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Abstract

A common grounding scheme for medium voltage distribution networks
and high voltage sub-transmission networks is the resonance grounding
scheme. Resonant grounded networks have few interruptions and a high
quality of supply, but an important drawback is the particularly challeng-
ing conditions for protection systems and fault location methods during
earth faults. Specialized methods are required to detect and locate earth
faults, and although many fault location methods have been proposed and
developed over several decades, reliable earth fault location remains a chal-
lenge. The fault location process can often become a manual process of
trial and error, and it may take several hours to successfully locate faults.
Earth faults are accompanied by overvoltages which are harmful to com-
ponents in the network, and permanent faults can lead to insulation failure
and additional faults. The classical distribution network is radial in struc-
ture, and the conventional fault location methods have also utilized this
property. The high voltage sub-transmission network is however meshed,
and increased meshing of the medium voltage networks as well alters the
conditions for fault location methods. This can create both challenges and
new opportunities.

This thesis studies earth fault location in non-radial networks. The
research methods used include modelling and analysis of networks using
electromagnetic transient software, theoretical analysis and development
of novel fault location methods, and laboratory tests conducted using phys-
ical relays and network models.

First, the application of transient earth fault relays in non-radial net-
works is studied. Being the only real alternative in the meshed, sub-
transmission network, these relays have been used extensively over many

vii



viii

years. However, transient earth fault relays have gained a reputation for
being unreliable among several network operators, and operators are often
reluctant to fully trust the relays’ responses during faults. Understand-
ing how well these relays really work in a non-radial network topology is
therefore one important motivation behind the research presented in this
thesis. Four different transient earth fault relays are analysed and tested
in a laboratory setup with the goal of understanding their fault direction
indication in non-radial networks. The results show that the lack of a clear
forward /reverse direction combined with their inability to gauge fault dis-
tance can lead to inconclusive and contradictory responses in non-radial
networks. Furthermore, as relays in different locations can have different
operating conditions, it is concluded that each relay in the network should
be analysed and set individually, contrary to what several relay manuals
indicate. Changes made to the network topology in normal operation can
also change the conditions for the relays in the network, so careful plan-
ning and analysis in advance is required to ensure selectivity and coverage
for all faults. A lack of such planning is identified as the most likely cause
of the problems experienced by network operators.

Second, the thesis presents novel fault location methods which con-
tribute to more efficient fault location in non-radial networks. The research
contributes to the development of methods aimed at precise distance to
fault estimation in closed-ring networks, which are verified with promis-
ing results in simulations for both permanent and transient faults. The
thesis also presents a method for detection, location and clearing of high
impedance earth faults. This method consists of two independent earth
fault indicators, one of which can be used to provide continuous fault indi-
cation throughout a sectionalizing process. As a result, the method can aid
the network operator in narrowing down the estimate of the fault location.
Laboratory tests demonstrate the feasibility of the proposed method, but
the method’s sensitivity is ultimately limited by the quality of the current
measurements. The two earth fault indicators function up to 15-20 k2
and 50 k2 in the laboratory, respectively, but further study of real current
sensors is required to predict the sensitivity in real networks.
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Abbreviations
ASC Arc Suppression Coil
COMTRADE Common format for transient data exchange !
DG Distributed Generation
FPI Fault Passage Indicator
HV High Voltage
MV Medium Voltage
OH Overhead
RO Research Objective
RQ Research Question
TEFR Transient Earth Fault Relay
T™W Travelling Wave

Symbols and notation

The notation is adjusted throughout the thesis to adapt to the correspond-
ing research papers. As a result, the same parameters and variables may
be notated differently in different sections of the thesis.

!Defined in IEEE Std C37.111
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Glossary

Section 2.2.1: Steady-state analysis

All phasors and impedances are fundamental frequency quantities.

C

Cap, Cac

Ctot

Ea7 Eb7 EC

Gaby, Gac

Phase-ground capacitance of phase a. Subscript may
specify feeder.

Deviation of capacitance to ground in phase b and c
from the capacitance of phase a. Subscript may specify
feeder.

Sum of the capacitance to ground in phase a, b and ¢,
ie.,, Cir = 3C 4+ Cap + Cac. Subscript may specify
feeder.

Asymmetry parameter: D = h®Yap + hYa.. Subscript
may specify feeder.

Phase-neutral voltage in phase a, b and c.
Phase-ground conductance of phase a. Subscript may
specify feeder.

Deviation of conductance to ground in phase b and c
from the conductance of phase a. Subscript may specify
feeder.

Sum of the conductance to ground in phase a, b and
c, i.e., Gt = 3G + Gap + Gae. Subscript may specify
feeder.

Phase shift operator: h = 1/120°.

Phase current in phase a, b and c¢. Subscript may specify

feeder.
Von
wlLy *

Nominal ASC current, i.e., Iasc =
Current in the transformer neutral.
Fault current.

Zero-sequence current. Subscript may specify feeder.
Compensation degree.

ASC inductance.

ASC inductance corresponding to a network in reso-
nance.

Fault resistance.

Resistance in parallel with the ASC inductance L,,.
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Zero-sequence voltage.

Neutral-ground voltage.

Nominal phase-ground voltage.

Angular frequency: w = 1007 in a 50 Hz system.
Phase-ground admittance of phase a, i.e., Y = G+ jwC.
Subscript may specify feeder.

Deviation of admittance in phase b and ¢ from the ad-
mittance of phase a. Subscript may specify feeder.
Sum of the admittance to ground in phase a, b and c,
i.e., Yiot = 3Y +YAp+Yac. Subscript may specify feeder
ASC admittance, i.e., Y,, = % + L

P jWLn :

Transient analysis

Phase-ground capacitance, assumed identical in each
phase. Subscript may specify feeder.

Phase-phase capacitance, assumed identical in each
phase. Subscript may specify feeder.

Charging transient frequency.

Charging transient.

Faulty phase inductance, measured between the fault
and the main bus.

Transformer inductance.

Fault resistance.

Faulty phase resistance, measured between the fault and
the main bus.

Transformer resistance.

Section 4.2: Transient earth fault relays

C

d

fch

Per phase capacitance, assumed identical in each phase.
Subscript specifies feeder or group of feeders.

Per-unit distance to the fault, measured along the ring
starting on feeder A.

Charging transient frequency.



Xiv

Glossary

ich
300,k

3104
Iy
ThA, ThB

IhR

M
R

Relay A-D
Vo

Charging transient.

Residual current on feeder k, measured at the transient
frequency fep.

Residual current on ring-connected feeder A, measured
at the transient frequency f.,. Subscript may also spec-
ify feeder B or the remote-end bus RFE.

Fundamental frequency zero-sequence current.

Part of i., returning in each of the two healthy phases
of the two ring-connected feeders A and B, respectively.
thR = thA + hB-

Factor describing the division of ipz on the two ring-
connected feeders, i.e., m = 2”1—2.

Per-unit distance to the remote-end bus, measured
along the ring starting on feeder A.

Factor describing the division of the charging transient
in the faulty phase on two ring-connected feeders.
Specific TEFR models defined in Paper II.
Fundamental frequency zero-sequence voltage.

Section 4.3: Precise fault location in closed-ring networks

All phasors and impedances are fundamental frequency quantities unless
otherwise specified.

AL, AV

Change in current or voltage phasor, compared to a
time to: AI(t) = I(t) — I(to).

Zero-sequence current. Subscript specifies feeder.
Negative sequence current. Subscript specifies feeder.
Charging transient current. Subscript specifies feeder.
This is not a fundamental frequency component.

Fault current.

Fault current components on feeder A and B, respec-
tively.

Inductance between the main bus and the fault, mea-
sured along feeder A and B, respectively.
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Leg Equivalent inductance representing the parallel connec-
tion of Lar and Lpp.

ma, mp Factors describing the division of capacitive zero-
sequence currents on two ring-connected feeders. See
appendix B.

Ry Fault resistance.

ta Time at which the fault distance estimate is extracted,

measured from the time of fault inception.

Neutral-ground voltage.

Zero-sequence admittance.

Sum of admittance to ground in phase a, b and c.

Z AR, ZBF Impedance between the main bus and the fault, mea-
sured along feeder A and B, respectively.

Z0,AF, Zo,Br  ZLero-sequence impedance between the main bus and the
fault, measured along feeder A and B, respectively.

Zy AF, %2 Br  Negative sequence impedance between the main bus and
the fault, measured along feeder A and B, respectively.

Zy AF, Zi,Br  Faulty phase self impedance between the main bus and
the fault, measured along feeder A and B, respectively.
Evaluated at the charging transient frequency.

NI S

Section 4.4: High impedance fault detection and location

All phasors and impedances are fundamental frequency quantities. Section
4.4 follows the notation used in section 2.2.1, with the following variables
being unique to section 4.4:

Af, AV Change in current or voltage phasor over an interval T,
ie., AI(t) =I(t) - I(t—T).

€J Magnitude threshold for triggering earth fault detection
based on J,, Jp or J..

G Identical to Gy from section 2.2.1.

I, D Asymmetry current in the network: I D= EQD.

fp Component of the neutral current fn

A; Change in current I; over a time Tsyy. Also referred

to as the sectionalizing indicator.
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Jay Jp, Je Earth fault indicators based on phase currents.

K, K, Parameters for setting the sensitivity of the fault detec-
tion based on {Jg, Jp, J.} or AI:,, respectively.

ke Parameter relating the shunt conductance to the shunt

capacitance, so that Yior = (kg + j)wCiot.

kR, Parameter relating the parallel resistor R, to the ASC
inductance Ly, so that R, = kg, wLy,.

L, Inductance representing the over-compensation of the
ASC.

Rj} Fault resistance threshold for applying either a “low-
R;” or “high-R;” approximation of the fault current.

ty Time of fault.

Tsw, Tswyp Length of the sliding window used to compute {Afa,
Ay, Al.} and Al respectively.

o, dp Parameters for setting the sensitivity of the fault detec-
tion based on {J,, Jy, J.} or Al respectively.



Chapter 1

Introduction

The resonance grounding scheme is widely used in electric power systems
throughout Europe and China [1-4]. The fault current magnitude during
single phase-to-ground faults, hereafter referred to as either earth faults
or ground faults, is significantly reduced with this grounding scheme. The
small fault current magnitude leads to the automatic extinction of many
arcing faults, and permanent faults are less time-critical to disconnect from
the network. The latter allows a controlled fault clearing process which
affects as few customers as possible, and overall, the number of inter-
ruptions experienced by customers is reduced [5]. While this property is
advantageous, the small fault current also introduces significant challenges
for protection systems and fault location schemes.

With a fault current in the same order of magnitude as regular load
currents, or even smaller, conventional protection systems such as dis-
tance protection and over-current protection are not sufficient. Further-
more, while earth faults have smaller fault currents than other fault types,
they are associated with considerable permanent overvoltages which can
be harmful to network components over time. Sustained overvoltages also
have adverse effects on the system insulation and may result in cross-
country faults, and a permanent earth fault represents danger to humans
who may come in contact with live parts of the network. An earth fault can
start out as a high impedance, low current fault which then evolves and
becomes more critical, and earth faults are often identified as the source
of wildfires [6,7]. Therefore, network operators are required to detect
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and disconnect earth faults from their networks within given time limits.
Swedish and Norwegian regulations require that earth faults with fault
resistances up to 5 k{2 and 3 k{2 must be detected within 5 s and 10 s,
respectively [8,9]. The Norwegian requirements do however allow earth
faults to be present for 2 hours in higher network levels, which, given the
aforementioned risks, reflects that earth faults are particularly challeng-
ing and time-consuming to locate. Moreover, earth faults are the most
commonly occurring faults in Nordic distribution networks, constituting
50-80% of all faults [10]. For all of the above reasons, faster and more reli-
able earth fault detection and location is desirable. As a result, numerous
research papers and PhD theses [5,11-19] have been published over many
decades, devising and testing new and creative solutions for fault location
and protection of earth faults in resonant grounded networks. Commer-
cially available relays have several protection functions dedicated to earth
faults in resonant grounded networks, and new methods for fault location
keep being proposed by researchers across the field.

Due to the fact that resonance grounding has been predominantly used
in medium voltage (MV) distribution networks, the majority of the earth
fault research has been oriented towards these networks. While distribu-
tion networks can be seemingly chaotic and complicated with their many
feeders, lateral branches and distributed loads, they have traditionally
been operated as radial networks [20-23]. As a result, most earth fault
location methods found in the literature work on this assumption. This
underlying assumption also means that very few, if any, of the fault lo-
cation methods developed for radial networks can be applied in a non-
radial network. To increase the reliability of the network, improve the
quality of supply and facilitate the connection of distributed generation
(DG) directly at the MV-level, some form of closed-ring operation of MV
distribution networks could become more interesting for network opera-
tors [20,21,24-26]. Furthermore, with much of the meshed high voltage
(HV) transmission and sub-transmission networks in Norway, Germany,
Finland, Sweden and Denmark being resonant grounded [27], earth fault
location in non-radial networks is a relevant and important issue to con-
sider.

Most of the earth fault location research considers only the initial fault
location task, which involves identifying the faulty feeder. In distribu-



tion networks, where the topology is generally more complicated and the
number of circuit breakers and measurement points may be fewer than in
the transmission and sub-transmission networks, the fault location pro-
cess does not stop once the faulty feeder has been found. If the protection
system finds the faulty feeder and trips it, the operator must re-connect
sections of the network manually and monitor the presence of faults in
the network. If the protection system is not able to locate and disconnect
the fault, the network operator must manually locate the fault through
sectionalizing. This involves isolating parts of the network systematically
while monitoring the presence of the fault. For high impedance faults, the
presence of the fault can be difficult to monitor reliably using the stan-
dard fault indicator Vp, and fault indicators based on a particular network
topology fail to maintain a continuous fault indication once the network
operators begins to re-configure the network. The lack of a continuous
fault indication complicates and slows down the sectionalizing process.

For the meshed transmission and sub-transmission networks, the only
viable option for directional earth fault indication available to network
operators has been so-called transient earth fault relays (TEFRs)!. These
relays have the benefit of being very fast as they rely on the fault-induced
transients, and they should be able to provide directionality regardless
of the network topology in question. While this makes them well suited
for use in non-radial networks in theory, network operators have reported
mixed experiences with them over the years [28]. While producing satis-
factory results in some networks, the TEFRs have acquired an unfavorable
reputation among other network operators. Though this issue has existed
as an established truth among Norwegian network operators for many
years, it is not well described or documented in the scientific literature.
The network operators have few good options once these relays fail to give
a clear indication as to which part of the network is faulty. The fault lo-
cation process may then become both invasive and tedious, as reflected by
the 2 hour time limit referenced earlier. Development of new methods and
knowledge which can mitigate this and enable faster and more efficient
fault location is therefore required.

!This category of relays is not strictly defined in the scientific literature, but it refers
generally to earth fault relays relying on the fault-induced transients for their operation.
These relays will be discussed in more detail throughout this thesis.
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The above-mentioned challenges show the motivations behind this PhD
thesis, which aims to develop faster and more accurate fault detection
and location methods and schemes for application in non-radial resonant
grounded networks.

1.1 Objectives

The overall purpose of this thesis is to contribute to the reduction of the
time required to locate and clear earth faults in resonant grounded net-
works, with non-radial networks as a focal point. The term “non-radial”
was introduced in the introduction and is used deliberately to encompass
all networks which do not have a conventional radial structure, includ-
ing both meshed networks at transmission and sub-transmission levels, as
well as ring-operated distribution networks. Based on the aforementioned
limitations of existing earth fault research, the following two research ob-
jectives (ROs) are set forth:

RO 1: Study the applicability of TEFRs in non-radial networks. It is of
interest to investigate whether or not TEFRs are equally applica-
ble in non-radial networks as in radial networks, and to understand
how relays interpret fault direction in non-radial networks where
forward and reverse directions are ambiguous.

RO 2: Develop new methods for more efficient fault location in non-radial
networks. This research objective is focused towards two specific
applications: 1) high impedance faults and 2) ring-operated dis-
tribution networks.

The first research objective is focused on the applicability of TEFRs in
non-radial networks, and it is of special interest to be able to understand
if and how their operation differs from that in radial networks. The main
hypothesis at the beginning of this work is that the non-radial topology
in itself creates problems for the relays as the idea of a forward or reverse
fault no longer is clear. Two specific research questions (RQs) can be
formulated in relation to RO 1: RQ 1) Do TEFRs have special limitations
which could indicate that they are not applicable in non-radial networks,



1.2. Scope and limitations 5

and RQ 2) what determines their direction indication when they are part
of a network loop?

The second research objective is more “open-ended” by design, and
the research in this direction is necessarily more exploratory. However,
two specific directions are identified: the first is the special challenge of
very high impedance faults and their continuous indication during fault
sectionalizing. The challenge of high impedance faults is well established
in the literature, and the idea for a continuous fault indication came from
input from network operators. Furthermore, the research topic in this
thesis coincides with research efforts at CINELDI?, in which a very specific
closed-ring distribution network topology is being considered as means for
developing better fault location methods. As a result of this cooperation,
parts of this thesis are also focused specifically at developing and testing
fault location methods for this closed-ring topology.

1.2 Scope and limitations

Distributed generation have been studied comprehensively in works such
as [11] and will be outside the scope of this thesis. Its impact on some of
the results is addressed briefly in the research papers, but it is not a key
point of study. Furthermore, communications schemes are not considered
in detail.

Although field tests are the ideal option for testing and validating any
proposed fault location method, they do require the cooperation with and
resources of a network operator, and such tests were unfortunately not pos-
sible to conduct as part of this PhD project. As a result, simulations are
the main tool for analyses and validation throughout this thesis, although
laboratory setups have been used both to study TEFRs and validate pro-
posed fault location methods to the extent possible.

1.3 Thesis outline

When writing a thesis as a collection of research papers, the purpose of
the thesis itself is to connect the individual research papers together and

2Centre for Intelligent Electricity Distribution. See website for information:
https://www.sintef.no/projectweb /cineldi/
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display them as a cohesive body of work. The six papers in this thesis are
all related to earth faults in non-radial networks, but they cover different
sub-topics and research objectives, and different research topics, theoreti-
cal concepts and contributions appear in several papers. As a result, there
are probably several ways in which the papers could be grouped together,
as well as different orders in which their contributions could have been
presented. However, the thesis is organized according to the two distinct
research objectives stated earlier, as the contributions related to each of
them are almost independent. The five chapters of the thesis are organized
as follows:

Chapter 1 - the current chapter - details the background and motivation
for the thesis and sets the scope of the research. A summary of the main
research contributions set forth by the thesis is also presented, along with
an overview of relevant research papers written or co-written by the author.

Chapter 2 presents a literature review, detailing the state of the art
for the relevant research areas. It also presents the important modelling
approaches and equations used to describe and analyse earth faults, upon
which the rest of the work in this thesis is built. This chapter is only
used to describe the available scientific literature on the topic, and no new
contributions are presented in this chapter.

Chapter 3 presents the main research methods and tools used through-
out the thesis. This chapter presents the general approach used for mod-
elling and simulating earth faults in resonant grounded networks, and two
laboratory setups are also presented.

In chapter 4, the main results and contributions of the thesis are pre-
sented and summarized. It is in this chapter that all the author’s contri-
butions are presented, and the chapter is organized based on the research
objectives. The papers are summarized, and some main results and ideas
from the papers are discussed. Some additional results and analyses not
included in the research papers are also presented in this chapter. Al-
though the research and work presented is divided into several different
areas, the reader can hopefully appreciate their common theme — earth
fault location in non-radial resonant grounded networks.

In chapter 5, the overall contributions of the thesis as a whole are sum-
marized, conclusions are provided, the limitations of the work are identified
and discussed, and recommended future work is proposed.
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Following chapter 5, the research papers which constitute the main
work of this thesis are appended.

1.4 Scientific contributions

The scientific contributions made by the author are grouped according to
the two main research objectives. The contributions are contained in six
research papers I-VI, and the main contributions are as follows:

Analysis and testing of transient earth fault relays

e The research on TEFRs is contained in Papers I and II. The main fo-
cus is on conventional TEFRs based on the charging transient [29,30],
and the behavior of the charging transient in a looped network is
studied. Papers I and II show that due to the relays using the zero-
sequence current to measure this transient, the polarity of the mea-
sured transient can be predicted to change for specific fault locations.
The term crossover point is introduced to refer to these fault loca-
tions as the relays transition between seeing the fault in its forward
and reverse direction. While Paper I presents a theoretical analysis
of this, Paper II confirms this theory by performing tests of physical
relays in a laboratory setup.

e In addition to the conventional TEFRs, two modern transient relay
functions are also considered in Papers I and II. These functions
represent the current state-of-the-art for TEFRs, and it is found that
they behave very differently compared to the conventional relays.
Most importantly they make use of several frequencies, including
the fundamental frequency, which makes them more susceptible to
other parameters, particularly the location of arc suppression coils
(ASCs) in the network.

e Papers I and Il illustrate that the behavior of the relays in more com-
plex meshed networks can be difficult to predict, that changes made
to the topology (e.g., connecting/disconnecting lines, moving ASCs)
elsewhere in the network can affect the relays, and highlight that dif-
ferent TEFR models will behave differently overall. An important
conclusion is that the relays should not be considered plug-and-play
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with standard settings that are applicable everywhere in the net-
work. The operating conditions for the relays can vary throughout
the network, and changes made to the network topology in normal
operation alter these conditions further. Therefore — to ensure suf-
ficient sensitivity and selectivity — the placement and settings of
the relays in the network should be coordinated, and each individ-
ual relay location should be analysed with respect to the possible
configurations of the network.

New fault detection and location methods

e In Paper III, the author contributes with the development and test-
ing of two methods for estimating the distance to earth faults in
ring-operated networks. The two methods are based on the so-called
“current ratio principle”, in which the ratio of currents measured on
each feeder in the ring is used to estimate the ratio of the impedances
in the two paths to the fault location. It is highlighted at this point
that this general current ratio principle is not invented by the au-
thor. Paper III shows that both the negative sequence current and
zero-sequence can be used to implement this principle. The author
contributes with the development of these methods, particularly with
the derivation of the theoretical analysis and by adapting the estab-
lished equations for zero-sequence currents in a radial network to a
closed-ring topology. Please see page 145 for a detailed list of con-
tributions made to Paper IIL.

e In Paper IV, the author studies the applicability of the two afore-
mentioned methods for restriking and transient faults. Based on the
analysis of the charging transient performed in Paper I, the author
also proposes a third variant of the current ratio principle based on
the charging transient. Together, Papers I and IV also demonstrate
that the established charging transient model found in the literature,
which is based on a radial network, can easily be adjusted to describe
a closed-ring network.

e In Papers V and VI, the author proposes and validates two inde-
pendent earth fault indicators for detection and location of high
impedance faults. The first is based on combinations of phase cur-
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rent increments, while the other is based on the increments of neutral
point quantities. The latter indicator is suited for continuous fault
indication during sectionalizing, provided that information about the
network capacitances is available. The method is tested using a lab-
oratory setup in Paper VI. The method is tested using a radial topol-
ogy, and it is shown in chapter 4.4 of this thesis that the method can
be implemented and made to function as a wide-area method in a
meshed network as well. While the method is described in its en-
tirety in Paper VI, paper V is included in the thesis for background
and context.
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Chapter 2

Earth faults in the scientific
literature

This chapter gives a summary of the most important scientific literature
available on earth faults. This includes an extensive but not exhaustive
overview of important fault protection and location methods that have
been proposed, along with an overview of the common approaches for
modelling and analysing earth faults.

When reviewing research on the topic of fault location in resonant
grounded networks, terms such as “fault location”, “faulty feeder selec-
tion”, and “protection” are often used interchangeably. Although each
can be defined to have specific meaning, they tend to be used differently
by different authors, and the terms are often merged together in the liter-
ature. Resonant grounding have traditionally been synonymous with MV
distribution networks, although some HV regional networks have used this
grounding scheme as well. The typical distribution network is radial in
structure, and due to distance protection not being applicable for earth
faults, setting protection systems to detect and act on earth faults have
been limited to and oriented towards determining the faulty feeder. De-
pending on how sparsely the system is equipped with measurements and
protective gear, this faulty feeder determination may be enough for the
protection systems to take action by disconnecting the entire feeder, or
through sequential opening of breaker on the feeders. Considering that the
requirements for earth fault protection is usually quite relaxed compared

11
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to other protection systems, in the range of seconds as opposed to millisec-
onds for short circuits, the sharp distinction between protection and faulty
feeder identification is often blurred. Furthermore, as obtaining the faulty
feeder is often considered the end-goal for the protection systems, followed
by a manual fault location process, the term “fault location” often implies
simply obtaining the faulty feeder or section [4,31,32]. However, in the
field of power system protection as a whole, “fault location” would typ-
ically imply a much more precise estimate of the faulted area, narrowed
down to a few kilometers or meters as is the case for impedance based
protection or travelling wave (TW)-based fault location.

Protection systems usually require some fault location capabilities, but
faced with added requirements for safe and reliable operation within given
time constraints. The distinction between earth fault protection systems
and other fault location algorithms becomes increasingly vague as the fault
conditions are moved outside the scope of regulations and safety require-
ments, such as during high impedance faults. For instance, Norwegian and
Swedish network operators are required by law to have protection systems
in place to detect and reliably disconnect earth faults up to 3 k2 and
5 k€, respectively [8,9], in their resonant grounded networks. Above this
threshold, no requirements apply, and as such it becomes a matter of find-
ing the faults as fast as possible, but now based mainly on the self-interest
of the network operators to avoid unnecessary strain and damage to the
system. A high impedance fault can be present in the system for hours
before evolving into a more serious fault, either as damage to the tower
construction due to heat or as a cross-country fault due to overvoltages
and subsequent insulation failure. When standard earth fault protection
fails to locate and isolate the fault, manual fault location takes on the task
of the protection systems. With limited or no fault location indication
available, this process must be based largely on systematic trial and error,
which may be both slow and disruptive to end-users. In the worst case,
the fault must evolve into a more serious fault before it can be found, in
which case it may cause significant damage to the system in the process.
New methods for locating high impedance faults can therefore be allowed
to be slower than what would otherwise have been required for regular
protection systems — locating a fault within a few seconds or a minute
is a significant improvement on having to wait for the fault to evolve and
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cause damage before being able to locate it.

The term “fault location” is used as a relatively loose term throughout
this thesis; usually as the process intended to identify the faulty feeder or
faulty section. When discussing precise distance-to-fault estimation, this
will be emphasised whenever necessary to avoid any confusion. The term
“protection” is taken to include systems designed to operate independently,
that is without the need for a network operator, and which control circuit
breakers in the system with the intention of clearing faults. While the
development of protection algorithms and systems is outside the scope of
this thesis, the term is relevant to include when reviewing relevant research
literature on fault location.

2.1 Literature review

A common approach for sorting earth fault location methods and algo-
rithms is to divide them into steady-state methods and transient-based
methods. The former are based on measuring currents and voltages at
the fundamental frequency, and as such the sample rate requirements are
relatively low. The assumption of steady-state conditions does however
limit the applicability to permanent faults, whereas faults with very short
duration or evolving faults such as restriking faults are out of reach of such
methods.

A steady-state analysis of the network is the basis for a lot of different
methods found in the literature [2,33-38]. In [2,35-37,39], variations of
admittance-based earth fault protection are proposed. The basic idea is
that the ratio of zero-sequence current and voltage on each feeder in the
system, i.e., the apparent zero-sequence admittance, appears in distinct re-
gions of the admittance-plane depending on whether the individual feeder
is healthy or faulty [40]. This is similar to conventional distance protec-
tion, enabling the setting of distinct operating zones for the protection
systems. Admittance-based protection does however not have any dis-
tance element, it is only able to distinguish between faulty and healthy
states. If incremental values of current and voltages are used by subtract-
ing their pre-fault values, the natural asymmetry of the system can largely
be canceled out and sensitive operation can be achieved. Distributed com-
pensation can however be an issue which requires less sensitive settings,
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and networks with cables and feeders of very different sizes require spe-
cial attention [41]. The admittance-based methods are also fundamentally
dependent on a radial network to function properly, as several feeders
can carry part of the fault current in the case of a non-radial network.
References [33-35,37,38] utilize a steady-state analysis combined with in-
cremental changes in currents and voltages to locate high impedance faults
specifically. References [33,34] propose a method in which the change in
line and phase asymmetries are used to detect faults and determine the
faulty feeder and phase. References [35,38,39] have similar approaches
for detecting feeder admittances’ deviations during high impedance faults,
requiring some signal injection or other active measures to map the exact
parameters of the system in its healthy state. The method presented in [37]
monitors the change in each feeder’s contribution to the zero-sequence volt-
age, essentially monitoring the admittance asymmetry.

In [31,42] it is proposed to utilize the information from a large number
of smart meters connected on the low voltage side of the load transformers
in the network, and faults were located with a mean error of 1 km [42],
proving the method’s feasibility. The increased proliferation of smart me-
ters makes such approaches a more viable option [43], although they are
inherently dependent on accurate network data and robust and accurate
measurements in the smart meters, which may not be available [44].

In addition to the previously mentioned methods, which are all passive
methods based on the measurement of naturally occurring currents and
voltages, several methods have been developed based on active injection
of additional signals. These are also typically aimed at permanent faults.
In [45], the authors propose using a mobile injection device to inject a
signal with an off-nominal frequency, which could be traced through the
network using dedicated sensors tuned to this particular frequency. In
[46] it is proposed to use a thyristor-based injection device permanently
installed in parallel with the ASC to inject a fast pulse in the network.
In general, the common idea is to inject a superimposed signal which
can be traced trough the network. Other methods have been proposed
based on the active control of the ASC during fault, either by making
the network temporarily under-compensated [47] or entirely isolated [48]
so that the fault becomes easier to locate. A very common approach
to ensure selectivity of conventional earth fault protection is the use of a
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resistor connected in parallel with the ASC [16]. There are several schemes
available as shown in [36,40]: It can either be connected permanently,
then with the purpose of limiting the healthy state neutral voltage; it
can be connected in healthy state and disconnected shortly during faults
in order to allow extinction of the fault; or it may be connected only
during faults in order to provide a stronger wattmetric current for the
earth fault relays to measure. The latter scheme is often encountered
in the literature, although the dependency on a parallel resistor in this
way is often considered undesirable, hence methods not requiring it citing
this property as an advantage [41,49-51]. In general, the downside of
active methods is that they rely on external equipment which either add
cost, complexity, or both, and which may malfunction or fail to operate
correctly [50-53].

As mentioned previously, the steady-state methods are inherently lim-
ited to locating permanent and relatively stable faults. The second main
category of methods, the transient-based methods, overcome this issue by
utilizing the fault-induced transients to locate the faults. This way, the
transient components of the currents and voltages are used as the useful
part of the signals, making the fault location process more robust against
transient and restriking faults, as well as becoming much faster than meth-
ods based on steady-state conditions. For instance, where steady-state
methods usually require at least a few full cycles of the fundamental fre-
quency to function, transient methods can operate within a few millisec-
onds or faster. The speed does in turn depend on the type of transients
being used, and the transient-based methods can broadly be subdivided in
two categories; low frequency transients — below a few kHz, including DC-
components — and high frequency transients, which can be up to several
MHz.

Many methods for earth fault location fall into the low frequency cat-
egory. In reference [50], it is proposed to utilize the initial transient vari-
ation of the zero-sequence angle on each feeder to determine the direction
to fault. By integrating the cosine of this angle over one period, misoper-
ation due to angle oscillations and measurement accuracy can be avoided,
and a fast decision can be made without the need for a parallel resistor.
In [27], a similar principle is implemented and augmented using harmonics
as well, where the contributions from all the frequencies present are used
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for a better fault direction determination. While the cosine is used for the
fundamental frequency angle, the authors argue that as the network ap-
pears as ungrounded at higher frequencies, the sine of the angle should be
used for the harmonics. References [54] and [55] both present a transient
directional relay principle based on a similar reasoning, and [55] argue
that the apparent admittance of each feeder can be guaranteed to appear
as either capacitive or inductive (depending on whether it is healthy or
faulty) in one particular frequency range. The transient reactive power is
therefore used as a criterion, predicting that the voltage should lead or lag
the current by 90 degrees on a faulty and healthy feeder, respectively.

Whereas the methods proposed in [27,50] work with phasors, the
method in [17,56] proposes implementing a transient principle with in-
tegration directly in the time domain. By computing and integrating the
instantaneous zero-sequence power, the sign of the obtained zero-sequence
energy is used to determine the direction to fault, and a long integration
(up to 100 ms) ensures sensitivity in the case of high impedance faults
with weak initial transients. The DC-component introduced by the ASC
also contributes further to this energy calculation, a principle which is also
proposed utilized by [57].

While [27,56] represent relatively recent and sophisticated protection
principles, and obtain high sensitivity due to the use of integration and
multiple frequencies, many other methods utilize only one single transient
frequency. The charging transient, a specific earth fault transient origi-
nating from the charging process taking place in the two healthy phases,
is usually the dominant transient component seen during earth faults. It
thus contains a lot of the useful information regarding fault direction, and
the benefit of using this particular component is that it is both strong
in magnitude, and that its frequency (which is usually in the range 0.1-4
kHz [58], where lower frequencies occur in larger networks) enables the use
of a relatively low sampling frequency compared to the high frequency tran-
sients. Basic TEFRs have used this component for many years, and [29]
and [30] both point to this particular transient when explaining their prin-
ciple of operation. By comparing the polarity of the first transient peak
observed in the zero-sequence current and voltage the direction to fault is
determined. This is done directly in the time-domain, where forward and
reverse faults are recognized by detecting transients with opposite or equal
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polarity [59]. This principle has been prevalent for many years, but it is
limited by fault resistance as the useful transients become too small for
accurate measurement when the fault resistance increases. The detection
principle is also vulnerable to missing the correct transient [41], hence the
use of integration by many of the more recently proposed methods. In [23],
the charging transient is proposed used (it is actually the dominant fre-
quency component which is used, but this will typically be the charging
transient). However, the phasors of this component are computed and
the angle between the zero-sequence current and voltage is then used to
determine directionality, similar to the use of general higher harmonics
in [27]. The admittance-based methods have also been proposed improved
by adding more of the harmonics observed during earth faults. In [60,61],
the admittance-based method from [36] is extended to include the appar-
ent admittance both at the fundamental frequency and the harmonics. In
this way, the method becomes applicable for transient and restriking faults
as well as permanent faults. The method in [32] applies a combination of
synchronized wide-area measurements and transient energy in a particular
frequency band to select the faulty feeder and section. Similar to [55], the
idea is to only consider a specific band of frequencies in which the zero-
sequence impedance behaves in a particular way. In [62,63] it is proposed
to compute a transient impedance for each feeder. By considering both
the sign and magnitude of the ratio of the average time-domain values of
the zero-sequence voltage and current immediately after a fault occurs,
the faulty feeder can be selected. This approach is yet another way of ex-
ploiting the polarity of transients on healthy and faulty feeders, combining
the time-domain approach used by conventional TEFRs with the princi-
ples of the admittance-based methods. Several papers have also proposed
using the estimated capacitance of each feeder to detect and locate faults.
In [64], the same transient approach as in [62,63] is utilized to estimate the
capacitance of the background network seen from each feeder. In [65,66],
the time-domain zero-sequence current and voltage are used to detect the
deviation from a capacitive feeder.

As it can be seen from the above summary of TEFR principles, most
of the available TEFRs are designed based on the assumption of a radial
network. Several of the TEFRs are however supposed to be applicable in
meshed networks as well (as can be verified by inspection of various relay
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manuals), and the polarity-based TEFRs are well-established as directional
earth fault protection in meshed networks. The use of resonant grounding
at the sub-transmission and transmission level is found in both Norway,
Germany, Sweden, Finland and Denmark [27], but research studying the
application of TEFRs in such networks have not been found in the litera-
ture. A very limited number of cases are shown to verify their validity in
non-radial networks, but it has however not been scrutinized and investi-
gated in detail. With the mixed experiences with these relays mentioned
in chapter 1 as a backdrop, the analysis of TEFRs in non-radial network
is identified as an area of particular interest for this thesis.

Generally, the use of higher frequency fault transients is difficult and
rarely done due to the high requirements for the sampling rate, the chal-
lenging signal processing required [11], and the very low magnitudes and
fast decay time of the transients. One distinct category of methods based
on high frequency transients is the TW-based methods [67-69], which use
the arrival times of waves and their reflections to estimate the fault loca-
tion very accurately. Reference [67] proposes utilizing the waves generated
by the re-closing of circuit breakers. In [68], the travelling waves are gen-
erated by switching a thyristor in parallel with the ASC to produce a short
burst of increased fault current, and the time between firing and reflection
of the wave is used to determine the distance to fault. With a single mea-
surement location the distance can be found with relatively high accuracy
(<5% error), but it cannot distinguish between multiple possible fault lo-
cations. The improved version in [70] generates the travelling wave in a
way which makes it applicable in any grounding scheme, and the accu-
racy reported is greater (error ~0.1%). The benefit of the TW-methods is
that very high accuracy can be achieved in any system grounding scheme,
while the main drawback is that they require very high sampling rates,
making them often a very expensive option [71]. Furthermore, the many
loads and branches in distribution networks create a lot of reflection points
which complicates the application of TW-methods [52]. The methods ref-
erenced above can estimate the distance to fault with reasonable accuracy,
but determination of the faulty feeder and section must be accomplished
with other methods.

Another category of fault location systems which appear to have some
popularity is fault passage indicators (FPIs). Generally, these are de-
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vices capable of determining whether a fault is in front of or behind the
measurement point, based on for instance zero-sequence [49, 72] or nega-
tive sequence [73] quantities. With a number of FPIs spread out in the
network, all reporting in to a centralized unit, the network operator can
determine what the faulty section of the network is, thus improving on the
accuracy of a simpler faulty feeder selection method. With a sufficiently
fast communication system, an automated protection system can also be
implemented based on FPIs. The accuracy of FPIs is however inherently
limited by the number of devices used and the spacing between them, and
to have fault location accuracy in the range of a few hundred meters, it is
necessary to place FPIs every few hundred meters. For large rural overhead
(OH)-networks this can be both costly to implement and maintain, and
the communication requirements increase as the number of units increase.
Nevertheless, as a tool for narrowing down the fault location process to a
smaller section of the network, FPIs can be a good solution. Depending
on the fault passage logic used by the FPIs, they will typically be subject
to the same challenge as other directional methods when the topology is
no longer radial. When the fault current can spread out and take several
different paths in a meshed network, it is not obvious that FPIs will give
the required coverage for all fault locations. Reference [74] proposes a sys-
tem which locates faults in any system topology based on the input from
FPIs, demonstrating that a system of FPIs can be effective. However, it
appears as if the analysis assumes that each FPI always behaves correctly
and outputs the correct direction indication, and it is not clear if the au-
thors have considered that the directional indication from each FPI can
become incorrect when the system topology changes.

