which relay can send fault

data to the relay at the remote terminal.

Figure 6.8: Time space diagram of travelling waves
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6.6.1 Exact Fault Location

The exact fault location along the identified faulted line section is explained

with the help of Fig. 6.8, where a line section is connected by bus A and bus

B. The travelling wave recorder is located at both ends of the line. The recorded

signals are transformed into modal components and then DWT decomposition is

performed. If WMM spikes are detected by the relay then the time corresponding

to the arrival of the waves is recorded and fault location is calculated. Fig. 6.9 gives

each step of the exact fault location estimation process. The incoming signals are

time-stamped using Global Positioning System (GPS). A communication channel

is used to communicate between the relays. Fault is assumed to occur at point F

from a distance d from the bus A; the fault originated travelling waves propagates

away from the fault towards the terminal A and B. The time information recorded

by the relays at the remote terminal is sent to the other relay. Therefore, the time

difference recorded can be given as:

td = | ta − tb | (6.27)

Where, ta is the time recorded by the relay, Ra, and tb is the time recorded by the

relay Rb. The time taken by the travelling wave to travel the length of line is given

by:

t =
l

v
(6.28)

Where, l is the length of faulted line segment and v is the propagation velocity of

travelling waves. The fault distance from relay Ra is calculated as:

d1 =
(

(ta − tb) +
( l
v

))
× v

2
(6.29)

And fault distance from relay Rb can be calculated as

d2 =
(( l

v

)
− (ta − tb)

)
× v

2
(6.30)



Chapter 6. Travelling Wave Based Fault Location Methods 107

Figure 6.9: Flowchart for exact fault location
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6.7 Case Study

The effectiveness of the proposed fault location scheme is tested using modified

IEEE 34 node distribution system as shown in Fig. 6.10. The nominal voltage

level of this network is 24.9 kV and it has 8 single phase node and 26 three-phase

node. Since, some of the lines sections are made up of very short lines therefore

for simplification purpose the line section having length less than one km is merged

with the adjacent lines and line sections between any two interconnecting point are

merged to form a single line section. In this way the total number of nodes is reduced

to 21 nodes, of which 14 nodes are three phase node and 7 nodes are single phase

node. Simulations are performed at a sampling rate of 1 MHz in SIMULINK at

different location on the main feeder and side branches to evaluate the performance

of proposed scheme.

Figure 6.10: Modified IEEE 34 node distribution system



Chapter 6. Travelling Wave Based Fault Location Methods 109

6.8 Simulation Results

The fault location estimations are obtained by faults generated at various

points along the line from the starting of the feeder to the end of the feeder be-

cause the current signal magnitude varies and reduces towards the end of feeder.

The results are obtained by several simulation cases considering effect of various

fault conditions such as fault inception angle, fault resistance, fault distance and

integration of DG and EV charging load.

6.8.1 Fault Detection and Faulted Phase Identification

The proposed scheme fault detection and faulted phase identification ability is

tested using various fault cases. Table 6.9 shows the results of fault classification for

different fault types using wavelet energy entropy. The WEE shown in bold signify

the faulted phase(s). Here, fault classifications for 27 cases are shown in which one

case is misclassified (highlighted text in Table 6.9) and the classification accuracy is

96.29%.

6.8.2 Faulted Line Section Identification

The faulted line section identification is performed by comparing the magnitude

of aerial mode component WMM obtained at scale 2. A single line to ground fault

is created at Rf of 10Ω and θf of 450 with phase ‘A’ being the faulted phase.

The distance of fault from node 800 is 28.62 km. Fig. 6.11 show the magnitude

of aerial mode WMM obtained at the interconnecting points of all the laterals.

The magnitude of aerial mode WMM obtained at node 816 and 808 is highest in

comparison to other non-faulted section as shown in Table 6.10 therefore; the line

section 808-816 is recognized as the faulted line section.
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Table 6.9: WEE for faults at different locations

Fault
Type

WEE
per
phase

1Ω/450

at 10%
feeder
length

10Ω/600

at 90%
feeder
length

20Ω/300

on lateral
834-848

A-g
ea2 0.8955 0.8146 2.0748
eb2 2.0070 1.8762 3.8286
ec2 1.2537 1.8530 3.8838

B-g
ea2 2.2115 2.0500 3.6176
eb2 0.9694 1.2309 2.7339
ec2 1.4784 1.7851 3.6125

C-g
ea2 2.4599 2.2874 3.5899
eb2 2.3971 2.1556 3.6085
ec2 0.9277 1.1976 2.7033

AB
ea2 0.8926 1.4261 1.5947
eb2 0.9146 1.7055 1.8962
ec2 4.2671 1.6374 4.9148

BC
ea2 1.7633 5.7367 4.5164
eb2 1.4125 1.3070 1.8627
ec2 1.1321 1.1831 1.5208

CA
ea2 0.9081 0.8788 1.6617
eb2 1.6364 1.7129 4.7888
ec2 0.8837 1.1536 1.6103

AB-g
ea2 0.8836 0.8290 3.8931
eb2 0.9171 1.0104 1.9791
ec2 4.4538 2.0014 5.0080

BC-g
ea2 2.5796 4.5554 4.9347
eb2 0.9977 1.4323 1.6443
ec2 1.6076 1.0966 1.5875

CA-g
ea2 0.8895 0.8771 3.4472
eb2 2.9290 1.8501 5.0275
ec2 0.8779 1.0870 1.7482

6.8.3 Exact Fault Location

A line to ground fault is applied at a distance of 16.30 km from node 808. Fig.

6.12 (a and b) shows the WMM of aerial mode current signal at scale 2 recorded at

node 808 and at node 816 respectively. In this case, the WMM peak at node 808

occurs at t1 = 0.41667 ms and at node 816 at t2 = 0.41709 ms, thus yielding the

time difference td = 0.42 ms. The fault location is calculated using equation 6.29
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Figure 6.11: WMM of aerial mode at different nodes

Table 6.10: Magnitude of aerial mode WMM

Node Magnitude of aerial mode WMM

816 1.058× 10−3

808 1.108× 10−3

800 8.456× 10−4

824 7.99× 10−4

854 1.526× 10−4

858 1.528× 10−4

834 6.712× 10−4

836 2.568× 10−7

as: d1 = 16.47 km. Similarly, the exact fault location obtained for fault both on the

side laterals and on the main feeder is shown in Table 6.11. From the table it can

be seen that the maximum error in fault location is 2.82% in the laterals and 0.38%

in the main feeder. The error is calculated using the equation 6.26.
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Figure 6.12: WMM of aerial mode at different nodes

Table 6.11: Fault location result in different sections

Fault
type

Rf & θf
Distance from
node 800 (km)

Faulted
section

Calculated
distance (km)

Error
(%)

A-g 10Ω/300 1.75 800-808 1.58 0.29
B-g 1Ω/00 38.00 824-854 37.88 0.21
C-g 20Ω/450 56.25 834-848 56.20 2.82
AB 1Ω/00 28.90 808-816 29.05 0.26
BC 30Ω/900 35.10 816-824 35.18 0.14
CA 10Ω/300 46.20 854-858 45.98 0.38
AB-g 20Ω/450 25.50 808-816 25.41 0.15
BC-g 1Ω/00 54.97 858-834 55.11 0.24
CA-g 30Ω/900 43.50 824-854 43.39 0.19
ABC 10Ω/1350 6.50 800-808 6.41 0.15
ABC-g 20Ω/300 55.10 832-890 55.03 2.17