Due to the lack of applicable distance protection for earth faults in reso-
nant grounded networks, the faulty feeder or faulty section selection meth-
ods have been the traditional approach. However, several methods for pre-
cise distance estimation can be found in the literature. For instance, [75,76]
propose methods for distance estimation which yielded promising results
in field tests. The description of the methods’ implementation is however
not detailed, and it is not known to what extent these methods have been
further developed. In [51], a few different impedance-based fault location
methods are proposed, both for faulty feeder selection, as well as more pre-
cise location of faults. The most accurate fault location requires several
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measurement points throughout the network and accurate zero-sequence
network data, where the latter in particular is often difficult to obtain. In
addition to these methods, which are conventional impedance-based dis-
tance estimation methods, the TW-based methods discussed earlier are
capable of distance estimation. In [77], the author presented results from
a method based on utilizing the charging transient for distance estimation.
While faults could be located with approximately 1 km error, the method
was limited to low-ohmic faults. Furthermore, as a single-ended method
the distance estimate could result in several possible fault locations in the
cases of branched feeders. Several transient-based methods were developed
and evaluated in [14] with accuracy of a few hundred metres achieved, al-
beit for low-ohmic faults in radial networks. Additionally, the method
proposed in [58, 78] is a recent attempt at utilizing the charging transient
to implement a distance element. The benefit of this is that it avoids the
impact of the load currents, and the method is relatively fast. However,
this method appears to be in its early stages based on the reported re-
sults, and it is not known how robust this method will be in large, meshed
networks where the charging transient frequency is close to the fundamen-
tal frequency and perhaps overlapping with regular harmonics present in
the system. Generally, one important challenge with methods based on
transient analysis is that they require a lot of parameters to establish an
accurate model, and these parameters can be difficult to determine at the
transient frequency. However, while being limited to low-ohmic faults,
transient-based methods can clearly be efficient in many instances.

The previous review has cited references mostly aimed at or implicitly
assuming a radial network topology. Some try to overcome this limitation
and make the methods applicable in non-radial networks, for instance by
adding a communication network scheme [23,79] or by utilizing a particular
non-radial network topology to implement a distance element [26]. Most
of the proposed methods are however aimed only at radial networks, and
their application in non-radial networks is seldom discussed. This assump-
tion of a radial system matters because the faulty feeder methods are often
based on distinguishing between the faulty feeder and the background net-
work, or between different feeders. This can be for instance by monitoring
the asymmetry of each feeder (a fault appears as an asymmetry in the
phase-ground admittance), monitoring the feeder capacitance (a healthy
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feeder is almost behaving as a capacitance in the zero-sequence system,
while a faulty is not), or by monitoring the direction of currents, power
or energy, under the assumption that the faulty feeder feeds the rest of
the network, or the other way around. Generally, these approaches cannot
be assumed valid once feeders of the network become interconnected at
both ends, or when they are parts of a large mesh. Faulty feeder methods
basically reduce the fault location problem to a fault direction problem,
and a forward or a reverse fault is ambiguous in a meshed system. For
methods aiming at obtaining a precise distance to fault, the assumption
also matters as they are derived from the assumed radial topology of the
network.

Based on the limitation of directional methods in a meshed system, it
is reasonable to assume that some form of line differential scheme could
solve this problem. The authors of [63] proposed a transient differential
scheme based on the zero-sequence currents measured on each feeder. The
proposed transient differential scheme exploits the radial topology which
enables all the measurements to be located in the same substation but
limits the applicability to faulty feeder selection only. Overall, differential
earth fault protection is rarely seen as a proposed solution in the liter-
ature, likely because it too is a relatively costly system to implement,
with communication of accurately synchronized measurements over long
distances. Similar to FPIs, it is also inherently limited to finding faults
between the two measurement points, whereas more accurate fault loca-
tion requires additional steps. Moreover, in a distribution system, the
feeders have so many lateral branches and loads that a differential scheme
for a faulty section selection scheme is not feasible. Distribution networks
are usually also more sparsely equipped with measurements and breakers
than transmission systems are, either due to them being less critical than
the transmission systems, having fewer resources, or a combination of the
two. The topology and criticality of transmission networks would suggest
that differential protection is more likely to be employed there, although
arguably still an expensive solution.

One subcategory of earth faults which is of special interest is what is
commonly referred to as high impedance faults. Such faults can for in-
stance be caused by trees leaning onto a power line, by a faulty insulator,
or by a phase conductor coming into contact with an ungrounded wooden
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tower [4,80]. The term “high impedance” is also somewhat ambiguous
as different authors attribute different meaning to it. For instance, 1 k2
is considered high impedance in [42] while [6] cites regulations defining
high impedances as being impedances twice the nominal phase voltage in
volts, such as 25.4 k) in a 22 kV system and 76.2 k2 in a 66 kV sys-
tem. While the latter definition is very high, it is not uncommon for fault
resistances to exceed 100 k2 [4]. Earth faults with fault resistance up
to a few k()’s are generally within range of many existing methods and
available earth fault relays, such as [6,56]. The challenge imposed by high
impedance earth faults is that the high fault resistance effectively elim-
inates the high frequency earth fault transients, and the changes in the
fundamental frequency quantities are very small. This means that even
detecting the presence of high impedance faults in the network can be
challenging, and highly specialized methods are required in order to de-
tect and locate them. Moreover, when the fault resistance increases, the
fault can become difficult to distinguish from the natural asymmetry of
the network. A high impedance fault may even reduce the asymmetry
of the network temporarily, depending on which phase it occurs in [4].
Therefore, it becomes important to account for the natural asymmetry of
the network and other complicating factors such as measurement accuracy
and noise. Neglecting this can lead to unrealistic performances in simula-
tions, and experimental validation is therefore valuable. There are a few
methods available in the literature reporting successful operation in the
range of several tens of k{2’s, and who can refer to experimental validation
of this. Reference [80] presents a probabilistic method which functioned
up to 220 k€2, [20] reports successful operation at 180 kS, the method in [4]
can detect faults in the range 100-200 k€2, and the methods in [39] up to
100 k2. A common approach utilized for very sensitive detection is the
use of incremental changes in currents and voltages, thereby eliminating
the impact of other parameters besides the fault itself. An accurate map-
ping of the network parameters in advance of the fault is also utilized to be
able to better isolate the effect of the fault itself. Both of these approaches
are effective, but they can be challenging to coordinate with changes in
the network topology. Although some seemingly very sensitive detection
methods exist, only the task of faulty feeder indication is considered. Nar-
rowing down the fault location estimate is not considered, and none of the
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reviewed research papers have presented an earth fault indicator capable
of continued fault indication. Considering also that the conventional earth
fault indication based on the zero-sequence voltage magnitude is not ro-
bust at higher fault resistances [4], this represents an interesting topic for
further studies.

To summarize, TEFRs and their application in non-radial networks are
identified as being of particular interest in this thesis. The combination of
mixed reviews from network operators regarding their performance and the
sparse literature available on the subject makes this interesting to pursue
further. Improving the fault location process and developing new fault
location methods for non-radial networks is also in scope, with particular
emphasis on high impedance faults. Both of these research directions
require an exploratory initial approach, starting with a theoretical analysis
of earth faults. A more detailed description of the research methods is
given in chapter 3.

2.2 Earth fault modelling

The most common approach for modelling and analysing earth faults uti-
lized in the scientific literature is presented below, with emphasis on the
steady-state fundamental frequency component and the charging transient
component. The equations developed here can be found in many research
papers and theses on earth faults, and they are introduced here as they
are the starting point for further development in Papers I-VI, which are
described in chapter 4.

2.2.1 Steady-state analysis
Healthy state

Fig. 2-1 shows the common network equivalent used for the purpose of
steady-state fundamental frequency earth fault analysis, found for instance
in [4,34,36]. The admittance to ground in each phase consists of conduc-
tance and capacitance, i.e., Y = G + jwC, while the neutral point admit-
tance Y, represents the ASC. The conductance is often omitted from the
analysis as it is much smaller than the susceptance and can vary greatly
with different insulators, pollution levels and weather [81]. It is however
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important to include in the analysis of resonant grounded networks. Earth
fault analyses are usually performed by evaluating the zero-sequence cur-
rents and voltage in the network, and phase-phase capacitances and the
loads on the feeders are therefore neglected as they do not contribute to
the zero-sequence currents [36]. The series impedance of the feeders is also
neglected as it can be assumed that the voltage drop over the admittances
is much greater than the voltage drop over the series impedances, and this
greatly simplifies the analysis. With the network equivalent in Fig. 2-1,
(2.1) can be derived to describe the phase currents on feeder A.

Fig. 2-1. Basic model for analysis of resonant grounded networks

—

I_:z,A = (Vn + Ea)YA
Iya = (Vi + h2Ey)(Ya + Yap.a) (2.1)
Ioa=(Vo+hE)(Ya+ Yaca)

In (2.1), h = ¢/12%°, Let also the phase-ground admittance be defined
as in (2.2).

Ya=Ga+jwCy
Yap,a = Gapa + jwCap,a (2.2)
Yaea = Gaca + jwCac a
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Equation (2.1) and (2.2) also apply to the feeder representing the back-
ground network, simply substituting the subscript “A” with “BG”.

Next, two more parameters are introduced to enable more compact
equations. Let Y;o 4 denote the total phase-ground admittance on feeder
A, and let the parameter D4 represent the asymmetry on feeder A, as
given in (2.3).

Yiot,A = 3Ya +Yapa + Yaca

, (2.3)
Dp = h"Yapa+ hYAcA

From (2.1) and (2.3), the zero-sequence currents on each feeder can be
found by summing the three phase currents:

3I_E],A = VnY;tot,A + EaDA

B X i (2.4)
31o,Bc = VaYiot,BG + EuDpa

The total zero-sequence current on the feeders in the network must
equal the current I,, returning in the neutral point:

I_;L = vny;fot + EaD (25)

Here, Yiot = Yiot,a + Yiot,g and D = Dy + Dpg are introduced as
system-wide parameters for compact notation. Depending on the appli-
cation, the admittances are often assumed to be purely capacitive and
identical in each phase. This simplifies the equations as Y;,: ~ jw3C and
D =~ 0, but this generic notation is kept intentionally for now as both
the network conductance and the admittance asymmetry are important
parameters to consider when modelling the network in its healthy state.

The neutral voltage Vn can be shown to equal the zero-sequence voltage
Vb, so the two terms are used interchangeably. This voltage is the same
everywhere in the network, and it is related to the neutral current by the
neutral point admittance:

The neutral point admittance consists of an inductance L,, and a
resistor I, in parallel. This parallel resistor represents the active losses in
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the inductor, although at may also include any external physical resistor
added for protection purposes [36].

By combing (2.5) and (2.6), and by writing the admittances as sums
of their real and imaginary parts, the neutral voltage in healthy state can
be derived:

. . D
Vo= —F, 1 . 1 (27)
Grot + 7 +3(WChot — 577)

Equations (2.4) and (2.7) show that 1) the asymmetry of the net-
work gives rise to the healthy state neutral voltage and thereby also zero-
sequence currents on the feeders, and 2) the neutral inductance L,, can
increase or decrease the voltage and currents. By expressing the neutral
voltage magnitude as a function of the neutral point inductance, the res-
onance curve of the network can be derived. By convention, the rated
current of the ASC is used as the variable, i.e., [agc = ;/f’; , where V,
is the rated phase voltage of the network. A resonance occurs when the
inductive reactance of the ASC perfectly matches the capacitances of the
network, i.e., when L, = L,.s = ﬁtot The compensation degree of the
system can be defined as k = m, with £ = 1 corresponding to the
resonance point. Compensation degrees k < 1 and k > 1 are referred to

as under-compensation and over-compensation, respectively.

In Fig. 2-2, the magnitude of the neutral voltage in (2.7) is plotted in
% of the nominal phase voltage V), for an arbitrary selected set of network
parameters. It can be seen that the assumed value of the conductance in
the system has a big impact on the magnitude of the resonance voltage
level, and the contribution of R, must be included to obtain reasonable
values. In this example, the losses in the ASC have been modelled by using
R, = 20wL,, as suggested in [17].

Faulty state

When a fault occurs in the network, for instance in phase a on feeder A,
a fault resistance is added to the network equivalent in Fig. 2-3. All the
equations previously derived are easily updated by the addition of either
a fault current or a fault resistance:
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Fig. 2-2. Example of a resonance curve

3170,,4 = VnYtot,A + E.Dy+ ff

- . . (2.8)
3IO,BG = Vn}/toLBG + EaD
I, = VYot + EuD + I (2.9)
. . D+
V,=-E , { (2.10)
n a<GtOt+}%p+J(wctOt_wan)+le>

An expression for the fault current can be derived as well. The fault
current for a fault in phase a on feeder A is simply

—

- V,+E,

I 7; (2.11)

Combining (2.10) and (2.11), the fault current can be written as a
function of the phase-neutral voltage Ej:

. E, (Gtot+}%p+j(wctotwin>D>

Ry \ Grot + R%; + j(wCiot — ﬁ) + R%c

I = 7 (2.12)

This equation is general, but perhaps unnecessary detailed and cumber-
some to apply in many situations. A common simplification is to neglect
the admittance asymmetry, which implies that D = 0, and then express
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Fig. 2-3. Basic model for analysis of earth faults

I_} in terms of Vn instead. The fault current as function of the neutral
voltage becomes:
1

- . 1
Ir=-V, o — ] ot — —— 2.1
f V, <Gtt+Rp+](WCtt wLn)> ( 3)

Combining (2.11) and (2.13), the simple during-fault equivalent in
Fig. 2-4 can be derived.

O,
— Ea +
:I Yior = Gy + joCypy, Rf |:|
]f

-

1

1 1
v, =% 7L

Fig. 2-4. Simple during-fault equivalent for earth faults [82]

2.2.2 Transient analysis

When an earth fault occurs in a network, a variety of transient compo-
nents with different frequencies can be observed in the currents and volt-
ages in the system. These transients stem from the transition from the
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healthy state network to the faulty state network, during which the induc-
tances, resistances and capacitances in the network oscillate. Although
several different transient frequencies will be observed at different points
in the network, the main earth fault transients are commonly considered
to be the charging transient and the discharge transient. The discharge
transient, discussed for instance in [17,19], is typically described using a
travelling wave-approach, and it is a single-phase phenomenon observed
on the faulty feeder. This transient is usually very high in frequency and
small in magnitude [14], making it ill-suited for use in fault location. It is
not considered in any of the research papers in this thesis, so its detailed
description is not included.

When the network is ungrounded or resonant grounded, the phase-
to-ground voltage in the two healthy phases will rise during earth faults.
This voltage rise represents a charging of the capacitances in these phases,
and this charging process is associated with a particular transient usually
referred to as the charging transient. This component has been described
by many authors [17,19, 78,83], and in [83], this process is explained in
its simplest form: A fault is assumed to take place close to the main bus
bar in a radial system with a single power transformer, as illustrated in
Fig. 2-5. The fault is bolted, leaving the capacitance to ground shorted
in the faulty phase. A charging current then flows from the fault point to
the neutral of the transformer where it is further divided into two equal
parts, returning to ground via the capacitance of the two healthy phases.
Note that no ASC is included in Fig. 2-5. As the frequency of the charging
transient is higher than the fundamental frequency, the impedance of the
ASC is significantly higher than that of the capacitances. As explained
in [27], the inductance of the coil is tuned to the network capacitance at
50 Hz. At the n** harmonic, the impedance of the ASC is n? higher than
the capacitive reactance in the network. As a result, the ASC is assumed
to only impact the steady-state components and thus omitted from the
transient analysis [27,84]. The charging transient analysis is therefore also
valid in ungrounded networks. The leftmost circuit in Fig. 2-5 can be
reduced to the equivalent LC-circuit shown to the right, and the natural
frequency of this circuit can be used to estimate the frequency of the
charging transient, given in (2.14).
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L Cg% + c 15 L; 2G+2G,
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Fig. 2-5. The charging transient equivalent LC-circuit, derived from [83]

1
~ 2n\/BL(C, + Cp)

The analysis in [83] assumed that the fault occurred at the very be-
ginning of one of the network feeders. If the fault occurs farther out on
the feeder, the inductance of the faulty phase itself between the fault and
the main bus can be included for a more accurate model. A more detailed
RLC-circuit is presented in [19], where the impedance of the faulty phase
is also included as shown in Fig. 2-6. Including the resistance of the circuit
will give a better representation of the damping of the charging transient,
but it is typically not required for estimating the resulting frequency. The
natural frequency of an underdamped series RLC-circuit is given by (2.15).

fen (2.14)

1 /1 R\?
fe o w_<2L) (2.15)

For small fault resistances the contribution from the last term is negligi-
ble and the frequency is therefore approximated with reasonable accuracy
using the LC-circuit. Equation (2.14) is expanded by including the faulty
phase inductance L, in Fig. 2-6 to produce (2.16).

1
~ 2m/(15L7 + L) (2C, + 2C)

fen (2.16)

As mentioned previously, the charging transient is not the only tran-
sient component that occurs during earth faults. The discharge transient
is a much faster transient associated with the rapid discharge of the faulty
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Fig. 2-6. A system represented by a faulty and a healthy feeder, and its equivalent
charging current RLC-circuit [19]

phase itself, and in reference [12] it is proposed to analyse these two tran-
sients as coupled together and not as independent components. A fourth
order model is provided in [12] to estimate the charging and discharge
transient frequencies, the details of which are not repeated here. The fre-
quencies are found as the solution to the characteristic equation in (2.17).

L1C1 + LoCy + L1 C: 1
84+8211+22+12

= 2.1
L1 LyCiCy LiLyC1Cy 0 (2.17)

In (2.17), L1, Lo, Cy and Cs are combinations of the line capacitances and
line and transformer inductances. As the coefficients in front of s® and s
are zero, the four solutions to (2.17) are two pairs of complex conjugates.
The equation thus describes two distinct frequencies, the charging and the
discharge transient. This equation also coincides with the first-order model
in (2.14) when faults occur at the main bus (Ly = 0 reduces the model
order and results in the same coefficients). The approach used in [12]
can be extended to produce a more accurate description of the network,
but the frequency dependency of power system parameters will prohibit a
higher order model from being accurate over a wide band of frequencies.
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Chapter 3

Research methods, tools and
laboratory setups

This chapter outlines the main research methods utilized throughout the
six papers. Each individual paper contains the details regarding simula-
tion models and input data, but the common approaches to modelling,
simulation and analysis are presented in this chapter. The two laboratory
setups used are also described in more detail than what could be fitted in
the associated research papers.

The main research process (except for Paper VI), involves these basic
steps:

o Create the required simulation model in ATPDraw [85]. ATPDraw
is suited for transient studies and is used exclusively throughout this
thesis.

e Define a parameter set for the simulations in ATPDraw, where the
variable parameters in the simulations, such as the fault resistance,
fault location, compensation degree and load level, can be studied in
different combinations. Typically, a few hundred cases are defined
and simulated in quick succession using ATPDraw’s “multiple run”
feature.

e The results from each simulation are outputted as separate files,
stored either on COMTRADE format or as mat.-files.

33
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e The simulation-generated currents and voltages are imported into
Matlab [86] for further analysis. Implementation of phasor estima-
tion and fault location algorithms is performed entirely in Matlab.
Matlab is also used for preparation of COMTRADE-files before they
are used to test relays in the laboratory.

3.1 Modelling of a resonant grounded network

ATPDraw is used exclusively for all the simulations. This subchapter
describes the main approaches used when modelling a resonant grounded
network, with specific model data found in each paper.

3.1.1 Modelling of lines and cables

The OH-lines and cables are modelled using either Pl-equivalents based
on 50 Hz data, or using frequency dependent models based on the line
geometry.

PlI-equivalents

Positive and zero-sequence parameters are used as input when modelling
PI-equivalents, found in data sets [87] or standards [88]. The three-phase
lumped RLC block in ATPDraw is used for the modelling of PI-equivalents,
where 3x3-matrices for resistance, inductance and capacitance are required
as input. These matrices are given in (3.1)-(3.3), and their elements are
computed from the positive and zero-sequence parameters as described in
(3.4) [89].

Raa Rab Rab

R=|Ryw Ru Ruw (3.1)
Rab Rab Raa
Xaa Xab Xab

X=X X Xu (3.2)

Xab Xab Xaa
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Caa Cab Cab
C=|Cw Cu Cu (3.3)
Cab Cab Caa

Raa = (Ro +2R")/3
Ray = (Ry— RY)/3
Xaa = (Xo+2X1)/3
Xop=(Xo—X1)/3
Cua = (Co+2CT)/3
Cup=(Co—CT)/3

A conductance G is added to the Pl-equivalent by placing R = ﬁ
resistors between each phase and ground at both ends of the PI-segment.
The value of G is not found in standard line data tables as it varies greatly
with weather and pollution, as well as across different insulator types and
voltage levels [81]. For OH-lines G = 2% of wCy is used [90], while the
conductance is assumed negligible for cables [91].

A key parameter in resonant grounded power systems is the capaci-
tive asymmetry, which can be important to include in certain studies [41].
Asymmetry is required to produce healthy state zero-sequence currents
and voltage in the model, as shown in (2.4) and (2.7). To obtain asym-
metry in the model, the capacitance to ground in each phase is altered.
According to [11], the asymmetry can be in the range 1-5% of 3Cy. This
can be implemented by adding shunt capacitors in individual phases as de-
scribed in [11] or by manipulating the capacitance matrix in (3.3) directly.
The exact value of this asymmetry is typically not available as it varies
from network to network, but for modelling purposes it can be tuned to
give the desired zero-sequence voltage and currents in healthy operation.

For implementation in a network model, the Pl-equivalents are mod-
elled to represent 1 km of line or cable. PI-segments are then connected in
series to form longer lines, thus better representing the distributed nature
of the line parameters.



36 Chapter 3. Research methods, tools and laboratory setups

Frequency dependent lines

To model frequency dependent lines and cables, different versions of the
JMarti model in ATPDraw are used. With this model the line is modelled
based on its geometry and material properties, available for standard line
and cable geometries in for instance [87] and [88,92], respectively. ATP-
Draw has a “Line Check” feature which is used to calculate the resulting
positive and zero-sequence parameters of any line segment. The param-
eters of the line and cable models are then tuned to match the desired
values for each type [87,88,92].

The frequency dependent OH-lines and cables are also modelled as
1 km segments and then connected in series to produce longer lines. The
accuracy of the model fit and the resulting line parameters can be ob-
served to vary with length, so using fixed length segments is done to ensure
consistent line parameters everywhere in the network. It also enables dis-
tributing the line conductance, which is added as extra resistors to ground
in the same way as for the Pl-equivalents.

In the case of the geometry-based line models, if shunt admittance
asymmetry is required, it can be included by considering an asymmetri-
cal phase configuration and untransposed lines. This can however create
problems when fitting the line model in the lower frequency range (below
a few kHz). Alternatively, shunt capacitors can be added between phase
and ground as described in [11].

3.1.2 Modelling and tuning of ASCs

The modelling of ASCs is done using the approach found in [17], where
the ASC is represented by a constant inductor in parallel with a constant
resistor. The use of a physical parallel resistor for protection purposes is
not considered in this thesis. The resistor is instead meant to emulate the
losses in the ASC and contributes to the damping of the network resonance
curve, as was shown in section 2.2.1. The ASC is assumed to be connected
to the system via the neutral point of one of the main power transformers
in the system.

To find the correct setting of the ASC, ATPDraw’s “multiple run”
feature is used, which enables fast, sequential simulations with varying
parameters. The nominal ASC current is varied over a wide range, and



3.1. Modelling of a resonant grounded network 37

the magnitude of the resulting healthy state neutral voltage is monitored to
establish the resonance curve of the system. This enables a more accurate
location of the resonance point of the system compared to one based on the
nominal capacitances of the lines and cables. The latter option is especially
challenging to use when the lines are modelled based on geometries. In
the cases where a symmetrical line model is used, no resonance curve can
be found with this approach. A small, single-phase capacitance (rated
at 1 A, for instance) can then be added in the network to introduce the
required asymmetry so that a resonance curve can be established. The
resulting resonance point in the network can then be shifted 1 A when the
capacitance is removed.

3.1.3 Modelling of earth faults

Earth faults are modelled as constant resistors connected between phase
and ground, usually via a time controlled switch. In the case of the tran-
sient faults in Paper IV, a voltage dependent switch is used to emulate
self-extinguishing and restriking faults.

3.1.4 Other components

The loads are modelled as constant impedance loads with a constant power
factor and magnitude. Detailed modelling of loads, hereunder various load
types and time varying loads, is not considered.

DG is not a focus of the work in this thesis, and modelling of DG is only
performed for a few special cases in Papers III and I'V. A simplified model
consisting of a constant 50 Hz source and a reactance is implemented when
needed, based on data from [11]. This is sufficient to study the qualitative
impact of DG in Papers III and IV, but a more sophisticated model will
be required for more accurate analyses of the influence of DG.

Reactive compensation devices and their potential impact are also not
considered in any of the analyses.
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3.2 Laboratory setups

3.2.1 Relay testing

The relay tests in Papers I and II are conducted using an Omicron relay
tester and four physical relays. Fig. 3-1a and Fig. 3-1b display the setup,
where several relays are tested at once. The voltage and current inputs are
connected in parallel and series, respectively, ensuring that each relay sees
exactly the same current and voltage. The voltage and current waveforms
are outputted by the relay tester, and the binary output signals from the
relays are recorded using the binary inputs on the relay tester.

00 060 06 66

Binary inputs

Currents Voltages

t0o000|||le009|

Relay A Relay B

Fig. 3-1. (a) Setup for testing of multiple relays, and (b) a relay tester and three of the
four relays tested in the lab
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Splicing COMTRADE-files

The relay tester used is limited to playing back approximately 200k sam-
ples per test, or approximately 20 seconds when using the maximum avail-
able sample rate (10 kHz). Each fault record generated in ATPDraw is
only a few hundred ms long, but multiple fault records are spliced together
to mitigate the delays introduced by the software when changing from one
record to the next. To enable all the relays to reset automatically between
faults, a 3.1 second gap is left between the fault records (one of the relays
needs 3 seconds to reset), resulting in five fault records being fitted into the
20 seconds of available playback. To avoid the relays accidentally tripping
due to any discontinuities introduced by the splicing, a dummy signal rep-
resenting healthy state conditions is inserted between the individual fault
records. The magnitude of this signal is chosen based on the healthy pre-
fault part of the next fault record in the sequence, and its phase angle is
chosen so that no discontinuity occurs between the dummy signal and the
next fault record. Fig. 3-2 illustrates such a COMTRADE-file produced
by splicing five individual fault records.

3V, [kV]

t[s]
(b)

Fig. 3-2. Splicing of (a) 31y and (b) 3Vp from five separate fault records
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Fig. 3-3. Binary outputs from each of the four relays during five consecutive fault records

Logging the responses

Each of the relays tested are capable of signalling either “forward fault”
or “reverse fault”, and these binary outputs are logged using the binary
input ports on the relay tester. An example of the binary responses of the
relays during a set of five faults is shown in Fig. 3-3. All the relays are
set up to signal a fault direction upon detection, so a lack of “forward” or
“reverse” signal from a relay is interpreted as failure to detect the fault.
The figure also demonstrates that relay B requires 3 seconds of healthy
conditions to reset automatically, hence the 3.1 seconds of healthy signal
inserted between the fault records.

The timestamped binary signals sent by the relays are also used to
verify that the relays actually respond to the fault itself. Fig. 3-3 shows
that the different relays do not signal a fault at exactly the same time - this
is however consistent across all the tests and stems from the manufacturer-
defined delay between fault detection and fault signalling within each relay.

3.2.2 High impedance earth fault testing

The high impedance earth fault tests in Paper VI are conducted in a scaled-
down, physical distribution network model, implemented in the Smart
Grid Lab [93]. This section describes the general laboratory setup, and
provides some more details on the equipment and setup than what could
be included in Paper VI
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Fig. 3-4. Single line diagram depicting the two network feeders

Laboratory network layout

The laboratory network is a 400 V scaled-down equivalent of a generic
distribution network. Fig. 3-4 shows the basic layout: Two feeders, each
consisting of three segments, can be operated either in a radial or a ring
configuration. Each segment is modelled using physical resistors, inductors
and capacitors to create a physical PI-equivalent. The line parameters can
be tuned to represent typical 22 kV OH-lines of various lengths and cross
sections. Fig. 3-5 shows the physical switchboard used to set the line
parameters for each segment, along with the various connection points
DQAHAA-DQAHAD where loads or faults can be connected to the three
phases in between each section. An identical set of connection points for
the second feeder is located to the right, outside the frame of the picture.

Two loads are connected at the end of each feeder. Omne air-cooled
resistor rated at maximum 5 A is used to load the healthy feeder, while a
variable water-cooled resistive load is used to provide higher load currents
on the faulty feeder. The loads in the network are varied between 3-
9 A, which according to the laboratory documentation should represent
approximately 50-150 A in a 22 kV network. The scaling of the laboratory
model is discussed in more detail in Paper VI and in section 4.4.6.

For the high impedance fault tests in Paper VI, the network is operated
as a resonant grounded network by placing a variable three-phase inductor
in the transformer neutral. The value of this inductor can be changed in
discrete steps by connecting the three phases in combinations of series and
parallel. As the actual inductance of the various steps deviates somewhat
from the nominal plate value, resonance tests are first conducted in order
to identify the correct settings corresponding to the network resonance
which is approximately 175 mA or 4.2 H.

The earth faults are modelled by using a manual switch to connect
resistors up to 50 k€2 between phase and ground. Fig. 3-6 shows the ASC,
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QAHAD = i

DQAHAC

DQAHAB

= D isiriien N aschn = -
linjeekvivalent

Fig. 3-5. Switchboard for the feeder equivalents

the fault resistances and the switch used to connect and disconnect the
fault.

Recording equipment

An 11-channel recorder is used to log all the measurements, sampling at
4kHz. The recorder is set to include a 1 second pre-fault, triggering based
on the measured fault current.

Current and voltage probes

Fig. 3-7 shows the locations of the current and voltage measurements that
are used. In total, eight different currents are measured. The six phase
currents are measured using Fluke i200s probes set to 0.1 V/A, as shown
in Fig. 3-8, while the fault current and neutral current are measured us-
ing Gossen Metrawatt WZ 12-C probes set to 1 mV/mA. As these two
currents are very small, 50-turn coils are used to better suit the available
current rating of the probes. The laboratory tests also require two voltage
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Fig. 3-6. Laboratory setup with ASC, switch and fault resistances
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Fig. 3-7. Overview of voltage and current measurements in the laboratory setup
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Fig. 3-8. Current probes used to to measure the six phase currents in the network

measurements. A Tektronix P5200 set to 1 V/500 V is used to measure
the line voltage, while the neutral voltage is measured using a Tektronix
P5200A set to 1 V/50 V.

Calibration

A voltage source is used along with variable resistors and an oscilloscope to
calibrate the probes. The current probe calibration is illustrated in Fig. 3-
9a: The voltage over the resistor is measured on channel 1 and scaled by
the resistance to produce the current flowing in the circuit. The current
measured by the probe is measured on a second channel, and amplitude
and phase angle errors can be found by comparing the two waveforms. To
account for the current dependency of this measurement error, the test is
conducted with several different values of the primary side current. Matlab
is then used to fit a curve to the data and produce phase and magnitude
corrections as function of the primary current so that the measurements
can be corrected. Fig. 3-9b shows the measurement errors for the six phase
current probes. For the two current measurements utilizing the 50-turn
coil, the coil is included in the circuit during calibration. A similar setup is
used to calibrate the voltage probes, yielding voltage dependent correction
factors for the magnitude and phase angle.
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Fig. 3-9. (a) Setup for calibrating current probes, and (b) measurement errors (magni-
tude error on left axis (solid lines), angle error on right axis (dotted lines)) for the six

phase current probes



46

Chapter 3. Research methods, tools and laboratory setups




Chapter 4

Research summary and
contributions

This chapter summarizes the contributions of the work presented in the
six papers in this thesis. The main work is contained in the six research
papers, so the purpose of this chapter is to provide a summary of the work
and connect the individual papers, as well as to provide some additional
perspectives and lengthier discussions which could not be included in the
papers.

4.1 Research objectives and overview of research
papers

The two research objectives defined in chapter 1 are covered by the six
papers in this thesis, as illustrated in Fig. 4-1. The first research objective
is covered by Papers I and II, which present a theoretical analysis of TEFRs
primarily oriented towards understanding the direction indication of the
relays, and illustrate potential issues in a laboratory setup. The main focus
of these two papers is the quantitative analysis of the charging transient
and its appearance in the zero-sequence currents utilized by the TEFRs,
and a qualitative comparison with the relays based on zero-sequence energy
is made.

The second research objective is realized through Papers III-VI, in
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which novel methods for earth fault location are presented and tested.
Papers III and IV describe three of the methods, which are specifically
aimed at distribution networks operated in closed-ring configuration, in
which the ratio of currents measured at the two ring-connected feeders are
used to provide a distance element similar to that which is used in con-
ventional impedance-based distance protection. In Paper III the methods
utilize fundamental frequency currents, and they are verified in simula-
tions using permanent faults. In Paper IV, the two methods from Paper
IIT are tested along with a novel transient method based on the same
fault location principle. The focus of Paper IV is the performance of the
three methods during transient and restriking faults. Finally, Papers V
and VI present a novel method for detecting, locating and clearing high
impedance earth faults. The majority of the contributions of these two pa-
pers are contained in Paper VI, where the ideas from Paper V are re-stated
and developed further. Paper VI also presents a detailed fault detection
logic along with results from the experimental verification performed on a
physical laboratory setup.

(RO1-TEFRs ) ( RO2 - New methods )
N

fRing networks

Paper I: Paper III: Fundamental frequency methods,
Analytical study steady-state analysis and permanent faults
Paper 11: . Paper IV: Fundamental frequency and
Laboratory testing transient-based methods, transient and

restriking faults
\ J

~

High impedance faults

Paper V: Theoretical basis and simulations
Paper VI: Development, implementation
and laboratory testing

_ VA ),

Fig. 4-1. Overview of papers and research objectives (ROs)
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4.2 Contributions of Papers I and II: Transient
earth fault relays

The motivation for studying TEFRs is primarily their reputation as un-
reliable among several Norwegian network operators. This unfavorable
description of TEFRs is as mentioned earlier not founded in any scien-
tific literature, and previous research done on the topic, although sparse,
showed that other network operators had been satisfied with the function-
ality of the relays [28].

One possible cause of the network operators’ mistrust in TEFRs is
the way in which they are utilized. In the Norwegian resonant grounded
transmission and regional sub-transmission networks, which are typically
meshed and where earth faults need only be cleared within two hours [9],
TEFRs are used as fault indicators. This means that the TEFRs are only
used to signal faults, and the operator then conducts manual sectionaliz-
ing of the network based on evaluation of all the relay responses. Because
the TEFRs do not trip any breakers automatically in such a scheme, their
correct operation becomes less critical. However, being less critical, the
motivation for network operators to test them as rigorously as other pro-
tection systems is lessened, which only increases the likelihood of misop-
eration due to erroneous settings and connections. Furthermore, TEFRs
constitute a broad category of relays, and there may be significant differ-
ences in performance between legacy models and state-of-the-art TEFRs.
A second explanation can therefore be that network operators associate the
TEFR-term with their own poor experiences with a few particular legacy
models, attributing that same poor performance to other and more reli-
able models. It is therefore plausible that the unfavorable view of TEFRs
can be explained partly or entirely by mismanagement of the relays and
unreliable performance of a few outdated relay models.

Nevertheless, it is of interest to study any possible technical explana-
tions as well. Even if modern TEFRs would have improved sensitivity and
reliability compared to previous models, it is still of interest to understand
what governs their directional indication, and whether or not there are
some inherent limitations to TEFRs’ applicability in meshed networks.
All TEFRs are in essence directional relays only, and directional relays
without any distance element will by design face potential issues related
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@ Reverse direction
® Forward direction
O No indication

Fig. 4-2. Relay responses in radial and non-radial networks (re-created from illustrations
in [30])

to distinguishing between forward and reverse faults when the network has
loops and meshes. Consider the example in Fig. 4-2, which can be found
in the manual of a commonly used TEFR [30]. In the radial network, the
concept of a forward and a reverse fault is unambiguous, and the faulty
feeder and section can be determined. In the case of the loop network and
the meshed network, however, it is not as obvious how relays will respond.
In the example in Fig. 4-2, the two relays on the faulted line are expected
to see the fault as forward, but the correct responses of all the other relays
in the network are not immediately apparent. The responses illustrated
in the example appear somewhat intuitive, where it looks like the relays
have been illustrated as seeing the fault as forward via the path with the
shortest electrical or physical distance to the fault. This is not necessarily
the case in practice, and if the number of relays in the network is reduced
or the line lengths changed, it is not intuitive how the relays in the network
will respond to faults.

4.2.1 Direction indication in non-radial networks

In Paper I, a theoretical analysis of TEFRs is conducted based on the
assumed internal workings according to the literature. The assumed in-
ternal workings is emphasized as relay manuals generally give a superficial
description of the underlying protection logic, and internal signal process-
ing, filtering and proprietary settings are never disclosed. However, [29,30)]
give an idea of how the transient polarity principle has been implemented
in two different relays, and [94] gives a description of the zero-sequence
energy method used in that particular instance. In [95], the description
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Fig. 4-3. Charging transient in a radial network

of the relay’s algorithm is less detailed, although it is believed that [56]
actually presents the basic algorithm used by that relay.

As the charging transient is the basis of the polarity principle used
in conventional TEFRs, as well as being an important fault transient for
the modern relays under consideration, the analysis in Papers I and II is
focused on this. The charging transient model presented in section 2.2.2
is used as basis for describing its behavior in a radial and looped net-
work. TEFRs measure the charging transient by measuring and filtering
the residual current on the feeders, as illustrated in Fig. 4-3. Continuing
with the assumption in [19,83] that the charging transient component can
be analysed independently of other frequencies, the circuit in Fig. 4-3 is
used to derive the residual currents observed at each feeder in the network.
Note that this analysis only pertains to the charging transient component,
not the fundamental frequency.

From Fig. 4-3, the charging transient component of the residual current
measured on the faulty feeder, in this case feeder 1, is given by (4.1).

3i01 = ich <Cl - 1) (4.1)

On any of the healthy feeders, for instance feeder k, the measured
residual current is given by (4.2).

. ‘ C
3i0,k = lch (O;) (4.2)
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In (4.1) and (4.2), the capacitance Cj is the per phase capacitance
for each of the healthy phases on feeder k, and Cr = Cy + Cy + ... + Cj,
is the total per phase capacitance in each healthy phase of the n feeders
in the network. The fraction C%/Cp describes the portion of the charging
transient returning on that particular feeder. Equation (4.1) shows that as
the relative size of the faulty feeder compared to the background network
increases — i.e., in terms of capacitance — the measured charging frequency
component of the residual current is reduced. In the extreme case of a
single feeder network, the charging frequency component of the residual
current is zero. This will not be the case in a real network, and a resid-
ual current will therefore always be available for extracting the charging
transient. On the healthy feeders the magnitude of the transient is much
smaller, and in the case where certain feeders are very small compared
to the rest of the network, the magnitude may be too small to measure
reliably. However, as long as the faulty feeder can be identified, this is not
a practical issue.