6.9 Sensitivity Studies

6.9.1 Effect of Different Type of DG on Fault Location Scheme

The type of DG integrated to the system and the location of fault with respect

to the DG determines the level of fault current in the network. Hence, the intensity

of recorded current transient changes accordingly. According to [8] the synchronous

generator type of DG contribution to fault current is maximum whereas an inverter

based sources which does not contains any rotating part contributes minimum to

the fault current. Therefore, in addition to the synchronous generator DG [108], the
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proposed method is also tested in presence of an inverter based 100 kW PV source

[109] connected at node 840. Fig. 6.13 (a, b and c) shows the results obtained for

without DG, synchronous generator DG and PV respectively for a two phase fault

with phase A and phase B as faulted phase in line section 834-840 with a Rf of 20Ω

and θf of 450 at a distance 1.4 km from the node 834, the peak of WMM occur at

same time instant in all the three cases. Hence, the presence of different type of DG

does not affect the time profile of WMM peak only the peak magnitude changes due

to change in fault level. As the proposed method uses only time information from

the WMM profile for fault location estimation, the proposed method accuracy is not

affected by the presence of different types of DG sources.
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Figure 6.13: Aerial mode current WMM with DGs
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6.9.2 Effect of EV Load on Fault Location Scheme

Due to environmental concerns and depletion of fossil fuels the electric vehicles

are becoming popular with each passing day. Therefore, to understand the effect

of EV charging load on the proposed fault location algorithm, simulations are per-

formed in a similar way that is used in single-terminal method. A EV charging

station consisting of three EVs are connected to the distribution network. The ef-

fects are similar to that shown in single terminal method. The pattern of the WMM

of current signal stays same only the magnitude changes as shown in Fig. 6.14 (a

and b) for a three phase fault in section 832-890 at a distance of 2.1 km from node

832. Hence, the presence of EV charging load doesn’t affect the accuracy of proposed

two-terminal fault location scheme.
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Figure 6.14: Aerial mode current WMM with EV load

6.9.3 Effect of Noise on Fault Location Scheme

The fault inception angle affects the sharpness of fault originated travelling

waves. The signal to noise ratio (SNRs) of the arriving wave decreases with decrease

in fault inception angle. This result in difficulty in travelling wave detection and

consequently the fault location estimation becomes more challenging. From the Fig.
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6.15 which is the enlarged version of Fig. 6.11(d) shown below it can be seen that the

peaks of WMM can be detected easily in presence of noise in the signal. Therefore,

the proposed method can accurately locate fault in noisy signal. The influence of

noise on the fault location accuracy of the proposed method is also tested in presence

of different noise level. The input current signal is contaminated with 30, 50, 80, 100

dB of white Gaussian noises respectively for the illustrative single line to ground fault

case in subsection 6.8.2. The aerial mode signal, its associated wavelet coefficients

and WMM for 50 dB noise case at node 808 are shown in Fig. 6.16.
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Figure 6.15: WMM of aerial mode at node 824

As can be seen from the Fig. 6.16 the maximum detail wavelet coefficients

and WMM is unaffected by the presence of high level of noise in the signal. The

wavelet coefficients at the instances not corresponding to the travelling wave arrivals

have nonzero values but the amplitudes of maximum detail wavelet coefficients and

WMM are always larger than those of noises. The similar results were obtained for

the signal contaminated with 30 dB, 80 dB and 100 dB of noise. The simulation

proves that the fault location results accuracy are not affected by noise condition.



Chapter 6. Travelling Wave Based Fault Location Methods 116

Figure 6.16: Aerial mode signals and associated WTC and WMM

6.9.4 Comparison with Previous Methods

A comparison of the average error reported in the previous methods to the

average error in fault location of the proposed method is presented in Table 6.12. The

comparison clearly shows that the proposed method is more accurate and detects,

classify and locates the fault with an average fault location error of 117.27 m which

is much less as compared to other methods proposed previously. The fault location

method proposed in [69] is not tested for all fault types and uses a very high sampling

rate of 1 GHz and the method presented in [71] is tested only against line to ground

fault. The method proposed in [68] shows good accuracy but fault detection and

classification is not proposed in this work. The proposed method gives accurate

fault location in a multilateral distribution system with DG and EV charging load

whereas the radial distribution network used in [74] does not contain any lateral

and DG. None of the method mentioned above is tested against the presence of EV

charging load in the distribution network and fault detection and classification are

not performed in most of the works.
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Table 6.12: Comparison with previous methods

Method Network used
Sampling
rate

Average
error (m)

Continuous-Wavelet Transform
[69]

IEEE 34 bus network 1 GHz NA

WT and ANN [71] 11-bus distribution system 750 KHz 132.26 m
Data fusion and asynchronous
voltage measurements [68]

IEEE 30 bus system I MHz 380 m

Network topology and reclosing
superimposed travelling waves
[74]

10 kV radial distribution
network

1 MHz 342 m

Proposed method IEEE 34 bus network 1 MHz 117.27 m

6.10 Conclusion

A novel single-terminal and a two-terminal travelling wave based schemes for

fault location for a multilateral distribution network are presented in this chapter.

Based on the simulation results obtained, following conclusions can be drawn.

• The proposed single-terminal and two-terminal approaches for fault detection,

classification, faulted section identification and location based on travelling

wave method for a multilateral distribution network is able to perform the

above mentioned task with good accuracy.

• The robustness of proposed schemes is tested against any change in topology

of the system both in terms of feeders and in terms of connected sources.

• The accuracy of the proposed schemes is tested for various fault cases for

different fault resistance, fault inception angle and fault distances.

• The above two proposed fault location methods are found to be accurate in

the presence of different types of DG and EV charging load.

• From the obtained fault location results it is observed that the accuracy of

two-terminal method is higher than the single-terminal method.





Chapter 7

HYBRID METHOD FOR

FAULTED SECTION

IDENTIFICATION AND FAULT

LOCATION

7.1 Introduction

The hybrid methods for fault identification and location are adopted to de-

velop a novel method which exploits the benefits provided by the incorporation of

more than one method. The idea is to utilize the strengths of individual methods

while restraining their shortcomings. Few techniques using hybrid methods for fault

location in distribution systems have been proposed till now [96–105]. These meth-

ods generally use artificial intelligence techniques along with some advanced signal

processing techniques to extract fault information from the recorded signals and to

locate fault. Therefore, these techniques require training of data sets for estimation

of fault location. These data sets are dependent on system operating conditions

119
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and network topology, any change in such condition requires regeneration of train-

ing data otherwise the accuracy of fault location estimation gets affected. To avoid

such problems, a novel hybrid method combining high-frequency transient method

and impedance based method is proposed in this work. This method uses the fault-

generated high-frequency signals for identifying the faulted line section only thus

negating the problem of discrimination between multiple reflections of the travel-

ling wave from bus-bars and the fault point, as is seen in the travelling wave based

fault location methods. Once the faulted line segment is identified, the exact fault

location along the identified faulted line segment is determined using the impedance

base method. As the faulted line segment is already identified in the first stage, this

eliminates the problem of multiple fault location associated with the single-terminal

impedance based method in a multilateral distribution system.

7.2 Proposed Hybrid Fault Location Scheme

The main idea of the proposed hybrid fault location scheme is to combine

the individual strength of high-frequency transient method and impedance based

method. The high-frequency components which are used in travelling wave based

methods to identify the arrival time of travelling wave peaks at the line terminals

requires very high sampling rate of the order of MHz for data acquisition so that

a very high time resolution for the travelling wave peaks can be obtained. But

the proposed hybrid method uses high-frequency transients for faulted line segment

identification only therefore, it doesn’t require very high sampling rate for obtaining

high time resolution for travelling wave peaks. Furthermore, as the impedance

based method is employed for exact fault location only after identification of faulted

line segment, this eliminates the problem of multiple fault location candidates in a

multi-lateral distribution network. The requirements for the implementation of the

proposed scheme are as follows: (1) Measurements should be available at all the
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junction points, i.e., the points where laterals are connected to the main feeder. (2)

Measurements should be available at the DG connection point.