Fig. 4-4 shows the path through the network by which the charging
transient travels in the case of an earth fault in a network with two ring-
connected feeders. Based on this, the charging transient frequency compo-
nent as it appears in the three measurement points 3iga, 3igp and 3igrg
is derived in Papers I and II and summarized in (4.3).

3104 = teh <mCR — R)
sion = i (1= m) G~ (1= ) (43)
3i0RE = ich <R(m ~M)+1- R)

In (4.3), Cr = C4 + Cp is the total per phase capacitance of the ring,
Cr = Cgr + Cpg is the total per phase capacitance of the entire network,
and M is the per unit distance around the ring to the remote bus measured
along line A. The factor m = ih,:ﬁr/;w describes how the charging transient
divides itself among line A and B when returning to ground in the two
healthy phases. It is not paid much attention to this in the papers as

it can be known to be exactly 0.5 in the case of a homogeneous ring.
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Fig. 4-4. Charging transient in a closed-ring network

The important property of m is that for a given network, it is fixed with
respect to the fault location as a variable. With M and m known, the only
unknown variable in (4.3) is R, which is the portion of i.;, which flows to
the transformer via line A. When the ring is homogeneous, simple current
division can be used to show that the per unit distance around the ring to
fault d measured from terminal Aisd=1— R.

The network in Fig. 4-5 is used extensively in the analyses in Papers I
and II. This network has the same basic topology as in Fig. 4-4, and it is
chosen deliberately as it enables a comparison between the simulation and
laboratory results and the analytical formulae above. Papers I and II study
the fault locations for which the currents in (4.3) become zero, using the

 Background network System voltage: 132 kV
T | T, OH-line Cable
1Ip—< >} @-}
(E)— - - LineI |41 km -
Py I Local end Remote _§T§2>_> Eg: EI ig tm 4 5-k
- ne ond & Bcek.gr | 30 k$ 8 k$
~———Relays— §P2 )

Fig. 4-5. Closed-ring operated network used in Papers I and II
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network in Fig. 4-5. In these points the magnitude of the charging transient
in the measured residual current is zero, and the polarity of the measured
current changes as well. This can easily be observed from Fig. 4-4, for
instance in the current measurement 3ig 4. The current ij 4 always flows
onto line A in the two healthy phases, and its magnitude relative to . is
independent of the fault location. In contrast, the current R - i.;, become
smaller as the fault is moved closer to line B. Because the currents iy 4
and R - i, are in phase with each other but passing through the current
measurement 3¢ _4 in opposite directions, the components cancel exactly at
one particular fault location. As a result, no transient can be seen in 3ig 4
when the fault occurs in this point. This is illustrated in Fig. 4-6a, which
can be found in Paper I. This figure confirms the analysis above, where
the magnitude of the charging transient observed in the residual current
measurements goes to zero when the fault occurs at approximately 0.08
p.u. and 0.92 p.u. (the p.u.-distance is measured around the ring starting
on line A, so that both 0 p.u. and 1 p.u. correspond to the main bus). The
charging transient magnitude in the faulty phase current is also included,
where the charging transient is present with its correct magnitude. Fig. 4-
6b displays time-domain plots of the zero-sequence current measured at
terminal A, showing that the polarity changes as well at 0.92 p.u.. Given
that the angle of the polarizing voltage Vy changes only gradually as the
fault moves around the ring, this means that the direction indication of
the relays based on the polarity principle also changes in these points.
Therefore, these points are labelled as crossover points.

By inspection of (4.3), the background network can be seen to impact
the location of the crossover points on the ring. When the background
network is much larger than the ring itself, i.e., Cgg >> Cg, the crossover
points are located close to the main bus. As the background network
shrinks, the crossover points move closer to the middle of the line. In the
extreme case where Cga = 0, the crossover points for 3ig4 and 3igg occur
at the same point in the middle of the ring. A fault occurring in the middle
of the ring would then not be visible for either relay at the main bus.

The significance of the equations in (4.3) is that they highlight an
important difference between radial networks and closed-ring networks.
As illustrated in Fig. 4-6a, the charging transient will not be measured
with correct magnitude in the residual current. If the network is radially
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operated, a small part of the total charging transient also returns in the
two healthy phases of the faulty feeder, and the contribution from the
faulty feeder itself is therefore canceled out in the residual current. This
is shown in (4.1). For most real applications the faulty feeder will be
significantly smaller than the background network, i.e., C; << Cr in
(4.1), so the magnitude error is not significant. Thus, this does not become
an issue with respect to either the sensitivity or the directionality of the
protection. The polarity principle only needs a measurable magnitude to
operate, along with a correct polarity relationship between the transient
current and voltage, both of which can be expected to be present in the
radial network. In the closed-ring network, however, it is seen from (4.3)
and Fig. 4-6 that this effect of the charging transient component being
cancelled out in the residual current is more extreme. This ultimately
leads to the charging transient being invisible in the residual current for
certain fault locations, and relays based on its measurement will fail to
operate. The laboratory tests in paper II also show that the TEFRs based
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on the polarity principle change their direction indication close to these
theoretically predicted locations, although some difference between the two
relays is observed. This is likely due to small differences in the internal
signal processing and implementation of the polarity principle.

As opposed to the polarity principle relays, the modern relays based
on the zero-sequence energy [94,95] utilize more of the signal than just the
charging transient. For simplicity, if the zero-sequence energy relays are
thought of as using two different frequencies, for instance the charging tran-
sient and the fundamental frequency, the relays can then have crossover
points at different locations for each frequency. The charging transient
behaves as illustrated previously, and due to its high frequency, it is not
affected by ASCs. The fundamental frequency, however, is very much af-
fected by the system grounding and the placement of the ASCs, and the
crossover point for this frequency will in most cases be different than for
the charging transient. Considering also that each frequency contained
in the zero-sequence energy signal has different magnitude and damping
determined by the fault location, fault resistance and inception angle, and
that the weighting of each frequency used by the relay is unknown, the
quantitative analysis becomes very challenging. A qualitative analysis can
however be made, and Paper II illustrates how the two modern relays are
the only ones affected by the ASC placement. Consider Fig. 4-7, taken
from Paper II. Fig. 4-7a and Fig. 4-7b show that the crossover point for
the charging transient is unaffected by the addition of a second ASC in
the network (note the change in the location of the crossover point com-
pared to Fig. 4-6 from Paper I, in which the network is modelled using
Pl-equivalents instead of a frequency-dependent model which results in
slightly different network parameters). The 50 Hz-magnitude is however
significantly changed as a result of the new ASC. Fig. 4-7c and Fig. 4-7d
also show the sign of the fundamental frequency zero-sequence power in
these two configurations. In the network with only one ASC (Fig. 4-7c),
the fault direction indication according to the fundamental frequency is
the same for all fault locations (cos(£Iy — £V}) is always negative). With
two ASCs, a change in direction occurs close to 60 km.

Despite being affected by the ASCs in the network, Paper II also il-
lustrates that the two zero-sequence energy relays do not give the same
direction indication in all cases. The two relays are actually more different
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Fig. 4-7. 50 Hz zero-sequence power factor during the first 20 ms of the fault, measured
at local end Fd. I, in the case of one (a) or two (b) ASCs in the network

in their responses than the two polarity principle relays, and the second
ASC in the network impacts them very differently (adding the ASC shifts
their crossover points in different directions). Although the frequency de-
pendent model used in Paper II is not accurate at 50 Hz, it would still be
expected that two relays based on the same operating principle would ex-
hibit a similar response when being fed the same current and voltage. This
just highlights that although both relays refer to zero-sequence energy as
the basis for their operation, their operating principles are actually quite
different. While relay D is believed to run the algorithm in [56] where
the zero-sequence voltage and current are multiplied directly in the time-
domain, relay C actually only uses the zero-sequence voltage as a polarizing
quantity. The magnitude of the zero-sequence voltage is not actually used
in the calculation done by relay C, and it is therefore not entirely accurate
to refer to it as an energy-based relay in the same way as relay D. While
relay D integrates the instantaneous zero-sequence power to obtain the
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zero-sequence energy, relay C actually integrates the active and reactive
zero-sequence currents at different frequencies and sums them together.
Furthermore, relay C is based on phasors, while relay D works directly
in the time-domain. This explains why relay C and D behave differently
despite both operating principles being derived from the expected flow of
zero-sequence energy. Relay C and D will also both make use of more than
just two frequencies, and they have different internal processing of each
frequency which results in different responses. Therefore — with unknowns
regarding both the actual algorithms and internal settings — an analyti-
cal, quantitative analysis of crossover points becomes very uncertain and
is hardly fruitful for anything beyond an approximate analysis of a single
frequency.

4.2.2 Sensitivity issues

Another point raised by Papers I and II is that due to the lack of a distance
element, TEFRs are perceived as binary devices - forward or reverse, on
or off. With manuals advising specific system-wide settings [29, 30], the
network operators can be given the impression that no individual analy-
sis is required when setting a TEFR. In addition to the crossover point
analysis, Paper I also highlights the insufficiency of universal settings for
TEFRs in a network.

A second example network has been analysed during the relay test-
ing, but the results are only briefly addressed in Paper I. The network,
shown in Fig. 4-8a, is a generic meshed network more representative of a
resonant grounded sub-transmission system. Fig. 4-8b shows an example
of how the background network can influence the operating conditions of
relays in the network: The current measured by the relay in A facing B is
plotted for three fault locations on the protected line AB. Two different
network configurations are also shown, where the difference between the
two configurations is the connection or disconnection of line BE in the
background network. It can be seen that for faults close to A, the cur-
rent magnitude is comparable in both network configurations, while the
measured transients change significantly when the fault is close to B.

Fig. 4-9 shows two examples of how the relays in the lab respond to
this change in network configuration. Relay B and Relay D are given
the measurements from all the six relay locations on the mesh ABC, and
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Fig. 4-8. (a) A meshed network and (b) resulting fault transients measured by relay in
A facing B when line BE is disconnected (left) and connected (right).

their responses are recorded. This test is performed for both network
configurations, i.e., with line BE either connected or disconnected. Fig. 4-
9a shows that relay D is affected by the changed network configuration,
but the relays on the protected line always see the fault between them. The
responses of the relays on lines AC and BC can be observed to change with
both the fault location and network configuration. Fig. 4-9b shows that
Relay B fails to protect the line in either case: when line BE is connected
the faults close to B are not seen by both relays, and when line BE is
disconnected the faults close to A are not seen by both relays.

Without actually analysing the above cases in advance through simu-
lations, it would likely be difficult to predict these issues. Relays could be
set to have sufficient sensitivity and coverage on the protected line in one
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Fig. 4-9. Relay responses in the network in Fig. 4-8a when equipped with either (a)
Relay D or (b) Relay B. Line BE is either connected or disconnected from the network,
and the fault occurs on line AB close to A (left) or close to B (right). Arrows show
indicated fault direction, no arrowhead corresponds to lack of fault detection.

particular default network configuration, but the same settings may not be
sufficient in another configuration. The surrounding network contributes
with producing the fault transients, so all likely network configurations
must be considered when setting the TEFR pickup level.

Reduced sensitivity may also occur at and around the crossover points
themselves. By definition, the transients cannot be measured when the
fault is at the crossover point, but the magnitude of the charging tran-
sient in the residual current measurements decrease gradually around the
crossover point. In Paper II it is emphasized that unless the relays are
set extremely sensitively, the crossover point will actually appear as a
crossover region in reality. Fig. 4-10 illustrates this for one TEFR, now
considering the network in Fig. 4-5, where a decreased sensitivity (i.e., a
higher pickup threshold on the relay) increases the size of the region around
the crossover point for which the relay fails to see the fault. There is also
significant difference between the sensitivity of different relays: When us-
ing the laboratory tests to locate the crossover points for each relay in
the network in Fig. 4-5, relay A sees all the faults with the settings rec-
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Fig. 4-10. From Paper II: Crossover region of relay A

ommended in the manual, whereas the sensitivity of relay B has to be
increased several times compared to its recommended settings to be able
to detect all faults.

The above examples illustrate that the network operator can face issues
related to insufficient sensitivity, either due to crossover points or due to
changing network configurations. Relying on recommended settings found
in relay manuals may also lead to very different coverage depending on the
type of relay used, something which operators would likely not be aware of
without conducting detailed analyses of the relays. New network topolo-
gies might have adverse, or at least unexpected impacts on the relays in
the network, which further illustrates the need for planning the protec-
tion system holistically and with different operating points and network
configurations in mind to ensure sufficient coverage. However, increasing
the sensitivity may not be a viable solution. For instance, other network
events such as switching operations can cause relays to indicate a fault if
set too sensitively [30]. Measurements from real CTs are also imperfect
and noisy, so a lower allowable pickup value is even imposed by some re-
lays [94], and setting the correct pickup level must be done individually
in each network [95]. Therefore, although it may appear to be beneficial
to use the lowest possible pickup level, too sensitive settings can also be
problematic in non-radial networks, as will be shown next.

4.2.3 Selectivity issues

Using the network in Fig. 4-5, the crossover points of the four relays A-
D are determined using the laboratory setup and reported in Paper II.
Based on the locations of these crossover points, possible issues related
to selectivity can be found. Although the network in Fig. 4-5 is designed
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primarily to investigate the location of the crossover points, possible issues
observed in this network are still of interest to discuss.

The first example of this is shown in Fig. 4-11, in which it is imagined
that the four relays protecting the ring-connected feeders are identical.
Based on the observed crossover point for each of the four relays, it is
found that faults in the shaded region (approximately the first 0.5-1.5 km
of line I) cannot be reliably determined as a forward fault by the relays on
line I or on line II. Instead, a circular indication as shown in the figure will
occur, with all four relays indicating a fault in the clock-wise direction.
Given the unusual topology, this example is perhaps more of a theoretical
exercise than a representation of a realistic problem, since line I is almost
twice as long as line II. Therefore, the situation could be resolved by adding
an observation point somewhere on line I with two new relays.

The second example studied in Paper II shows that not only can incon-
clusive responses occur, but also contradicting responses. In the example
in Fig. 4-12a, in which it is imagined that the relays at the local and re-
mote end are of different types, it can happen that both pairs of relays
see the fault between them, indicating a fault both on line I and line II.
This can occur because with the second ASC connected at the remote bus
transformer, the fundamental frequency zero-sequence currents measured
by the two remote end relays no longer need to be identical. Therefore, it
is possible for both the remote end relays to signal a fault forward, giving
rise to the situation shown in the figure. As opposed to the previous exam-
ple, the difference in line lengths is not the issue, and it cannot be resolved
by splitting line I in two shorter segments. This will still not eliminate the
problem with the relays on line II seeing the fault between them, and the
fault can therefore still not be located correctly. However, it is proposed in
Paper II to consider the magnitude of the current measurements to rem-
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Fig. 4-12. From Paper II. The current waveforms help determine the fault on line I.

edy the situation. The magnitude of the residual currents is usually not
suited for fault location as there are many parameters impacting this, but
a comparison of the relative magnitudes at different points in the network
could be useful. In the example in Fig. 4-12b, the currents can obviously
be used to reject the responses of the relays on line II.

Both of these examples illustrate that increasing the sensitivity of the
relays as much as possible, assuming it could be done without creating
problems with false detection during switching operations or other network
events, is not always possible. Even such a simple network as the one
considered here illustrates how the responses of the relays may not be
intuitive, and that analyses of such scenarios must be considered to avoid
selectivity issues. If the example responses from the relay manual shown
in Fig. 4-2 are perceived to be typical, i.e., with relays seeing faults as
forward in the direction with the shortest physical or electrical distance
to fault, then the response of the local end relay on line II in Fig. 4-12a
would for example be very little intuitive as it sees a majority of faults on
the ring as forward faults.
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4.2.4 Summary and answer to research questions

At the beginning of this work, a key research objective was to understand
more of the directionality of TEFRs in a non-radial network. Specifically,
RQ 2 asked what determines the direction indication of a relay when a
forward /reverse direction to a fault is ambiguous. As many TEFRs point
to the charging transient as basis for their operation, Paper I and II have
presented a detailed comparison of the charging transient’s path in a radial
network and a closed-ring network to illustrate their fundamental differ-
ences. Based on analysing the charging transient in the phase domain
for a simple network with two of the feeders operated in a closed-ring
configuration, fault locations have been identified in which the magnitude
of the charging transient frequency component measured in the residual
current become zero. The charging transient does not actually have zero
magnitude in these locations, it is rather a consequence of using the resid-
ual current as a means for measuring it. This phase-domain approach
to analysing the charging transient, as found for instance in [30], clearly
demonstrates that the charging transient can be measured like this with
negligible errors in a radial network, but not in a closed-ring network.
Based on the charging transient model and the circuit in which it flows, it
is also argued that the polarity of the measured residual current changes
in these locations. These points have therefore been labeled as crossover
points, and the basic TEFRs which base their operation on the charging
transient will change their direction indication in these points as well.
Using a laboratory setup and four different TEFRs, the theoretical
analysis is largely confirmed in Paper II, albeit with some reservations.
First of all, the two relays that are believed to operate based on the charg-
ing transient alone switch their direction indication in the crossover points
as expected, and the predicted issues related to sensitivity are also observed
in the region around the crossover points. The two relays do however not
respond in exactly the same way to the same fault, illustrating that the
specific implementation chosen by each relay manufacturer also impacts
the results. Furthermore, two modern relays with different operating prin-
ciples are compared to the charging transient relays, and it is found that
the analytical crossover point location do not match these relays. This is
as expected based on what is known (and assumed) about their operating
principles, which predicts that these two relays will be affected by other
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factors such as the number and positions of ASCs in the system. The lab-
oratory tests show that the two modern relays also have crossover points
somewhere on the ring, and that sensitivity issues can occur in the region
around these points. However, without clear knowledge of their internal
workings, analytical expressions for these two relays cannot be derived.
Although a qualitative analysis of these relays is attempted, further stud-
ies are required to be able to say something more accurate about their
behavior. Even for the two most basic relays, the location of the crossover
points will in practice be approximate, and the relays cannot be accurately
modelled based solely on the charging transient analysis presented in these
papers. A general understanding can be gained from such an analysis, but
it is preferable to perform simulations and conduct tests with physical
relays to determine their exact responses.

The lack of a clear forward/reverse direction in a non-radial network
is not unique for TEFRs, given that any directional relay must change
its direction indication between forward and reverse at some point as the
fault is moved along the loop. One important reason for this becoming a
potential issue for TEFRs is that they have no way of gauging the fault
distance. Compared to distance protection, which necessarily also must
deal with an ambiguous forward/reverse direction in meshed networks, it
is not possible to set TEFRs to have a certain distance reach. Distance
protection can have different zones set relatively accurately to ensure se-
lective operation, whereas TEFRs cannot. In TEFRs, only the pickup
threshold for the current or the transient energy can be used to indirectly
alter the reach of the relays. However, the magnitude of the fault transient
is determined by more parameters than the fault distance, such as for in-
stance the fault resistance and the inception angle, so the exact distance
covered by the relay cannot be linked to the pickup threshold of the relays.
It is worth mentioning that one relay actually allows separate thresholds
in the forward and reverse direction [94], and while this enables better
selectivity, it is still limited and reliant on an analysis of the network in
question to take advantage of this feature.

RQ 1 addressed a broader issue, asking whether or not TEFRs are
equally applicable in radial and non-radial networks, or if they have some
special properties or limitations which suggest that they are not applicable
in non-radial networks. To answer this question, the results and discussions
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from Papers I and II must be summarized.

Firstly, in the case of a closed-ring network the crossover points are
likely to create issues, as illustrated by the various challenges seen in the
papers. This occurs due the fact that one or more relays on the ring can
have their crossover point on the line which they are supposed to pro-
tect, and this can lead to inconclusive or contradicting relay responses.
In large, meshed networks, however, this does not have to be the case.
The crossover points, which necessarily must exist, can be located some-
where in the background network, far away from the protected line in
question. With normal sensitivity settings, they would then not become
an issue. This does however require further study on other network topolo-
gies to determine, and the identified protection challenges created by the
crossover points can at this point only be predicted in closed-ring net-
works. There are however other potential issues to consider for meshed
networks. First, the modern zero-sequence energy relays [94,95] are used
throughout Papers I and II as alternatives to the conventional polarity
principle relays [29,30]. The papers demonstrate that the modern relays
are susceptible to other factors such as ASC placement, and this becomes
particularly relevant in transmission or sub-transmission networks, where
the compensation is typically divided among several ASC distributed in
the network. It is also demonstrated in the papers that having a mix
of different TEFR models in the network can add to the complexity of
the situation as different relays will be impacted differently by changes in
various network parameters.

Secondly, an important factor impacting the sensitivity and selectivity
of the relays is their settings. In the instances where the manuals actually
recommend any specific pickup-level, these recommendations are given
based on system-wide parameters [29,30]. This would then imply that all
the relays in the network should have the same settings. This is perhaps
reasonable when the network in question is a single-bus radial network,
in which the relays on the beginning of each feeder will have relatively
similar operating conditions during faults. In a meshed network, however,
the operating conditions may be very different in different parts of the
network, meaning that a standard setting could be very sensitive in one
location while being very little sensitive in another.

An important conclusion based on the work presented in these two
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papers is that TEFRs should be planned and coordinated properly in ad-
vance, and sufficient coverage and selectivity cannot be expected with a
plug-and-play approach. TEFRs can generally function well in non-radial
networks, but a network operator cannot expect to achieve the desired
protection as easily as in a radial network. Even in simple network topolo-
gies, the responses of the relays and their varying operating conditions are
not always intuitive. The point of conducting an analysis of a network
with respect to the potential issue of crossover points is not to be able
to determine exactly where each relay has its crossover points, but rather
make sure that it is not located on the protected line itself. This is the
most critical case which must be avoided because it would lead to an erro-
neous fault indication for faults on the protected line itself, meaning that
other measures such as communication between relays could not resolve
the issue. In addition to this, an analysis of the network in advance is
required to ensure that the relays do not have any unwanted blind spots.
In the cases where the relays have a recommended setting this may not
be sufficient to cover the line in question as expected, and as it has been
shown it is not necessarily straightforward to increase the sensitivity of
the relays without encountering other misoperation. Furthermore, many
TEFRs only permit one set of settings, and these must be valid in any
system configuration that may occur. Changing the topology of parts of
the network may affect relays elsewhere in the system in unexpected ways,
making it important to study this in advance. Relays at different locations
in the network may also face very varying operating conditions, making
standard global settings a poor choice.

Based on these observations, the answer to RQ 1 is that the TEFRs
are applicable in non-radial networks, but they are at the same time less
straightforward to apply there compared to radial networks as they re-
quire more planning and analysis in order to function properly. The main
hypothesis presented in chapter 1 was that the non-radial topology itself
creates problems for the relays as the idea of a forward or reverse fault is
no longer clear. This is partly correct in that it is more complicated to
make TEFRs work and provide selective and secure coverage. The place-
ment and setting of each relay should be considered individually, thereby
abandoning the idea of system-wide settings. Network operators must also
consider that different network configurations can create very different op-
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erating conditions for the relays, and understanding how each relay will
be impacted by such changes is more complex to understand in meshed
networks. At this point the non-radial networks likely differ significantly
from radial networks, as radial distribution networks with a single main
bus bar typically result in very similar operating conditions for all the re-
lays. Using simulations to analyse and test the relays is suggested as the
best way to uncover and fix issues with coverage and selectivity. Treating
the relays as plug-and-play devices without considering these issues ap-
pears as the most likely single reason for why certain network operators
will have mixed experiences with these relays.

4.2.5 Limitations and proposed future work
Limitations

The following limitations should be considered when interpreting the re-
sults and discussions presented in this subchapter:

e The results from Papers I and II are based on two simple topologies,
and the identified issues may be less severe in other networks.

e The analysis has not considered anything besides the directionality
of the relays. In practice, other factors such as measurement errors
and noise, switching transients, and transient and restriking faults
would likely affect the four relays very differently. The results in
this thesis are valid for comparing directionality, sensitivity and se-
lectivity during permanent faults, but not for saying that some of
the relays perform better or worse than others.

Future work
With more time available, the following tasks would have been prioritized:

e Although papers I and II display potential issues, it can be argued
that some of these issues will be less likely to occur in real networks
with larger meshes and several buses and relay pairs distributed
around one loop. Based on this, the most interesting continuation of
this work would be to apply the ideas discussed regarding the need
for holistic planning and coordination of the relays in an actual net-
work. A benchmark network, for instance by CIGRE or IEEE, can



4.3. Contributions of Papers III and IV: Precise fault location in closed-ring networks 69

be used to investigate to what extent the identified issues are likely
to become problems in reality, and which are the most pressing.

e Develop a methodology for gauging the relay responses, thus be-
ing able to make better decisions in the cases with contradicting or
inconclusive relay responses. It is for instance shown that the magni-
tude of the currents in the network can provide useful information in
these cases, and it should be investigated which signals can be used
to aid in this process. Furthermore, the theoretical understanding of
the modern TEFRs requires further study.

4.3 Contributions of Papers III and IV: Precise
fault location in closed-ring networks

Papers III and IV present three novel fault location methods for use in
closed-ring distribution networks, based on the ratio of different current
components measured at the beginning of each feeder. Depending on which
current components are used, the ratio of these currents corresponds to
the ratio of specific impedances between the measurement location and
the fault location. If the impedances of the ring-connected feeders are
known in advance, the distance to fault can be estimated from the current
ratio. This fundamental fault location principle has not been created by
this author, and the same basic idea has been presented elsewhere in the
scientific literature [20,26]. The other authors of paper III formulated
this idea and worked out preliminary versions the two methods which are
proposed in that paper. The detailed contributions made by this author
to Paper III are listed along with the paper on page 145 in appendix A.

The main contributions of papers III and IV are the development and
testing of three novel methods applicable in ring-operated networks. Be-
cause the testing of each method is described extensively in the papers,
and as each paper is self-contained with detailed results, this subchapter
is limited to providing a summary and discussion of the overall results and
applicability of the proposed methods.
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4.3.1 Precise fault location based on current ratios

The two papers present three variations of the same fault location princi-
ple for use in a closed-ring network, which can be explained by the generic
circuit in Fig. 4-13. The fault current is assumed to consist of two compo-
nents, each flowing along feeder A and B, so the ratio of them corresponds
to the ratio of the impedances along the two paths:

fF,A ZBF
| = (4.4)

=

IF,B ZAF

If the two fault current components I, F,A and I, F,B can be measured at
the beginning of each feeder, the impedance ratio can be estimated. If the
impedances of the two feeders are known, then this impedance ratio can be
translated to a fault location on the ring. Fig. 4-14 illustrates this process.
This general principle can be implemented in a few different ways, and it
is hereafter referred to as the current ratio principle.

In order to apply the current ratio principle, it is necessary to find
ways to measure or estimate the two parts of the fault current — I, F A
and I F,B — so that they can be used to estimate the distance to fault.
In the case of a short circuit fault, the fault current is so large that the
measured currents consist mainly of the fault current. Whether the phase
currents or one of the sequence components are used, reasonable accuracy
can be achieved with a very simple logic. However, during earth faults the
fault current is generally much smaller than for short circuit faults, and
other disturbing elements in the current measurements corrupt the results.
Therefore, papers IIT and IV present three versions of this principle tailored

1
_Fgl Zp

Irp  Zgp

Fig. 4-13. Basic circuit for fault location in closed-ring network based on current ratios
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Fig. 4-14. Converting an observed current ratio to a distance estimate on a 30 km long
ring

specifically to earth faults, where the zero-sequence currents, the negative
sequence currents and the charging transient are identified as options for
implementing the current ratio principle. All the three methods are derived
in detail in Papers IIT and IV, so a brief summary of them are given below.

Negative sequence currents

The negative sequence currents measured on each of the two feeders are
used. By subtracting the pre-fault values of these currents, the influence
of load asymmetry can be removed. The resulting increments, AI_;, 4 and
AI; B, are used to estimate the negative sequence impedance ratio, as

described in (4.5).

Z2,AF | _ Alyp
Z2 BF AI; A

| (4.5)

Zero-sequence currents

The zero-sequence method can also be used, and the incremental changes
are used to remove the influence of healthy state currents flowing due
to network asymmetry. However, the faulty state zero-sequence currents
consist of the fault current as well as a significant capacitive component
which increases during fault. This component must be removed, shown in

(4.6).
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ZQAF’ B |A31:07B—A17ntY‘ (46)
Z0,BF A3Ip A — AV,maY '
For this method, the neutral voltage is required, along with data on
the zero-sequence admittance of the feeders and their branches. The ad-
mittance Y is the sum of the phase-ground admittance in each phase, or
simply 3Yp if phase asymmetry is neglected. The factors m4 and mp are
used to account for the fact that the current AVnY will be distributed
unevenly among the two feeders in the case of feeders with a mix of dif-
ferent line types. These factors can be found experimentally, either by
performing simulations or measurements in the network, as described in
Paper III. They can also be calculated analytically, and the procedure for
doing this is shown in detail in appendix B.

Charging transient

In addition to the two fundamental frequency methods, the charging tran-
sient is also considered in Paper IV. The charging transient model pre-
sented in section 2.2.2 is modified to describe a ring-network. The only
change required is to replace the inductance L, of the faulty phase in
(2.16) with an equivalent inductance between the faulted point and the
main bus. This equivalent inductance, Leg, is simply the parallel connec-
tion of the inductance along each of the two paths.

LarLpr

Leg = Lar + Lpr (4.7)
With this modification, the frequency of the charging transient can still
be calculated using (2.16). With this model as a starting point, the current
ratio principle can be implemented by measuring the charging transient
in the faulty phase on each of the two feeders. Let ka 4 and I~k, B be the
charging transient components measured in the faulty phase k on feeder A
and B, respectively. The ratio of these two components then corresponds

to the ratio of the self-impedances in the two paths:

’Zk,AF| _ ‘fk,B

4.8
Zy BF (48)

I A
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When using the charging transient, the impedances in (4.8) must be
calculated at the observed charging transient frequency.

Selecting the correct impedance

The current ratio principle has been presented as being based on extracting
the fault current from the measured currents. If this is achieved using
either the negative sequence current or the zero-sequence current, it would
be expected that the same impedance ratio should be used for comparison
with the current ratio in either case. The fact that the negative sequence
method must use the negative sequence impedance, and the zero-sequence
method the zero-sequence impedance, shows that each method does not
actually estimate the ratio of the fault current components. Rather, the
current ratios in (4.5) and (4.6) each calculate the ratio of the change
in currents that stem from the fault. The theoretical derivation of the
methods in Paper IIT does not capture this properly as neither the phase-
phase nor phase-ground coupling is included in the equations. However,
by using the correct sequence impedance with each sequence current, each
method works as intended. The charging transient method works by using
the self-impedance of the faulty phase.

4.3.2 Results

All three methods are tested using the network in Fig. 4-15, which is based
on a real Norwegian distribution network where the closed-ring operation
is currently being considered. Except for minor changes to the lengths of
two feeders in the background network, the important difference between
the results in Paper IIT and Paper IV is that the latter are obtained using
a frequency dependent line model better suited for studying the transient
period of the faults.

Permanent faults

The two fundamental frequency methods are tested in Paper III, with an
isolated transformer neutral. The results, shown in Fig. 4-16, demonstrate
that both (4.5) and (4.6) are correct, and that the use of their correspond-
ing sequence impedances yields very accurate results. The four scenarios
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Fig. 4-15. Network used in Paper IV, based on a Norwegian distribution network. Paper
IIT also uses the same topology with only minor changes to the size of the background
network.

are different combinations of fault resistance and load asymmetry, demon-
strating that the use of incremental values makes both methods robust
against load asymmetry and high fault resistances.

The transient method is tested with permanent faults in Paper IV.
The impact of removing the loads and the lateral branches on the ring
is investigated as shown in Fig. 4-17, demonstrating that these two fac-
tors contribute to the reduced accuracy of this method. The impact of
loads is that the charging transient is given alternative paths, and the
branches contribute with currents which disrupt the accuracy of the cur-
rent ratio. Although these contributions are relatively small, the error of
the impedance estimate becomes very significant when the fault is located
close the main bus.
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Fig. 4-16. (a) Negative sequence and (b) zero-sequence method results for four different
scenarios: 1) Ry = 1Q, symmetrical loads, 2) Ry = 1k, symmetrical loads, 3) Ry = 19,
unsymmetrical loads, 4) Ry = 1k, unsymmetrical loads.



76 Chapter 4. Research summary and contributions

10% F ! ! '
|Zar/ZBF|
Theoretical

O Base case

O Loads, no laterals
¢ No loads or laterals

5 10 15 20 25 30
Fault location measured along feeder A [km]

Fig. 4-17. Theoretical impedance ratio and estimated impedance ratio based on simu-
lated transients

Transient and restriking faults

Paper IV further studies the performance of the three methods during
transient and restriking faults. Both the fundamental frequency methods
are derived from a steady-state analysis, but if they are to be applicable for
transient faults as well, a fault location estimate must be produced before
steady-state conditions can be reached. One important parameter which
must then be considered, and which is overlooked during the permanent
fault simulations in Paper II1, is the time ¢, at which the distance estimate
is extracted, measured from the time of fault inception.

Fig. 4-18 illustrates how the negative sequence method and zero-sequence
method estimates vary throughout a permanent fault. The negative se-
quence estimate reaches its final value much faster than the zero-sequence
method, enabling a lower value of ¢, without a significant loss in accuracy.

The results in Paper IV show that t, = 5 ms is a good compromise
between the need for speed during transient faults and the increased accu-
racy obtained by reaching steady-state conditions during permanent faults.
However, the mechanism involved in determining the transient dynamics
of the system has not been investigated in detail, and other values of t,
may perhaps give better results in other networks. With a logic to deter-
mine whether or not a fault is permanent, the value of ¢, can then perhaps
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Fig. 4-18. Magnitude of the two ratios during a 1 € fault occurring at ¢ = 0 at point
A.1 in the network. The network is operating with an isolated neutral point.

be optimized in each case. However, transient faults without restrikes can
be present for only a few milliseconds, and it is preferable for the methods
to be able to handle these faults as well.

Fig. 4-19 illustrates how the system grounding and fault resistance
impacts the accuracy of the three methods in the case of restriking faults.
The negative sequence method is only marginally affected by the change in
system grounding and fault resistance, whereas the zero-sequence method
generally performs worse in the case of a resonant grounded system. The
transient method is the least accurate method in any of the scenarios
considered.

4.3.3 Summary and future work

The results in Paper III and IV demonstrate that the current ratio princi-
ple can be implemented in several ways and applied to locate earth faults
in a closed-ring network. From the results in the two papers, the negative
sequence method stands out as the most promising of the three methods.
This is due to the method’s overall high accuracy in all the considered
tests, and it has been proved sufficiently fast to handle transient and re-
striking faults as well. The negative sequence method is also easier to im-
plement than the other two as it has a simple logic and requires little input
data to function. The zero-sequence method requires both zero-sequence
impedance and admittance, and zero-sequence system data are generally
considered to be less accurate due to their dependency on the ground prop-
erties. The charging transient method requires the self impedance at the
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Fig. 4-19. Accuracy of the three methods in the case of faults with 1 Q and 1 kQ in
(a) isolated and (b) resonant grounded network. The fault is modelled with a voltage
dependent switch, creating restrikes if the phase voltage exceeds 4.5 kV.

charging transient frequency, and the signal processing is more challenging
than for the other two methods. Furthermore, it is not accurate enough
to be used in a network with laterals and branches, making it ill-suited
for a distribution network. The main challenge for the negative sequence
method is that it is adversely affected by the DG-units in the network,
and accurate measurement of all three phase currents may not be readily
available in distribution networks.

The methods are currently limited to providing fault location only, and
they all assume a separate fault detection stage which determines that
the fault is in fact on the ring itself and not in the background network.
Furthermore, the methods require the network to be operated with this
very specific closed-ring topology, which as of yet seems to be unusual in
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distribution networks. The benefits of closed-ring operation is however
well known and reported in the literature, and the results from Papers III
and IV demonstrate that it can enable new approaches for precise earth
fault location.

4.4 Contributions of Papers V and VI: High
impedance fault detection and location

Papers V and IV present a novel method for detection, location and clear-
ing of very high impedance earth faults in resonant grounded networks.
Paper V describes this method at an early stage, which is then refined
an expanded upon in Paper VI. Paper VI thus contains the main results,
but Paper V has been included as part of the thesis for background and
context.

In short, the proposed method relies on two separate fault indicators,
which when used together provide sensitive and selective fault indication.
The first indicator is based on the measurement of phase currents on the
beginning of each feeder, and both Papers V and VI consider a radial net-
work topology when deriving these indicators. However, with two-ended
measurements these phase current indicators are applicable in non-radial
networks as well, as is shown later in this subchapter. The second fault
indicator is based on the neutral current, and this indicator is intended for
use both during the fault detection stage and a subsequent sectionalizing
process. By accounting for the change in compensation degree during a
sectionalizing process, this indicator continuously monitors the presence
of a fault in the network. It is therefore suited for aiding in location of the
fault through manual sectionalizing, and it is not limited to any network
topology. If more than one ASC is used in the network, a wide-area ap-
proach must be used to consider the total neutral current in the network.
This is also illustrated later in this subchapter.

As Paper VI contains all the main elements of the method along with
laboratory testing, this subchapter focuses on presenting a summary of
the proposed method, along with some analyses and results that have
been omitted from the papers.
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4.4.1 V, during high impedance earth faults

While |17n| is a good earth fault indicator for faults with a low fault resis-
tance, its application is limited at higher fault resistances. The threshold
used for triggering earth fault detection based on ]Vn] in earth fault pro-
tection is commonly set to be higher than the resonance point voltage in
the network to avoid false alarms during normal operation of the network,
typically 0.1 p.u. or higher [95-97]. Moreover, even if a lower threshold
is selected for more sensitive detection, the increase in fault resistance
eventually limits the detection capabilities.

Fig. 4-20 illustrates the magnitude of V,, before and during an earth
fault, computed using (2.7) and (2.10) and assuming a small asymmetry
in phase b (note that G has replaced Gy to follow the notation used in
Paper VI). For low fault resistances, |‘7n] is close to 100% regardless of
which phase the fault occurs in. As the fault resistance increases, the
difference between the three phases becomes more apparent. For faults
in phase a, the fault can even reduce the value of |17n| below its pre-fault
value, if the resistance is high enough (in this case for Ry > 20 k).

The point at which |V,,| cannot be used for fault detection depends on
several system parameters such as the voltage level, network size and asym-
metry. Fig. 4-21 illustrates how faults with a particular fault resistance
impact the magnitude of Vn in three different networks (see the caption of
Fig. 4-21 and the figure itself for network data). Together, Fig. 4-20 and
Fig. 4-21 demonstrate that there is no clear fixed relationship between |17n|
and the fault resistance, but it is apparent that the applicability of ]Vn\ as
a fault detection criterion can become limited to a few k{)’s in practice.
As a result, conventional earth fault protection based on a ]Vn\—criterion
will not be able to operate for higher fault resistances.