The flowchart for the proposed fault location scheme is shown in Fig. 7.1, with the

following steps:

1. Transient three-phase currents are recorded at all the junction points, substa-

tion node and DG terminal.

2. DWT decomposition using db-4 is done at all the measurement points to get

WEE per phase at scale 2.

3. Fault in the distribution feeders is detected using WEE of each phase.

4. Modal transformation is performed on recorded current signal using Clarke’s

transformation matrix to obtain modal components of current signal.

5. Aerial and ground mode WMM is calculated from wavelet detail coefficients

for faulted lateral identification and fault type identification purpose.

6. Fault current direction is determined at different nodes.

7. Faulted line segment is identified using magnitude of WMM and fault current

direction.

8. Fault type identification using WEE of each phase and magnitude of ground

mode component WMM.

9. Calculation of fault location using equation 7.6.

The proposed fault location scheme consists of four stages namely fault detec-

tion, fault type identification/faulted phase selection, faulted line segment identifi-

cation followed by exact fault location. The working principle of first two stages are

same as mentioned in section 5.5 and in section 5.6.
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Figure 7.1: Flowchart of the proposed hybrid fault location scheme

7.2.1 Identification of Faulted Line Segment

The proposed hybrid fault location scheme performs identification of faulted

line segment of the system by comparing the magnitude of aerial mode WMM and

by monitoring the direction of fault current at the junction point of the laterals.

This is explained with the help of a simple distribution system shown in Fig. 7.2.

Current transformers (CTs) are installed at each end of a line section. Thus, three

CTs are installed at node 2 where three lines are interconnected, to measures the

current leaving the respective nodes.
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Figure 7.2: Simple distribution system model

For a fault F in section Z, between node 2 and node 3, the high-frequency

transients are observed by the CTs at all measurement points located at different

nodes. The CT on the faulted branch will observe both the incident current surges

plus the reflections whereas the CTs on the other feeders will observe the transmitted

component. The recorded three phase current transients at the measurement points

are transformed into their modal component using Clarke’s transformation. From

the obtained modal components, wavelet modulus maxima (WMM) of aerial mode

component are calculated. The magnitude of WMM determines the proximity of

node to the fault, higher the magnitude of WMM at the node, closer is the node to

the fault. For the fault in section Z the magnitude of WMM obtained at different

measurement points is shown in Fig. 7.3. Here the magnitude of WMM is highest

at node 2 (point B and point C) followed by magnitude of WMM at node 3 (point

E). Point B and point C has same magnitude of WMM as they correspond to the

same node. The magnitude of WMM at all other non-faulted line segment node has

lesser magnitude in comparison to these two nodes. Hence, the lateral Z having

highest magnitude of aerial mode WMM is identified as the faulted lateral. Table

7.1 shows the magnitude of WMM obtained at all the measurement points.

This identification of faulted line segment is further confirmed by monitoring

the direction of fault current. The transients recorded at the faulted lateral shows
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Figure 7.3: Magnitude of aerial mode WMM at different measurement points

Table 7.1: Magnitude of Aerial Mode WMM

Point Magnitude of WMM
Point A 0.3923
Point B 1.7823
Point C 1.7823
Point E 1.01
Point D 0.81
Point F 1.46× 10−4

opposite sign compared to those obtained on the non-faulted laterals. The cross-

correlation between the wavelet coefficients of aerial mode 1 and mode 2 signals of

current transients are used to determine whether the coefficients are of same sign or

not. One signal is selected as the reference signal and cross-correlation coefficients

of the reference signal and other signal for different time instants are calculated.

If the highest values of all the cross-correlation coefficients are positive then the

coefficients are of same sign, otherwise they are of opposite sign. Fig. 7.4 shows the

measured three phase current at point C and point E for fault F on line segment Z,

this figure also shows their aerial mode-1 component and its corresponding wavelet

coefficients. The cross-correlation coefficients of the wavelet coefficients of aerial
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mode components obtained at faulted lateral show opposite sign. Therefore, the

relay at node 2 identifies fault in forward direction whereas relay at node 3 identifies

fault in backward direction. From the fault current direction obtained (shown by

arrow) at different measurement point in Fig. 7.3 section Z is clearly identified as

faulted line section.

Figure 7.4: Three phase current, corresponding aerial mode 1 and their WTCs

7.2.2 Exact Fault Distance Location

The actual fault distance calculated along the identified faulted line section

is based on impedance measurement technique. The proposed method takes into

account the unequal mutual coupling and unbalanced loading condition in the sys-

tem. The process of actual fault distance calculation is illustrated with the help of

a single line to ground fault assumed on phase A, of the network shown in Fig. 7.5.
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Figure 7.5: Single line to ground fault in a line section

The three phase voltage at node P can be represented as:
VA

VB

VC

 = d


ZAA ZAB ZAC

ZBA ZBB ZBC

ZCA ZCB ZCC



IA

IB

IC

+


VFA

VFB

VFC

 (7.1)

Here, d is the fault distance, Z terms are elements of impedance matrix, VA, VB, VC

are the three phase voltages, IA, IB, IC are the three phase currents and VFA, VFB,

VFC are the phase voltages at the fault point.

The voltage of phase A at node P is:

VA = d(IAZAA + IBZAB + ICZAC) + VFA (7.2)

The fault point voltage can be given as:

VF = If ×Rf (7.3)

Here, VF is the fault point voltage, If is the fault current and Rf is the fault

resistance. Putting the value of VF in equation 7.2, we get

VA = d(IAZAA + IBZAB + ICZAC) + IfRf (7.4)
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In the above equation, fault distance, fault resistance and fault current are all un-

known quantities. Using Fig. 7.5 the fault current (If ) can be estimated as:

If = IA − IApf (7.5)

Here, IApf denotes prefault phase A current. Substituting the value of If in equation

7.4 and separating the real and imaginary part, we get fault distance and Rf as:

d =
V r
AI

i
f − V i

AI
r
f

aI if − bIrf
(7.6)

Rf =
V r
Ab− V i

Aa

bIrf − aI if
(7.7)

Here, a = real(IAZAA + IBZAB + ICAC)

b = imag(IAZAA + IBZAB + ICAC)

V r
A = real(VA), V i

A = imag(VA) and

Irf = real(If ), I
i
f = imag(If )

For other types of fault the value of fault current and fault voltage will be different,

which is given in Table 7.2.

Table 7.2: Fault voltage and current for different fault type

Fault Type Fault Voltage Fault Current
A−G VAF IAf - IApf
B −G VBF IBf - IBpf
C −G VCF ICf - ICpf

AB, AB −G, ABC VAF - VBF (IAf - IApf ) – (IBf - IBpf )
BC, BC −G, ABC VBF - VCF (IBf - IBpf ) – (ICf - ICpf )
CA, CA−G, ABC VCF - VAF (ICf - ICpf ) – (IAf - IApf )
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7.2.2.1 Compensation for Loads in the System

The equations given above do not account for load taps in the distribution

feeder. Therefore, if load taps are present between the fault point and the measuring

point then the estimated fault distance will contain error. To eliminate this error

and obtain a more accurate fault location in presence of load taps the voltage and

current equations are modified to obtain voltage and current at the load near to the

fault.

Figure 7.6: Compensation for load in the system

Fig. 7.6 shows phase A in which a load 1 is connected at a distance d1 from node

P .

Voltage at this load bus 1 is calculated as:
VA1

VB1

VC1

 =


VA

VB

VC

− d1

ZAA ZAB ZAC

ZBA ZBB ZBC

ZCA ZCB ZCC



IA

IB

IC

 (7.8)

Here, VA1, VB1, VC1 are the three phase voltages at the load bus, IA, IB, IC are the

three phase current from node P and VA, VB, VC are the three phase voltages at the

node P.

And the current leaving load bus 1 is calculated as:

I1 = IA − IL (7.9)
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The current drawn by the load (IL) is given by

IL =
VA1
ZL

(7.10)

Here, ZL is the impedance of load bus 1.

With the help of new value of voltage and current the fault distance can be calculated

from the new location of load bus 1.

7.2.2.2 Fault Location in Presence of DG

It is necessary to have certain information about the presence of DG on a

system during fault for accurate fault location. The proposed method in this work

assumes that the knowledge of location of DG and current and voltage signals data

is available at the DG terminal. As shown in Fig. 7.7 the fault current in case of

DG is calculated as:

If = IA + IG (7.11)

Here, IG is the current from DG.

Figure 7.7: Compensation for DG in the system

The following steps is used to calculate the fault distance in presence of DG in the

system.

1. Voltage of faulted phase is calculated using equation 7.1 to 7.4.
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2. Fault current is calculated using equation 7.5 and 7.11.

3. Fault location is estimated using equation 7.6.

7.3 Simulation Results

The proposed fault location scheme is also tested using the modified IEEE 34

node distribution system shown in Fig. 6.10. In addition to the modifications two

DGs have been added to the system, DG-1 is a 350 kW synchronous generator [31]

connected at node 840 in the system and DG-2 is a 100 kW inverter based PV source

[32] connected at node 848. Detail specifications of DGs are given in AppendixB. A

sampling rate of 50 kHz is used to record the fault data.

7.3.1 Identification of Faulted Line Segment

A three phase to ground fault is applied in the line section 824-854 at a dis-

tance of 5 km from the node 824, the fault inception angle (θf ) is 450 and fault

resistance (Rf ) is 20 Ω. The WMM of wavelet coefficients of the aerial mode cur-

rent signal extracted at all the junction point is shown in Fig. 7.8. Table 7.3 gives

the peak magnitude of WMM obtained at all the measurement points. As can be

seen from the Table 7.3 the magnitude of WMM obtained at node 854 is highest

and at 824 is second highest and from the fault current direction identified using

cross-correlation of aerial mode WTCs, the line section 824-854 is identified as the

faulted line segment. Fig. 7.9 shows the fault current direction and WTCs at node

824 and node 854.

In order to verify the accuracy of the proposed faulted lateral identification

scheme, a number of faults are simulated at different locations for various Rf and

θf . Magnitude of aerial mode WMM obtained at different locations for these fault

cases is listed in Table 7.4, here the WMM in bold indicates magnitude at the two
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Figure 7.8: WMM at different nodes

Table 7.3: Magnitude of aerial mode WMM

Node Magnitude of WMM
824 1.061× 103

854 1.123× 103

800 0.18× 102

808 2.15× 102

816 0.73× 103

832 0.37× 102

858 0.97× 102

834 0.18× 102

836 0.084

end nodes of the faulted line segments. The fault direction identified at different

location for these fault cases is also shown in Table 7.4, in this table FR denotes

forward fault and BW denotes backward fault.
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Figure 7.9: Fault current and its WTCs at the two end nodes

7.3.2 Exact Fault Location along the Faulted Line Section

After the faulted line section is identified, the exact fault location along the faulted

line segment is estimated. Error in the estimated fault distance is calculated by

equation 6.26 recommended in [1, 2].

For the three phase to ground fault case mentioned in subsection 7.3.1, once

the correct faulted line segment is identified the exact fault location along this line

segment is evaluated as 5.022 km. Thus the fault location algorithm identifies the

fault location with an error of 0.038%. However to check the robustness of exact fault

location technique, all type of shunt faults were simulated at different locations of the

distribution system. Fault location results for different types of fault are presented

below individually.

7.3.2.1 Single Phase to Ground Faults

Several fault cases for line to ground fault are simulated across the distribution

feeder. Fig. 7.10 shows the fault location error for single phase to ground fault cases.
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The fault location error ranges from 6 meter to 82 meter. The highest error of 82

meters in exact fault location which is 0.14% occurs in phase B at a distance of 23

km from the node 800. The mean error is 36.23 meter and standard deviation is

16.6 meter.

Figure 7.10: Error in fault location for single phase to ground faults

7.3.2.2 Phase to Phase Faults

Fig. 7.11 presents error in fault location for phase to phase fault cases. The

error ranges from 15 meter to 135 meter, with the highest error being 0.23% obtained

in BC phase fault case. The mean error and standard deviation in fault location

is 60.91 meter and 29.22 meter respectively. Similarly, the fault location error in

case of double phase to ground fault is shown in Fig. 7.12. In this case, the highest

fault location error is 124 meter and the error ranges from 23 to 124 meter (0.04%

to 0.21%). The mean error and standard deviation in fault location is 55.98 meter

and 20.85 meter respectively.

7.3.2.3 Three Phase Faults

Fig. 7.13 and Fig. 7.14 show the fault location error in case of three phase

faults and three phases to ground faults respectively. The fault location error lies

from 9 meter to 105 meter (0.01% to 0.18%) for three phase fault cases. The mean
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Figure 7.11: Error in fault location for phase to phase faults

Figure 7.12: Error in fault location for two phase to ground faults

error is 53.73 meter and standard deviation is 22.84 meter. For three phases to

ground fault the fault location error ranges from 22 meter to 111 meter (0.03% to

0.19%), with mean error being 63.40 meter and standard deviation of 25.38 meter.

Figure 7.13: Error in fault location for three phase to faults
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Figure 7.14: Error in fault location for three phase to ground fault

7.4 Sensitivity Assessment

The sensitivity of the proposed algorithm is evaluated in this section using

the following parameters: variation in fault resistance, fault inception angle and

variation in fault distance. The sensitivity of proposed hybrid scheme is also tested

in presence of PEV charging load in distribution system.

7.4.1 Effect of Variation in Fault Resistance

Different value of Rf is used to evaluate the performance of proposed fault

location scheme. The magnitude of fault generated high frequency transient changes

slightly with change in Rf but the polarity of fault current remains unchanged. The

magnitude of WMM obtained for fault cases with different Rf follows the WMM

magnitude pattern discussed in subsection 7.2.1. Therefore, the change in Rf doesn’t

affect the accuracy of faulted line segment identification by the proposed hybrid fault

location scheme. As the change in fault resistance changes the fault current hence,

the fault location estimation of impedance based method gets affected by change

in fault resistance. Fig. 7.15 shows the error in fault location due to change in

fault resistance. Fault resistances of 10Ω, 30Ω, 60Ω and 100Ω are used to test the

accuracy of fault location algorithm for faults in line section 808-816. The fault

location error increases with increase in Rf . As expected highest error is obtained



Chapter 7. Hybrid Method for Faulted Section Identification and Fault Location137

in case of 100Ω fault resistance. However, the fault location error in this case ranges

from 1.39% to 3.19% which is not very high for a large and unbalanced distribution

network.

Figure 7.15: Fault location error for different fault resistances

7.4.2 Effect of Variation in Fault Inception Angle

Fault inception angle affects the severity of fault generated high frequency

transients. As the inception angle decreases detection of these transients become

more challenging. Fig. 7.16(a) and Fig. 7.16(b) shows the magnitude and polarity

of fault transients at different inception angle for a line to ground fault in line section

800-808.