\Vn| is also of limited value for monitoring the presence of a fault during
a sectionalizing process. Consider the example in Fig. 4-22, where (2.7)
and (2.10) have been used to calculate the neutral voltage in a network with
the same parameters as in Fig. 4-20. The figure shows the neutral voltage
magnitude as a function of the nominal ASC current in four different
states: healthy pre-fault operation (solid blue) and during initial fault
(solid red), as well as healthy and faulty state (dashed curves) in the same
network when 15% of the network has been temporarily disconnected in
an attempt to clear the fault. If the fault is low-ohmic, it is easy to use |Vn|
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Fig. 4-20. |V,,| computed using (2.7) and (2.10) in a 22 kV network with a 50 A charging
current and 5 A over-compensation

to determine whether or not it remains present in the network after the
attempted fault clearing, as shown in Fig. 4-22a: The voltage’s increase is
significant when the fault first occurs, and its decrease is equally significant
if the fault is cleared successfully. However, if the fault is high-ohmic as
in Fig. 4-22b, the situation is more challenging. The initial fault detection
would be challenging due to the relatively small increase in |17n|, and the
voltage would drop below its pre-fault value after sectionalizing, regardless
of whether the fault is cleared successfully or not. Determining if the fault
is still present in the system is thus not possible without knowledge of the
new resonance curve of the system. Had the network been operated in
an under-compensated state before the fault, |‘7n| would increase after the
sectionalizing regardless of the fault being cleared successfully or not. As
a result, it is not possible to monitor |V,| to determine whether or not a
high impedance fault is cleared successfully.

The above examples illustrate that as the fault resistance increases,
the use of ]Vn\ as a fault indicator becomes very inaccurate. Moreover, the
actual value of Ry where this occurs will vary from network to network,
depending on parameters such as voltage level, size and asymmetry.
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Fig. 4-21. Magnitude of V., during fault in phase a in three networks with different
line voltage and total capacitive charging current, assuming either (a) 10% or (b) 5 A
over-compensation. Network 1 (11 kV, 30 A); Network 2 (66 kV, 100 A); Network 3

(132 kV, 500 A)
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Fig. 4-22. Example of neutral voltage (% of nominal phase voltage) in various network
states in the case of (a) a 100 Q and (b) a 15 kQ fault. Vertical line shows 10% over-
compensation in the pre-fault network. The fault occurs in phase a, and the network
has the same parameters as in Fig. 4-20.
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4.4.2 ff during high impedance earth faults

Equation (4.9) describes the fault current as a function of the voltage E,
and various system parameters. It corresponds to (2.12) with two changes:
Giot is replaced by G according to the notation used in Paper VI, and
Ly, = (kw?Ciot) 7! is used to express the ASC inductance L,, as a function
of the system capacitance and compensation degree.

. B G+Rip+jwctot<1—k) -D
F = 75 A B
By \ G+ g + jwCiot(1 = k) + 7

(4.9)

This equation may be unnecessarily detailed for certain analyses, but
it can be replaced by approximations valid at either low or high values of
R;. Consider first the case where Ry is low. Equation (4.10) shows that
the magnitude of I_;c is determined by the conductive elements, asymmetry,
the compensation degree and the amount of capacitance in the network.

. = A 1 .
RI;IEO If =F, (G + R7p +]OJCtot(]. — k’) — D> (410)
Next, assume that G = R%) = D = 0. Equation (4.9) is reduced to
(4.11):
- E ' 1k
Iy = Lo [ wCiall k) . (4.11)
Rf ]thOt(l - k) + R7f

As Ry increases, the fraction in (4.11) approaches 1. Therefore, at high
values of Ry, the fault current can be approximated as being a function of
E, and Ry only, as shown in (4.12).

- E,
I~ — 4.12
> (4.12)

Note that the assumption of G = P% = 0 is not actually required
to arrive at this result. However, it simpﬁiﬁes the next step, which is to
determine an approximate value of R; for which the transition between
the “low-R;” approximation and “high-R;” approximation occurs. Let
this value be denoted R}i. From asymptotic analysis of functions like the
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Fig. 4-23. Calculated magnitude of the fault current as function of the fault resistance
in a 22 kV network with 50 A charging current.

one in (4.11), R;’Z corresponds to the “breaking point” of the curve and is
given by (4.13) [98].

1
R*

P (=] (4.13)

Fig. 4-23 shows how well the above approximations are able to estimate
the fault current. The estimated value of R} is also included. Note that
R;‘c does not match the breaking point between the two approximations
perfectly because (4.10) and (4.12) have different assumptions regarding
G, R, and D. However, it gives a decent approximation of the breaking
point of the curve. For Ry << R}, (4.10) is a valid approximation of (4.9),
while (4.12) is valid for Ry >> R}. For Ry ~ R}, neither approximation
is accurate and (4.9) must be used.

4.4.3 Proposed method
Phase current indicators

Both the proposed earth fault indicators attempt to estimate the fault
current in real time, and the phase current indicators do this by monitoring
the three fundamental frequency phase current phasors on each feeder. The
change in current over a short time interval Ty of a time-varying current
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— -

phasor I(t), AI(t), is computed as

- -

AI(t) = I(t) — I(t — Tsw) (4.14)

As shown in both papers V and VI, the current increments in each
phase on a single feeder can be combined to produce the following earth
fault indicators:

1

—_

QQ:AE—iAE—iAﬁ
Jy = AT — %Afa - %Afc (4.15)
J.=AIL — lAfa — lAfb

2 2

As long as the time-interval Ty is short enough, the load variation is
assumed to be so small that the three indicators J,_. are zero in a healthy
network. It is further shown in the papers that once a fault occurs, they
remain zero on all the healthy feeders, while they exhibit the following
relationship on the faulty feeder (assuming a fault in phase a):

Jo = I
1-

Jo= =51y (4.16)
1-

Jc == —5 f

In (4.16), ff is the fault current. By monitoring the three indicators
on each feeder and looking for the above relationship between them, the
indicators provide both fault detection and faulty feeder selection in one
operation. Fig. 4-24 illustrates the detection logic for phase a, where a
fault is signaled when both J,/J, and J./J, come into the red zone. The
parameters K and ¢ can be varied, where large values give increased sen-
sitivity while smaller values give increased security. The ideal settings for
these parameters have not been investigated in detail, but K = 0.1 and
¢ = 15° are found to be a good balance in Paper VI. In addition, a magni-
tude threshold for J,_. must be considered as well to avoid false detection
due to naturally occurring noise. The detection logic shown in Fig. 4-24
must be implemented for each phase and monitored simultaneously.
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Fig. 4-24. Relationship between phase current indicators on a faulty feeder with earth
fault in phase a

Sectionalizing indicator

The second earth fault indicator is based on measurement of the ASC
current and voltage. In addition to this, knowledge of the system’s com-
pensation degree or total capacitance is required as input. Consider the
network in Fig. 4-25. With knowledge of the system capacitance, the coil
split-notation is introduced, as shown in Fig. 4-25a. This notation divides
the ASC inductor in two parallel components, each conducting a portion of
the inductive ASC-current. L,.s perfectly matches the system capacitance,
thereby providing the exact inductance required to operate the network in
its resonance condition. The second inductor, L,, therefore contains the
remainder of the ASC-current which is not used to compensate the capaci-
tive current in the network. This current, the inductive part of the current
labeled I;, can then be thought of as the over-compensation current of the
network. With a compensation degree k in the network, this inductor is
related to the physical inductance L,, as described by (4.17)

Ly=L,—— (4.17)
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Fig. 4-25. (a) Coil split and (b) definition of the current I,

The over-compensation inductor L, is a theoretical construct, and it
is valid for £ > 0,k # 1. The value k = 1 corresponds to a network
in resonance, for which L, becomes an infinitely large inductance, as can
be seen by evaluating either limj_,;- L, or limy_,4+ L,. For k > 1, L,
acts as an inductor and gives an over-compensated network. For k£ < 1,
L, becomes negative and acts as a capacitance which makes the network
under-compensated. The resulting current fp is shown in Fig. 4-26.

The significance of 1:;, is best illustrated through the equivalent circuit
in Fig. 4-27. Here, it is apparent that the current .fz; corresponds to the
asymmetry-current Ip in the healthy network, assuming that the conduc-
tance in the network is negligible. When the fault occurs, .f;,, =1Ip+ I_;c,
and therefore the fault current can be estimated as AI:;, ~ ij The current
increment AJ:;, is therefore used as the second earth fault indicator in the
proposed method, and it can be implemented with the same type of logic
as the phase-current indicators. See Fig. 4-28. This indicator can also
be used to provide continuous fault indication throughout a sectionalizing
process, hence being labeled the sectionalizing indicator.

Fault detection and location based on the indicators

Once an earth fault occurs in the network, both the phase current indica-
tors J,—. and the sectionalizing indicator AI, will indicate a fault. Their
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Fig. 4-26. Phasor diagram showing I_,; in an over-compensated and an under-
compensated network (V;, and I, not drawn to scale)
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Fig. 4-27. Equivalent circuit for evaluation of I; in a healthy and a faulty network
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Fig. 4-28. Relationship between the sectionalizing indicator AI:, and the faulty phase
current indicator J,
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simultaneous operation is beneficial as it ensures selectivity: Single-phase
events could in theory trigger J,_., but not A.fz;, and changes in the op-
erating point of the ASC could trigger AI_;,, but not the indicators J, ..

When both indicators signal a fault, both fault detection and faulty
feeder selection is achieved simultaneously. When deriving the phase cur-
rent indicators J,_., it was emphasized that the length of the sliding win-
dow Tsw must be so short that the load can be assumed constant. As
a result, the fault indication from these indicators disappear after a time
Tsw, after which they return to zero. Should the fault disappear on its own
after this time, the phase current indicators would again signal a fault in
the same phase. Limiting the length of the sliding window is not a concern
for Afp as I_;, remains constant during fault as long as the network topol-
ogy is kept constant (the fault itself can develop, but AI_]; still estimates
I_}) Therefore, once a fault occurs, the computation of Afp can be done
using the last known pre-fault value of I_;,. For instance, say that a fault
is detected at time ¢y, and that AI_;, has been computed using a sliding
window with length T'sy,. The computation of AI:;D after ¢ty then becomes
AL(t) = L(t) — I;(tf — Tswyp). This ensures that AT, keeps indicating a
fault and estimating the fault current until the fault is cleared.

When switching operations are performed during the sectionalizing of
the network, .f;, is simply computed using an updated value of k& which is
estimated based on knowledge of the distribution of the capacitance in the
network. The pre-fault value f;,(t ¢ — Tswyp) is kept unchanged, although
this is a simplification which may reduce the accuracy of the fault current
estimate in the subsequent sectionalizing process. From Fig. 4-27 it is
apparent that as long as the current source Ip remains unchanged, this
approach is valid. If the sectionalizing in the network severely alters this
current, however, the accuracy of Afp = ff is reduced.

4.4.4 Wide-area adaptation of the method

When applying the proposed method in a non-radial network, the phase
current indicators can only be implemented on meshed parts of the net-
work if two-ended synchronized measurements of the phase currents are
available. While the sectionalizing indicator presented thus far is valid in
any network topology, it does assume a network with only one ASC. In
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non-radial networks, however, it it not unlikely to have two or more ASCs
sharing the compensation of the system. If this is the case, the sectional-
izing indicator requires the synchronized measurements of the currents in
all the ASCs in order to operate. If these measurements are available, the
indicator is computed in exactly the same way, with I, being the sum of
all the currents in the ASCs, and k being the total compensation degree
of the network.

Simulations of the network in Fig. 4-29a are used to demonstrate the
validity of the method using wide-area measurements. A 20 k{2 fault oc-
curs on the line between station A and B, as shown in the figure. The
phase currents at both ends of the line are measured, and their sum is
used to calculate the phase current increments as shown in (4.18), before
(4.15) is applied as before. Similarly, the neutral current of the network
is calculated as the sum of the neutral currents measured in each of the
two ASCs, i.e., I, = :17]31 + fn’pg. As V, is the same everywhere, it can
be measured over any of the ASCs. The resulting phase current indicators
and the sectionalizing indicator are plotted in Fig. 4-29b, showing that the
method is valid in this wide-area format as well.

Al, = Ala+ AL p
Al = Alya + Al g (4.18)
Al = AL a+ AL g

4.4.5 Laboratory testing

Due to the unavailability of field tests in a real distribution network, a
laboratory setup is used instead to provide some practical testing of the
proposed method. The Norwegian Smart Grid Laboratory [93,99] is used
for this purpose, and the results from these tests are reported in paper VI.
Both the phase current indicators and the sectionalizing indicator function
as intended, but the observed sensitivity is however lower than what is
observed in simulations. The laboratory tests thus highlight some key
differences between simulation results and physical tests.

The first issue that is observed is that the phasor estimation needs to
account for the off-nominal frequency encountered in the network. When-
ever the system frequency deviates from its nominal 50 Hz value, which is
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Fig. 4-29. (a) Test network and (b) resulting indicators based on wide-area measure-
ments during a 20 kQ fault
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Fig. 4-30. (a) Estimated frequency and (b) resulting angles with (dotted) and without
(solid) correction

almost always the case in physical networks, phasor estimation based on
the assumption of a 50 Hz frequency will produce phasors with varying
phase angles. The angles between all phasors are correct at any point in
time, but when phasor increments are considered it represents a problem.
The SDFT-algorithm [100] is used to counter this issue with good results
in the laboratory tests, as illustrated in the example in Fig. 4-30.

The second issue not captured in the simulations in Paper V is the
measurement quality. First of all, the measurement sensors need to be
calibrated so that their magnitude and phase angle errors as function of
their primary side signal can be accounted for. Constant measurement
errors are less of an issue for the phase current indicators as the use of
current increments to a large extent limits the negative impact from such
errors. However, the sectionalizing indicator is highly sensitive to this due
to the ASC parameters L, and R, being estimated from instantaneous
current and voltage measurements. Even small measurement errors in the
neutral current and voltage can then result in significant errors in the
estimation of these parameters, so measurements must be calibrated.

Secondly, the current sensors used to measure the phase currents are
found to have a big impact on the resulting measurements, and their ad-
verse effects are identified as ultimately being the limiting factor for the
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sensitivity of the method. When measuring a constant, healthy load cur-
rent, the measured waveforms exhibit a varying magnitude, resulting in
AT # 0. These variations in magnitude are determined as being induced
by the sensors themselves as different sensors produce fluctuations with
different magnitudes. For one of the sensors these fluctuations are ob-
served to be dependent on the primary current, suggesting perhaps that
interference from surrounding fields can be the source of the issue. How-
ever, a second type of sensor exhibit no such dependency of the primary
current.

Fig. 4-31 shows the magnitudes and angles for the three phase current
indicators and the fault current during two of the laboratory tests. The
expected relationship between them, defined in (4.16), is observed: The
magnitude of J, is identical to ff in magnitude and angle, while both J,
and J. are 180 degrees out of phase with J, with half the magnitude. This
relationship only lasts for 100 ms (i.e., the length of Tsy ), after which all
the indicators have zero magnitude. The same relationship between the
three indicators is observed again when the fault is disconnected, but with
a 180 degree shift in angles.

These results also illustrate clearly how the fluctuating current mag-
nitudes result in the indicators J,_. never being exactly zero. Therefore,
a magnitude criterion |J,| > € is introduced to avoid frequent false fault
detection based on the fluctuations in healthy operation. Moreover, as
the fault current is reduced when the fault resistance increases, the fault
current at some point fails to stand out above this constant noise. This
effect is observed by comparing Fig. 4-31a and Fig. 4-31b, where the ideal
relationship between the indicators is seen during the 3 k€ fault while be-
ing distorted during the 20 k() fault. At some point the indicators are no
longer able to detect faults reliably, and this is identified as the limiting
factor of the method. The exact absolute threshold where this occurs is
difficult to determine as it depends on the sensor properties and the set-
tings of the method, where the desired high sensitivity must be balanced
against the need for selectivity. In the laboratory tests, with e; = 10 mA,
K = 0.1 and ¢ = 15°, this occurs for Ry between 15 and 20 k(2.

While the phase current indicators are limited to Ry = 15-20 k€2, the
sectionalizing indicator function as intended up to 50 k). Fig. 4-32 and
Fig. 4-33 show how the indicator A, is able to estimate the fault current
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Fig. 4-31. Magnitudes and angles of the fault current and the phase current indicators
Ja—c during (a) a 3 kQ and (b) a 20 kQ fault.
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over-compensated network.
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during a process of switching in and out different parts of the network (the
fault occurs at 77, and times 15, T3, ... correspond to different switching
times). The two figures also show that Afp matches the fault current
magnitude better for the cases in the over-compensated network, such
as the cases in Fig. 4-32 exemplify, while the angle appears to be better
predicted in the under-compensated network. The explanation for this is
likely that one or more of the measurements are not calibrated accurately
enough, which, when coupled with the fact that the angle of f;, flips with
respect to the current I, when going from an over-compensated to an
under-compensated network, could produce these results.

4.4.6 Discussion and future work

Together, Papers V and VI have presented a novel method for detecting,
locating and clearing earth faults with very high fault impedances. The
method uses a combination of phase currents and ASC-measurements to
ensure selectivity. The main benefit of the proposed method is its ability
to provide continuous fault indication via the sectionalizing indicator, a
feature which is often overlooked in the scientific literature. The section-
alizing indicator is independent of any meshing in the network, making it
applicable in any network topology. If the network has several ASCs, a
wide-area approach must be used. The phase current indicators have been
derived for and tested in a radial network, but with two-ended measure-
ments they are applicable in a meshed network as well.

In this section, two important issues are addressed. First, the impact
of conductance on the sectionalizing indicator is considered. When de-
riving the sectionalizing indicator, G was assumed to be negligible, which
enabled AI; ~ I_} This assumption introduces an error in the fault cur-
rent estimation when G # 0. Second, the scaling of the laboratory results
is addressed. The proposed method has been verified in a low voltage,
low current environment, but the validity of the results in real networks
remains uncertain. The fault current approximations introduced earlier
are used as a basis for a discussion on scaling and transferring the results
to real distribution networks.
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The effect of conductance on the sectionalizing indicator

When discussing the magnitude of G, it is convenient to do so in terms of
the shunt capacitance of the line. The variable k; = G/(wCi) is defined
and used in the following discussion and analysis.

Compared to the other line parameters the conductance is difficult to
find typical values to use when modelling lines. In [81], G was measured on
real insulators and calculated to be 1.5-10712-3.7-107? nS/km on a 138 kV
line, depending on the insulator type and degree of pollution. These values
correspond to kg =0.0001-0.2%, assuming Co = 7 nF/km for that voltage
level [87]. Temperature, weather and pollution impact the conductance of
OH-lines, and the conductance is therefore both uncertain and variable in
practice. For cables, the conductance stems from the resistive losses in the
insulation, and it is determined by the cable geometry and the complex
resistivity of the cable insulation [91]. According to [91,101], ks for a
fluid-filled cable was measured to be approximately 0.2% in [102], while [91]
states that the conductance is negligible for modern extruded cables. Some
authors suggest higher values of kg for use in modelling, such as kg ~ 1-
10% [40] and 2% [90]. In [90], the value is suggested as a rule of thumb
for including all the resistive leakage currents in the network contributing
to the fault current, both in the lines as well as in other components such
as the ASC. Based on the aforementioned measured values of conductance
for both line insulators and cables, values closer to 10% seem unrealistic
for kg of lines and cables. Rather, such values are more in line with the
expected total resistive fault current in networks using a separate parallel
resistor (typically rated 5-15 A in a 22 kV network [90]). However, support
can clearly be found in the literature for a wide range of values for k4, so
its impact on the sectionalizing indicator is investigated with this in mind.

According to (12) in Paper VI, repeated as (4.19) below, the error
introduced in the fault current estimate by a non-zero G is GAV,,. Using
formulae for V,, in a healthy and faulty network, AV}, can be computed as

(4.20).

AL = GAV, + I (4.19)
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A 1 1
AV - _p L D-G-x ~ L,
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(4.20)

By combining (4.9), (4.19) and (4.20), the ratio AI;/I_} can be calcu-
lated. Furthermore, by defining the factor kg, = R,/(wLy), the ratio can
be expressed as a function of the compensation degree k and the factors
ke and kgp. Equation (4.21) shows the resulting expression:

- 1 1 ko _ 5(k —

Ayt mn  _Fe 0D (4.21)
= A k . *

If G+R1p+j“’1Lp ké+kRP _](k_l)

First, it is interesting to note that (4.21) does not depend on the fault
resistance. This means that the fault current estimate will remain accu-
rate as the fault resistance increases. Furthermore, inserting G=0 yields
Afp = ff, as expected. However, (4.21) does show that large values of
ke can reduce the accuracy of Af;, ~ ff significantly. Fig. 4-34 shows
the resulting magnitude and angle error for three different compensation
degrees. The accuracy of the fault current estimate is reduced as the con-
ductance is increased, and the compensation degree further impacts the
accuracy. The value of kg, also impacts the results, with larger values
leading to larger errors. The results in Fig. 4-34 can be verified qualita-
tively by inspection of Fig. 4-27, where each of the three parameters in
(4.21) can be seen to impact the division of the current Iy +Ip among the
different shunt elements. The compensation degree k impacts the sign of
the angle error because it determines whether L, acts as an inductance or
a capacitance.

For a vector comparison of AI_;U and Jq—., large values of k; must
be accounted for. Equation (4.21) and Fig. 4-34 show that the effect
of conductance is that AI:]; underestimates the fault current magnitude,
while the angle error can be either positive or negative depending on the
compensation degree. With reference to Fig. 4-28, the zone can be offset
to account for the magnitude and angle error.
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Scaling of the laboratory results

While the method would ideally have been tested in a real distribution
network, a laboratory setup has been used instead to enable some degree
of experimental validation of the method. This has provided some key
insights into factors which are of importance in a physical implementation
of the method, but it is limited in the sense that the scalability of the re-
sults is uncertain. While the laboratory results do show that the method
performs as intended in the >10 kQ-range, it is not apparent how these
fault resistance values will transfer to a real network. Having identified
earlier that the method works as long the magnitude of the fault current is
sufficiently large compared to the naturally occurring non-zero magnitude
of the phase current indicators J,_., the method will benefit from having a
large fault current to detect. Equation (4.9) shows that there are multiple
parameters affecting the magnitude of the fault current, and it is there-
fore not trivial to compare two different networks. However, (4.12) shows
that at very high fault resistances, i.e., at the maximum detectable fault
resistance, the fault current can be assumed proportional to the system
voltage. Fig. 4-35 illustrates this for three imagined networks with differ-
ent voltage levels. Therefore, the fault resistances in the 400 V lab will
produce fault currents approximately 55 times higher in a 22 kV network
(22/0.4=55). Alternatively, the fault current observed in the lab at one
particular fault resistance will occur at a fault resistance 55 times higher
in a 22 kV network.

With this approach to scaling the results, not considering any changes
in measurement accuracy and noise, the 20 kS fault in the lab corresponds
to a 1.1 MQ fault in a 22 kV network. Such a high sensitivity does not
appear realistic, and it leads to the second issue of scalability: the scaling
of the measurement noise and indicator fluctuations. Given that detection
of 1.1 MX2 fault resistances is not considered to be realistic, it is apparent
that some increase in noise and measurement inaccuracy must take place
when moving from the lab to a real network. If the phase current fluctu-
ations scale by the same amount as the fault current, then the two effects
cancel each other. In that case, the fault resistances in the lab correspond
to the same fault resistances in a real network. The field test that was
available for comparison in Paper VI suggests that this might be the case,
but given how big impact different sensors can have on the results, the
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Fig. 4-35. Magnitude of ff during fault in phase a in three networks with different
line voltage and total capacitive charging current. Calculated using (4.9) and (4.12).
Network 1 (11 kV, 30 A); Network 2 (66 kV, 100 A); Network 3 (132 kV, 500 A).

comparison between the laboratory measurements and a single field test
is difficult to make. The two different sensors used in the laboratory yield
vastly different sensitivity, demonstrating that the choice of sensors is crit-
ical. The field test referenced in Paper VI was conducted using class 5p20
protection cores, and better results could perhaps be achieved using ded-
icated sensors. While the measurement quality and the sensor properties
have been identified as the likely limiting factor for the method, the exacts
mechanism behind the observed measurement inaccuracies is not under-
stood at this point. This also means that it is difficult to determine to
what extent the sensor-induced inaccuracies discussed previously also scale
in magnitude when applying the method in a physical network with higher
current and voltage ratings. Therefore, as the theoretical concept behind
the proposed method is verified both in simulations and experimentally,
the most important future work is to study the impact of different current
sensors and understand their impact on the method’s sensitivity in a real
network.
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Chapter 5

Conclusion

This thesis presents research on earth faults in resonant grounded net-
works, with a special focus on fault location in networks with a non-radial
topology. This research is divided in two almost independent research
areas, each associated with a research objective. Each of these research
areas are discussed in detail and summarized in subchapters 4.2—4.4, so
this final chapter aims only to give a broader general summary of the main
findings and conclusions in the thesis. The chapter also summarizes the
most important limitations of the results and suggests further directions
of research.

5.1 Main findings

The first research area covered in the thesis is the application of transient
earth fault relays (TEFRs) in non-radial resonant grounded networks. One
of the two associated research questions presented in chapter 1 asks how
the directionality of the relays is determined in a non-radial network. The
directionality of TEFRs is studied analytically using a simple closed-ring
configuration in Paper I, where the charging transient and its appearance
in the zero-sequence current measurements on the ring is examined. This
analysis shows that for certain fault locations on the ring the charging tran-
sient will become too small to be measured as part of the zero-sequence
current, and the relay will transition between seeing a fault as a forward or
a reverse fault in these points. As a result, these fault locations are labeled
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crossover points. This theoretical analysis is further expanded and con-
firmed experimentally using a laboratory setup in Paper II. However, the
analytical approach to study the directionality of the relays is only possible
to apply for the conventional relays based on the polarity principle. Two
modern TEFRs are also considered, each having a more sophisticated op-
erating principle which the theoretical analysis fails to capture. However,
the general idea of a crossover point applies to any TEFR when part of
a meshed network, and Paper I and II also present a qualitative analysis
and comparison of all the different TEFRs under consideration.

The other research question related to the application of TEFRs in
non-radial networks asks whether or not the TEFRs are equally applica-
ble in radial and non-radial networks. From the results in Papers I and
II, the answer to this question is that TEFRs are applicable in non-radial
networks as well, but that their application is less straightforward and
requires more careful consideration to ensure the desired coverage and se-
lectivity. The lack of a clear forward/reverse direction coupled with the
lack of a distance element makes the relay responses difficult to predict
in advance, and it can lead to situations where the relay responses are ei-
ther inconclusive or contradicting. Furthermore, in large meshed networks
there are several parameters which can influence the responses of several
relays in the network. These parameters are not necessarily intuitively
linked to the responses of the relays, such as topology changes in the back-
ground network, making it important to perform planning and analysis of
the relays in advance. Planning and analysis involves performing simula-
tions and studying each relay location in advance to determine the optimal
settings of the relays. This analysis must take into account the possible
network configurations which may be utilized in normal operation. For
relays which only support one setting this must cover all the network con-
figurations, while modern relays which allow several settings to be stored
in the relay can be tailored to different network configurations. The op-
erating conditions for each relay in a meshed network can vary greatly, so
each relay must be analysed and given individual settings. The planning
and analysis should also verify that relays respond as intended to faults in
different locations.

The main conclusion from this first research area is therefore that
TEFRs are applicable in non-radial networks, but that they do require



5.1. Main findings 107

planning and analysis in advance to ensure proper coverage and selectiv-
ity. A lack of such planning is identified as the most likely cause of issues
with TEFRs experienced by network operators.

The second research area and its associated research objective are for-
mulated more openly, aiming to develop new methods for more efficient
fault location in non-radial networks. This research objective is realized
by developing fault location methods aimed at two distinct applications,
namely closed-ring distribution networks and high impedance faults.

The research in this thesis contributes to the development and anal-
ysis of three different methods for precise estimation of distance to fault
in closed-ring distribution networks using current ratios. Two of these
methods are based on fundamental frequency zero-sequence and nega-
tive sequence currents, respectively, while the third method utilizes the
charging transient. After studying both permanent and transient faults
in Papers IIT and IV, the method based on negative sequence currents is
identified as the most promising alternative for further development and
testing. Both this and the zero-sequence method locate permanent faults
with high accuracy (within a few hundred metres), but the negative se-
quence method also manages to locate transient and restriking faults with
almost the same accuracy. The zero-sequence method, however, is limited
by the slower transients in the zero-sequence quantities, effectively limiting
its application to more stable faults. The transient method is found to be
too inaccurate in all the cases considered, primarily due to the presence
of lateral branches and loads in the network, which makes the method
ill-suited for application in distribution networks.

The thesis also presents a novel method aimed at high impedance earth
faults. This method aims to provide both fault detection and fault location
capabilities, as well as the ability to determine whether or not a fault is
cleared successfully. The latter is achieved via an indicator which provides
continuous fault indication, enabling the initial fault detection and fault
location estimate to be further improved by the network operator through
a sectionalizing process. A second indicator based on the phase currents
is proposed as well, and together these two indicators provide sensitive
and selective detection and fault location. The method is tested in a lab-
oratory setup, and the results show that the method successfully detects
and locates faults, although the phase current indicators are limited to
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approximately 15-20 k2. The limiting factor is found to be the measure-
ment accuracy of the phase currents, although the mechanism involved
in this is not fully understood and represents the most important future
work. The sectionalizing indicator functions without significant reduction
in accuracy up to the highest available fault resistance, which is 50 k2. To
predict the performance of the method in a real network, a scaling of the
results is attempted by using a theoretical analysis of the earth fault cur-
rent. If measurement errors and noise are neglected, the fault resistance
can be scaled by the same factor as the system voltage. This approach
predicts fault detection capabilities in the M()-range in real networks, but
the magnification of measurement errors and noise is expected to reduce
this in practice. Further study of current sensors is therefore required to
determine the obtainable sensitivity of the method more precisely.

5.2 Recommended future work

e The analysis of the relays is verified with laboratory tests, and the
next step is to apply the ideas from this thesis to the analysis of a
larger benchmark network.

e The laboratory tests show that the quality of the current measure-
ments ultimately limits the method for detection and location of high
impedance faults. As a continuation of the laboratory tests, different
current sensors and their impact on the method should be studied.

e Field tests should be used to further study the performance of all
the proposed fault location methods. This is particularly relevant
for the high impedance fault location method, for which the scaling
of the laboratory tests is uncertain.
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Abstract

This paper discusses issues related to the application of transient earth fault relays in meshed resonance grounded networks.
Although best suited for application in radial networks, the transient earth fault relays still have their use as earth fault detectors
in meshed networks. In practice, most networks are equipped with a number of relays of different models from several
manufacturers, and due to the gradual upgrade of relays in the network, system operators will still have to deal with a mixture
of different relays in their network. This paper studies potential issues for transient earth fault relays in meshed networks through
theoretical analysis of important transient protection principles, and simulations are used to confirm and illustrate important
findings. The main issues observed are low residual current magnitude, polarity reversal and impact of distributed arc
suppression coils. Handling of contradictory relay responses is discussed and mitigating measures for network operators are

suggested.
1 Introduction

Earth faults in compensated networks is a challenging fault
type for protection and location which is yet to be solved
completely. Transient earth fault relays (TEFR) usually
encompass a wide variety of relays all relying to some degree
on a fixed relationship between the zero-sequence current and
voltage measured at the network feeders in the first few
milliseconds after a fault occurs [1]. Manufacturers
continuously improve and update their products, and although
significant improvements have been made by modern relays,
legacy relays are still widely used. A system operator can in
practice not be expected to replace all the earth fault relays in
the network on a regular basis. Rather, it is common for relays
to be replaced at the end of their expected economic lifetime,
typically when a part of the network is replaced or when a new
part is added. Relays are therefore utilized for several years
before they are gradually replaced, resulting in a network with
a mixture of different relay models, and thereby also different
operating principles.

As transient earth fault relays are generally not considered by
network operators to be reliable enough for use as protection
in meshed networks, they are usually used as indicators,
helping the network operator to locate the correct faulted
section of the network which may then be disconnected.
Knowing which relays to trust and which to discard in the case
of contradictory responses is therefore highly relevant.

In this paper, challenges related to applying transient earth
fault relays in meshed networks are presented and discussed.
Important principles of transient relays are presented, and
challenges are explained and further illustrated through
simulations. The protection principles considered in this paper
are implemented in various forms in several commercially
available and widely used relays from several manufacturers.

The paper is organized as follows. Section 2 provides
background on two common protection principles found in
TEFRs, and on the use of TEFRs in meshed networks. Section
3 provides a detailed theoretical analysis of earth fault
transients, and important characteristics of meshed networks
are discussed. Challenges related to applying these in meshed
networks are explained and illustrated in detail in section 4,
and conclusions are provided in section 5.

2 Transient Earth Fault Relays

In this paper, the term TEFR is taken to include directional
earth fault relays utilizing the transients associated with earth
faults in compensated networks. This includes both
fundamental component transients as well as higher frequency
transients.

2.1 Transient Protection Principles

2.1.1 Polarity Principle: A fundamental approach to achieve
directional earth fault indication is to consider the polarity of
the current and voltage transients immediately following an
earth fault inception [2,3]. Depending on the sign convention
used, the polarity of the residual current transient and the
residual voltage transient will be either identical or opposite
depending on whether the fault is in the forward or reverse
direction. This principle is easy to derive from a radial network
structure with clearly defined forward and reverse directions,
but it can in many cases work fine in meshed systems as well.
This principle can be found in several relays by different
manufacturers, although the specific implementation may vary
with respect to signal processing, filtering and transient
detection logic. Usually, a current pickup threshold is the main
setting required if tripping is not desired, although some relays
allow more detailed tuning of the logic used for detecting
transients.



2.1.2 Transient Charging Energy: In order to make the polarity
determination more secure, an alternative approach is to
integrate measurements over time [4]. This avoids accidental
misoperation due to fluctuations and unwanted frequencies in
the measured quantities. It also improves the performance in
cases where the initial transient magnitude is very low, cases
that may be missed by relays based on the first peak only. One
specific approach utilized by modern relays is the use of active
zero sequence energy [5]. This approach is based on utilizing
the charging process, in which active energy must be supplied
by the faulty feeder and consumed by the healthy feeders. If
this energy can be measured it should have opposite polarity
on healthy and faulty feeders. This should also allow for
directionality as the power flow must emanate from the fault
point, even in a meshed network.

Although this principle should give a very sensitive ground
fault detection compared to the polarity principle, it too is
dependent on sufficient current and voltage magnitude to
function. As integration is applied, determining the correct
starting and stopping points becomes very important. The
settings must also be sensitive enough to trip before the fault
disappears naturally. However, too sensitive settings can cause
unwanted trips due to imperfections in the filtering of
operational zero sequence currents. The integration must also
be stopped at some point, and if the logic fails to detect a fault
the discharging process after a fault has disappeared can cause
the measured energy to have the wrong polarity. Compared to
the polarity principle, this approach requires a more
sophisticated implementation in order to be reliable.

2.2 Implementation in Norway

The use of directional earth fault relays is demanded by
Norwegian regulations [6]. These regulations apply to
networks with a nominal voltage level >33 kV, and they will
therefore in practice encompass the resonance grounded HV
regional networks at 45 kV, 66 kV, 110 kV and 132 kV. These
networks are intermediate levels between the 300 kV and 420
kV transmission system and the MV distribution systems, and
their topologies differ from the radial topology found in
distribution networks. The requirements for earth fault
directionality apply to power lines (either overhead, cables or
a mixture of the two) and they therefore in practice mandate
that all lines must be equipped with a relay at both ends. The
only realistic option to achieve directionality in these networks
have been the use of TEFRs. However, as faults must be
located within two hours [7], and as the relays are not
considered reliable by operators, they are utilized as detectors
rather than automatic protection. System operators can then
gather input from all relays, display them graphically and use
this as aid for locating the faulty section of the network.

3 Earth Fault Transients
3.1 The Charging Transient
Note that the equations in this section apply to the charging

transient frequency only. Fundamental frequency components
are discussed separately in section 3.2.

3.1.1 Origin of the Charging Transient: The charging transient
is one of the earth fault transient components, and it stems
from the charging of the healthy phase capacitances. In this
process the charging current is commonly described as flowing
from the faulted point along the faulted phase until it reaches
the main transformer neutral. Here, it is divided in two equal
parts and returning to ground via the healthy phase
capacitances. In this path the transformer leakage inductance
and the faulty phase series inductance make up to main
inductance L, whereas the healthy phase capacitances to
ground and to the faulted phase make up the main capacitance
C. The charging current thus flows in some equivalent LC-
circuit, resulting in the frequency given in (1). Different
versions of this approximation are available in the literature
[8,9], differing slightly in how the equivalent inductance and
capacitance of the circuit are approximated. The frequency of
this component is described as ranging from 100-2000 Hz [4].
1

fen = e M
The direction of the transient in this model is a matter of
convention — it is the direction in the faulty phase relative to
the healthy phases which is of significance. The charging
current measured in the faulty phase will be 180 degrees out
of phase with the current measured in the two healthy phases.
The resistance of the equivalent charging transient circuit is
also of some importance, although not in determining the
frequency. The resistance of the system, herein also the fault
resistance, will primarily provide damping of the charging
transient.

3.1.2 Measuring the Charging Transient: Although the
charging transient is present with the largest magnitude in the
faulted phase, the monitoring of three separate fault loops at
every relay location in the network is impractical.
Furthermore, in typical distribution networks the capacitance
of each feeder is relatively much smaller than the total
capacitance of the network. The fault current flowing towards
the bus on the faulted feeder will therefore be much greater
than the small current returning to ground through the healthy
phases on the same feeder. Using the residual current (3iy) for
obtaining the charging transient is thus a practical solution
which only requires a single measurement.

Fig. 1 illustrates the situation, where a simple radial network
with a single transformer is considered. If the loads on the
radials are sufficiently low, the load impedances will be large
enough so that the entire charging transient current i.;, can be
assumed to flow from the faulted point towards the transformer
and returning to ground through the healthy phase
capacitances. The charging frequency component of the
residual current measured on the faulty feeder, in this case
feeder 1, will be
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Fig. 1 Charging transient in a radial network

In (2) and (3), the capacitances C; is the per phase capacitance
to ground for each of the healthy phases on feeder 4, and
Cr=C;+ Cy+ ...+ C, is the total per phase capacitance to
ground in each healthy phase of the » feeders in the network.
The fraction Ci/ Cr describes the portion of the charging
transient returning in that particular feeder. Equation (2) shows
that as the relative size of the faulty feeder compared to the
background network increases — i.e., in terms of capacitance -
the measured charging frequency component of the residual
current is reduced. In the extreme case of a single feeder
network, the charging frequency component of the residual
current is zero. This will not be the case in a real network, and
a residual current will therefore always be available for
extracting the charging transient.