As can be seen from the results the magnitudes of transients are affected by

the fault inception angle but the polarity remains unchanged. Despite change in

transient’s magnitude the pattern of WMM magnitude and fault current direction

follows the principles discussed in subsection 7.2.1. B therefore, the fault location

scheme is able to identify the faulted line segment at different fault inception angles.

The fault location using impedance based method remains unaffected by the change

in fault inception angle.
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Figure 7.16: Polarity and magnitude of fault transients at different inception
angle

7.4.3 Effect of Variation in Fault Distance

The response of proposed fault location scheme has been analyzed for faults at

different locations across the length of the distribution feeder. Critical fault cases like

faults occurring near the line terminals have been included in the analysis. Different

fault type at different fault resistances were simulated at various locations on the

main feeder. The fault location results for an A-g fault with Rf of 10Ω and 20Ω is

depicted in Fig. 7.17. It can be seen from Fig. 7.17 that there is not much variation

in error in fault location across the entire length of main feeder. This is because

the proposed scheme locates fault after identification of faulted line segment and

the fault location is calculated from the fault data recorded at the nearest terminal

behind the fault. The maximum errors for the two mentioned cases were 0.76%

and 0.8%, respectively which is very low for a long distribution feeder. This result

shows that the proposed scheme is not significantly affected by the variation in fault

distance. Change in fault distance has no effect on the accuracy of faulted line

segment identification.
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Figure 7.17: Effect of variation in fault distance on fault location error

7.4.4 Effect of PEV Charging load on Fault Location

The effect of presence of PEV charging load in the distribution system on fault

location algorithm is checked in a similar way that is used in travelling wave based

methods. To illustrate the effect of PEV charging load on fault location accuracy,

fault location is calculated when PEV charging load is connected to the system and

results are compared with those results which are obtained when PEV load is not

connected to the system. Fig.7.18 shows the comparison of fault location error for

with PEV and without PEV case. These results are obtained for line to ground fault

cases in line section 808-816.
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Figure 7.18: Effect of PEV charging load on fault location error

As can be seen from the Fig. 7.18 the error is slightly higher in case of PEV

charging load but the highest difference between the fault location errors is 27.2
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meter and the average difference is 13.38 meter only. Hence, the presence of PEV

load does not affect the fault location accuracy significantly.

7.5 Conclusion

A new hybrid fault location scheme which combines the accuracy of high-

frequency transient method and simplicity of impedance based method is presented

in this thesis to overcome the challenges in fault location in a multi-lateral distribu-

tion network. Based on the results obtained, following conclusions can be drawn.

• The proposed scheme for faulted line segment identification using aerial mode

WMM and fault current direction is effective in accurately identifying the

faulted line segment in a multi-lateral distribution network.

• The impedance based technique utilized for exact fault location along the

identified faulted line segment is able to locate the fault without facing the

problem of multiple fault location as observed in case of single ended impedance

based technique.

• Simulations carried out under different Rf and θf shows that the proposed

fault location scheme presents a high level of accuracy and dependability in

an unbalanced multi-lateral distribution network.



Chapter 8

CONCLUSION AND FUTURE

SCOPE

8.1 Introduction

The penetration of DGs and PEV charging loads are growing in distribution

systems, which is changing the system condition both in normal operating condi-

tions and during fault conditions. The presence of DG alters the passive nature of

distribution system to active one with non-radial power flow direction. The motive

of this work is to develop effective fault location methods for multi-lateral distri-

bution network embedded with DGs and PEV charging loads with increased focus

on reducing the power outage time. A fast and accurate fault handling at active

multi-lateral distribution system is required to reduce the outage times to improve

the system reliability, and the first step in this direction is to have fault location

methods capable of implementation in such systems. Three methods for fault lo-

cation are presented in this thesis, intended for application in active multi-lateral

distribution systems.

141
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The PEV charging load is new type of load at the distribution system level and

its effect on distribution system during fault condition is largely unknown. Therefore,

at first, fault analysis is carried out on a distribution system embedded with PEV

charging load to understand its impact on distribution system fault conditions. In

this regard, a single-phase AC Level 2 bidirectional charger for PEV load charging

is modeled in SIMULINK.

Fault location in distribution systems is a difficult task due to the presence

of laterals and the non-homogeneous nature of the lines. The presence of laterals

causes multiple fault position when fault location is estimated from the substation

node. To eliminate this problem, the fault location process has been divided into

different stages to avoid the occurrence of multiple fault location positions. Instead

of calculating the distance of fault point and then trying to eliminate some of the

possible fault locations, the proposed methods firstly identifies the faulted line sec-

tion or lateral of the distribution system after a fault is detected in the system. This

ensures that the faulted section or lateral of the system is correctly identified before

the distance of fault point is estimated.

In the proposed fault location schemes, DWT is used for feature extraction

of a particular type of shunt fault, and then WEE of wavelet detail coefficients

are calculated to detect and identify the fault type. The magnitude of ground

mode component WMM is used for classifying the fault into grounded fault and

ungrounded fault. The rules for fault detection and fault type identification are

formed after performing several simulations and observing the energy pattern of

each phases under fault and no fault conditions so that the algorithm is able to

discriminate correctly between fault and no fault conditions.

Two fault location methods based on travelling wave is proposed in this thesis,

one is a single-terminal travelling wave based method and other is a two-terminal

travelling wave based fault location method. The proposed travelling wave based

methods are implemented using transient current signals as the input signal. The
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three-phase current signals are selected as data input for the proposed fault location

schemes because the overcurrent protection is the most used form of protection in

distribution networks. Hence, the line current signals are readily available. More-

over, the surge in fault current is easier to detect than the voltage collapse during

faults. The developed fault location schemes identify the faulted line section by com-

paring the Wavelet Modulus Maxima (WMM) of aerial mode wavelet coefficients,

obtained at interconnecting point of each line section. After that exact fault loca-

tion is estimated along the faulted line section. The simulations are performed on

the modified IEEE 34 node distribution system for evaluating the performance of

proposed fault location scheme. In order to consider the effect of Distributed Gen-

eration (DG) and Electric Vehicle charging load, a DG unit and a PEV charging

station is integrated to the distribution system. Both the synchronous generator

type and inverter based DGs are considered in simulations. All types of shunt fault

are simulated at different location on the main feeder and side branches to evaluate

the performance of proposed scheme.

A hybrid method for fault location is also proposed in this thesis. The main

idea of the hybrid fault location scheme is to combine the individual strengths of

the high-frequency transient methods and the impedance based methods of fault

location. The proposed hybrid method uses high-frequency transients for faulted line

segment identification only, therefore, it does not require very high sampling rate

for obtaining the high time resolution for travelling wave peaks. Furthermore, as

the impedance based method is employed only for determining exact fault location,

once the faulted line segment is identified, this eliminates the problem of multiple

fault location candidates in a multi-lateral distribution network.

Overall, the major contributions of this thesis addresses most, if not all of

the short-comings of previous methods of fault location and the proposed methods

have been carefully developed to overcome any issues that can occur when the fault

location scheme is deployed in a real active multi-lateral distribution system.
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8.2 Summary of Important Findings

In Chapter 3 a single phase AC level 2 bi-directional charger is modeled and

tested for its performance in MATALB/SIMULINK. The charging system modeled

consists of a bi-directional AC-DC converter and a bi-directional DC-DC converter.