In a meshed network, the situation is different. Consider the
same network as before, where feeders 1 and 2 have been
connected in a ring. They are renamed line A and line B here
for convenience, as the ring itself can be considered a feeder.

Consider a fault taking place somewhere on line A in Fig. 2.
The charging transient will have two alternative paths along
the faulted phase to the main transformer. The division of ic; is
based on the impedance of the faulted phase, and the ratio can
be obtained by applying the current division principle. This
ratio is defined as R, such that the current Ri.; flows along line
A, whereas (1-R)ic;, flows along line B. The charging current
reaches the transformer neutral where it is divided in two
halves, assuming the two healthy phases to be identical. The
current iz returns through both the healthy phases on the ring
and is described by (4).
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Fig. 2 Charging transient in a meshed network
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In (4), Cr is the combined per phase capacitance to ground of
lines A and B. Depending on the line parameters of the two
lines in the ring this current will divide itself among line A and
B. Let this be described by the factor m, such that the currents
ina = Ming
ing = (1 —m)ing G
flows onto line A and line B, respectively. In the case of a
homogeneous ring, the division of i,z will be equal among the
two lines (i.e., m=0.5). In practice, m will not be 0.5, but the
important thing to consider is that it is fixed with respect to
fault locations. The charging frequency component of the
residual current measured on lines A and B can be written as
3igy = 2ips — Rigp
Biop = 2ins — (1 = Ricn ©®

Combining (4), (5) and (6), (7) is obtained.
Cr
. Cr R)
Len (m CT
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Equation (7) shows that the residual currents measured on lines
A and B may become zero at certain fault locations, even in a
network with several feeders. In the special case of a single
ring network, for instance in the case of a two-feeder network

operated as a single ring, both 3ip4 and 3iys can become zero
for the same fault location.

3iga =

M

The point where either 3iy4 or 3igs become zero depends on the
relative size of the ring compared to the background network
and will occur for 3ig4 when R = mCg/Cr. Therefore, there will
be fault locations on the ring for which either 3ig4 or 3ipz will
become difficult to measure. Furthermore, if the ring is
relatively large, this point is moved closer to the middle of the
ring, and it can thus be imagined that both currents will be
difficult to measure at certain fault points.

Considering that the ratio R will vary between 0 and 1 for
different fault locations, these points represent zero-crossings
for which 34 and 3iys will change polarity. For instance, if the
current 3ig4 is considered, it will become zero at R = mCr/Cr.
If m is assumed 0.5 for simplicity, and the relative size of the
ring mCr/Cr = 0.2, then R = 0.1. This means that for such a
network, the residual current measured on line A will have
“wrong” polarity for faults on 10 % of the ring.

A solution to this issue could be to consider the phase currents
as sources for extracting the charging transient. Although the
residual current has the benefit of not being impacted by load
currents, this concern is not relevant at the charging transient
frequency anyway. This will however require monitoring each
phase separately, and three times as many measurements
compared to the conventional residual current solution.

3.2 Fundamental Frequency Transients
3.2.1 Origin of the Fundamental Frequency Transients:

Although the charging transient is the typical transient utilized
by conventional transient based relays, the fundamental



component can also be used. The charging transient energy is
reduced for high impedance faults, and the fundamental
component transients are used for added sensitivity.

The behaviour of the neutral voltage transient can be estimated
by considering the resonant circuit comprised of the arc
suppression coil (ASC), the system capacitance and the fault
resistance [4]. Solving the resulting RLC-circuit shows that the
neutral voltage will be on the form given in (8).

Vn () = Vnss () + Vngr ()
= Asin(wt + ¢) + Bcos(wt + @) + Ce™™¢
+ De™"2t
In (8), the subscripts “ss” and “tr” signify steady state and
transient parts, respectively. The fundamental frequency zero
sequence current transients on each feeder & become as given
in (9), where the last term only appears on the faulty feeder.
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The characteristics of these transients are dependent on the
parameters 7 and 72, which in turn are dependent on the fault
resistance and the compensation degree of the system. For low
impedance faults the oscillations become over-damped, and as
the fault resistance increases the system becomes under-
damped, leading to an oscillatory behaviour of the transient
terms. The neutral voltage v,(¢) and the transient terms v, »(¢)
are shown for these three cases in Fig. 3.

Measured residual currents and voltage can then be used to
compute the zero-sequence power and energy. Reference [4]
suggested for instance to monitor the parameter ef (t) defined
in equation (10).

t
5@ = [ pi(oar (10)
to
In (10), p§(t) is the instantaneous zero-sequence power
averaged over one period of the fundamental frequency.

3.2.2 Measuring the Fundamental Frequency Transients: The
fundamental frequency of the residual current is also
susceptible to variations in magnitude for varying fault
location, although any issues with zero magnitude are likely
only theoretical. Furthermore, using the residual current to
obtain transients is required to avoid unwanted impacts of load
currents.

‘ ''''''' Over-damped — — = Critically damped Under—damped‘

Fig. 3 Voltage v,(¢) transient in over-, under- and critically
damped cases. Thin lines show transient components v, »(%).

3.3 Properties of Meshed Networks

The classical distribution network is radial in structure. The
transient based protection that is available have generally been
designed based on principles deduced from radial networks.
These same principles can in many situations be applied
directly in a meshed system, although some key differences
should be considered.

3.3.1 Circulating Zero-sequence Currents: Circulating zero
sequence currents is a well-known issue for protection that
have been described in some detail [10,11]. The source of
these circulating currents is the coupling of the three sequence
systems due to network asymmetry, which during loading
induces currents in the zero-sequence system. As the load
currents are fundamental frequency currents, so are the
circulating zero sequence currents. Protection based on
transient fundamental frequency zero sequence energy are
susceptible to this effect, and the circulating currents must be
accounted for. Reference [4] suggests using a sliding window
approach where the zero sequence current is stored for 3
fundamental periods. This historical value is then subtracted
from the instantaneous measurements, thus eliminating the
circulating current from the measurements.

3.3.2: Distributed ASCs: The number of power transformers
and ASCs in the network also introduces complications. In the
previous section, for instance, the charging transient was
explained and described as always flowing from the fault to
the main transformer. Although load transformers are always
present, the impedance of the loads does not permit any
significant portion of the charging transient to pass. If a system
is equipped with several power transformers, as may well be
the case in large distribution networks and regional networks,
the path of the charging transient is not apparent. The division
of the charging transient current becomes challenging to
predict, and the polarity of the measured residual current can
change, as described in principle in the previous section. The
fundamental component flowing between the fault and the
ASC can also take several different paths as it divides itself
among the ASCs in the network.

4 Challenges and Problems

A model as shown in Fig. 4 is implemented in ATPDraw to
generate the results in this section. A feeder C can be
connected in parallel via a remote end switch, and the
compensation can be distributed between ASCs P1 and P2. See
Table 1 for network data. Faults occur in phase a.

Background network éSystcm voltage: 132 kV
T i OH-line Cable
1 C = >—<

- = Line A |41 km -

pb A P— LineB[26km -
'L [Localend o D> LineC[30km 45km
B a& e iBek.gr{30km 8 km

—— Relays — Y P,

Fig. 4 Network model nr. 1



Table 1 Test Network Parameters

Simulation Data

Data per km: R=0.074 Q, X=0.39 Q,
C=9.47 nF, R¢=0.401 Q, X¢=0.87 Q,
Co=7.055 nF, G¢=44.33 nS. Asymmetry:
2% and 4% are added to Co in phases a
and c, respectively.

Data per km: R=0.037 Q, X=0.17 Q,
Co=0.2 uF. Asymmetry: 1.5% and 3% are
added to Co in phases b and ¢,
respectively.

3-phase 1 (low) or 10 (high) MVA constant
impedance loads. Power factor 0.9.

Ti: 250/250/80 MVA 400/132/12.5 kV
Yydl. To: 200 MVA 132/22 kV Yd11.

5% over-compensated. Parallel resistors
Rp=50 k Q represent losses in P1 and P2.
Sample rate: 8 kHz. Software: ATPDraw
version 7.2p11.

OH-line

Cable

Loads
Transformers
ASC

Other

4.1 Sensitivity Issues

Section 3.1.2 showed that the charging transient component in
the residual current can become zero at certain fault locations.
The simulated currents were analysed using an FFT over a
200 ms window, and the magnitude |I(w,y)| of the frequency
wp, corresponding to the charging transient was plotted as
function of fault location. Fig. 5 shows the results, where the
distance on the x-axis is measured along the entire ring (lines
A and B) starting from terminal A. Both 0 p.u. and 1 p.u.
correspond to the local end busbar, and 0.61 p.u. is the remote
end busbar. As can be seen from Fig. 4, the residual current
measured at either terminal A or B becomes zero for faults
inside the ring. The faulty phase current iy, is included for
comparison, which only becomes zero for faults at the main
busbar.

4.2 Polarity and the Concept of Forward Faults

The points in Fig. 5 for which the residual current become zero
also signify polarity changes of the charging transient, here
referred to as crossover points. Fig. 6 shows the waveforms of
faults at two locations before and after such a crossover point
where the magnitude of the residual current is the same.
However, the polarity of the current is now swapped. This
phenomenon thus illustrates how and when the fault direction
indication made by certain relays will change from forward to
reverse, and it is an inherent property of meshed networks. It
should be ensured that no line in a mesh becomes so much
longer than the surrounding lines that this switchover can take
place on the protected line itself.

4.3 Network Load and Distributed ASCs

Fig. 7 shows how network loading, impedance asymmetry and
distributed ASCs can affect the zero-sequence energy. All
three faults are in the same location on line B, and energy is
computed for the remote end relay on line A. Measurements

200 ‘ — 1A : terminal B ‘ 1
N iy terminal igyy terminal
= 150 ~ AN == = 3i0, terminal A sesseeeesr 3i0, terminal B
"5 100 i
3
Y =~ 1
0 L . Ml
0 0.2 0.4 0.6 0.8 1

Distance to fault measured from terminal A [p.u.]
Fig. 5 FFT-magnitude |I(w)| of charging
component in 3ip and faulty phase current i,; measured at the
local end of lines A and B, as function of fault location
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100 Distance to fault
50 0.84p.u. |+
b~ Y A N S S A W S PP 1pu. |
5 0 T gl

@
-50 1
-100 L =
0 2 4 6 8 10

t[ms]
Fig. 6 Filtered 3iy measured at local end of line A for faults
located at 0.84p.u. and 1 p.u.
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Fig. 7 Zero sequence energy for same fault location in light
loading, heavy loading with series impedance asymmetry, and
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are filtered to remove any offsets, and a sliding window
approach with 100 ms window is being used to suppress any
circulating currents. The solid line shows the energy computed
with a low network load. The dashed line shows the energy
obtained when adding an asymmetry of 2% to the phase b
impedance and increasing the load. Despite filtering and
suppression of any circulating currents, the energy is affected.
The dotted line shows the third case in which the compensation
is divided equally between P1 and P2. The active power flow
towards these ASCs has a significant impact on the zero-
sequence energy polarity in this case.

4.4 Network Re-configurations ad Universal Settings

Connecting Line C in parallel at the remote end bus was not
found to have a considerable effect for the faults studied in
network nr. 1. In a second network model as shown in Fig. 8,
network re-configurations were found to be important. Three
faults were applied on the line AB in varying distance from A,
with and without the line BE connected. The residual currents
seen by the relay in A facing B are shown in Fig. 9. The figure
shows that faults close to A appear with minor differences,
whereas faults close to B are now very difficult to measure.
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This particular case was tested on a commonly used TEFR in
the laboratory. The relay in A would not see all faults on the
line AB if the settings recommended by the relay manual were
used — not even if both network configurations had been
considered in advance. The fact that this issue was not
reproduced in the network in Fig. 1 also suggests that it is
challenging to predict how reconfiguring the network will
affect the relays. Using simulations of different network
configurations as aid in setting the individual relays would
then be required.

5 Conclusion

This paper has explained, illustrated, and discussed some of
the challenges related to applying transient earth fault relays in
meshed networks. The main problem discussed in the paper is
that of insufficient residual current magnitude for faults in
specific locations in a loop. Faults occurring close to these
locations may also pose problems as the polarity of the residual
current changes, leading to unexpected fault direction
indication. It is also shown that zero-sequence energy
computations can be affected in some locations, and that
properties of meshed networks such as distributed ASCs can
have an impact on this energy. Correct thresholds for this
protection principle are then very important for avoiding
misoperation and erroneous fault direction indication.

Relays that are part of a mesh are inherently susceptible to lack
of a meaningful forward/reverse direction, and contradictory
responses from these are to be expected at times. This can be
acceptable on healthy lines as long as both relays overseeing
the line do not signal forward at the same time. It should be
ensured that the two relays protecting a line will have
sufficient sensitivity to detect all faults on the protected line in
all network configurations, and that the polarity change in
crossover points do not occur on the protected line itself.

It is concluded that the issues investigated here are inherent to
meshed topologies, but they can be predicted in advance.
Special considerations can then be made for problematic areas,
for instance through different relay settings when supported by
the IEDs. Adjusting the setting of relays at different locations
based on probable network configurations could be considered
to mitigate some of the problems discussed in this paper.

Future work will focus on testing relays in a laboratory setup.
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ARTICLE INFO ABSTRACT

Keywords: Transient-based earth fault protection is widely used in all types of resonant grounded networks, and
Earth fault protection though the operating principles of the commonly available relays are usually derived from radial networks,
Transients

manufacturers claim applicability in meshed networks as well. This paper utilizes a laboratory setup to study
the directional indication of four transient earth fault relays in non-radial resonant grounded networks. Two
of the relays considered are widely used analog single-purpose transient earth fault relays, whereas the other
two relays represent two transient-based earth fault functions found in modern protective devices. The paper
verifies the location of crossover points according to the presented theory, i.e. fault locations for which relays
transition between seeing faults as forward and reverse faults, and demonstrates the viability of the proposed
theoretical analysis of crossover points. However, presented analytical formulae only describe the two analog
relays accurately, whereas the two modern relays have a more complex operating principle which requires
further analysis to quantify properly. Finally, it is shown that relay misoperation which is not easily fixed by
communication between relays can occur, and it is suggested that network operators conduct detailed relay
coordination when applying transient earth fault relays instead of relying on standardized settings.

Resonant grounding
Meshed networks
Laboratory testing

1. Introduction . . . .
conventional over-current protection or distance protection cannot be

applied.

In distribution systems, which have traditionally been radially oper-
ated, the earth fault protection system is often based on zero-sequence
currents and voltage. As no reliable distance element has existed for
earth faults in resonant grounded systems, the protection system is
often limited to determining the faulty feeder using directional ele-
ments. Measuring the current and voltage, a directional element can
be realized in a number of ways to identify the faulty feeder [1]. Some
network operators utilize several measurement points along the feeder
to narrow down the faulty section using fault passage indicators [2],
but precise fault location is still a much more challenging exercise in
these networks. Furthermore, to get reliable operation of the protection
systems, a resistor is often required to be connected in parallel with
the ASC to produce a significantly large watt-metric component for the
protection systems to detect [3].

Quite a few different protection principles based on the relationship
between voltage and currents in the zero-sequence system have been
devised, but they are largely based on the assumption of a radial system
for the directional element to work properly [4-8]. Some recent works

Throughout Europe and Asia, MV and HV distribution systems are
commonly resonant grounded. In this system earthing scheme, an in-
ductor is placed between the transformer neutral and ground in one or
several transformers in the network. These inductors are often referred
to as Petersen coils, though Arc Suppression Coils (ASCs) is a more
precise general term. During single phase faults, usually referred to
as earth faults or ground faults in these systems, the capacitive part
of the fault current is largely canceled out by the inductive current
introduced by the ASCs in the system. As a result, with correctly tuned
ASCs, the fault current can be brought to a minimum, leading to self-
extinguishing arcing faults. This property leads to automatic clearing
of many single phase faults, and due to the small fault current the
permanent earth faults can be allowed to be present in the system for
longer time periods and thus giving network operators time to move
loads to other feeders and limit the number of affected customers. Reso-
nant grounded networks thus have few interruptions and a high quality
of supply, but the low fault current level also introduces significant
challenges for protection systems. As the fault current can be in the
same order of magnitude as the normal load currents, or even smaller,
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have presented novel algorithms and techniques which may be suited
for meshed networks as well. The EDIST-method [9,10] introduces a
transient-based distance element, remedying an important limitation
often seen in transient-based protection which is the lack of any in-
formation pertaining to distance. In Refs. [11,12] a transient principle
is proposed to serve as a directional element, and a communication sys-
tem is used to implement a permissive overreach transfer trip scheme
in order to ensure correct operation in a meshed network.

In the future, more distribution networks may be operated with
some degree of meshing or ring-connection of feeders to increase the
quality of supply and better integrate distributed generation [13]. Fur-
thermore, the regional networks, the intermediate network level sitting
between the distribution system and the transmission system, is often
resonant grounded. These networks resemble transmission systems in
terms of their topology, with larger meshes and often several power
transformers and ASCs present in the system. In these networks the only
option for directional earth fault indication has been what is broadly
referred to as transient earth fault protection. Traditionally, this term
has referred to a few analog relays based on a similar principle of op-
eration utilizing the high frequency transients that occurs during earth
faults [14,15]. In recent years modern protective relays have become
equipped with more advanced functions based on these transients, such
as [16,17], so the transient protection category is now more diverse.

Although many of the commonly used transient-based earth fault
relays, hereafter referred to as Transient Earth Fault Relays (TEFRs),
are said to be valid in non-radial networks [14-17], it is not well
established whether or not they have some inherent limitations in
such networks compared to radially operated networks. The availability
of relay testing in the scientific literature is limited mainly to sparse
results from tests conducted by relay manufacturers, and independent
research papers studying their performance in detail is lacking. Further-
more, the TEFR-category is actually quite diverse, and it is not unlikely
that previous generations of relays with a less reliable performance
have been allowed to define a broad category of relays.

This paper therefore has two primary objectives. The first is to
identify and investigate any inherent limitations for network operators
to be aware of when applying TEFRs in non-radial networks. To do
this, the paper focuses on studying the fault direction indication in non-
radial networks and the transition between forward and reverse faults.
Secondly, the paper aims to identify any variation in the responses
of different TEFRs to determine how the various operating principles
differ from each other. The paper will build on the theoretical analysis
performed in [18] and investigate the performance of four different
relays. These four relays are then tested in a laboratory setup with a
variation of network configurations and parameters.

The rest of the paper is organized as follows. Section 2 briefly
explains the theoretical foundation for the earth fault transients and
discusses some potential issues related to sensitivity and polarity. Based
on this theory, formulae are provided which predict the fault locations
for which the relays will transition between forward and reverse fault
indication. Section 3 describes the simulation models and the labora-
tory setup used to test the relays, whereas the results are discussed
and analyzed in detail in Section 4. Section 5 discusses the impact of
various parameters in the tests, and the validity and limitations of the
laboratory tests are also discussed in detail. Finally, conclusions and
recommendations for future work is provided in Section 6.

2. Earth fault transients in non-radial networks

A detailed presentation of important theoretical concepts was given
in Ref. [18], but the key concepts required to discuss the results in this
paper are repeated in this section. This section primarily deals with the
earth fault transients in a non-radial system, and for more details on
the charging transient and its behavior in radial networks interested
readers are referred to [18] for further reading.
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3igy i C
Z ing 4
N T i
A i
— —7s
S N Q Ryl T T sqip3iss
N P it a 4
B 1
| s
INY /-/j‘?-::
\ 7L L
I ich \ a4
1 %C‘""
l BG

Fig. 1. Charging transient in a ring-operated network.

2.1. The charging transient

Note that the equations derived in this section apply at the charging
transient frequency only.

During an earth fault in a network with isolated or compensated
grounding, the phase-ground voltages of the two healthy phases in-
crease. This charging process is associated with what is commonly
referred to as the charging transient, which is described as a current
flowing from the faulted point along the faulted phase until it reaches
the main transformer neutral. Here, it is divided in two equal parts and
returning to the fault point via the healthy phase capacitances. In this
path the transformer leakage inductance and the faulty phase series
inductance make up to main inductance L,,, whereas the healthy phase
capacitances to ground and to the faulted phase make up the main
capacitance C,,. The charging current thus flows in some equivalent
LC-circuit with a natural frequency given by (1).
re 1

ERN
Different versions of this model are available in the literature, differing
slightly from each other in how the equivalent inductance L,, and
capacitance C,, of the circuit are approximated [9,19,20].

Consider a fault taking place somewhere on line A in Fig. 1. The
charging transient i ;, flows along the faulted phase to the transformer
neutral and returns to ground via the healthy phase capacitances. As
the two lines A and B are connected to form a ring, the charging
transient will have two alternative paths along the faulted phase to the
main transformer. The division of i, is based on the impedance of the
faulted phase, and the ratio can be obtained by applying the current
division principle. This ratio is defined as R, such that the current
R - i, flows towards the transformer neutral along line A, whereas
(I = R) - i, flows towards the transformer neutral along line B. The
charging current reaches the transformer neutral where it is divided
in two halves, assuming the two healthy phases to be identical. The
current then returns to the faulted point via the capacitances of the
healthy phases, as indicated in Fig. 1. In Fig. 1, the capacitances C,
and Cjp are the per phase capacitances on line A and B, whereas Cp; is
the total per phase capacitance of the background network, represented
here as a single feeder.

Because %im returns to ground in each of the healthy phases in
the network as a whole, the component that returns on the ring itself,
denoted i, in Fig. 1, is given by (2).

@

. 1. Cr
'hR = E'Lha @
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Fig. 2. Remote end bus measurement on a network ring.

In (2), Cg = C4 + Cp is the total per phase capacitance of the ring,
whereas Cj = Cg + Cpg; is the total per phase capacitance of the entire
network. Eq. (2) shows that it is the amount of capacitance on the
ring compared the background network which determines how much
of i, returns on the ring itself. Depending on the parameters of the two
feeders in the ring, the current i),z will divide itself among lines A and
B. Let this be described by the factor m, such that the currents
'.}m =m-ipg . @)
ipg=(0=m)-ipg

flow onto line A and line B, respectively. In the case of a homo-
geneous ring, the division of i,; will be equal among the two lines
(i.e., m = 0.5). In any case, m is determined by the network topology
and it is independent of the fault location.

The charging transient frequency component of the residual current
measured on lines A and B can be written as

3igy = 2ipg — R iy

(©)]
3igg = 2ipp — (1= R) iy
Combining (2), (3) and (4), (5) is obtained.
3igg =i <m% - R)
" )

Bigg =i <(l—m)&—(]—R)>
2lop ch CT

Similarly, the measured current iz at the remote end bus bar on
the ring can also be derived. With the measurement polarity as shown
in Fig. 1, this current is expressed as a function of the fault location
as well as the location of the remote end bus itself on the ring. Fig. 2
illustrates this way of measuring the distance by drawing the ring AB
as a straight feeder. Note how both ends of the figure correspond to
the main bus. The per unit distance around the ring is measured along
the ring in a clockwise direction starting on line A, and the distance to
the remote end bus is denoted M. Then, a remote end bus would for
instance be located at M = 0.5 p.u. in the case of two lines of the same
length, or at M = 0.67 p.u. in the case of line A being twice as long as
line B. It can then be shown that the current 3iyg is given by (6).

c
3iURE:iM<C—:(m—M)+I—R> 6)

Eq. (5) and (6) describe the charging current measured at the
three measurement locations shown in Fig. 1, and they apply for this
particular topology. Note that the presence of loads on the ring, either
at bus M or on branches connected to the feeders A and B, will not
significantly impact these results as load transformers represent a much
higher impedance path for the transient than the path indicated in
Fig. 1.

2.2. Crossover points

Eq. (5) shows that the residual currents measured on lines A and
B may become zero at certain fault locations, even in a network with
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Fig. 3. Test network for investigating location of crossover points.

several feeders. These fault locations are referred to as crossover points
due to the fact that the polarity of the measured current transient will
change from positive to negative in these points, and relays based on
measuring this transient will therefore change their direction indication
between forward and reverse as well. Furthermore, as the magnitude
of the measured transient approaches zero, the relays may encounter
problems in detecting the fault altogether when the fault is located
close to this crossover point.

The point where either 3i; 4 or 3i; 5 becomes zero depends on the
relative size of the ring compared to the background network and will
occur for 3iy , when R = m-Cp/Cy. Furthermore, if the ring is relatively
large compared to the background network, this point is moved closer
to the middle of the ring, and it can thus be imagined that both currents
will be difficult to measure at certain fault points. In the special case of
a single ring network (Cy = Cy), for instance in the case of a two-feeder
network operated as a single ring, both 3i, 4 and 3i, 5 can become zero
for the same fault location. The current measured at the remote end
bus will also have its crossover point according to (6).

To be able to evaluate (5) and (6), the parameter m must be known.
In the special case of a homogeneous ring, m is known to be exactly
0.5 due to the ring appearing identical seen from either main bus
terminals of the ring. An analytical expression for the calculation of
m has not been found, but it is understood to be governed by the
distribution of capacitance around the ring. The formulae given in
[19], used to describe a similar division of fundamental frequency
zero-sequence currents, could serve as a starting point for deriving an
analytical expression. In practice, however, the best way to locate the
crossover points in a complex network would be to rely on simulations,
seeing as analytical formulae quickly become difficult to derive when
the network topology is changed from the one in Fig. 1. The purpose of
deriving the formulae in this paper is to allow for a comparison between
theory and practice using physical relays in a laboratory setup, which
is presented in the next section.

3. Laboratory testing
3.1. Test network modeling

The results presented in this paper are based on simulations gener-
ated from the test network shown in Fig. 3, modeled using ATPDraw.
The network is a radial network where two of the feeders have been
connected to form a ring. Note that the illustration in Fig. 3 is compact,
and feeders I and II are assumed far enough apart to be uncoupled.
A third feeder can be connected in parallel to the ring, and the com-
pensation can be divided among two different ASCs. This topology is
not based on a real network, but it is first and foremost intended to
facilitate a comparison between the actual location of the crossover
points and the theoretical locations predicted by (5) and (6). See
Table 1 for detailed model data.

3.2. Relay settings

The four relays (manuals [14-17]) under investigation are for the
sake of confidentiality referred to as relays A-D:
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« Relay A: Analog earth fault relay. The simplest relay of the four
considered, with pickup level for transient current and f
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tal frequency voltage being the only required settings. The relay
is based on detecting transients in the zero-sequence current and
voltage and comparing their polarities to determine the direction
to fault. The relay manual refers to the charging transient as
basis for the operating principle, and the transient measurement
circuits are centered at 200 Hz.

Relay B: Analog earth fault relay with the same basic operating
principle as Relay A, also citing the charging transient as basis
for its operating principle. According to the manual, the transient

measurement circuits filters out the fundamental frequency com-
ponent, and the measurement circuits for the current transients
filters out transients above 3 kHz as well. The pickup level for
current transient at 1 kHz and for the fundamental frequency volt-
age can be set by the user. Additionally, relay B allows for more
detailed settings than Relay A, such as filter frequency, length of

time window for detection of current and voltage transients, as
well as delays related to resetting and tripping.

Relay C: Numerical IED with multiple earth fault functions, where
only the transient earth fault function is being tested. This func-
tion is also based on the transient charging process that takes
place during earth faults, but as opposed to relay A and B, this
function also considers the fundamental frequency in addition to
the higher frequency transients. According to the manual, this
function is based on the energy in the zero-sequence system,
citing that the charging process consists of a transfer of energy
between the faulty feeder and the surrounding network. This zero-
sequence energy is computed through integration and summation
of phasors at several frequencies. The relay allows for setting
of 3V, and the integrated 3/j-current trigger levels, along with
detailed settings of proprietary parameters. This relay also allows
separate trigger levels for forward and reverse faults.

Relay D: Numerical IED with multiple earth fault functions, where
only the transient earth fault function is being tested. Similar
to relay C, this function is based on the energy in the zero-
sequence system, which is computed directly in the time domain.
The relay manual for relay D contains less information on the
signal processing and filtering, but it indicates that relay D also
makes use of the fundamental frequency in addition the higher
frequencies, just as relay C does. The relay allows for setting of 31,
and 3V}, trigger levels, along with detailed settings of proprietary
parameters.

All the four relays require the same two measurements, 31, and 3V,.
Relays A and B both refer directly to the charging transient discussed
previously as basis for their operation. Relays C and D are based on
zero-sequence energy, although they have different ways of implement-
ing it. While the charging transient is part of this operating principle,
relays C and D also incorporate more of the information contained in
the transient period in their operation. The four relays thus represent
two generations of relays utilizing two distinctly different operating
principles. Whereas relays A and B are found in many Norwegian
networks today, relays C and D are likely to be used increasingly in
new substations.

Although the relays utilize similar operating principles, the im-
plementation and configuration of each relay is unique. The only
comparable setting is the pickup threshold for the fundamental fre-
quency voltage 3V;, which is set to ensure fault detection for all the
relays. The four relays all have a setting for the current threshold as
well, although it has different interpretations for each relay. In the
case of relays A and B, the current threshold has a recommended
value based on network data and the CT-ratio used. This parameter
is therefore set according to the recommendations in their respective
manuals. All other proprietary settings are set according to the manuals
unless otherwise specified. Relays C and D have current thresholds that

Table 1
d Test network data.

OH-lines Phase conductors: radius 4.07 mm (inner) and 12.03 mm
(outer), Ry = 0.1115 ohm/km, 4.5 m spacing, plane geometry,
tower height 11 m, 4.3 m sag. Ground conductors (x2): radius
1.45 mm, Rpe = 0.8 ohm/km, 4.5 m spacing, plane geometry,
tower height 13 m, 4.3 m sag. Transposed lines, skin effect,
JMarti-model. No coupling between feeder I and II.

G, = 44.33 nS/km added manually.

Cables Three single-phase cables in ground, depth 1 m, transposed.
Core radii 8 mm (inner) and 17.35 mm (outer), sheath radii
32.15 mm (inner) and 33 mm (outer), cable radius 41 mm,
semi.cond. layer w/ thickness 1 mm between core and sheath,
conductor resistivity 2.651E-8 Qm, relative permittivity of
insulation 2.3. Modeled using JMarti. Asymmetry: 3.3 nF/km
and 6.6 nF/km added to C, in phases b and c, respectively.

Transformers  T1: 250/250/80 MVA 400/132/12.5 kv Yydl
T2: 50 MVA 132/22 kV Yd11

Loads 3-phase 10 MVA constant impedance loads. Power factor 0.9
lagging.

ASC I,y = 295 A (10% over-compensated). Parallel resistors Rp =
50 kO represent losses in P1 and P2.

CTsand VIs 31, CTs 600/5A, 3%, VTs 228/0.11 kV. Sampled at 10 KHz.

Fault R; = 100 ©, inception angle approximately 40°.

Other Software: ATPDraw version 7.2p11, simulation timestep

41 =1 ps, ground resistivity 100 Q@m.

are related to either the CT secondary current or as a percentage of
some base value. Relay C limits the current threshold downwards to
some percentage of base value, typically the CT primary value, while
relay D allows setting the threshold to zero. However, the manual of
relay D states that this threshold should perhaps be increased in meshed
networks according to user experience.

In either case, default pickup thresholds of relays C and D can-
not be readily obtained from their manuals. Furthermore, the correct
operation of all four relays is closely related to the quality of the mea-
surements they receive. In reality, measurement noise will be present,
and an appropriate CT-ratio must be used to give the relays optimal
conditions. In this paper it is primarily the fault direction indication
which is of interest to study, and the relays are therefore set to be very
sensitive. Discussion of any observed issues pertaining to sensitivity of
the relays will therefore be limited to a qualitative level.

3.3. Laboratory setup

Signals of 31, and 3V, on Comtrade format are generated using
ATPDraw’s Comtrade block sampling at 10 kHz, where the fault records
are obtained running sequential simulations with varying parameters.
The Advanced TransPlay feature in Omicron CMC 356 is used to play
the Comtrade files to the relays [21].

All the relays are capable of outputting binary signals to indicate
both forward and reverse faults, and these signals are monitored to
determine the location of the crossover points. The binary signals are
synchronized in time with the signal played back by the relay tester
with the setup shown in Fig. 4, and all binary signals are controlled to
make sure that they coincide with the fault.

4. Results
4.1. Location of crossover points

Faults are applied in sequence at evenly distributed locations around
the ring consisting of feeder I and feeder II in the network in Fig. 3 to
investigate the location of the crossover points. Feeder III is assumed
to be operated radially, and ASC P2 is disconnected. Based on the
charging transient alone, the theoretical location of these points can be
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Fig. 4. Lab setup for testing multiple relays at once using the Omicron CMC 356 [21].

estimated using (5) and (6). The parameters M and m are determined
as follows: M describes the per unit distance to the remote end bus
as M =41 km/67 km = 0.612, and m = 0.5 is assumed because the ring
is homogeneous with only overhead lines. For the four relays on the
ring, these theoretical locations are shown in Table 2 along with the
observed crossover points for the four relays.

Using standard settings as recommended by the relay manufactur-
ers, Relay A managed to detect the fault in all the fault locations.
Relay D managed to detect all the faults as well, likely due to the
fact that this relay both allows and recommends a very low current
threshold. Relay C behaves differently as its sensitivity threshold is
related to whatever current level is selected as its base value. The
selection of this base value is up to the user, but with a sufficiently
low value Relay C can also be made to be very sensitive. Relay B
was the least sensitive, and its minimum allowable current threshold
setting was used to determine its crossover point location. Furthermore,
it was observed that the remote end relays had much poorer operating
conditions than the local end relays did, requiring the output from the
relay tester to be twice as high in order to determine the crossover point
location. This demonstrates that a single setting for all the relays in the
network, as suggested in the manuals of both relays A and B, is not
advisable.

The results show that the relays have their crossover points close to
the theoretical values, but that there is some variation. This may in part
be due to differences in the operating principles, and partly due to the
fact that faults close to the crossover point represent very challenging
conditions for the relays. The precise locations of the crossover points
were therefore difficult to determine accurately in the laboratory setup,
as the observed locations of the crossover points shifted slightly in some
instances (at most +4 km) when the tests were conducted with different
relays settings and CT-ratios.

In addition to the results in Table 2, the impact of adding feeder IIT
in parallel was investigated. This shifted the locations of the crossover
points for all the relays, as would be expected from the theoretical
discussions in Section 2.

Table 2
Theoretical and observed crossover points the test network.
Relay pos. Local end Remote end
Fd. 1 Fd. I Fd. 1 Fd. IT

Crossover points - (km/p.1.)
(measured from local end bus in clockwise direction around the ring)

Theoretical 63.6/0.95 3.4/0.05 0.8/0.01 0.8/0.01
crossover point

Relay A 58.5/0.87 85/0.13  1.5/0.02 1.5/0.02
Relay B 62.5/0.93 4.5/0.07 1.5/0.02 1.5/0.02
Relay C 65.5/0.98 1.5/0.02 0.5/0.01 0.5/0.01
Relay D 65.5/0.98 1.5/0.02  0.5/0.01 0.5/0.01
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Fig. 6. The current 31, as measured on the local end of Fd. I for various fault locations.

4.2. Crossover regions

As discussed previously, two things occur in the crossover points: (1)
the polarity of the charging transient changes, and (2) the magnitude of
the charging transient goes to zero, as was shown in [18]. Although the
transition from forward to reverse happens in the crossover point, the
magnitude gradually decreases in the area around the crossover point.
As a result, the relays may fail to detect faults in the region around
the crossover point when less sensitive settings are used. Therefore,
the crossover points would actually appear as crossover regions in
reality. Fig. 5 illustrates this for Relay A, and similar results could be
produced for the other relays as well. The relay was fed with currents
of 30%, 25% and 15% magnitude to emulate a high, medium and low
sensitivity setting. Note that because the relay was set less sensitive
than its recommended settings. i.e., its pickup threshold was set higher
than recommended, the crossover point in Fig. 5 is actually shifted
slightly from the value in Table 2. The sensitivity of the relay and
the approach used to locate the crossover point thus both impact the
observed crossover point location, further illustrating that the exact
crossover point location is difficult to determine. This was observed
to a varying degree for all the four relays, with relay A showing the
largest shift.

Fig. 5 illustrates how the crossover point turns into a crossover
region as the sensitivity of the relay is decreased, and faults in this
region are not detected by the relay. Fig. 6 shows the time domain
signal obtained at the local end relay on feeder I. It illustrates that
the initial transient is drastically reduced as the fault is moved farther
away, and the polarity shift can also be observed to take place towards
the other end of the ring corresponding to the 67 km curve. The
magnitude of the fundamental frequency component is also visibly
reduced for faults far away.

4.3. Impact of the d

1 frequency comp

Dividing the compensation in the network evenly among ASC P1
and P2 further impacted relays C and D, whereas relays A and B
were unaffected. Relays A and B only utilize frequencies above the
fundamental frequency, for which the network appears ungrounded.
Changing or moving the ASCs in the network will therefore not affect
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Fig. 7. Normalized magnitudes of the charging transient, 200 Hz and 50 Hz compo-
nents in 3/, during the first 20 ms of the fault, measured at local end Fd. I, in the
case of one (a) or two (b) ASCs in the network.

1 1
cos(/Ty = /Vo) Vo)
0 .0 7
R4 -7
) el Kl e
0 40 60 67 0 20 40 60 67

20
Fault location measured Fault location measured
from A [km)] from A [km]

(a) (b)

Fig. 8. 50 Hz zero-sequence power factor during the first 20 ms of the fault, measured
at local end Fd. I, in the case of one (a) or two (b) ASCs in the network.

these relays. Relays C and D, however, both make use of the fundamen-
tal frequency, and their crossover points are therefore dependent on the
location of the ASCs in the network. Fig. 7 shows how the magnitudes
of the charging transient, the 200 Hz and 50 Hz component of 31,
varies with fault location in these two scenarios, and it is clear that
relays dependent on the 50 Hz component will be affected by adding
the second ASC.

The addition of P2 not only affects the magnitude of the fundamen-
tal frequency component, but also the direction indication based on it.
Relays C and D both rely the zero-sequence active energy as part of
their operation, and Fig. 8 show that the fundamental frequency active
power always indicates a forward fault (cos(¢py) < 0) in the case of
a single ASC, while the addition of P2 changes this. Relays C and D
do however not exhibit the exact same responses (the addition of P2
shifted the crossover points of relays C and D in opposite directions),
demonstrating that they each have a distinct variation of the energy-
based operating principle. The formulae presented in Section 2 only
account for the behavior of the charging transient, and therefore do not
accurately capture the behavior of relays C and D. This will require a
separate study of the fundamental frequency component as well as the
relays’ weighting of the different frequencies, which is outside the scope
of this paper.

4.4. Challenges for protection

Assuming that the relays could be set as sensitive in reality as they
were during this test, the data in Table 2 show that misoperation could
occur. Fig. 9 illustrates the situation: The remote end relay on feeder I
see faults on the first 0.5-1.5 km of feeder I as forward faults, whereas
the remote end relay on feeder I see them as reverse faults. As a result,
no pair of relays on the ring can determine the fault to be between
them. Instead, a network operator would have two options in this case:
(1) increase the pickup threshold of the relays and only rely on the local
end relays to determine the fault location, or (2) divide feeder I in two
shorter segments equipped with another pair of relays.

Because the different relays are affected differently by the presence
of ASCs, a network with a mixture of different relays could result in
another more critical type of misoperation. Consider the situation in
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Fig. 10. Faults in the shaded region in (a) appear as a forward fault on both lines.
Current magnitudes in (b) clearly indicate a fault on Fd. I (actual fault location is 5
km from the local end on Fd. I).

Fig. 10(a), where the compensation is divided evenly among P1 and P2.
Assume that the relays in the local end substation are of type B, whereas
the remote end substation is equipped with type D relays. Table 3 shows
the location of the crossover points in this configuration. Because the
crossover point of the remote end relay on feeder II is located farther
out on feeder I than the crossover point of the local end relay on feeder
11, all four relays see faults in the shaded region as forward faults. The
local-end relay on feeder II must in this case have its pickup threshold
increased to avoid this situation.

The actual magnitude of the transients will depend on several
factors such as inception angle and fault resistance, and therefore it
is difficult to relate the magnitude to any particular fault location.
However, if the magnitudes of the currents measured by each relay had
been available for comparison in the previous example, the fault could
easily have been determined to be on feeder I. The maximum recorded
value of 31 in the local end relay on feeder I is much higher than at
the other three relays, as shown in Fig. 10(b), indicating that the fault
could not possibly be located on feeder II.

5. Discussion

Testing relays based on simulations is a challenge, as replicating
both the earth fault transients as well as the fundamental frequency
components accurately is difficult.

Firstly, the relay tester must reproduce the waveforms accurately,
which may be difficult for very fast transients. Furthermore, the Omi-
cron is limited to playing back 10 kHz, although this should be more
than any of the relays require.

Secondly, the use of the frequency dependent line model does not
perfectly replicate both the fundamental frequency (50 Hz) and the
fault transients (0.2-2 kHz). This is however only of concern for relays
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Table 3
Observed crossover points for relay B and D when ASC P2 is
Relay pos. Local end Remote end
Fd. 1 Fd. IT Fd. 1 Fd. IT

Crossover points - (km/p.1.)
(measured from local end bus in clockwise direction around the ring)

Relay B 62.5/0.93 4.5/0.07
Relay D

64.5/0.97 5.5/0.08

C and D, for which the impact of the fundamental component is only
discussed on a qualitative level. Furthermore, the effect of CT and VT
accuracy and noise is not implemented in these tests, and the very
sensitive relay settings required in these tests may not be realistic to
implement in reality to avoid false alarms during other network events.
It may also be the case that the set sensitivity of the relays should be
deliberately reduced to avoid the simultaneous operation of too many
relays in the network and to reduce the risk of misoperation due to poor
conditions near the crossover points.

Finally, it is noted that the topology of the test network is inten-
tionally simple to enable derivation of the analytical formulae which
could be compared against laboratory tests. In reality, such a ring-
network would likely have many lateral branches which complicates
the process of estimating the location of the crossover points. The fact
that crossover points would exist in any type of non-radial network
is obvious, and in complex networks their location may be more
efficiently determined through simulations.

6. Conclusion

Transient earth fault relays (TEFRs) are frequently applied to non-
radial resonant grounded networks, but they are susceptible to issues
related to both sensitivity and polarity. This paper has presented and
verified a theoretical approach for estimating the location of crossover
points for relays based on the charging transient, i.e. fault locations in
which a relay will change its direction indication between forward and
reverse, and tested four different commercially available TEFRs in a lab-
oratory setup. The important conclusions and scientific contributions
are as follows:

« Crossover points were found in the predicted locations, and b
polarity swap and sensitivity issues were observed there, showing
that the theoretical approach for understanding crossover points
is correct. This approach can therefore be used to understand
relay behavior in other networks as well, although simulations
likely are more efficient in the case of complex topologies.

The location of the crossover points for the modern relays based
on zero-sequence energy are also influenced by the fund 1
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relays have their crossover points on the protected line itself.
Knowledge of the likely crossover regions and comparison of the
current magnitudes of relays in the system could however be used
to aid the network operator when assessing the relay responses.
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Automated fault location plays a key role in improving the reliability of modern power grids—it helps to reduce
the power outage time and the number of affected customers. Earth faults in isolated systems are among
the fault types that are difficult to detect and locate with a reasonable accuracy, and there has therefore
not been a well-established method for detecting and locating such faults in isolated systems. This paper
presents two novel current-based methods for locating earth faults in unearthed closed-ring MV networks. The
methods are based on the utilisation of sequence components of standard current and voltage measurement
at a primary substation and they do not require new devices or measurements in the field. Both methods are
tested with a simulation of a network based on data provided by a Norwegian network operator and their
prediction performances were investigated considering different scenarios on fault resistance, load asymmetry
and measurement errors. Both methods performed well and showed good accuracy. The simulation results are
promising and strengthens the prospect of further testing of the methods in real networks and adoption of the
methods for a real-world implementation.

1. Introduction 1.1. Related work

Several fault location methods for single phase earth faults have
been proposed and studied. The methods often consider a radial op-
eration of the grid and they can be broadly divided into centralised
and decentralised methods. Centralised methods are mainly based on

In modern power systems, self-healing and automation of the grid is
increasingly applied to distribution grid with the objective of perform-
ing automated fault location, isolation and service restoration. These

new applications aim to significantly improve the reliability of the grid
as less time will be needed to locate and resolve the faults in the grid.

Fault indication and location are key functionalities in the self-
healing and automation of the grid. There are many well established
methods for locating most short circuit faults (symmetrical or unsym-
metrical faults). However, among these fault types, there has not been
a commonly accepted, reliable and efficient method for single phase to
earth fault location in ungrounded or compensated networks. Locating
single phase earth faults is crucial as it is the most common fault type
in the distribution network, representing 50 to 90 % of faults in Nordic
countries [1].

* Corresponding author.

measurements at a primary substations while distributed approaches
use measurements along feeders and a communication infrastructure
for collection, coordination and management of these measurements.
Some of the most commonly used centralised approaches are the
impedance based methods which are based on measuring the apparent
impedance seen from either end of a feeder when a fault occurs. Some
works such as [2-6] presented an impedance based fault location meth-
ods for distribution grids. The works in [5,6] presented an impedance
method for ungrounded distribution networks utilising current and
voltage measurements at a primary substation. Where as, the method
in [5], in addition to the voltage and current measurements of MV
primary substations, considered dynamic load models to achieve higher
accuracy. The work in [7] presented earth fault location methods that
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mainly utilise zero sequence voltage and current measurements on
feeders rearranged to ring structure after the occurrence of a fault. It
then calculates the distance to the earth fault from the phase to earth
admittance and distribution of the components of the zero sequence
current. The method apply, however, to radially operated networks.
The main challenge with the impedance based approaches is that the
fault current in isolated and compensated networks is often very small
to allow a satisfactory fault location accuracy.

Another method is the travelling-wave-based method such as in [8—
11] which, theoretically, can give accurate fault location. In this
method, by measuring the transient voltage and current waves and
their reflection and arrival times at either end of the line, the distance
to the fault point can be determined. However, due to the availability of
numerous branches and laterals in distribution network, the reflection
captured at the substation (beginning of the feeder) may come from
other sources in the network (noises and disturbances) and not neces-
sarily only from the fault point [12]. Travelling wave based methods
are often complex and incur high implementation cost as they often
require high sampling rate and sophisticated measurement equipment.
This makes it challenging to apply these methods in real distribution
networks.

Recently, there has been also the use of artificial intelligence based
methods such as [13-19] which use historical data and develop learn-
ing algorithms that can determine fault locations. The work in [18]
presented a fault location method for unearthed distribution network
using Support Vector Machine (SVM) and wavelet technique, however
the method assumes a radial operation and requires closing a switch
to form a ring after the occurrence of a fault. Other works such as
in [17,20] presented a hybrid method combining Discrete Wavelet
Transform (DWT) and artificial neural network (ANN) which only
use line currents available from substations. Although these type of
methods attracted some attention for some time as they often give
fairly accurate performance in simulation studies, the research into this
direction seems to be declining, and it is difficult to find evidence of
real-life implementations [12].

Decentralised fault location methods are realised by the recent
modernisation and automation of the grid with the introduction of
intelligent electronic devices (IEDs), smart meters, fault passage indi-
cators (FPI), etc. equipping secondary substations with monitoring and
communication capability. The utilisation of these components with
a communication infrastructure enabled the distributed fault location.
The fault location is carried out either locally by the IEDs or by higher
level controllers receiving measurements from the IEDs/ICT devices.

Distributed fault location methods in [21,22] used the measure-
ments from smart meters, though it only works for faults with low fault
resistance. Fault passage indicators, supported by advanced sensor and
communication technology are used for locating earth faults in [23,24].
A list of FPIs that has been used in real implementations and field tests
are presented in [25]. The major drawbacks in using FPI based methods
is the dependence on the communication infrastructure and the fact
that they are only capable of identifying the faulted section between
two FPIs.

Some works such as [26,27] used state estimation based methods
where sufficient data is provided to the fault location using recorded
data from a set of measurement points such as AMI, SCADA, or PMUs
that have been used in distribution grids recently. Other works in [28—
31] presented methods to locate earth faults which are solely based on
low voltage measurements from secondary substations of the distribu-
tion grid. A similar approach called ‘Vdip’ is presented in [32], but in
addition to the voltage monitors at LV side of the distribution grid, the
method uses current measurement at the primary MV substation.

Other works such as [33,34] presented decentralised methods that
are based solely on current measurements. These methods specifically
look into the changes in symmetrical components of currents during
fault, assuming that the negative sequence current from the feeding

Electric Power Systems Research 213 (2022) 108774

substation up to the fault location is relatively higher compared to the
negative sequence current after the fault point.

Recent works such as [35-38] presented decentralised methods to
locate faults in meshed distribution networks with distributed energy
resources (DERs) using information provided by distributed controllers,
Intelligent Electronic Devices (IEDs) and IoT devices such as Directional
Fault Passage Indicators (DFPI). In [39], an earth fault location method
utilising synchronous measurement from PMUs is proposed for an
active distribution grid with DERs. The authors in [37,38], presented
a multi agent system based fault location methods for distribution
systems in the presence of DERs.

Overall, the distributed fault location methods using sensors, IEDs,
FPIs, and IoT devices are becoming increasingly common and they are
especially promising for next generation distribution networks with
ring or meshed operation and high penetration of DERs. However,
compared with other approaches such as the impedance based method,
their implementation is often costly.

1.2. Aim and contribution

A reliable and efficient fault location method has to be simple,
accurate, cost effective, and shall be applicable in different types of
network topologies and configurations. Unlike most short circuit faults
which are relatively easy to detect and locate, locating earth faults
in unearthed systems is challenging. The various fault location meth-
ods presented above had their own strengths and drawbacks. The
impedance based methods being the most simple and cost effective
but highly dependant on estimation of the system parameters while
the distributed method with IEDs and FPIs utilise simple measurements
along feeders but with a relatively complex implementation requiring
field devices and advanced communication capabilities.

This paper aims to propose a simple and cost effective earth fault
location method for isolated systems utilising the readily available
measurements at MV primary substations. Considering the architectural
changes in a futuristic distribution networks, the method exploits the
possibilities arising from a ring operation of MV networks. Closed ring
operation is seldom used in medium voltage networks in Norway so far.
Historically the network is built as pure radials or as open ring network.
Radials and open ring network are easy to monitor and the protective
scheme is simple and straight forward. However, to improve the overall
reliability in the network, ring networks are getting more and more
common. Closed ring operation adds some complexity and may increase
vulnerability, but there are also benefits like lower losses and possibly
improved fault localisation. The paper presents two methods which are
mainly based on sequence components of current measurements and
neutral voltage measurements at a substation. Overall, the aim is to
develop a method that can:

« locate earth faults with error margin of a few hundred meters.

« deal with different load situations (balanced/unbalanced)

« deal with various fault resistances

« be less costly and easy to implement (with simple logic using
current and neutral voltage measurements at a substation)

This paper is limited to fault location of single phase to ground faults
considering unearthed MV distribution networks only.

1.3. Organisation of the paper

The paper is organised as follows. Section 2 gives a brief theoretical
background on the methods used for locating single phase to ground
faults using sequence components. Section 3 presents the proposed
methods. In Section 4, a brief description of the system considered for
illustration of the performance of the methods is presented. Section 5
presents and discusses the results obtained from the case study investi-
gation. Lastly, conclusive remarks and future works are summarised in
Section 6.
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Fig. 1. Healthy feeder.
2. Theory

2.1. Sequence currents in a ring topology

2.1.1. Healthy state

The equations describing the flow of currents on a single feeder is
used as the basis for developing a similar set of equations describing the
currents on two ring-connected feeders. Consider the feeder in Fig. 1,
with phase-ground admittances Y, Y + Y, and Y + Y, in phases a, b
and c, respectively. The feeder supplies a load with load currents 7Lv“,
T 1 and T, . The phase currents flowing onto the feeder can be derived
from Fig. 1 and are given by (1).

=W, +E)Y +1,
W+ ENY +Yy) + 11, 1)
=W, +EQ)Y +Y,)+1,,

i
I,=

Transforming the phase currents into symmetrical components [40],
the zero and negative sequence currents on the feeder are given by (2),

- @3]

=3Y + Y+ Yy,

= WYy + hYy,
=Yy + WYy,

I =T+ 1T, +hi,,

<~

have been introduced for more compact notation. The voltage E"" is the
phase-neutral voltage at the transformer terminal of phase a, 17,, is the
neutral-ground voltage, and h = /2%,

Next, consider instead two feeders, feeders A and B. The phase-
ground admittances of feeder A are Y,, Y, + Y, 4 and Y, + Y, 4 as
illustrated in Fig. 2. Similarly for feeder B, the phase-ground admit-
tances of the three phases are Y, Y + Y4, g and Yy + Y, 5. If the two
feeders are radially operated, the zero and negative sequence currents
on each feeder can be described by inserting the admittances and load
currents of each feeder into (2). If the two feeders are connected to
form a ring, however, the sequence currents measured on the terminals
of the two feeders are not straight forward to compute. To overcome
this problem, the two ring-connected feeders are treated as a single,
equivalent feeder by defining Y = Y, + Yp, Yy, = Yy 4 + Yy and
Y4e = Yge 4+ Yy p to maintain the notation used in (1) and (2), and the
sum of sequence currents on the two feeders are obtained by (2), here
re-written as (3).

<

3lga+31pp =V, 7 +

o - 3
3L a+3hy=V,V +

E,
EY+1,

<
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Fig. 3. Earth fault in phase a on a single feeder.

The approach suggested in this paper is to express the sequence currents
measured on feeder A and B when connected in a ring as fractions of
the sum of sequence currents flowing onto the ring, as described by (4).
Y omy + E‘HY cng+ il],rtng
Yomp+EY g =Ty g @
3L = VY qu+EY sy+Ip1,+ 1y ring

llﬂ‘*'EaY‘SB"’IL"B_Iz,m,g

In (4), all the factors my, mp, ny, ... € [0,1], and my +mp = ny +np =
qs+qp=s4+spg=1,+15 =1. These factors are used to describe the
general case where each component in the sequence currents may be
distributed differently among the two feeders, as will be the case when
the feeders’ admittances and impedances are not evenly distributed
around the ring. The currents 70,,,,,g and fl,,,,g are included to account
for any circulating sequence currents which may arise from asymmetry
in the network [41,42]. These currents will be opposite in polarity on
the two feeders, and hence they are not observed when considering the
sum of currents on the two feeders.

2.1.2. Sequence currents during fault

A ground fault is assumed to occur in phase a somewhere on the
feeder in Fig. 3. Eq. (2) is modified to account for the fault current,
and (5) is obtained.

B, )
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Using the same approach to describe the currents measured on each
feeder in the ring as previously, (4) is rewritten as (6).

3lga=V,Y -my+ EJY ny+ Toying + Ir 4

3op=V,Y -mp+EY ng—Io+1pp ©

3iz.A = 'Z,Y‘él/\ +Eu sSpt ,.L lx +72ng +7r,A
Y

4 'qE+Eu?'XB+1L"B_12.rmg

+Tpp

The currents 1, £, and T, r,p are the fault current components measured
on feeder A and B, respectively.

3. Proposed method
3.1. Estimating the impedance ratio

The per phase series impedances measured along feeders A and B to
the fault point are labelled Z, and Z, respectively, as illustrated in
Fig. 4. Current division suggests that the ratio of these impedance are
the inverse of the ratio of the fault current components I, r.4 and I, F.B>
as expressed in (7).

Zyr  Ira
Fr== @
AF Ipp
If the components 7, r.4 and I r.p can be obtained from measure-
ments, and the impedances of the two lines are known in advance, the
distance to fault can easily be estimated. To obtain T, F.4 and T, r.p> the
change in zero and negative sequence currents before and after fault
inception are utilised as described by (8).
V.Y -my+Tp
V¥ my+1,
. Yt 2+ lrs ®
Ml =AV,Y -qu+ 14
Bhy=aV,¥ g5+ Tpp
The A-notation introduced in (8) is used to described the change in a
current or voltage phasor compared to its value at some pre-fault time
t,.- The value of this change at any time 1 is then ALty =Tt - I(tpre).
From (8) the ratio of the fault current components can be found by
using either of the two sequence currents. In terms of change in zero
sequence current and change in neutral voltage, this ratio is given by
9.

iF.A ASYO,A - A‘Z,Y sy
Trp MIgp—4V,Y my

[©)]

Similarly, if the term Al7,,}7 is assumed negligible, then the same
ratio can be obtained by (10).

4

~
*.
S

ah,

(10)

!

Irp AlLp
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Because ¥ < Y in any real network, omitting AV,Y in (10) is
assumed to be a valid simplification. The term 4%, ¥ can however not be
omitted from (9). It is shown in Section 5 that the contribution from the
term A17,,}7 is quite small in the test network considered in this paper,
where the theoretical value of this component is approximately 0.9A.
For comparison, the term Al7,,1? has a theoretical value of 1684 in the
same network.

Both of the above approaches for estimating the ratio of the fault
current components can then be combined with (7). However, a note
on the correct impedances should be considered first. So far, the mutual
coupling between the phases has been neglected. When the mutual
coupling is assumed to be zero, no difference exists between the per
phase series reactance, positive sequence reactance or zero sequence
reactance of the line. However, as the mutual coupling will be present
in any real network, along with an earth return affecting the zero
sequence currents, the fault current component ratio as expressed by
(9) and (10) will not equal the ratio of the per phase series impedances.
Instead, when combining (7) with either (9) or (10), the corresponding
sequence impedance must be applied. Egs. (11) and (12) illustrate this,
where the subscripts “0” and “2” have been added to signify zero se-
quence and negative (and positive) sequence impedances, respectively.

1Zo,5r| _ M3i0‘A —AV,Y myl
1Zoarl (831, — AV, Y - mp)

1Z28F] _ 14Ty 41
124k (AL, 5|

11

(12)

In the following discussion, (11) is defined as the zero sequence
method, and (12) as the negative sequence method.

3.2. Estimating m, and mpy

As the term AV,Y is significant, values for m,,mp and ¥ must
be available in order for the zero sequence method to be applied.
The factors m, and mp represent the division of the part of the zero
sequence current which is driven by the neutral voltage, and they
depend on the topology and line parameters of the ring-connected
feeders and their laterals. In this paper, three methods for determining
m, and mp are considered.

3.2.1. From line parameters

The ring is divided into n zero-sequence Pl-equivalents, chosen so
that the magnitude of the zero-sequence series impedance for each PI-
section is the same, ie. |z;| = |z| = |z3] = -+ = |z,|. The total
capacitance of Pl-section k is labelled C,. Next, the parallel capaci-
tances of adjacent PI-equivalents are summed, and » + 1 capacitances
C, - C, are defined in (13).

x=0,n
x=12,...

a3
n—1
By assuming that all these capacitances experience the same volt-
age, V;, and by applying the principle of current division, the expres-
sions below for m, and mp can be derived:

e o
AT Ton &

pyye

el
my = =20 as)

TG
Laterals on the feeders are simply accounted for by summing their
entire zero-sequence capacitance to the corresponding C‘,.
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Fig. 5. The proposed carth fault location method.

3.2.2. Ratio of zero sequence currents

This approach is based on cases, either from fault records or earth
fault tests, where an earth fault occurred either in the background
network or at the substation. In such cases the fault current will not
flow through the feeders forming the ring and the change in zero
sequence current in these feeders will be due to the change in neutral
voltage. Looking at (8), iF.A and IQFVB will both be zero and hence the
fraction of zero sequence current flowing through each feeders due to
AV, can be obtained as described by (16).

Al
e (6
AIU,E

my

By recognising that the factors m, and myp are real numbers, (16)
can be further developed to produce (17).
| ALy, |

W= a7)y
| Al a |+ 14Alyp |

3.2.3. Ratio of zero sequence current and voltage

This approach considers a fault somewhere in the background net-
work, at the main busbar, or at the beginning of one of the two feeders.
For faults in the background network or at the main busbar 7, r.4 and
T r,p Will be zero as established previously. If a fault occurs at the
beginning of one of the feeders, the fault current component on the

other feeder will be zero. Assume for instance that the fault occurred
on the beginning of feeder B. If the neutral voltage is available in the
fault records, the factor m, can be obtained as described by (18).

_ |A3f"f“ a8)
147,7|
If the admittance Y is not known, or if it cannot be determined with
sufficient accuracy, earth fault tests can be performed to obtain it along
with m, and mp. By applying faults consecutively at the beginning of
each feeder, the factors ¥ - m, and Y - my can be obtained directly.
The flowchart of the proposed algorithm is shown in Fig. 5. Overall,
the method requires to define system level parameters (such as m,,mp,
Y) beforehand and to store the pre-fault current and voltage measure-
ments at the primary substation. When a fault occurs, Egs. (11) and (12)
are used to estimate ratio of fault currents in the two feeders forming
the ring. The ratio estimate is then compared with the ideal impedance
ratio and interpolation will be used to locate the earth fault.

4. System description and modelling
The test case network used for the evaluating the methods is based

on an existing 22 kV distribution network. Network data have been
provided by Norwegian network operator Elvia, and some changes have
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Fig. 6. Topology of ring-connected feeders A and B.

been made to the topology both to obtain the desired properties and to
be able to disclose the model used.

The network consists of a single main transformer with isolated
neutral supplying nine feeders connected at a main bus bar. The
supplying grid is modelled as an ideal 132 kV voltage source with a
source impedance modelled according IEC 60909 [43] to produce the
desired short circuit capacity in the network. The short circuit power
is expected to be in the range of 130-450 MVA, and the results are
obtained using a 250 MVA source unless otherwise specified.

Feeders A and B have been connected to form a ring, and all
faults are applied to these feeders. Fig. 6 shows the details of the
ring connected feeders. Feeder A and B are modelled in greater detail,
with five laterals included (A.1, A.2, B.1, B.2 and B.3), and with loads
distributed around the ring. Furthermore, feeders A and B are modelled

Table 1
Test network and model

Network data

3-phase Pl-section: 50 Hz, R=0.077 Q/km,

X=0.34 Q/km, C=10.806 nF/km, R, = 0.413 Q/km,
X, = 1134 Q/km, C,=5.976 nF/km, G,=37.55 nS/km.
Asymmetry: 2% and 3% are added to C, in phases a
and b, respectively.

3-phase Pl-section: 50 Hz, R=0.125 Q/km,

X=0.11 Q/km, C = C,=0.28 yF/km. Asymmetry: 1%
and 2% are added to C, in phases a and c, respectively.
100 MVA 132/22 kV Dyl transformer. X=6%,
R=0.25%. Modelled using the Hybrid transformer model
in ATPDraw with typical values for inductance and
resistance, no capacitance or core effects included.

OH-line

Cable

Main transformer

as series connected PI-segments of length 1 km to better represent the
distributed nature of the line parameters. All the loads in the network
are constant impedance loads with power factor 0.9 connected via
load transformers. As a simplification, the other seven feeders C-I are
modelled without laterals and with loads concentrated at the feeder
ends. Complete network data can be found in Table 1.

5. Simulation result and analysis

The methods are tested for earth faults at 30 different fault locations
evenly spaced around the ring, i.e. every km. The distance to fault is
measured from the beginning of feeder A for all cases. The parameters
my and mp are set to my, = 0.5486 and mp = 0.4514, obtained by
applying a fault at the main bus bar and using (17). For comparison,
the estimation of m, and mp from line parameters yielded m, = 0.5489
and mp = 0.4511.

The final estimates produced by each method are obtained as the
average estimates between 250 ms and 270 ms after fault inception

Load 2 MVA 22/0.4 kV Dyl transformer grounded on the

transformers LV-side. X=5%, R=0.78%. Modelled using the Hybrid
transformer model in ATPDraw with typical values for
inductance and resistance, no capacitance or core
effects included.

Loads Grounded Y-connected constant impedance loads.

Simulation and data processing

Sample rate: 2 kHz. Matlab-designed equiripple FIR high-pass filter: /,,, = 45 Hz,
passband ripple = 0.1 dB. Software: ATPDraw version 7.2p11.

to allow for steady state conditions, whereas the pre-fault values are
obtained 150 ms before fault inception.

5.1. Fault resistance and load asymmetry

Both the fault resistance and the load symmetry is varied. The load
symmetry is varied by changing the load impedance in the individual
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Fig. 7. Results for scenarios 1-4. Simplified versions not considering pre-fault values
are included for reference.
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Fig. 8. Zero sequence method and negative sequence method results when faults occur
on laterals.

phases of the load supplied by the ring, whereas the other loads in
the system remain balanced. During asymmetrical loading, the load
impedance of phases a, b, and ¢ are Z;, 1.1-Z; and 0.9-Z,, respec-
tively, where Z; is the per phase impedance corresponding to the
nominal loads S1-S8 in Fig. 6. The following four scenarios are then
considered:
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Fig. 10. Distance estimate errors for both methods in scenario 1-4.

R; =1 Q, symmetrical load
. Ry =1kQ, symmetrical load
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AW N

. Ry = 1kQ, asymmetrical load

The results are shown in Fig. 7. The results show that both methods
are resilient against load asymmetry and fault resistance. Fig. 7(a)
shows that applying the zero sequence method without considering
pre-fault values can provide reasonable accuracy for low impedance
faults, whereas the accuracy is drastically reduced for large fault re-
sistances. The zero sequence method is however unaffected by the load
asymmetry, even when pre-fault values are not considered. Fig. 7(b)
illustrates that the application of negative sequence currents directly
without subtracting their pre-fault values, as done in [44], is only a
viable option for low impedance faults. Unbalanced loads also have a
negative impact on this particular method, especially in conjunction
with a large fault resistance.
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Fig. 11. Distance estimate errors for negative sequence method for different source
impedances.

To investigate the effect of faults on laterals, faults are applied to
each of the five laterals in turn. The faults are applied at the intersection
of the cable and OH-lines on the laterals, and the results are shown
in Fig. 8. Both methods see these faults as if they occurred at the
connection point between the lateral and the ring itself. No variation
was observed across scenarios 1-4 in these fault cases.

Fig. 9 shows the percentage prediction error for the two methods
in the four scenarios considered above, where positive errors corre-
spond overestimating the impedance ratio. Fig. 10 shows the errors in
absolute distance. It can be seen that when mapped to this view, the
seemingly large errors towards the line ends are less pronounced. As the
slope of the impedance ratio is quite steep towards the ends, an error
in the estimate ratio translates to a relatively small error in distance
estimate compared to faults in the middle of the ring. This presentation
also shows the discontinuities in the graph more clearly, which occur
due to the different impedances of the cable sections and the OH-lines.

Figs. 9 and 10 suggest that the methods are complementary, and
that their simultaneous application may yield better results. In the
scenarios shown in the figures this would be the case, but as shown
later in the paper, the two methods will not be complementary in the
presence of measurement errors and other imperfections. Therefore,
an average of the two methods is not guaranteed to give any real
improvements.

The figures confirm that the zero sequence method and the nega-
tive sequence method have pretty similar performance in all the four
scenarios. Both methods show good accuracy for faults in the middle of
the line, whereas the accuracy tapers off towards the outer ends of the
ring. For the negative sequence method this is in part assumed to be
caused by the terms 4V, Y -q, and 4V,Y - g in (8), which were assumed
negligible when deriving (12). As the fault is moved closer to either end
of the ring, for instance at the beginning of feeder A, the fault current
component on feeder B should in theory approach 0. The terms Al/ Vea,
and AV Y -qp are then no longer negligible. For instance, assuming that
AV, = 22 kV, the term AV,Y should be approximately 0.94, which is

\ﬁ
close to the observed value of AIZ. p = 1.2A when the fault occurs close
to terminal A. A similar argument can be made to explain why the zero
sequence method shows poorer accuracy near the two ends of the ring,
although this method is sensitive to a variety of parameters as will be
discussed in later sections of this paper.

The main source of error for the negative sequence method is
however the source impedance of the network. If this is assumed to
be very large, the negative sequence method becomes less accurate.
Fig. 11 illustrates to impact of the source impedance as the short
circuit capacity is varied between 130 MVA and 450 MVA. When the
short circuit capacity increases and the source impedance decreases, the
estimation error is reduced. However, even with a stiff grid the error
does not reach zero, suggesting that the factors discussed above are
of some importance. The zero sequence method is not affected by this
parameter.

Electric Power Systems Research 213 (2022) 108774

-2
0 5 10 15 20 25 30
Fault position measured along feeder A [km]
(a) Zero sequence method

1 Cases
0.5, 0
Error N ;
fkm] 0 Aa/”“ >0 23
CAAAAALALRER B o4
-0.5 & 65
]

0 5 10 15 20 25 30
Fault position measured along feeder A [km]

(b) Negative sequence method

Fig. 12. Distance estimate errors for both methods considering current measurement
errors.

4t Case 0: K/60 =1/0°

#--- Case 1: K260 = 1.05£0°
Case 2: K/6=1.5°

A--- Case 3: K.60 = 1.05/5°

Error
[km]

0 - A

Ba,

e Aok xx
2t S

| | oy
0 5 10 15 20 25 30
Fault position measured along feeder A [km]

Fig. 13. Zero sequence method distance estimate error for various neutral voltage
‘measurement errors.

o8009
Y m, -error
1w ¥ ,& ; I ——
meeifiee- %
Error uﬁﬂamaﬂauamamaﬂ oo 2.5%
[km] CRRBETERE, . No error
B AAA[\A BAMDAAA | | A o6y
B +5%
-2
0 10 20
Fault position measured along feeder A [km]
(a) Variation in m
!
atat-Tck)
[ 1 g Y-error
1h .
e SAAAAAL y i
rror [ SRERl ——n
tkm] © 3,
e e KA DAAAAAN
Al Bg eat b
2 . . . . .
0 5 10 15 20 25 30

Fault position measured along feeder A [km]

(b) Variation in ¥

Fig. 14. Zero sequence method distance estimate error for inaccurate values of m, and
Y.



T.A. Zerihun et al.

1 T T T T T
[ o NDG ©o DG * DG jon|
FECEGED

=}
" pooog
km o BRBEE00sRg 33 0nsnnnsxksxrrsl
"OooooooO

-0.5F
-1
0 5 10 15 20 25 30
Fault position measured along feeder A [km]
Fig. 15. Impact of DG on the negative sequence method.
Table 2
Phase current errors.
Case Kz
Feeder B Feeder A
Ph. a Ph. b Ph. ¢ Ph. a Ph. b Ph. ¢
0 120° 120° 120° 120° 120° 120°
1 10520° | 1.05£0° | 1.0520° | 1.0520° | 10520° | 1.0520°
2 125° 125° 125° 125° 125° 125°
3 120° 120° 120° 1.05£5° | 10525° | 1.055°
4 1520° | 1.02£0° | 09620° | 1.01£0° | 1.0320° | 0.9920°
5 125° 1220 1z1° 12-5° 124 122°
6 10525° | 1.0222° | 0.96<1° | 1.012-5° | 1.032-4° | 0.9902°

Overall, the simulation analysis showed that the negative sequence
method can locate earth faults with a +250-meter margin for most
fault locations around the ring, and in the worst case, there is a +500-
meter error margin for fault locations close to the end of the lines. The
negative sequence method is unaffected by variations in fault resistance
and load symmetry. The short circuit capacity of the network does
however impact the results. The zero sequence method can locate earth
faults within a +150-meter margin for most fault locations, and is not
affected by fault resistance, load symmetry or the short circuit capacity
of the network.

5.2. Measurement errors

The performance of the two methods were investigated against mea-
surement inaccuracies. To emulate measurement errors, the measured
phasors are multiplied by some disturbance K 6.

5.2.1. Phase currents

Measurement errors are applied to each of the six phase currents
measured on feeders A and B, as described by Table 2. Scenario (1) is
considered, and the distance error for both methods with the various
combinations of measurement errors applied are showed in Figs. 12(a)
and 12(b).

The results show that symmetrical measurement errors, i.e. the
same measurement error in all the six current transformers (CTs),
have no visible effect on the negative sequence results, whereas the
zero sequence method is affected. This is as expected when inspecting
(12), in which symmetrical measurement errors applied to the negative
sequence measurements will cancel. Eq. (11) shows that this is not the
case for the zero sequence method, as the nominator and denominator
will not be equally affected.

The unsymmetrical measurement errors will as expected have a
negative effect on both methods, although it is less apparent how a
particular set of measurement errors will affect the accuracy at various
fault locations. It is noted that symmetrical measurement errors within
each set of measurements at terminal A and B, here represented by case
3, still gives a considerable negative effect on the results.

The measurement errors also accentuates the effect of the different
line segments. Faults occurring in the overhead line consistently pro-
duces lower distance estimate errors in the case of the zero sequence
methods, whereas the negative sequence method generally becomes
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less accurate for faults in the overhead line. However, the magnitude
of the errors are significantly larger for the zero sequence method,
whereas the negative sequence method accuracy is mostly kept within
+500m.

In a realistic implementation the zero sequence method could how-
ever utilise zero sequence current transformers to measure the zero se-
quence current directly, and thus achieve higher measurement accuracy
than the phase current measurements.

5.2.2. Neutral voltage

Measurement errors are applied to the neutral voltage measure-
ments in the same way as was done for the phase currents, and both
the cases and the results are shown in Fig. 13. Compared to the
effect of phase current measurement errors, the measurement error
in neutral voltage gives a similar reduction in precision for the zero
sequence method, with a reduced precision towards the ends of the
ring. The negative sequence method is obviously not impacted by this
measurement.

5.3. Other sensitivity analysis

The zero sequence method requires values for the ring admittance
to ground Y, as well as m, and m . These values are varied within +5%
of their correct values, and the resulting errors are shown in Fig. 14.
Note that the parameter ¥ also includes the admittance to ground of
the laterals connected to feeders A and B, not just the admittances of
A and B.

Both variation in m-values and Y result in a significant degradation
of the zero sequence method results. Variation in m, has a greater im-
pact on the results than variation in Y, as is expected when considering
(11). As mg = 1 — my, variation in m, is necessarily accompanied by
variation in my, which gives a larger impact than simply varying ¥.

Eq. (11) also has the interesting property of becoming independent
of Y at the fault location corresponding to

Zopr _my

Zoar  Mp
This effect is observed at approximately 13 km, where the zero se-
quence method produce the same result regardless of Y.

The methods have also been tested in a compensated network, as
well as a network without any background network, both of which
yielded good results. A reduction in accuracy was however observed,
particularly for the compensated network, suggesting that the fault
current level will have an impact on the methods.

The behaviour of the two methods during two phase and three phase
short circuit faults was investigated briefly. The negative sequence
method works for two-phase short circuits as well as some three-phase
faults, though it appears dependent on the short circuit capacity of the
network. The zero sequence method is only valid for single phase faults.

During testing of the methods it was observed that the zero se-
quence method was much more sensitive to large fault resistances
when unfiltered measurements were used. This occurred due to the
slow exponential decay which is observed in the neutral voltage and
the fault current for high impedance faults. Although this effect was
also observed for the negative sequence method, the effect on the dis-
tance estimates was much less pronounced. Including a high-pass filter
therefore becomes critical when applying the zero sequence method.

Lastly, the presence of DG in the network was investigated briefly.
A source rated at approximately 1 MVA was added to the network
in parallel with load S,, and scenario (1) from earlier was evaluated
with and without the presence of this DG. As expected, the presence
of the generator had a minor impact on the negative sequence method
as shown in Fig. 15. If the negative sequence current is measured at
the DG location, the effect of the DG can however be eliminated. The
negative sequence current measured at the DG will be observable in the
measurements at feeders A and B, and the magnitude of this current
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in these two locations can simply be estimated using current division
between the DG location and the main bus. The DG current can then be
eliminated from the measurements on feeders A and B, and the result
of compensating for the effect of the DG in this way is also shown in
Fig. 15. Using such an approach will however turn the method into a
wide-area method with added complexity, and given the small impact
of the DG on the results this may not be necessary. Finally, as the DG is
separated from the network via a load transformer, the zero sequence
method is not impacted by DG in the network.

6. Conclusion

This paper has presented two novel methods for locating earth
faults in a MV distribution network. The two methods are based on
utilising the ratio of change in zero and negative sequence current
during fault on ring-connected feeders, though one of the methods also
requires zero sequence voltage measurements. Compared to previous
work, the paper have made the following contributions: (1) improved
accuracy of earth fault location compared to methods not considering
pre-fault measurement; (2) provided equations describing sequence
currents in a ring network, particularly the division of zero sequence
currents among two ring-connected feeders. The paper also provides
experimental approaches for determining this division of zero sequence
currents.

The two methods developed in this paper show good accuracy
in fault location. The negative sequence method yielded maximum
distance estimate errors in the range of 0.3-1 km in the test network,
depending measurement errors and on the assumed source impedance
of the supplying network. The zero sequence method yielded errors less
than 200 m in the ideal cases, but the estimation error increased when
measurement errors were applied. Fault resistance and unbalanced
loads have little effect on either of the methods, whereas inaccurate
current and voltage measurements represent the largest sources of
error. The negative sequence method appears to be robust against most
sources of error. The measurement of negative sequence currents may
however not be readily available in most distribution networks, and the
method is affected by the source impedance of the supplying network.
The zero sequence method is likely easier to implement due to the
availability of measurements, but it is relatively less robust due to its
dependency on several uncertain parameters.

The size of the background network have been found to have little
effect on the method, although this has not been tested extensively. The
methods have also been verified in a resonance grounded system where
it yielded promising results, though further testing is required in order
to describe the performance properly in such networks.