The DC-DC converter is used for charging the battery in buck mode and for dis-

charging it works in boost mode. A unipolar method of switching is used in the

control of single phase bi-directional AC-DC converter and PWM technique is ap-

plied for controlling the battery charging and discharging using bi-directional DC-

DC converter. IEEE 34 node distribution system is also modeled and simulated in

the Chapter 3. Details of various components used in modelling the test feeder are

presented in the chapter and the simulation results are validated by comparing the

load flow results for the simulated system to the benchmark IEEE distribution sub-

committee results. The distributed parameter line model has been used to model

all the line segments.

Chapter 4 evaluates the impact of PEV charging load on an unbalanced dis-

tribution system during fault conditions. Simulations are carried out on the IEEE

34 node system in MATLAB/SIMULINK. The impact is investigated for the PEV

charging load connected at a node of the main feeder and also at a node on the low

voltage lateral in the distribution system respectively under both unbalanced and

balanced fault conditions. In order to compare the impact of charging load to the

impact of other loads on the distribution system during fault conditions, two cases

were simulated on this test system with PEV charging load and equivalent constant

power load respectively. The impact of PEV charging on distribution system during

fault condition is determined by observing the voltage, active power, reactive power

and the fault current at all major nodes of the system. The main findings of the

work carried out in Chapter 4 are as follows:

1. The results obtained show that in case of a fault, node at which the PEV

charging load in connected is associated with increase in fault current and
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reactive power demand as compared to the equivalent constant power load

connected to same node in the distribution system.

2. When PEVs are integrated into the system a high magnitude transient voltage

is observed during the period of reconnection of faulted phase to the system.

3. These impacts are seen to be highest in case of single line to ground faults.

4. The impact is more significant when the PEV charging load is connected on

a lateral with low voltage level as compared to that obtained with the PEV

charging load connected to the main feeder with high nominal voltage level.

A fault detection and fault classification algorithm has been proposed in Chap-

ter 5. The fault condition is detected in the network by comparing the WEE obtained

per phase at scale-2 to the predefined threshold value for each of the respective phase.

The thresholds value for each phase is decided by several simulations performed on

the distribution network under fault and no fault conditions to ensure that the al-

gorithm would be able to discriminate correctly between normal switching events

and faults. Once the fault is detected, fault classification is done in accordance to

the algorithm based on decision taking rules which are formulated using individual

phase entropy values WEE and magnitude of ground mode current component. The

main contributions of this Chapter are following:

1. Fault detection is proposed using WEE of wavelet detail coefficient’s at scale-2.

2. Rule based fault type identification is proposed using WEE and magnitude of

ground mode component WMM.

In Chapter 6 a single-terminal and a two-terminal travelling wave based fault

location methods are proposed. The proposed single-terminal method is imple-

mented using transient current signals as the input signal. The three-phase current

signals are selected as data inputs for the proposed fault location scheme because the
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overcurrent protection is the most used form of protection in distribution networks.

Hence, the line current signals are readily available. Moreover, the surge in fault

current is easier to detect than the voltage collapse during faults. The developed

fault location scheme comprises of three stages. In the first stage, the fault detection

and classification tasks are performed using WEE and magnitude of ground mode

component of the current. The identification of faulted line section is done in the

next stage by comparing the WMM of aerial mode wavelet coefficients, obtained

at interconnecting point of each line section. The third stage determines the exact

fault location along the faulted line section. It is assumed that the measurements

are available at all the interconnecting point of laterals. Optical current transducers

equipped with travelling wave recorders are assumed to be placed at the intercon-

necting points of each lateral in the network. The simulations are performed on

the modified IEEE 34 node distribution system for evaluating the performance of

proposed fault location scheme. In order to consider the effect of DG and Elec-

tric Vehicle charging load, a DG unit and an Electric Vehicles charging station are

integrated to the distribution system. Both the synchronous generator type and in-

verter based DGs are considered in simulation. All types of shunt fault are simulated

at different location on the main feeder and side branches to evaluate the perfor-

mance of proposed scheme. The single-terminal method is capable of providing fast

fault location with good accuracy and don’t require any data synchronization. But

single-terminal methods of fault location sometimes face challenges in differentiating

between travelling waves reflected from the fault and the travelling waves reflected

from line terminals, which reduces the reliability of fault location algorithm. There-

fore, a two-terminal travelling wave based method is also proposed in this Chapter.

The two-terminal fault location scheme also comprises of three stages of fault detec-

tion and classification, faulted line segment identification and exact fault location

along the identified faulted line segment. The fault detection and classification and

faulted line segment identification is same as that of single terminal method, but the

exact fault location along the identified faulted line section uses arrival time of first

wave peak at the two ends of the faulted line segment. The travelling wave recorders
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are assumed to be located at both ends of the line. The effectiveness of the pro-

posed fault location scheme is also tested using modified IEEE 34 node distribution

system. The key contributions of the Chapter 6 are following:

1. A novel single-terminal and a two-terminal travelling wave based schemes for

fault locations in a multilateral distribution network are proposed.

2. The robustness of the proposed schemes is tested against any change in topol-

ogy of the system both in terms of feeders and in terms of connected sources.

3. The accuracy of the proposed schemes is tested for various fault cases for

different fault resistance, fault inception angle and fault distances.

4. The above two proposed fault location methods are found to be accurate in

the presence different types of DG and EV charging load.

5. From the obtained fault location results it is observed that the accuracy of

two-terminal method is higher than the single-terminal method.

In Chapter 7 a hybrid method for fault location is proposed. The main idea

of the hybrid fault location scheme is to combine the individual strengths of the

high-frequency transient methods and the impedance based methods of fault loca-

tion. The proposed hybrid method uses high-frequency transients for faulted line

segment identification only therefore, it does not require very high sampling rate for

obtaining the high time resolution for travelling wave peaks. Furthermore, as the

impedance based method is employed only for determining exact fault location, once

the faulted line segment is identified, this eliminates the problem of multiple fault

location candidates in a multi-lateral distribution network. The proposed method

takes into account the unequal mutual coupling and unbalanced loading condition

in the system. The contributions of work done in Chapter 7 are following:

1. Faulted line segment identification using magnitude of aerial mode WMM and

fault current direction.
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2. Exact fault location along the identified faulted line segment using impedance

based technique.

3. Low sampling rate requirement for faulted line segment identification and exact

fault location.

4. Simulations carried out under different Rf and θf shows that the proposed

fault location scheme presents a high level of accuracy and dependability in

an unbalanced multi-lateral distribution network.

8.3 Future Scope

Research and development is a continuous process. Each step of research work

opens many avenues for future research. As a consequence of the investigations

carried out, a variety of issues pertaining to fault location in active multi-lateral

distribution system has been handled with consideration of DGs and PEV charging

loads. Though there are several inter-related issues to be resolved, some require

urgent attention due to their wide implications. Following are some of the aspects,

identified as a promising area for future research work in the area of fault location:

• Developing high-frequency models of Current transformers (CTs) for applica-

tion in fault location using travelling waves.

• Developing advanced signal processing techniques for analyzing travelling wave

signals.

• More detailed analysis of the travelling wave speeds for ground and aerial

modes based on frequency-dependent transmission line models.

• Hardware implementation and field tests of proposed methods in the thesis.



Appendix A

DATA FOR IEEE 34 NODE

TEST FEEDER

Overhead Line Configurations (Config.)