Future work will mainly focus on further testing of the methods on
a laboratory setup and later on a real power grid network.
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Keywords:

Earth faults occur frequently in distribution networks, and in resonant grounded networks they are challenging
to locate precisely due to their naturally low fault current. Transient and restriking faults are more challenging
still due to the short time available for the fault location logic, as well as the absence of steady-state
conditions. This paper investigates the performance of three fault location methods utilizing the ratios of
various current components in a network operated in a closed-ring ¢ ion. A freq; dependent model
of a distribution network is used to simulate transient and restriking faults, and both isolated grounding and
resonance grounding are considered. The results show that fault location based on negative-sequence currents
is able to locate transient faults, and its accuracy of a few hundred metres is comparable to what has been
observed during permanent faults. A zero-sequence method is observed to be less accurate, particularly in
resonant grounded networks. A transient method is also proposed, and while it is fast, it is ultimately limited
by the presence of loads and branches in the network. It is concluded that the negative sequence method is

Closed-ring networks
Earth faults

Fault location
Intermittent faults
Restriking faults

best suited for transient and restriking faults.

1. Introduction

Earth faults are the most common fault type in distribution net-
works, and 50%-80% of faults in the Nordic countries are of this
type [1]. Because the earth fault current is naturally low in small
isolated networks, or made low in resonant grounded networks, earth
faults have always represented a challenge for the protection and
fault location systems in these networks. Due to the unique properties
of isolated and resonant grounded networks, earth faults require an
entirely different analysis than what can be applied in solid grounded
networks. Protection principles such as distance protection and over-
current protection are not suited due to the low fault current levels,
and the fault location process is usually limited to the identification
of the faulted feeder or section based on directional earth faults relays
or fault passage indicators (FPIs). Furthermore, transient and restriking
or intermittent faults represent one sub-category of earth faults which
are notoriously challenging to locate. These faults are very common
in distribution networks, particularly in resonant grounded cable net-
works [2], and they can often be the start of a more serious fault if not
disconnected [3].

A variety of different approaches for detection and location of
earth faults can be found in the scientific literature. Usually, the
methods assume a radial networks and are often limited to locating

the faulty feeder or section of the network. The use of the charge-
voltage relationship of different feeders is proposed in [4,5], while
estimation of the feeder capacitances is used to find the faulty feeder
in [6,7]. Other directional transient principles exist which are supposed
to be applicable in non-radial network as well, such as methods based
on transient zero sequence energy [8,9]. In [10], a novel protection
principle based on the charging transient is proposed specifically for
meshed systems, where the angle between the zero sequence current
and voltage is used as a directional element. By using a communi-
cation scheme and multiple relays the faulty line in a mesh can be
determined, but the protection scheme requires relays on both ends
of the line. The aforementioned methods are only able to determine
the correct feeder or line, not the exact fault location. The authors
of [11] present a comprehensive overview of the state-of-the-art for
location of earth faults in distribution networks with isolated and
compensated grounding schemes, demonstrating that accurate fault
location in these networks is lacking. The available options are fewer
still when considering transient and intermittent faults, in which case
methods requiring steady-state conditions cannot be used. Refs. [12,13]
are two examples of recently developed methods for detection and
selective protection of intermittent faults in isolated and compensated
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Nomenclature

i a0 Time domain current in phase a on feeder
A

i p(0) Time domain current in phase a on feeder B

g um(®) Sum of i, , and i, p

I,4() Frequency domain transform of i, 4

I, 5(f) Frequency domain transform of i, p

Lo sum(f) Frequency domain transform of i, ,,,

Jen The frequency of the charging transient
component

T, 1, evaluated at the charging transient
frequency, i.e. I, 4 = I, 4(fen)

Ia I,p evaluated at the charging transient
frequency, i.e. I, g = I, (f;)

Ioa I, 5um evaluated at the charging transient
frequency, i.e. I, s = Lo gum(fen)

ASC Arc suppression coil

DG Distributed generation

FPI Fault passage indicator

™ Travelling wave

networks, but accurate fault location capabilities are missing. Refs. [14—
16] are examples of efforts into the development of a transient distance
element which may be sufficiently fast for location of intermittent
faults, but the presented results are sparse and their performance during
intermittent faults is not demonstrated. Methods based on travelling
waves (TW) are in theory very accurate and fast [17], but they are
challenging to apply in distribution networks due to multiple reflection
points, and research into this field is ongoing and not solved [11]. The
authors of [11] highlight FPIs as a promising alternative for earth fault
location and further develops this in [2], but the fault location accuracy
is inherently limited by the spacing of the FPIs. While intermittent
transient fault detection and selective protection is a standard feature
in modern protective devices, accurate location of intermittent faults
requires more research [11].

A closed-ring topology can be an alternative to the conventional
radial topology commonly used in distribution networks [18]. Dis-
tribution networks are often built with the option of closed-ring op-
eration to add flexibility during fault clearing events and network
re-configurations. While a permanent transition to a closed-ring op-
eration of the network will require an adjustment of the protection
systems, it can be beneficial due to more balanced load and voltage
profiles [19,20], it can save costs by reducing the need for grid expan-
sion [20] and by reducing losses [21], and it has been shown to increase
the network reliability [22]. A closed-ring operation of parts of the
network can also be beneficial by facilitating new fault location solu-
tions [18]. In [18], two fault location methods were proposed utilizing
a novel current ratio principle which takes advantage of a closed-ring
topology. These methods were based on the negative sequence currents
and zero-sequence currents measured on the two ring-connected feed-
ers, respectively, and their performance was evaluated for permanent
earth faults. While the methods showed very good results in the case of
permanent faults (faults located within a few hundred metres in most
cases), their performance during transient and restriking faults has not
been studied. In this paper, a more accurate frequency dependent line
model is implemented so that this can be investigated. Furthermore,
it is hypothesized that a specific earth fault transient can be used
to implement the same basic fault location principle. Thus, a novel
transient principle is proposed and investigated as well.

The rest of the paper is organized as follows. In Section 2 the
two methods from [18] are summarized, the new transient version is
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Fig. 1. (a) Division of the charging transient component in the faulty phase, and (b)
converting an observed current ratio to a distance estimate on a 30 km long ring.

derived, and their implementation is discussed in detail. Sections 3
and 4 presents the modelling and results from simulations using AT-
PDraw. The results are discussed and summarized in Section 5 before
a conclusion is given in Section 6.

2. Fault location based on current ratios

In [18], two fault location methods based on current ratios were
proposed, using either negative sequence or zero-sequence quantities.
Generally, the current ratio principle can be explained by considering
Fig. 1(a). The fault current I, r is divided in two components which are
contained in the currents measured on the beginning of each of the two
ring-connected feeders. By extracting these fault current components,
their ratio can be used to estimate the ratio of the impedances between
the fault and the measurements:

Zyr _Irs

1
Zor @

N I F.A
With knowledge of the impedance of the lines, the impedance ratio can
be converted to a distance estimate. Fig. 1(b) illustrates this in the case
of a ring with total length 30 km.

2.1. Using the negative sequence currents

The ratio of the negative sequence currents can be used to estimate
the ratio of the negative sequence impedances, as shown in (2). The pre-
fault values of the currents are removed by using the current increments
Al , and AI, 5, making the method robust against both large fault
resistance and asymmetric loads in the network.

Z 2,AF A’ﬂ

-4 @
Zy8F Al 4

2.2. Using the zero-sequence currents

Using the same approach as for the negative sequence currents,
the zero-sequence currents can be utilized as well. However, two
modifications must be made. First, the zero-sequence impedance must
be used instead of the negative sequence impedance. Secondly, the
capacitive components in the zero-sequence currents are not canceled
when using incremental values of the currents, and therefore they must
be subtracted in some other way. It is shown in [18] that this can be
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done using the neutral voltage V,, assuming that the total three-phase
admittance of the two feeders and their branches Y is known. This gives
the following equation for estimating the impedance ratio:

Zoar _ A3Do5 — AV,mp¥ @
Zopr M0y~ AV,m,Y

The factors m, and mp describe the division of the capacitive parts
of the zero-sequence currents on the two feeders, and an analytical
approach for their calculation is given in Appendix A.

2.3. Using the charging transient

The charging transient is a specific earth fault transient which is
well known and described in the literature [14-16,23-26]. In a radial
network, this transient flows from the fault in to the main transformer
along the faulty phase. In a ring network, the same principle of current
division will apply, meaning that this component can also be used to
implement the current ratio principle.

Using the same approach as in [24], the charging transient be-
haviour in a ring-operated network can be derived. For simplicity, two
unloaded feeders without any laterals connected to form a ring, as
shown in Fig. 2(a), is assumed. The network is shown as ungrounded,
but the same circuit is valid for a resonant grounded network as well
when considering frequencies above the fundamental frequency [27].
It is further assumed that the charging current is divided along these
two paths according to the principle of current division, and that the
resistance in the circuit can be neglected so that Z ~ wL. The sum
of currents in these two paths then meets a parallel connection of the
inductances in the two paths, L,,:

LyrLgp
= AFLBF (©)]
Lar+Lgr
The network in Fig. 2(a) can be represented by the LC-circuit in
Fig. 2(b). By using L,, to represent the ring, the charging frequency
can be estimated by (5).
1

" 22\[(05L; + L)(2C, + 2C,)

Because the value of L,, varies with the fault location, so does f,.
Eq. (5) shows that the minimum frequency occurs approximately on
the middle of the ring, where L,, reaches its maximum value, while
the maximum frequency occurs for faults at the main bus, for which
Loy =0.

When a fault occurs somewhere on two ring-connected feeders, the
division of the charging transient among feeders A and B depends on
the ratio of the impedances faced in the two paths. Assume that the
fault occurs in phase k. Let I; 4 and I) ; be the charging transient
components of the phase currents i, , and i)  measured on feeders
A and B, respectively. Z, 45 and Z; p, are the self-impedances of the
faulty phase in the two paths, evaluated at the charging frequency
fen- With these modifications, the current ratio in principle can be
implemented as described by (6).

Sen [©)]

Z I,
AL = B ©)
Zygr T

2.4. Implementation

The methods considered in this paper are only providing fault
location, and it is assumed that an external fault detection stage has
determined the time of the fault inception 1, as well as the faulty phase.

The methods based on the negative and zero-sequence currents are
described in [18], and their implementation is summarized by the
flowchart in Fig. 3. The only setting to vary is the time ¢,, measured
from the time of fault inception, at which the fault location estimate
for the two fundamental frequency methods should be extracted. This
was not considered in detail in [18] because permanent faults allowed

Electric Power Systems Research 224 (2023) 109765

FdA

tiey

Ry

(b)

Fig. 2. Example of (a) two ring-connected feeders A, and B and (b) the equivalent
LC-network for charging frequency estimation.
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bandpass filter and calculate the phasors:
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Fig. 3. Flowchart for the two methods in [18].

waiting for steady-state conditions. For transient faults however, the
fault location estimate must be extracted in a few milliseconds after the
fault. This parameter will be illustrated and discussed in more detail in
Section 4.

The transient method requires more steps before a distance estimate
is obtained. The entire process is summarized in Fig. 4, and the estima-
tion of the charging transient frequency and the frequency dependent
impedances is described in more detail in the following subsections.

2.4.1. Estimating the charging transient frequency
Consider a fault occurring in phase a. In order to estimate the
frequency of the charging transient, the sum i, y,, =i, o +i, p is used.
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Fig. 4. Flowchart showing fault location in phase a using the charging transient.

The sum of the currents is used to ensure that the charging transient
component [ is present with a sufficient magnitude no matter where
on the ring the fault is located, as either I, , or I, ; will approach zero
when the fault is located close to the main bus.

Before being transformed into the frequency domain, i(t) = iy, ,(f)
is filtered to remove the fundamental frequency component as well as
disturbing high frequency content. The time domain signal is trans-
formed into the frequency domain using (7). Eq. (7) is applied on the
frequency range F = [f,;,. fnax], Which is selected by estimating the
expected frequency range of the charging transient using (5) with the
maximum and minimum values of L.,

Tmax
1) = Y i) e )
i=t
In (7), the current i(f) = iz (). t € [f.ty,,]). The frequency of
the charging transient depends on the fault location and is not known
in advance, and the length of the DFT-window, i.e. Tppr = f40 — to»
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Fig. 6. Frequency spectrum and estimated charging frequency for (2) 1 @ and (b) 15 Q
fault resistance.

must therefore be long enough to accurately reproduce the lowest likely
value of the charging transient frequency f,,,. Therefore, the DFT-
window is set to cover two periods of this frequency, i.e. Tprr = 2/ fypin-
Fig. 5 illustrates the signal acquisition in the time domain.

The frequency corresponding to the maximum magnitude of 1(f) is
chosen as an estimate of f,,, as shown in Fig. 6(a). The fundamental
frequency is not perfectly filtered out in practice, and when the fault
impedance causes the charging transient magnitude to be reduced,
the peak value of |I(f)| will not correspond to the charging transient
frequency. When this occurs, the maximum value of | I(f)| will be found
at f,,;,- To account for this, the above algorithm discards the estimate
of f,., when it corresponds to f,,,. Instead, the mean value of the
frequency range considered is used to estimate f,. Fig. 6(b) illustrates
how the transient becomes too small during a 15 Q fault to be located
with this approach. In this case, the mean frequency is used.

2.4.2. Esti the frequency d dent impedance

In order to compare the measured ratio of the currents to the correct
impedance ratio, the impedances at the correct frequency must be
considered. Typically, it is the 50 Hz impedance Zs,, of the line
which is known to the network operator. Estimating the frequency
dependent impedance as Z(w) ~ Rsyy, + joLsyy, is not accurate,
and the frequency dependent values R(w) and L(w) should instead be
estimated analytically. For overhead lines, (2.11), (2.12) and (2.27) or
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Fig. 7. Different of the self impedance |Z(%2)| for an (a) OH-line and
(b) a cable, and their percentage errors (thick curves on right y-axis).

(3.23d) in [28] can be used to estimate the self impedance. For cables,
Ref. [29] gives a detailed description of how to estimate the impedance.
Fig. 7 shows that estimating | Z(w)| using frequency independent pa-
rameters gives significant errors. In the case of the OH-line in Fig. 7(a),
reasonable accuracy can be obtained using only the line inductance,
whereas the cable in Fig. 7(b) with its higher R/X-ratio requires the
inclusion of the resistance to avoid large errors at low frequencies.
Fig. 7 also confirms that there is very little to gain from accounting for
the frequency dependency of R given that wL(w) dominates at higher
frequencies.

3. Modelling
3.1. Line model for studying earth fault transients

To study both the fundamental frequency component as well as
the charging transient, it is of interest to use a line model which
accurately represents the line from 50 Hz and up to the charging
transient frequency (approximately 300 Hz in the test network in
this paper). Conventional travelling wave models work poorly at low
frequencies, particularly when it comes to representing the capacitance
of the lines. PI-equivalents can be accurate at 50 Hz, but they are in turn
inaccurate at higher frequencies. However, some models can provide
frequency dependent line parameters and at the same time represent
the capacitance with sufficient accuracy in the frequency range of inter-
est [30-32]. The model in [30] combines JMarti and vector fitting (VF)
and is implemented in ATPDraw version 7.4. Compared to the regular
JMarti model, it has the benefit of being accurate in lower frequency
ranges. Fig. 8 shows how the regular JMarti model in ATPDraw fails to
reproduce the correct capacitance at 50 Hz, whereas the model in [30]
closely matches the Pl-equivalent. Fig. 9 shows that the line model also
impacts the earth fault transients of interest. A network with 5 x 20 km
OH-lines was modelled using the three different line models discussed
previously. It can be seen that the PI-equivalent has too little damping,
and the constant parameters result in the charging frequency being too
low (here ~ 650 Hz). The two JMarti models have similar responses,
but over a few periods it is apparent that both their magnitudes and
frequencies are different. Based on Figs. 8 and 9, the JMarti model
in [30] is preferred.

3.2. Test network

The test network used to verify the proposed fault location method
is the network shown in Fig. 10, which is based on data from a
Norwegian network operator, and the topology corresponds to the test
network used in [18]. The network can be operated either with a
resonant grounded or isolated grounding scheme, and the DG-units are
disconnected unless otherwise stated. According to (5), the charging
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Fig. 9. Earth fault transient with different line models.

transient frequency is expected to vary between 187 Hz and 284 Hz for
different fault locations on the ring. Adding a 20% security margin, the
frequency range F = [150 Hz, 340 Hz] is considered when applying (7).
Note that the source impedance of the supplying network, transformed
to the 22 kV-side of the transformer, has been included in L; when
applying (5).

The model in [30] is used to represent the OH-lines and cables
in the network. The positive and zero-sequence line parameters at
50 Hz are found through measurements (i.e., using ATPDraw’s Line
Check feature [33]), and the self impedance Zs, y, is derived from
these values. With Line Check available, it could be used to estimate
L(w) directly, but in this case L(w) is estimated from Ls,y, using
the analytical formulae referenced in 2.4.2. The frequency dependent
impedance is then approximated as Z(w) = Rsg y, + joL(®).

3.3. Modelling faults

The permanent faults are modelled by connecting a resistance be-
tween the faulty phase and ground using a time-controlled switch,
while the transient and-striking faults are modelled using a voltage
dependent switch. This switch connects the faulty phase to ground
via the fault resistance when the voltage over the switch exceeds the
flashover voltage V;,, of the switch, and it opens when the fault
current drops below a set threshold 1,,,.. This results in the duration
of each fault and the time between restrikes varying depending on the
flashover voltage, the fault resistance and the grounding scheme.

4. Results

A variety of fault scenarios are used to test the three methods. The
validity of the new transient method is first investigated separately
using permanent faults, after which all three methods are tested for
transient and restriking faults. See Appendix B for complete data and
settings.
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Fig. 11. Theoretical frequency predicted by (5), and observed frequency in the base
case network.

4.1. Accuracy of the charging transient ratio

First, the novel transient method is investigated with a set of per-
manent 1Q faults applied in phase a in sequence at various fault
locations around the ring. Fig. 11 shows the observed charging tran-
sient frequency for different fault locations on the ring. The figure
also shows the theoretical values predicted by (5), illustrating that the
LC-circuit in Fig. 2(b) is a reasonable approximation for the purpose
of estimating the frequency. Note that the frequency dependency of
the line inductance was accounted for when computing the theoretical
frequency in Fig. 11, but very little change (< 2.7%) was observed when
using its 50 Hz-value.

Fig. 12(a) shows that the transient method successfully estimates
the impedance ratio, but the presence of loads and lateral branches
on the ring reduces the accuracy. It can be seen that connecting the
loads directly on the ring by removing lateral in between (labelled
“Loads, no laterals” in Fig. 12) improves the accuracy, showing that it
is the laterals themselves as well as the load which disturb the results.
The exact mechanism involved has not been investigated in detail, but
simulations have shown that each lateral contributes with an induced
transient current at the charging frequency proportional to the amount
of capacitance on that particular lateral. The loads themselves have
the biggest impact on the results, however, and the effect of loads
is to provide the transient with another path then the one assumed
in Fig. 2(a). This creates significant errors close to the edges of the
ring due to the fact that either I, 4 or I,z should approach zero as
the fault moves towards the main bus, making the ratio between them
susceptible to even small errors in the estimation of the magnitudes.
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Fig. 12. (a) Estimated |Z,/Z|-ratio and (b) corresponding distance estimate errors
for the transient method.

4.2. Speed of the fundamental frequency methods

Fig. 13 shows how the impedance ratio estimates vary with time
during a permanent fault. The negative sequence method reaches its
final value much faster than the zero-sequence methods does, allowing
a lower value of 7. The zero-sequence estimate is very sensitive to
even small differences in the current and voltage transients, resulting
in very large variations in the estimate before steady state is reached.
The negative sequence current has an equally long transient period,
but because both AIAZ 4 and AIAZO p display a similar transient dynamic,
the ratio between them stabilizes much earlier than the zero-sequence
method does.

Fig. 14 illustrates how different settings of 7, impacts the accuracy
of the negative sequence method during transient faults, and similar
results apply for the zero-sequence method as well. The highest value
of 1, gives good accuracy in Fig. 14(a), where the restrikes are regular
and frequent. In Fig. 14(b), the situation is reversed. There, the network
is resonant grounded, leading to longer intervals between restrikes. This
occurs due to the much slower build-up of the phase voltage between
strikes in the resonant grounded network [34], which is illustrated
clearly in the example in Fig. 15. For the remainder of the paper, ¢, =
5 ms is used.

4.3. Restriking faults distance estimates

Figs. 16-19 show how the fault resistance impacts the three meth-
ods during transient faults in both an isolated and a resonant grounded
network. The negative sequence method works best and is not signifi-
cantly affected by the fault resistance, grounding scheme or flashover
voltage. The transient method works best for low-ohmic faults and low
flashover voltages, but it is still the less accurate then the negative
sequence method. The zero-sequence method varies greatly, where the
main issue is seen to be the grounding scheme. It works reasonably
well in the isolated network (although less accurate than the negative
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Fig. 13. The two ratios during a permanent 1 Q fault occurring at ¢ = 0 at point A.1
in Fig. 10 with the network operating with an isolated neutral point.

\ b |

5 S e 10 105 s 50 10|

05 [—1ms

error [km]

05 L . L
0 5 10 15 20 25 30

Fault location measured along feeder A [km]

(a)

error [km]

0 5 10 15 20 25 30
Fault location measured along feeder A [km)

(b)
Fig. 14. The impact of , on the negative sequence method’s fault distance estimate

for restriking faults in (a) an isolated network and (b) a resonant grounded network.
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Fig. 15. Comparison of (a) fault current and (b) main bus faulty phase voltage during
restriking fault at location A.1 in Fig. 10. ¥, = 16 kV.

Electric Power Systems Research 224 (2023) 109765

error [km]

10 15 20 25 30
Fault location measured along feeder A [km]

(a)

5
£ 5 3
@ Neg seq. 12 + Zeroseq. 192 —A— Trans. 19 | ¥
10T | mNeg. seq. 1K - - - - Zero-seq. 1 kQ —O— Trans. 1 k&
5 I I I I I )
0 5 10 15 20 25 30
Fault location measured along feeder A [km)

(b)

Fig. 16. Faults with flashover voltage 1.8 kV and 1 Q or 1 k in (a) isolated network
and (b) resonant grounded network.
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Fig. 17. Faults with flashover voltage 4.5 kV and 1 Q or 1 kQ in (a) isolated network
and (b) resonant grounded network.

sequence method), but it is severely reduced in the resonant grounded
network. For the cases in Figs. 16-19, the mean and maximum absolute
errors were {0.13 km; 0.64 km} for the negative sequence method,
{1.52 km; 10.35 km} for the zero-sequence method, and {1.38 km; 7.26
km} for the transient method.

4.4. Impact of harmonics and measurement noise

Next, permanent faults in the isolated network is considered, with
t, = 5 ms. Fig. 20 shows the results of 500 randomly selected combi-
nations of DC-components, fifth and seventh harmonics added to the
two current measurements, and noise added to the neutral voltage.
The DC-component has a value between +5% of the pre-fault load
current, whereas the two harmonics have magnitudes between 0%-—
5% and phase angles between 0°-360°. In addition, random noise have
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Fig. 18. Faults with flashover voltage 9 kV and 1 Q or 1 kQ in (a) isolated network
and (b) resonant grounded network.
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Fig. 19. Faults with flashover voltage 16 kV and 1 Q or 1 kQ in (a) isolated network
and (b) resonant grounded network.

been added to each sample, with a magnitude between 0 and 5% of
the actual magnitude at that sample. The blue areas in Fig. 20 show
the envelope of all the resulting estimate errors for the three methods,
along with the errors without harmonics or noise added (labelled
“Base case”). It can be seen that the impact of noise and harmonics is
negligible on the fundamental frequency methods, while the distance
estimate changes by up to a few hundred metres in the case of the
transient method.

5. Discussion

The results have shown that despite being based on fundamental
frequency components and derived from a steady-state analysis, the
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Fig. 20. Impact of harmonics and noise on (a) the negative sequence method, (b) the
zero-sequence method and (c) the transient method.

methods based on the negative and zero-sequence currents can be
applied to transient and restriking faults as well.

While the negative sequence method performs very well in both
grounding schemes, the zero-sequence method is less accurate in the
resonant grounded network. Though not included in the paper, similar
results was observed for permanent faults. A possible explanation for
this is that the fault current is much lower in the resonant grounded
network compared to an isolated network of the same size. The capac-
itive parts of 431, i.e. 4V,¥, is increased relative to the fault current,
making the method more susceptible to small errors in the estimation
and removal of this component. 41,, however, consists mainly of the
fault current, and faults in the resonant grounded network therefore
resemble high impedance faults in the isolated network, for which this
method is known to be robust [18].

It was also hypothesized at the beginning of this paper that the
charging transient could be used to implement a similar current ra-
tio principle. While the results demonstrate that this is correct, this
transient method is not feasible in practice. To give sufficient accuracy
comparable to that of the two fundamental frequency methods, the ring
must be without loads and branches. Furthermore, as it is based on the
measurement of transients, it is limited to low-ohmic faults.

From [18] it is known that the negative sequence method is affected
by DG units in the network as well, where the accuracy was observed
to be reduced by 700 metres at most, while the zero-sequence method
is not impacted by DG-units. It was also observed in the simulations
performed in this paper that the presence of DG units in the network
reduced the accuracy of the transient method by a few hundred metres
for faults in the middle of the ring and up to 2 km for faults close to the
main bus. The effect of DGs on the transient method is comparable to
that of loads and branches as the DG units provide the transient with
an alternative path, and more DG units therefore further increase this
effect.
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5.1. Alternative methods for fault location

As determined by the authors of [11], few methods for accurate
location of transient and restriking faults exists. TW-based methods
appear be both difficult and costly to apply in distribution networks,
and conventional earth fault relays cannot determine the exact fault
location. For impedance-based methods, the method in [14,16] seems
to be a likely alternative to the methods presented in this paper.
However, results from transient faults are lacking, and it is likely to
face many of the same challenges as the transient method proposed in
this paper as they both utilize the same transient component. Without
a more detailed description of its correct implementation available, a
quantitative comparison cannot be made in this paper. Ref. [2] also
proposes FPIs. The benefit is that faults can be located on the lateral
branches as well, a property which the current ratio method lacks, but
the drawback is the high number of FPIs needed to obtain an accurate
fault location. Using the current ratio methods in conjunction with FPIs
on the lateral branches can therefore be a good solution.

6. Conclusion

This paper has investigated the performance of three different meth-
ods for location of transient and restriking earth faults based on cur-
rent ratios in closed-ring distribution networks. Two of the methods
are based on fundamental frequency negative sequence currents and
zero-sequence currents, while a novel transient principle has been
proposed.

Using a frequency dependent line model in ATPDraw, the analysis
has shown that:

+ The negative sequence method works best in all the cases con-
sidered, with a mean distance estimate error of 0.13 km during
transient and restriking faults.

The zero-sequence method can be an option in an isolated net-
work, but not in a compensated network.

The transient principle proposed can only compete with the neg-
ative sequence method when the ring-connected feeders have no
loads or laterals connected to them, making it less suited for a
distribution network.

The transient method is affected by harmonics close to the charg-
ing transient frequency as these harmonics cannot be filtered out,
although the reduction in accuracy was observed to be a few
hundred metres at most. The other two methods are not impacted
by harmonics in the currents as these can be filtered out without
affecting the fundamental component.

The main advantage of the current ratio methods compared to other
solutions is that only readily available measurements in a single substa-
tion are required, making them easy and cost-efficient to implement in
existing networks without the need for communication networks. The
main drawback with these methods is that faults on lateral branches
connected to the ring appear at the connection points, requiring other
solutions for precise fault location on the branch itself.
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Appendix A. Estimating the parameters m, and my

Table B.1
Test network and model parameters.

Network data

OH-lines Conductor geometry: radius 11.87 mm, DC
resistance 0.1115 Q/km, height tower/mid

7 m/6 m. Plane geometry, 2 m between
conductors. Ground wire geometry: radius

3.84 mm, DC resistance 0.8 Q/km, height
tower/mid 5 m/4 m, vertical position 1 m. Ground
resistivity 100 Qm. Lines are transposed and skin
effect is included.

Cable Core radii 0 mm (inner) and 9.1 mm (outer),
sheath radii 14.75 mm (inner) and 17.25 mm
(outer), cable radius 18.95 mm. Conductor
resistivity 2.65E-8 Qm, Relative permittivity of
insulation 2.3. Triangular configuration with
snaking at 1 m depth. Ground resistivity 100 Qm.
100 MVA 132/22 kV Dyl transformer. X = 6%, R
= 0.25%. Modelled using the Hybrid transformer
model in ATPDraw with typical values for
inductance and resistance, no capacitance or core
effects included.

Main transformer

Load transformers 2 MVA 22/0.4 kV Dyl transformer grounded on
the LV-side. X = 5%, R = 0.78%. Modelled using
the Hybrid transformer model in ATPDraw with
typical values for inductance and resistance, no
capacitance or core effects included.
Loads Y-

with power factor 0.9.

constant i loads

Source Line voltage 132 kV, source impedance
347+ j34.672 corresponding to 500 MVA
according to [35].

DG units =085 MVA, V,, =400 V, X = 0.15 p.u. [36].

Arc suppression coil 5 A over-compensated. Resistor R, = 20- X, added

in parallel to emulate losses.

Faults Permanent faults in phase a with inception angle
approximately 60°. Restriking faults are modelled
using a voltage dependent switch in ATPDraw
with 7 —de = 1 ms (minimum time the switch
remains closed) and 1, = 1 A (switch opens when
1 <1

mar)-

Simulation, signal processing and filters

Software: ATPDraw version 7.4. Filters: 3rd order Butterworth low-pass filter with
500 Hz cut-off frequency before sampling in ATPDraw. Sample rate: 8 kHz.
High-pass filter for transient method: 5th order Butterworth with 100 Hz cut-off
frequency. Band-pass filter for 50-Hz methods: Matlab-designed equiripple with
Fstopl = 0 Hz, Fpassl = 40 Hz, Fpass2 = 100 Hz, Fstop2 = 150 Hz, Astopl =
Astop2 = 60 dB, Apass = 0.1 dB.

Table B.2
Positive and zero sequence line parameters obtained using ATPDraw’s line check feature.
OH-line Cable
z* 0.1077+j0.356 Q/km 0.152+j0.0997 Q/km
Z, 0.4587+j1.1604 Q/km 0.2072+j0.0535 @/km
ct 10.492 nF/km 263.98 nF/km
Cy 5.8376 nF/km 261.5 nF/km
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This theory is from [18]: The ring is divided into n zero-sequence PI-
equivalents, chosen so that the magnitude of the zero-sequence series
impedance for each Pl-section is the same, i.e. |z;| = |z,| = |z3] =
«+ = |z,|. The total capacitance of PI-section k is labelled C,. Next, the
parallel capacitances of adjacent Pl-equivalents are summed, and n + 1
capacitances C, — C, are defined in (A.1).

Cint i=0

1

316G i=n (A1)
C+Cpyy i=1,2n—1

By assuming that all these capacitances experience the same volt-
age, ¥, and by applying the principle of current division, the expres-
sions below for m, and my can be derived:

(A.2)

3
N
Il

(A.3)

=l

The accuracy of m, and mp increases as n — co. Laterals on the feeders
are accounted for by summing their entire zero-sequence capacitance
to the corresponding C;.

Appendix B. Network data

The network in Fig. 10 is implemented in ATPDraw with the data
given in the figure and in Table B.1. The lines and cables are modelled
using the version of JMarti given in [30], where the model is fitted from
1-107 Hz. The positive and zero sequence line parameters ob: d

1]
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(131
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Abstract

This paper presents a method for locating permanent high impedance earth faults in compensated networks. The method locates
the faulty feeder and provides aid to the operator when clearing the fault by determining whether the fault was cleared
successfully, allowing precise determination of the faulty section on the feeder in question through manual sectionalizing. The
method does not require any added equipment or advanced control of the arc suppression coil, but basic network data is required.
The feasibility of the method is verified through simulations and illustrated through an example showing the successful clearing
of a 20 kQ earth fault. The attainable sensitivity of the method is discussed, and it is shown that the accuracy of the initial fault
resistance estimate is limited mainly by the accuracy of the current and voltage measurements. The upper fault resistance limit
of the fault clearing assessment is further affected by the accuracy of the system data, as well as the change in shunt admittance
asymmetry of the network after sectionalizing. Further research will focus on practical implementation and testing of the method.

1 Introduction

In compensated networks the transformer neutral is grounded
through an arc suppression coil (ASC). The purpose of the
ASC is to minimize the earth fault current, leading to self-
extinction of arcing faults. The low fault current makes
permanent faults very challenging to locate. High impedance
earth faults can be caused by trees, sagging conductors or
insulator failure, and they may cause significant damage if left
undiscovered. HIFs also pose a serious safety issue for people
and animals who may inadvertently come into contact with a
live part of the network.

In Norway, network operators are required to detect and clear
ground faults up to 3kQ within 10 seconds in distribution
systems, whereas a two-hour limit is set for regional
networks [1]. In Sweden, earth faults below 3kQ are required
to be cleared by protection systems [2]. Faults above 3 kQ are
still important to locate, and it is usually a challenging and
time-consuming task for network operators. It is achieved by
reconfiguring the network and disconnecting lines until the
fault appears to be cleared, although the reconfiguration itself
makes this fault clearing assessment difficult. Even if a faulty
feeder could be determined, locating the faulty section is
challenging with this approach.

Several methods have been developed for the faulty feeder
selection in compensated networks. Methods based on
recognizing capacitive feeders [3,4] and current-based
methods [5,6] have been proposed, and methods based on zero
sequence energy are found in commercially available relays
[7,8]. These methods are however focused on the faulty feeder

selection, and assessment of the fault clearing success is not
considered. Advanced methods based on changes in residual
currents and voltages during faults generally give highly
accurate results [9-13], but the sectionalizing renders the
comparison with the pre-fault reference values invalid.
Therefore, there is a need for a method which can assess the
fault clearing success and provide a continuous fault indication
until the faulty section has been found.

This paper proposes a method for locating the faulty feeder in
a radial distribution network, as well as determining the faulty
section through iterative manual sectionalizing. Fault
detection capabilities, estimation of the system compensation
degree, method implementation and practical considerations
are discussed. The paper is organized as follows. The
theoretical foundation of the proposed method is given in
section 2. Section 3 outlines the steps of the method and its
implementation, while the method is illustrated, tested, and
discussed in detail in section 4 and 5. Finally, section 6
provides conclusions and thoughts on future work.

2 Theory

1.1 Neutral Current Splitting
Consider a network compensated by an ASC tuned to some

degree £, so that its value L, is given by

Lk = Lyes 1

The inductance L. corresponds to the resonance condition,
i.e. the coil inductance which compensates for the total shunt
capacitance of the network Ci as described by (2).



+ jwCoe =0 (2

ju)LTES
The coil L, is replaced, in theory, by two coils in parallel, L
and L, such that L,=L,.|L,. This is illustrated in Fig. 1(a). The
coil L, is related to the actual value of the coil L, through the
compensation degree & as described by (3).

k
L, = an
The benefit of introducing this notation is the more compact
form of the equations derived in this paper as the total
capacitance to ground in the system is cancelled by L., as
described in (2).

3)

1.2 Neutral Voltage

In the network in Fig. 1(b) the total phase-ground admittances
for the three phases are as given in (4),

Y, =Y =G+ jwC
Yy =Y + Yap = G + Gpp + j(C + Cap)
Y, =Y + Yy = G+ Gpe + jo(C + Cac)

“

where C and G are the total capacitance and conductance in
phase a, respectively, and Cup, Cac, Gap» and Gy, describe the
deviation of capacitance and conductance in phases b and ¢
with respect to phase a. The neutral voltage can be expressed
as

D
1 1

%)
G, +R_p+j(A)_Lp

where E, is the phase-neutral voltage of the reference phase,
in this case phase a, and

D = h?Y,, + hY,,
Gy = 3G + Gpp + Gpc
In (6), the operator / = &/'2*". The resistor R, represents the coil

losses and any additional parallel resistor. When a fault occurs
in phase a, the neutral voltage becomes instead as given in (7).

(6)

1
D+
Ry

M
1 1 1

Gitpt+—+p

tTR, " joL, " Rf

2.2 Estimating the Fault Current from Measurements

The fault current can be estimated using either the neutral point
measurements or feeder phase quantities.

2.2.1 Using Neutral Quantities: Assume that the compensation
degree k of the network is known. Then, the current I, flowing
through R, and L, as illustrated in Fig.1 can be computed based
on the measured neutral current I, and voltage V,, as shown in

().

Vn

jwlres

IL,=1I,+ ®)

(a)

(b)
Fig. 1 (a) Neutral point impedance splitting, (b) Network
model

It can be shown that I, will, during healthy (pre) and faulty
conditions, satisfy (9).

Iy pre = GeVipre + DE g pre

1 1 (O]
Ip,fault =G, +R_ Vn,fault +|\D +R_ Ea,fuult

f f
By assuming that the voltage E, remains unchanged during the
fault, (10) is obtained.

AL, = I raie — Ippre = GeAVy + Ip = I (10)

The term G,AV,, is assumed to be small due to the low value
of G. Therefore, the fault current can be approximated as Al,.

2.2.2 Using Phase Currents

When a fault occurs in the network, the phase currents will
change on all feeders. Assuming that the load current remains
unchanged in all three phases, and that the change observed in
each phase current due to the neutral voltage is approximately
identical, i.e. assuming Y, = Yo = 0, then (11) describes the
changes in phase currents on the faulty feeder x. The
admittance Y, is the per phase admittance of feeder x, and I,
is the current in phase a on feeder x.

Al,, = AV, Y, + 1,
Al = AV,Y,
Al = AV, Y,

an

The faulty feeder and phase may then be found by monitoring
indicators J in phases a, b and ¢ on each feeder m:

1
Jma = Mam — 2 (A’b,m + A’c,m)

1
]m,b = AIb,m _E

1
Jme = Blegm =5 (Blam + Alym)

(Al + A1) (12)

On a healthy feeder, all these indicators will be approximately
zero during fault. On the faulty feeder, the indicator in the
faulty phase will correspond to the fault current Ir, while the
indicators in the healthy phases will be approximately —0.51.
The indicators should therefore be able to distinguish between
earth faults and other fault types, where such a pattern is not
observed.



2.3 Estimating the Compensation Degree

If the compensation degree is not known, (10) cannot be
applied to estimate the fault current. The compensation degree
can however be estimated by combining (10) and (12). A value
of kis selected so that the fault current estimated by (10) equals
the fault current estimated by (12). For a fault in phase » on
feeder m, this corresponds to solving (13), where [, is the
indicator in (12) which corresponds to phase  on feeder m.

k= AVn (13)
ijn (]m,r - Aln)
2.4 Estimating Fault Resistance

Once the fault current and compensation degree are estimated,
the fault resistance can be estimated using (14).