Config. Phasing Phase Neutral Spacing ID
ACSR ACSR

300 B A C N 1/0 1/0 500
301 B A C N #2 6/1 #2 6/1 500
302 A N #4 6/1 #4 6/1 510
303 B N #4 6/1 #4 6/1 510
304 B N #2 6/1 #2 6/1 510

Transformer Data

kVA kV-high kV-low R - % X - %
Substation: 2500 69 - D 24.9 -Gr. W 1 8
XFM -1 500 24.9 - Gr.W 4.16 - Gr. W 1.9 4.08
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Line Segment Data

Node A Node B Length(ft.) Config.
800 802 2580 300
802 806 1730 300
806 808 32230 300
808 810 5804 303
808 812 37500 300
812 814 29730 300
814 850 10 301
816 818 1710 302
816 824 10210 301
818 820 48150 302
820 822 13740 302
824 826 3030 303
824 828 840 301
828 830 20440 301
830 854 520 301
832 858 4900 301
832 888 0 XFM-1
834 860 2020 301
834 842 280 301
836 840 860 301
836 862 280 301
842 844 1350 301
844 846 3640 301
846 848 530 301
850 816 310 301
852 832 10 301
854 856 23330 303
854 852 36830 301
858 864 1620 302
858 834 5830 301
860 836 2680 301
862 838 4860 304
888 890 10560 300
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Spot Loads

Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-4
Model kW kVAr kW kVAr kW kVAr

860 Y-PQ 20 16 20 16 20 16
840 Y-I 9 7 9 7 9 7
844 Y-Z 135 105 135 105 135 105
848 D-PQ 20 16 20 16 20 16
890 D-I 150 75 150 75 150 75
830 D-Z 10 5 10 5 25 10
Total 344 224 344 224 359 229

Distributed Loads

Node Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3
A B Model kW kVAr kW kVAr kW kVAr
802 806 Y-PQ 0 0 30 15 25 14
808 810 Y-I 0 0 16 8 0 0
818 820 Y-Z 34 17 0 0 0 0
820 822 Y-PQ 135 70 0 0 0 0
816 824 D-I 0 0 5 2 0 0
824 826 Y-I 0 0 40 20 0 0
824 828 Y-PQ 0 0 0 0 4 2
828 830 Y-PQ 7 3 0 0 0 0
854 856 Y-PQ 0 0 4 2 0 0
832 858 D-Z 7 3 2 1 6 3
858 864 Y-PQ 2 1 0 0 0 0
858 834 D-PQ 4 2 15 8 13 7
834 860 D-Z 16 8 20 10 110 55
860 836 D-PQ 30 15 10 6 42 22
836 840 D-I 18 9 22 11 0 0
862 838 Y-PQ 0 0 28 14 0 0
842 844 Y-PQ 9 5 0 0 0 0
844 846 Y-PQ 0 0 25 12 20 11
846 848 Y-PQ 0 0 23 11 0 0
Total 262 133 240 120 220 114

Shunt Capacitors

Node Ph-A Ph-B Ph-C
kVAr kVAr kVAr

844 100 100 100
848 150 150 150
Total 250 250 250
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Regulator Data

Regulator ID: 1
Line Segment: 814 - 850
Location: 814
Phases: A - B -C
Connection: 3-Ph,LG
Monitoring Phase: A-B-C
Bandwidth: 2.0 volts
PT Ratio: 120
Primary CT Rating: 100
Compensator Settings: Ph-A Ph-B Ph-C
R - Setting: 2.7 2.7 2.7
X - Setting: 1.6 1.6 1.6
Volltage Level: 122 122 122

Regulator ID: 2
Line Segment: 852 - 832
Location: 852
Phases: A - B -C
Connection: 3-Ph,LG
Monitoring Phase: A-B-C
Bandwidth: 2.0 volts
PT Ratio: 120
Primary CT Rating: 100
Compensator Settings: Ph-A Ph-B Ph-C
R - Setting: 2.5 2.5 2.5
X - Setting: 1.5 1.5 1.5
Volltage Level: 124 124 124



Appendix B

DATA FOR DGs

Table B.1: Specification of Synchronous Generator DG

Vrated (V) 480 Xd (pu) 1.76
Prated (kW) 350 Xq (pu) 1.66
kVArated 410 X1d (pu) 0.21
Qmax(pu) 0.5 X1q (pu) 0.18
Qmin (pu) -0.25 X11d (pu) 0.13
pf 0.85 X11q (pu) 0.11

Table B.2: Specification of PV

Prated (kW) 100
Open circuit voltage (V) 64.2
Short circuit current (A) 5.96
Transformer connection 100-kVA 260V/24.9kV
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Appendix C

Publications

The following research papers have been published, accepted for publications and

communicated out of this thesis work.

International Journals

1. Ranjeet Kumar, D. Saxena, “Impact of Plug-In Electric Vehicles on

Faulted Distribution System”, Arabian Journal for Science and Engi-

neering, Springer, 2019.

2. Ranjeet Kumar, D. Saxena, “A Literature Review on Methodologies

of Fault Location in Distribution System with Distributed Gener-

ation”, Energy Technology, Wiley, 2019.

3. Ranjeet Kumar, D. Saxena, “Fault Location in Distribution Network

using Travelling Waves”, International Journal of Energy Sector Manage-

ment, 2018.

4. Ranjeet Kumar, D. Saxena, “Fault Location in Multi-Lateral Distribu-

tion Network with Electric Vehicle Charging Load”, Energy Storage,

Wiley, 2019.
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5. Ranjeet Kumar, D. Saxena, “Fault Location in a Multi-lateral Dis-

tribution Network using Hybrid Method”, Communicated in Energy

Technology, Wiley.

International Conferences

1. Ranjeet Kumar, D. Saxena, “A Traveling Wave Based Method for

Fault Location in Multi-Lateral Distribution Network with DG”

IEEE PES Innovative Smart Grid Technologies Asia (ISGT Asia 2018), pp.

7-12, May 22-25 2018, Singapore.

2. Ranjeet Kumar, D. Saxena, “A Traveling Wave Based Method For

Fault Location In Multi-Lateral Distribution Network”, IEEE Inter-

national Conference on Emerging Trends in Engineering, Science and Tech-

nology (PICC), pp. 1-5, January 18-20, 2018, Thrissur.

3. Ranjeet Kumar, D. Saxena, “Fault Analysis of a Distribution System

Embedded with Plug-in Electric Vehicles”, IEEE International Confer-

ence on Recent Developments in Control, Automation and Power Engineering

(RDCAPE), pp. 1-5,26-27 October 2017, Noida.

4. Ranjeet Kumar, D. Saxena, “Fault Location in Distribution Network

with Distributed Generation: An Overview and Key Issues”, IEEE

PIICON), pp. 1-5, 25-27 Nov, 2016, Bikaner.
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system for distribution networks with distributed energy resources,” 2010.

[22] L. P. Fernandez, T. G. San Román, R. Cossent, C. M. Domingo, and P. Frias,

“Assessment of the impact of plug-in electric vehicles on distribution networks,”

IEEE transactions on power systems, vol. 26, no. 1, pp. 206–213, 2010.

[23] M. C. Kisacikoglu, B. Ozpineci, and L. M. Tolbert, “Reactive power operation anal-

ysis of a single-phase ev/phev bidirectional battery charger,” in 8th International

Conference on Power Electronics-ECCE Asia. IEEE, 2011, pp. 585–592.

[24] A. Dubey, S. Santoso, and M. P. Cloud, “Understanding the effects of electric ve-

hicle charging on the distribution voltages,” in 2013 IEEE Power & Energy Society

General Meeting. IEEE, 2013, pp. 1–5.

[25] M. C. Kisacikoglu, B. Ozpineci, and L. M. Tolbert, “Examination of a phev bidi-

rectional charger system for v2g reactive power compensation,” in 2010 Twenty-

Fifth Annual IEEE Applied Power Electronics Conference and Exposition (APEC).

IEEE, 2010, pp. 458–465.

[26] C. Dharmakeerthi, N. Mithulananthan, and T. K. Saha, “Overview of the impacts

of plug-in electric vehicles on the power grid,” in 2011 IEEE PES Innovative Smart

Grid Technologies. IEEE, 2011, pp. 1–8.

[27] R. C. Green II, L. Wang, and M. Alam, “The impact of plug-in hybrid electric

vehicles on distribution networks: A review and outlook,” Renewable and sustainable

energy reviews, vol. 15, no. 1, pp. 544–553, 2011.



References 160

[28] A. D. Hilshey, P. D. Hines, P. Rezaei, and J. R. Dowds, “Estimating the impact of

electric vehicle smart charging on distribution transformer aging,” IEEE Transac-

tions on Smart Grid, vol. 4, no. 2, pp. 905–913, 2012.

[29] Q. Yan and M. Kezunovic, “Impact analysis of electric vehicle charging on distribu-

tion system,” in 2012 North American Power Symposium (NAPS). IEEE, 2012,

pp. 1–6.

[30] G. Razeghi, L. Zhang, T. Brown, and S. Samuelsen, “Impacts of plug-in hybrid

electric vehicles on a residential transformer using stochastic and empirical analysis,”

Journal of Power Sources, vol. 252, pp. 277–285, 2014.

[31] H. Wang, Q. Song, L. Zhang, F. Wen, and J. Huang, “Load characteristics of electric

vehicles in charging and discharging states and impacts on distribution systems,”

2012.

[32] H.-l. Li, X.-m. Bai, and W. Tan, “Impacts of plug-in hybrid electric vehicles charging

on distribution grid and smart charging,” in 2012 IEEE International Conference

on Power System Technology (POWERCON). IEEE, 2012, pp. 1–5.

[33] P. Richardson, D. Flynn, and A. Keane, “Impact assessment of varying penetra-

tions of electric vehicles on low voltage distribution systems,” in IEEE PES General

Meeting. IEEE, 2010, pp. 1–6.

[34] V.-L. Nguyen, T. Tran-Quoc, and S. Bacha, “Harmonic distortion mitigation for

electric vehicle fast charging systems,” in 2013 IEEE Grenoble Conference. IEEE,

2013, pp. 1–6.

[35] S. Han, S. Han, and K. Sezaki, “Development of an optimal vehicle-to-grid aggre-

gator for frequency regulation,” IEEE Transactions on smart grid, vol. 1, no. 1, pp.

65–72, 2010.

[36] E. Sortomme and M. A. El-Sharkawi, “Optimal scheduling of vehicle-to-grid energy

and ancillary services,” IEEE Transactions on Smart Grid, vol. 3, no. 1, pp. 351–359,

2011.



References 161

[37] S. Lin, Z. He, T. Zang, and Q. Qian, “Impact of plug-in hybrid electric vehicles on

distribution systems,” in 2010 International Conference on Power System Technol-

ogy. IEEE, 2010, pp. 1–5.

[38] A. D. Clarke, H. A. Bihani, E. B. Makram, and K. A. Corzine, “Analysis of the

impact of different pev battery chargers during faults,” Journal of Power and Energy

Engineering, vol. 2, no. 08, p. 31, 2014.

[39] C. R. Mason, The art and science of protective relaying. John Wiley and Sons,

1956.

[40] R. M. Rifaat, “Critical considerations for utility/cogeneration inter-tie protection

scheme configuration,” IEEE Transactions on Industry Applications, vol. 31, no. 5,

pp. 973–977, 1995.

[41] S. H. Horowitz and A. G. Phadke, Power system relaying. John Wiley & Sons,

2008, vol. 22.

[42] S. Chaitusaney and A. Yokoyama, “Reliability analysis of distribution system with

distributed generation considering loss of protection coordination,” in 2006 Interna-

tional Conference on Probabilistic Methods Applied to Power Systems. IEEE, 2006,

pp. 1–8.

[43] S. Favuzza, M. Ippolito, F. Massaro et al., “An investigation of protection devices co-

ordination effects on distributed generators capacity in radial distribution systems,”

in 2013 International Conference on Clean Electrical Power (ICCEP). IEEE, 2013,

pp. 686–692.

[44] A. Naiem, Y. Hegazy, A. Abdelaziz, and M. Elsharkawy, “A classification technique

for recloser-fuse coordination in distribution systems with distributed generation,”

IEEE Transactions on Power Delivery, vol. 27, no. 1, pp. 176–185, 2011.

[45] S. Shen, D. Lin, H. Wang, P. Hu, K. Jiang, D. Lin, and B. He, “An adaptive

protection scheme for distribution systems with dgs based on optimized thevenin

equivalent parameters estimation,” IEEE Transactions on Power Delivery, vol. 32,

no. 1, pp. 411–419, 2015.



References 162

[46] H. Cheung, A. Hamlyn, L. Wang, G. Allen, C. Yang, and R. Cheung, “Network-

integrated adaptive protection for feeders with distributed generations,” in 2008

IEEE Power and Energy Society General Meeting-Conversion and Delivery of Elec-

trical Energy in the 21st Century. IEEE, 2008, pp. 1–8.

[47] H. B. Funmilayo and K. L. Butler-Purry, “An approach to mitigate the impact of

distributed generation on the overcurrent protection scheme for radial feeders,” in

2009 IEEE/PES Power Systems Conference and Exposition. IEEE, 2009, pp. 1–11.

[48] Z. Bo, X. Dong, R. Xu, and A. Klimek, “A new integrated protection scheme for dis-

tributed generation systems,” in 2008 China International Conference on Electricity

Distribution. IEEE, 2008, pp. 1–7.

[49] G. Kaur and M. Vaziri, “Effects of distributed generation (dg) interconnections on

protection of distribution feeders,” in 2006 IEEE Power Engineering Society General

Meeting. IEEE, 2006, pp. 8–pp.

[50] P. H. Shah and B. R. Bhalja, “New adaptive digital relaying scheme to tackle

recloser–fuse miscoordination during distributed generation interconnections,” IET

Generation, Transmission & Distribution, vol. 8, no. 4, pp. 682–688, 2014.

[51] A. Hamlyn, H. Cheung, L. Wang, C. Yang, and R. Cheung, “Adaptive protection

and control strategy for interfacing wind-power electricity generators to distribution

grids,” in 2008 IEEE Power and Energy Society General Meeting-Conversion and

Delivery of Electrical Energy in the 21st Century. IEEE, 2008, pp. 1–8.

[52] W. Lewis and L. Tippett, “Fundamental basis for distance relaying on 3-phase sys-

tems,” Transactions of the American Institute of Electrical Engineers, vol. 66, no. 1,

pp. 694–709, 1947.

[53] E. O. Schweitzer, “A review of impedance-based fault locating experience,” in Pro-

ceedings of the 15th Annual Western Protective Relay Conference, Spokane, WA,

vol. 24, 1988, p. 27.

[54] R. Aggarwal, Y. Aslan, and A. Johns, “An interactive approach to fault location on

overhead distribution lines with load taps,” 1997.



References 163

[55] D. Penkov, B. Raison, C. Andrieu, J.-P. Rognon, and B. Enacheanu, “Dg impact on

three phase fault location. dg use for fault location purposes?” in 2005 International

Conference on Future Power Systems. IEEE, 2005, pp. 6–pp.

[56] F. Abo-Shady, M. Alaam, and A. M. Azmy, “Impedance-based fault location tech-

nique for distribution systems in presence of distributed generation,” in 2013 IEEE

International Conference on Smart Energy Grid Engineering (SEGE). IEEE, 2013,

pp. 1–6.
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