< AV, (1 1 N1 1

F7 AL \R, ' jwL, D D

Here, the asymmetry D can be obtained by solving (5) using
pre-fault measurements. This value of D can then be stored and

assumed unchanged as long as the network topology remains
the same.

(14)

3 Iterative Fault Location and Clearing

This section presents and explains the different steps in the
proposed method. In section 3.5 the implementation of the
method is summarized with detailed description of the steps
and the relation between them.

3.1 Initial Fault Detection

The compensation degree k& is considered a somewhat
uncertain parameter. It may be available from the ASC
controller, or it may be considered inaccurate or altogether
unavailable. It is therefore beneficial to discuss the two
possible situations in some detail.

If the compensation degree is available, (10) and (12) may be
used for fault detection purposes. For instance, if the indicators
suggest a possible 5 A fault current, and the current A, takes
a similar value, it can be assumed that an earth fault is present
in the system.

If the compensation degree is not available with sufficient
accuracy, it may be estimated using (13). However, it has not
been properly investigated whether or not (12) is sufficient as
a fault detection stage on its own. A single-phase load event
could in theory give the appearance of an earth fault if only the
indicators are monitored, although this is not a likely scenario.
If (12) is not sufficient to reliably detect and determine earth
faults, then some external fault detection logic is required.

3.2 Faulty Feeder Selection

The availability of & is primarily a concern for a possible fault
detection stage. In either case, whether k& is known in advance
or estimated during fault, the first step of the algorithm is the
estimation of the fault current using (10) and (12). This first
step then becomes an all-in-one operation in which the fault

current is estimated, the faulty feeder is found via the
indicators, and £ is optionally estimated.

3.3 Sectionalizing and Searching

At this point the faulty phase and feeder have been found.
However, it may be beneficial to obtain a more precise
estimate for where the fault is located on the feeder. Although
an accurate fault detection can be achieved, methods which are
based on mapping all the system parameters in advance will
face the same challenge once sectionalizing begins. As the
network topology changes, so does the system capacitance,
asymmetry, and compensation degree. In order to be able to
estimate the fault current accurately during sectionalizing as
well, it is suggested to estimate the new compensation degree
in the network. This is done based on an estimate of the amount
of capacitance being switched out during the searching
process. If a feeder representing 10 % of the system
capacitance is disconnected, the compensation degree & can be
updated accordingly. This information may come from
capacitance measurements performed in advance or from
standardized line parameter tables. Estimating the change in
network asymmetry D is however not as easy, and very large
changes in this parameter represent some uncertainty as shown
in the following paragraphs.

Let the subscript “pre” refer to the state before the fault
occurred. The subscript “post” refers to the state after a part of
the network has been disconnected in an attempt to clear the
fault. The current I, can in these two states be expressed as

Ip,pre = Gt,preAVpre + DpreEu,pre

healthy __

Ip,post - Gt,pastAVn,stt + DpostEa,past (15)
DY = Gy postAVnpost + DpostEapost + 1

p,post — Htpost n,post post&a,post f.post

The superscripts “healthy” and “faulty” here refer to the two
possible states of the network after the switching operation.
Either the fault was cleared successfully, in which case no fault
current is present, or, if the fault was not successfully cleared
a fault current will be present. This fault current will not have
the same value as the fault current observed before the
switching, hence the added subscript “post”.

The current I, can still be computed using (8), keeping in mind
that a new compensation degree ko, must be utilized after
the switching. When computing Al, = I 05t — Ippre, the
result depends on whether the fault was cleared or not as
described by (16).

ALY = E,AD

16
AL = E,AD + I post (16

The interpretation of (16) is so that if the fault is not cleared,
the new fault current will be contained in AL,. If the fault was
cleared, AT, would not contain any fault current. However, due
to the term E,AD, which cannot be compensated for without
knowing how the asymmetry D has changed, AI, would still
not return to zero as it was before the fault originally occurred.



3.4 Assessing the Fault Clearing

The current AT, have been established as the key parameter to
monitor due to some very beneficial properties. First,
regardless of the availability of £ AI, can be continuously
monitored as long as some initial value of & is provided. In
healthy pre-fault conditions, AI,, will remain close to zero
anyway. If k& is accurately estimated throughout the
sectionalizing, A, will continue to remain high as long as the
fault is present. If the faulted section is successfully
disconnected, A, will drop down to a small residual value
described by (16). Although, as explained earlier, the change
in the asymmetry D will impact this residual value. So, if the
magnitude of the fault current was similar to that of the
residual value of AL, this fault clearing assessment will not be
possible.

The fault resistance may however be a more intuitive
parameter to monitor. Equation (14) also incorporates the
change in neutral voltage in addition to AI,, and Ry is
suggested used as the monitored parameter throughout this
process. As Al is zero in healthy operation, Ry should in
theory be infinitely large. When the fault is cleared, Ry should
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Fig. 2 Flowchart describing the method.

then return to a very large value, though not as large it was pre-
fault due to the residual value of ALL,.

3.5 Algorithm Implementation

A flowchart for the method is shown in Fig. 2. Measurements
of neutral current and voltage, phase-neutral voltages and
phase currents on all » feeders are used as inputs to a lowpass
filter which extracts the 50 Hz components. A DFT computes
the corresponding phasors. In this diagram the DFT is assumed
to output phasors once per cycle, but it can also be
implemented as outputting phasors once per sample, always
considering measurements from the past cycle (20 ms). In the
first iteration, the parameters L, and R, are computed, an
estimated value of & is inputted, and the parameters L,, D and
I;, are all estimated. Here, the asterisk operator is used to label
pre-fault reference values obtained during the first iteration at
t = 0, for instance V,,(t = 0) = V;,. The changes in currents
and voltages are then computed with respect to these
references, for instance AV, (t) = V,(t) — V},. All parameters
and pre-fault reference values are stored until they are updated
or replaced later on, or until the algorithm is restarted.

The method is initialized manually at a time when the network
is assumed to be healthy. The computation of AI, and the
indicators in (12) is done continuously. Although fault
detection is not considered in detail in this paper, the fault
detection stage is placed after the computation of AI, and the
indicators as these may serve as the basis for a fault detection
stage.

4  Test Case Network

The test network used is a 22 kV distribution network with 5
identical radials as depicted in Fig. 3. Each radial consists of
15 km OH-line and two 500 m cable segments located at each
end modelled as PI-lines. Asymmetry is added to each phase
individually by adjusting the capacitance to ground. The
compensation degree of the network is approximately k= 1.05.
Two circuit breakers are located on feeder 1; one at the main
bus and another 10.5 km out on the feeder. See Table I for
complete system data.

5 Results and Discussion

5.1 Case Study: Earth Fault Clearing Sequence

A permanent fault is simulated by adding a constant resistance
to ground on feeder 1 at a distance 6.5 km from the main bus,
i.e. between the two circuit breakers. The method is initialized
assuming that the compensation degree of the network is
k=1.1. At the time TO a fault occurs in phase a. Fig. 4 shows
that the fault current estimate A}, is much too large due to the
erroneous compensation degree assumed when initializing the
algorithm. The connection of a parallel resistor R. at T1
improves the situation somewhat. The indicator J;, on the
faulty feeder closely matches the correct value of the fault
current and is used to estimate & using (13). This is done before
the parallel resistor is connected, but in this example the new
value of £ is applied at T2 to illustrate the effect of these two
steps more clearly. At T3 the outer circuit breaker on feeder 1
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is opened in an attempt to clear the fault. Because loads were
disconnected at T3, J; , can no longer accurately estimate the
fault current. Based on the amount of capacitance disconnected
the new compensation degree is estimated and used for
continuous computation of Al,. As explained by (16), AI, still
contains the fault current, but with an added disturbance from
E,AD. The fault current estimate is therefore less accurate than
it was before the switching of the network. At T4 the inner
circuit breaker disconnects feeder 1 in its entirety, and the fault
is cleared. Al drops to a value close to zero, indicating that no
fault current is present.

Fig. 5 shows how the fault resistance estimate varies
throughout this sequence of events. At the time TO it drops
down to approximately 10 kQ. The connection of the parallel
resistor improves the estimate. At T2 the compensation degree
is corrected, and the fault resistance estimate correctly settles
at 20 kQ. This is also achieved in the case where no parallel
resistor is used. At T3 the outer part of feeder 1 is
disconnected, but the fault resistance estimate remains
correctly at approximately 20 kQ. At T4 the entire feeder is
disconnected, and the fault resistance estimates jumps up to
350 kQ. As discussed previously, this finite value of Ryis due

Table 1 Test Network Parameters

Simulation Data

3-phase PI-section: 50 Hz, R=0.076 Q/km,
X=0.322 Q/km, C=11.416 nF/km,
R¢=0.223 Q/km, X¢=1.507 Q/km,

Of-line Cy=5.222 nF/km, Go=32.81 nS/km.
Asymmetry: 5% and 2% are added to Co
in phases b and ¢, respectively.
3-phase PI-section: 50 Hz, R=0.125 Q/km,

Cable X=0.11 Q/km, Cp=0.28 pF/km.
Asymmetry: 4% and 3% are added to Co
in phases a and b, respectively.

Loads 3-phase 2 MVA loads connected via A-A
load transformers. Power factor 0.9.

25 MVA 66/22 kV Dyll, 3-leg stacked
. transformer. X=5.9%, R=0.35%. Modelled

Main . . .

Transformer using the H}/brld transfomer model in
ATPDraw with no capacitance or core
effects included.

Neutral point  Rp=50 kQ (coil losses), L,=1.76 H. ASC

impedance tuning 4=1.05. Parallel resistor Re=2543 Q.

Other Sample rate: 4 kHz. Software: ATPDraw

version 7.2p11.
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Fig. 5 Real part (red, thick line) and absolute value (blue, thin
line) of estimated fault resistance.

to the non-zero value of AI,. The asymmetry of the network is
now unknown, and it cannot be compensated for. However,
because the actual fault current was much larger than this
residual value of AI,, the fault clearing is easily confirmed.

5.2 Reliability and Practical Considerations

Load changes does not have an impact on the method. A
single-phase load event could in theory trigger the indicators,
but AI, is not affected. Variation in load asymmetry was
investigated and found to have negligible effect on the
accuracy. Measurement accuracy is a potential issue,
especially in the case of asymmetric measurement errors.
Errors within + 5% and + 5° yielded a resistance estimate error
of 13 % in the case considered earlier. Measurement errors
may be particularly critical when faults occur on lightly loaded
feeders, though this requires further investigation and testing.
Unsystematic measurement errors, due to for instance noise,
will perhaps limit the method’s sensitivity further.

Network changes are also easily managed. The current A, can
have a similar response to that of an earth fault during network
reconfigurations due to the change in compensation degree,
but this will however coincide with a registered breaker action.
The indicators will also not be triggered for three-phase events,
making it easy to discard such events. Permanent changes
made to the network configuration or operating point requires
re-initialization of the method. The method is also valid during
under-compensated operation of the network. However, the
fault clearing stage becomes unreliable as the disconnection of
feeders may cause the network to come into resonance, giving
avery low fault current. It then becomes difficult to distinguish
between a successful and an unsuccessful fault clearing.

A parallel resistor is not required, but it provides damping as
illustrated in Fig. 6. This in turn causes the fault current and
fault resistance estimates to settle quicker, which is desirable.
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Fig. 6 Estimate of Al, with and without R, connected at T1.
6 Conclusion

In this paper a method for locating and clearing high
impedance earth faults in compensated distribution networks
has been proposed. Though it can be used for precise
estimation of the fault resistance, its main benefit is the ability
to give reliable assessment of whether or not a fault clearing
attempt is successful. The method is further strengthened by
its ability to obtain estimates for several of the required
parameters, and its ability to distinguish earth faults from other
network events. It does however require information
pertaining to the network topology. The method shows
promising results based on the simulations performed in this
paper. Although measurement inaccuracy reduces the
precision of the fault resistance estimate somewhat it can still
be a reliable tool for location and confirmation for fault
clearing for high impedance faults. The paper has also shown
that the obtained sensitivity will vary based not only on non-
ideal conditions such as measurement inaccuracy, but also on
system parameters such as the shunt admittance asymmetry of
the network.

Future work will focus on testing the method using fault
records obtained from a real network, and on investigating the
impact of current transformer accuracy on the feasibility of
detecting very small current changes. Developing criteria and
correct thresholds for confirmation of fault clearing is also of
great importance for obtaining maximum sensitivity.
Extending the method to work beyond radially operated
networks will also be studied.
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Implementation and Laboratory Verification of
Method Utilizing Phase and Neutral Quantities for
Detection and Location of Low-Current Earth Faults
in Resonant Grounded Networks

Thomas Treider, Hans Kristian Hgidalen

Abstract—Earth faults is a challenging fault type to locate in
resonant grounded networks due to their naturally low fault
current, and the problem increases with an increased fault
impedance. This paper describes the detailed implementation and
laboratory testing of a method for detection, location and clearing
of earth faults with very small fault currents. The method
consists of two indicators used in the fault detection stage, where
their simultaneous operation ensures selective fault detection
and faulty feeder selection. One of these indicators also enables
conti fault indication througt a sectionalizing process.
The laboratory tests demonstrate that both indicators function
as intended, and it is the current sensors which ultimately limit
the attainable sensitivity. Faults up to 15 k2 were detected
successfully in the laboratory network based on phase current
measure while the sectionalizing indi h 1 much
higher sensitivity and functioned as intended in a 50 kQ fault.
Measurements from one field test in a 22 kV network corroborate
the laboratory results and demonstrate the expected earth fault
indicator response.

Index Terms—Compensated networks, Fault detection, Fault
location, High-impedance earth fault, Sectionalizing.

1. INTRODUCTION

ARTH faults in resonant grounded systems represent a

particularly challenging case for protection systems due
to their very low fault currents. As a result, conventional
protection systems such as over-current and distance pro-
tection can not be used. Large fault impedances also create
problems for transient based earth fault protection due to the
absence of earth fault transients with sufficient magnitude. The
terms “high impedance” and “low current” are relative terms,
given different meaning by different authors in the scientific
literature. While for example Norwegian regulations require
detection of faults up to 3 kQ [1], faults up to hundreds of
k{2’s are not uncommon [2], [3]. High impedance faults may
evolve into more serious faults over time, so it is of interest
to be able to detect them as early as possible. Therefore, this
paper is concerned with faults above 3 k(2.

Specialized earth fault location schemes have been proposed
extensively in the literature. The magnitude of the neutral
voltage is the standard fault detecting approach in the case
of low impedance faults, but this is not reliable in the case
of very high fault impedances [3]. The neutral voltage incre-
ment can be used instead to provide sensitive detection [3],

The work was funded by the Norwegian Research Council project ProDig
(295034/E20).

while the slow transient build-up of the fault current is used
in [4]. The method presented in [5] uses the deviation of the
neutral voltage and current from their known healthy values
to estimate an equivalent fault resistance, and a sufficiently
low resistance estimate signifies a fault. Methods based on the
admittance-principle are also common, monitoring the ratio of
the zero-sequence voltage and current to obtain detection and
directionality [6].

Fault location may be implemented as a separate stage or
integrated with the fault detection stage. If not integrated with
the fault detection, it can then be either passive or active.
Active methods can for instance involve injection of a super-
imposed signal that can be traced in the network [7], [8], or a
short-time de-tuning of the arc suppression coil (ASC) [5], [9],
[10]. The drawbacks of such methods are the added complexity
and the need for external equipment or integration with the
ASC controller. Reference [11] describes a mobile solution
based on injection of non-fundamental frequency currents.
This is however meant for ground personnel and represents
a much slower, manual localization process. Decentralized
or wide-area methods using either fault passage indicators
(FPIs) [6] or feeder terminal units (FTUs) [12] have also been
proposed, requiring more units and infrastructure to provide
sufficient coverage.

Several passive methods for earth fault location can also be
found in the literature. In [13] it is proposed to monitor the
zero-sequence energy on each feeder, where the sign of the
energy will indicate forward/reverse fault. The authors of [14]
report that this principle becomes less reliable for very high
fault impedances combined with network asymmetry, and [15]
further illustrates the problem with asymmetry. In [16], very
sensitive detection is achieved based on a charge similarity
approach. However, the method assumed and was verified with
a perfectly symmetrical network in which no zero-sequence
currents flow in healthy operation. Real networks can have
considerable asymmetry [17] in which the high impedance
fault may be difficult to separate from the natural asymme-
try, and it may even temporarily reduce the asymmetry [3].
Reference [18] proposes a complex method where the faults
are detected based on neutral voltage displacement, the faulty
phase is identified based on the phase voltage variations, and a
transient principle is applied to locate the faulty feeder. Again,
the asymmetry of the network is mentioned as a limitation,
and the method requires several relay units in the network for



faulty section determination.

To deal with the problem of measurement errors and net-
work asymmetry, current and voltage increments are often
used [3], [19]-[21]. This enables more sensitive detection as
the healthy state asymmetry contribution can be canceled out.
These methods generally report very sensitivity, i.e. in the 10-
200 k2 range.

Except for reference [5], it is only the task of fault detection
and an initial faulty feeder indication which is emphasized in
the literature, whereas the ability to provide continuous fault
indication throughout a sectionalizing process is neglected. In
[5] the fault indication is achieved using a short-time de-tuning
of the ASC to map the parameters of the healthy system, but
it is not apparent how reliable this is during sectionalizing.
Fault indication during a sectionalizing process is an important
feature to consider as 1) the initial faulty feeder indication
may be inconclusive or wrong, and 2) it may be of interest
to determine the faulted section more precisely, not just the
faulted feeder. High impedance faults are not time critical,
and it is preferable to isolate the faulty part of the network
systematically while affecting a limited number of customers.
During this process fault indication based on the increments
of the feeder currents will be inaccurate, and the neutral
voltage magnitude, which can serve this purpose during low-
impedance faults, is not reliable when the fault impedance is
very high due to its much lower displacement during fault and
its possibly equally large displacement during sectionalizing.

This paper contributes with the following: Firstly, the de-
tailed implementation of a novel method for detection and
location of earth faults with very low fault currents in com-
pensated networks. The method is based on two independent
fault current estimates which together provide sensitive and
selective fault detection. One of these estimates is based on the
phase currents on each feeder, while the other makes use of the
ASC current, voltage and compensation degree. The method
also enables continuous monitoring of the fault’s presence
in the network during sectionalizing, and it can therefore
aid operators when clearing the fault. Secondly, this paper
presents laboratory tests to validate the proposed method, and
to investigate factors limiting the sensitivity. A physical 400 V
laboratory network model is used for this purpose, which
enables real-life complicating factors such as measurement
sensor accuracy and off-nominal network frequency to be
included in the tests. The paper also discusses the applicability
of such laboratory tests as substitutes for field tests.

The rest of the paper is organized as follows: Section II
describes the theoretical foundation for the method, and this
is used to derive the proposed fault detection and location
method which is presented in Section III. Section IV describes
the laboratory test setup, and the results from these tests are
presented in Section V. The applicability of the results is dis-
cussed along with the challenge of transferring the laboratory
results to a real network in section VI, and conclusions are
given in Section VIIL.

II. MODELLING EARTH FAULTS

The theoretical foundation for the method discussed in this
paper has previously been published in shorter format in

reference [22], but it is included here for the sake of readability
and further development.

A. Neutral coil split

Consider a network compensated by an ASC tuned to some
degree k > 0, so that its value L,, is given by (1).
1
Ln= 7 Lres )
The inductance L,.s corresponds to the resonance condition,
i.e. the coil inductance which compensates for the total shunt
capacitance of the network C, as described by (2).

- + jwCiot = 0 2)
JwLres

The coil L,, is replaced, in theory, by two coils in parallel,
Lyes and Ly, such that L, = Ly¢s||L,. This is illustrated
in Fig. 1(a). The coil L, is related to the actual value of
the physical coil L,, through the compensation degree k as
described by (3). .

Ly=1=7 In 6)
The benefit of introducing this notation is the more compact
form of the equations derived in this paper as the total
capacitance to ground in the system is cancelled by L,.s, as
described in (2).

B. Neutral voltage

In the network in Fig. 1b the total phase-ground admittances
for the three phases are as given in (4),

Yo=Y =G+ jwC
Yy =Y 4+ Yap = G+ Gap + jw(C + Cap) @
Yo=Y +Yac =G+ Gac+jw(C+Cac)

where C' and G are the total phase-ground capacitance and
conductance in phase a, respectively, and Cap, Cac, Gap and
G A describe the deviation of capacitance and conductance in
phases b and ¢ with respect to phase a that stems from the
natural asymmetry in the network. The neutral voltage in the
healthy network can be expressed as

V=B ®)

G+ +
»

Jwly

where E,,, is the phase-neutral voltage of the reference phase,
in this case phase a, and
D = h*Yap + hYac

A (6)
G =3G+Gap+Gac

In (6), the operator i = ¢/12°. The resistor R,, represents
the coil losses as well as any external resistor which may be
permanently connected. When a fault occurs in phase a, the
neutral voltage becomes instead as given in (7).

D+ 5
Vo=~ !

()]

AT i
G+ g+ g + 5L,
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Fig. 1. (a) Neutral point impedance coil split and (b) network model.

C. Fault current

Assuming a fault taking place in phase a, the fault current
according to Fig. 1 is
= VatE,
If= —— 8
I 7, (8)
A more useful expression for the fault current in the system
can be derived by combining (7) and (8):

| Gran+a D
RGP+

Foly

I,=E ©

Fig. 2 shows the magnitude of the fault current as a function
of fault resistance for a selected set of network parameters,
both from simulations in ATP and by using (9).

4 T T T T
ST~ Fault current magnitude
[ R = Theoretical
—_ Network data: si eorel
= ki S imulated
= 5L Chr = 9395 nF, G = 5632 nS |
= | R, —=6274Q,k =112 E, = 127kV \
1 b D= -12797+5469 nS ~ —
Network load S = 3.46+51.26 MVA S~
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10° 10’ 102 10° 10* 10°
Rf [0]

Fig. 2. Fault current magnitude estimated using (9) and simulations in ATP

III. METHOD FOR FAULT DETECTION AND LOCATION
A. Estimating the fault current during fault

The fault detection and location method described in this
paper relies on two separate approaches for estimating the
earth fault current, and the theoretical foundation for both these
approaches is explained in the following two subsections of
the paper.

1) Using the neutral current: Assume that the compen-
sation degree k of the network is known. Then, the current
I:, flowing through R, and L, as illustrated in Fig. 1 can
be computed based on the measured neutral current I, and
voltage Vn as shown in (10).

s eV

10
FoLres ao

It can be shown that I_;, will, during healthy (pre) and faulty
(fault) conditions, satisfy (11).

Lypre = GV pre + DE,
- A 1. = 1. =
Iy faut = (G + Ff)vn,fauli +(D+ o

an

By assuming that the voltage E, remains unchanged during
the fault, as is reasonable considering small fault currents, and
recognizing that the asymmetry factor D is constant as long as
the network topology does not change, (12) is obtained. The
term GAV, is assumed negligible, and thus the fault current
can be approximated as AI_;,A
ALy = I fauts — Typre = GAV, + T = I; (12)
Equation (12) can also be derived considering Fig. 3, which
is derived from Fig. 1 using Thevenin-Norton transformations.
It shows that the current flowing in L, and R, in the
healthy state is caused by the asymmetry of the system, and
if the conductance is assumed negligible, then the current
I, pre = Ip = E,D. When the fault occurs, the switch is
closed and the fault current is found as ff = I-;, —Ip = AI-;,,
which is the same result as in (12).

i A E,
P L, l:l G Ip=E.D +
I :

»

I
< <~

Fig. 3. Equivalent circuit for healthy and faulty network considering the
asymmetry as a current source

2) Using phase currents: The currents flowing onto the
feeders are assumed to consist of a load current, a capacitive
current to ground, a capacitive current to the two others phases,
as well as an induced current caused by the mutual inductance
between the phases. Equation (13) shows these components for
the healthy state current in phase a.

Iy = (Vat Ba)Y +ViapjwCoap+VacjwCact Iind. +Tioaa (13)

When a fault occurs in the network in Fig. 1, the phase
currents will change. By assuming that 1) line voltages remain
constant during fault, 2) the loads remain unchanged due to
the constant line voltages, and 3) that the change in phase
current magnitude is so small that the induced currents can
be assumed constant, then (14) describes the changes in phase
currents during a fault in phase a.

Al =AV,Y +1If
AL = AV, (Y + Ya)
AL = AV, (Y + Yac)

(14)

These current increments can be combined to produce three
earth-fault indicators, named J,, J, and .J., as described



by (15).

Jo= AL~ (AL + AL

1 - N
Jy = Al — E(AIQ + A]c) (15)
1 - -
Jo=AI, — §(Ala + Al)
By inserting (14) in (15), and by assuming that

YAy = Ya. &= 0, it is seen that the three earth-fault indicators
remain at approximately zero during healthy operation. For an
earth-fault in phase a, the three earth-fault indicators on the
faulty feeder takes on the values in (16), whereas they remain
zero on the healthy feeders.

- 1-
Ja,fautt = If, Jo,fauit = Je,fault = —§If (16)

As mentioned earlier, the asymmetries Yz, and YA, can
not be assumed to be zero in real networks. Generally, the
transition from (15) to (16) becomes less accurate as YA, and
Y. increase. Equation (17) shows the values of the indicators
Ja—c during fault when the asymmetries are included:

o 1
Ja,faurt = Iy — AVn,i(YM +Yac)

1= ~ 1
o, fautt = *Eff + AV, (Yap — §YA<;) a17)

1= - 1
Je fault = *ilf + AVT,(*iyAh +Yac)

The errors introduced by the asymmetry are only a few
percent of the magnitude of the fault current even in the case
of very unsymmetrical networks (D = 5% of 3Y [17]), and
this can be shown to be independent of the fault resistance.
As a result, (16) is a valid simplification of (17).

B. Criterion for fault detection

To detect earth faults in the network, it is proposed to
monitor the three indicators in (15) on each feeder. During
an earth fault they are expected to have a fixed relationship
between them as indicated by (16):

1) The magnitude of the faulty phase indicator is approxi-
mately twice as large as the magnitudes of the indicators
in the two healthy phases.

2) The phase angles of the healthy phase indicators are
equal and approximately 180 degrees out of phase with
the faulty phase indicator.

For all other fault types, this relationship will not be observed.
Asymmetric load changes could in theory result in a similar
response from the indicators, but the current AI:, is unaffected
by load changes and can be used to give an extra criterion for
secure detection of earth faults. If the compensation degree
of the network is known with reasonable accuracy, the value
obtained for AI; should be comparable with the faulty phase
indicator, both in magnitude and angle. A similar approach was
suggested in [5], although by utilizing zero sequence currents
increments on every feeder. The difference is that the zero
sequence currents are less suited to provide information on

faulted phase, and directionality can not be obtained without
comparing the current increments on all the feeders. The
phase current indicators in (15) can perform the required
computations without input from the other feeders.

C. Searching for and clearing faults

As the load in the network can not be assumed constant
over long periods, the indicators in (15) are not reliable for
prolonged fault indication. Once a permanent fault has been
detected in the network, the continued monitoring of the fault
is done through Afp. The pre-fault value I;,pre is then no
longer updated but instead kept at its last value before the
fault was detected. This way AI_;, remains high as long as the
fault is present in the network, whereas it returns to zero if
the fault is cleared.

Once the sectionalizing process begins, the ASC is assumed
to be kept constant. If a section of the network is disconnected
during this process, the compensation degree k increases due
to the reduced network capacitance. This increases the value
of L,.s, and the computation of the current I_;, using (10)
must then be done with an updated value of L,.s. Keeping the
current I;,P,e as an estimate of the current I p in the network
is a simplification because the sectionalizing process may alter
the asymmetry parameter D, and as a result, the current AI;
will most likely not return exactly to zero when the fault is
cleared. If the fault current was in the same order of magnitude
as this residual value the success of the fault clearing is not
possible to determine.

D. Logic implementation and settings
The computation of the current increments is implemented
using a sliding window. The current phasors are updated every
sample, and the increment of current / at sample j is then
computed as
18)
where Tsy is the length of the sliding window in seconds
and f, the sampling frequency in Hz. Based on (16), a fault
in phase a can be signaled when the criteria in (19) are met.
[£Jy — ZJa| € [180° — ¢, 180° + ¢
|£J. — £J,| € [180° — ¢, 180° + ¢]
[T

Alpyy = 1) = Ijj-Tsw-£.)

A €105 - K,0.5 + K| 19
Ilj‘\ €05 K,0.5+ K]

The criteria in (19) are visualized in Fig. 4, where a fault in
phase a is considered. The parameters K and ¢ are margins
added to allow for some deviation from the ideal vector
relationship in (16). A fault is detected when both the vectors
Jy/J, and J./J, come into the shaded area. Similar zones
are implemented for the fault indication in phases b and ¢ as
well, and they are mutually exclusive.

The criteria in (19) are derived from the expected rela-
tionship between the vectors .J,_., and in simulations these
are sufficient. However, in a physical implementation the
indicators are never truly zero. Small fluctuations due to noise
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Fig. 4. Indicator relationship during fault in phase a, with the red field
representing trip zone” for a fault in phase a according to (19)

and cross-talk from surrounding conductors can cause the
criteria in (19) to be met accidentally and quite frequently
unless a magnitude threshold is considered. The criterion in
(20) is added to account for this.

| Jal > es (20)

Adding the magnitude threshold is necessary for secure op-
eration of the indicators, but it does necessarily reduce the
sensitivity of the fault detection. Determining the value of this
threshold is also a challenge as it must be set higher than
the aforementioned noise in healthy operation, and this will
require study on the network in question. A final criterion
is as mentioned previously to consider the neutral current
component Afp as well, discarding all trips from the indicators
that do not coincide with a similar response in this current.
This way, the neutral current criterion provides added security
against false fault detection. The parameter Af,, is computed
in the same way as the phase current increments, as shown in
(18), but with a longer sliding window length T'sy,, to account
for the slower current dynamics in the coil.

A vector comparison between AI; and the faulty phase
indicator could be made as well, but this assumes knowledge
of the compensation degree k. If k£ is considered to be
uncertain, a simple magnitude criterion like the one in (21)
could be used to monitor Afp.

AL > ¢, @n

If k& is known, (21) is extended to (22) to include a
vector comparison such as the one used for the phase current
indicators, where K and gsz are margins similar to K and
¢ in (19). Both J, and AI; should be identical during fault
according to (12) and (16), and the detection logic in (22)
can be used in addition to (21). Fig. 5 illustrates this vector
comparison.

AL
a

€l Ky1+K,)

(22)
[£AL = 200 < 6,

Sl

Fig. 5. Indicator relationship during fault in phase a, with the red field
representing “trip zone” for a fault in phase a according to (22)

Correct values for the settings in (19)-(22) will primarily be
affected by the quality of the measurements, and selecting the
correct settings to balance the need for precision and avoiding
misoperation is the major challenge. Generally, the sliding
window length Tsy should be long enough to capture the
transients during earth faults, but not so long that the load
current can not be assumed constant on the interval, making
the transition from (13) to (14) incorrect. The window Ty,
should be long enough to allow for the current to increase in
the coil, but limiting this window length is not critical as the
neutral current is relatively constant. Once a fault has been
detected, the computation of AI; using the sliding window is
stopped. Assuming that a fault was detected at time ¢, Afp(t)
is computed as AL, (t) = AL (t) — AL(t; — Tsw)) going
forward. This way, continuous fault indication is obtained for
the sectionalizing process. The phase current indicators can
not assist in the sectionalizing process because 1) the load
currents can not be assumed constant over many seconds, and
2) the sectionalizing process will necessarily change the phase
currents and render (14) invalid. However, their continued
calculation using sliding windows is still of interest as the
relationship between the indicators that signal a fault is also
observed if a fault disappears on its own.

The flowchart in Fig. 6 details the fault detection and
localization process described above.

IV. TEST SETUP AND MEASUREMENT PROCESSING
A. Norwegian National Smart Grid Laboratory

The laboratory verification is conducted in the distribution
network model implemented in the National Smart Grid
Laboratory, which is a joint NTNU-SINTEF facility intended
for testing of various smart grid technologies [23], [24].

1) Distribution network model: The laboratory contains a
400 V distribution network model which is constructed using
physical resistors, inductances and capacitors to emulate a
real distribution network. Fig. 7 shows the network topology,
where two feeders with three PI-sections each can be operated
radially or as a ring-network. The Pi-equivalents can be tuned
to represent a 22 kV system with two radials with up to 24 km
of overhead lines each, and the network has a voltage scaling
of 22:0.4 and current scaling of 50:3 [25]. The network is
supplied through a A/Y 400 V transformer which is grounded
through an inductor for the tests considered in this paper.

2) Network configuration: Both feeders represent 24 km
of FeAl 240 mm? conductors. The laboratory network has a
total of 3C,=2.4 uF capacitance to ground, resulting in an
uncompensated earth fault current of approximately 175 mA.
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Fig. 6. Flowchart for fault detection process.

A variable inductor is placed in the transformer neutral
to make the network resonant grounded. As the ASC is not
perfectly linear, its impedance will vary with the voltage across
it. This impedance is therefore estimated continuously by
measuring the current and voltage of the ASC. Two resistor
banks are used to provide loads up to 9 A and 3 A at the end

S, Ly,

Ly Lo
Sec. 21 F~—{Sec. 22 }~—Sec. 23
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Sl LH

L L
Sec. 11 F~—{Sec. 12}~—Sec. 13

Fig. 7. Test network single line diagram

of feeder 1 and 2, respectively. According to the laboratory
documentation, this corresponds to loads in the range 50—
150 A [25]. Finally, a variable resistor is connected between
phase and ground through a controllable switch to emulate a
high impedance fault. Fig. 8 shows the magnitude of the fault
current as function of the fault resistance obtained through
measurements in the lab with the chosen ASC setting. The
complete setup of the lab and the equipment used is given in
Table I and Fig. 9, and an overview of the complete laboratory
can be found in [25].

40 T T T

I 30r 1
[mA] o L

10 102 10° 104 10°
R, (€]

Fig. 8. M d fault current as function of fault resistance for

the selected ASC setting.

TABLE 1
LABORATORY EQUIPMENT

CTpp (default): Fluke i200s, set to 0.1V/A

CTpp,2: LEM HAS 50-s, 50/5A

CTy and CTy: Gossen Metrawatt WZ 12-C, ImV/mA.
Both If and I, are measured on a 50-turn coil in order
to better suit the measurement range of the probes used.
VTjine: Tektronix P5200, ratio 1V/500V

VT : Tektronix P5200A, ratio 1V/50V

Leybold three-phase inductor, model nr. 732 42.

Current

sensors

Voltage
sensors
ASC
Other

Sampling frequency 4 kHz.

B. Processing of measurements

1) Phasor estimation: The fault detection method is based
on current and voltage phasors. Most phasor estimation
techniques assume a 50 Hz signal, and off-nominal frequencies
result in a gradual drift of the phase angle over time. For many
applications this is not an issue as the relationship between
the phasors at any point in time is correct, but because the
method presented in this paper relies on phasor increments,
i.e. changes over time, the phasor estimation must account
for the drift in phase angle that can occur when the system
frequency deviates from its nominal value.

The SDFT algorithm [26] is used for this purpose. It is based
on a conventional recursive DFT-based phasor estimation,
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Fig. 9. Laboratory setup with equipment as given in Table I

along with a frequency estimation stage. The frequency of
the signal in each window is estimated based on the previous
three consecutive phasor outputs using equations (10), (12) and
(13) in [26]. By estimating the frequency of the signal at each
sample, the expected drift in phase angle can be estimated.
The resulting phasors can then be rotated back to their correct
values, thus producing phasors with constant phase angles.

In order to produce a stable and accurate frequency estimate,
a constant sinusoidal signal must be used. The line voltage is
proposed to be used for this purpose as it remains constant
during earth faults. The estimated phase angle drift based on
this voltage measurement is then used to correct all the other
phasor estimates. A 100 Hz low-pass filter is applied to the
line voltage measurements to give a better phasor estimation,
whereas all other measurements are unfiltered.

Fig. 10 shows the estimated frequency and resulting phasor
angle before and after this method has been used. The uncor-
rected phasor angle which assumes a constant 50 Hz frequency
can be seen to drift considerably.
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Fig. 10. From measurement of the line voltage in the laboratory: a) estimated
frequency and b) resulting phase angle with (dotted) and without (solid)
correction of the phase angle drift.

V. LABORATORY TEST RESULTS AND ANALYSIS
A. Phase current indicators

To illustrate the desired response of the phase current
indicators in (15), the faulty feeder indicators during a 5 k2

fault is showed in Fig. 11. It can be seen that the expected
relationship between the three indicators is observed, both
in terms of phase angles and magnitudes. Furthermore, the
indicators relate to the fault current as predicted by (16). The
fault detection response for phase a with settings €;=10 mA,
Tsw=100 ms, K=0.1 and ¢=15° is also shown on the right
y-axis, illustrating that the fault detection logic is triggered
both when the fault occurs as well as when it disappears. The
indicators on the healthy feeder did not increase during the
fault.
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Fig. 11. a) Fault current and indicator magnitudes on the faulty feeder during a

5 k€2 fault, and b) corresponding normalized vectors obtained at time t=1.02 s.
The fault is applied at t=1 s and disconnected at t=2.1 s.

By inspection of Fig. lla, it can be seen that the phase
current indicator magnitudes are not truly zero in healthy
operation. These small fluctuations give rise to the need for
the threshold € to avoid frequent false detections in healthy
operation, and this effectively limits the maximum sensitivity
of the fault detection. Fig. 12 shows the indicator magnitudes
during a 20 k€2 fault, where the magnitude of the fault current
and indicators no longer are detectable with the ¢;=10 mA
setting. Furthermore, the magnitude of the fluctuations are
now more significant compared to the fault current magnitude,
distorting the ideal expected relationship between the three
vectors as predicted by (16). Lowering the sensitivity threshold
€ is thus not necessarily going to guarantee detection of very
small fault currents, and it also increases the probability of
false detections. The indicators detected faults successfully up
to 15 k2 using €; = 10 mA.

To investigate the magnitude of the fluctuations, a constant
load current was measured in the lab using two different sen-
sors, i.e. CTy,, and CT)yp, 2 in Table 1. The resulting magnitude
of the indicator J,, computed with Tsyy=100 ms, is shown in
Fig. 13. The different curves correspond to different nominal
values of the load current, and the results illustrate clearly that



Fault
Detec.

[mA]

t[s]

Fig. 12. Indicator magnitudes during a 20 k2 fault. The fault is applied at
t=1 s and disconnected at t=2.2 s.

the two sensors have different properties. In the case of CT)j, 2
sensor, the magnitudes are relatively large compared to CT)p,,
but they are also independent of the magnitude of the primary
current. C'T),;, generally gives smaller fluctuations in J,, but
it is in turn dependent on the primary side current. Table II
shows the number of false detections over the same period
using CT)p,, as function of the load level and the sensitivity € ;.
To avoid false detection in this case the sensitivity must either
1) be limited to €; = 10 mA, or 2) adapted in real-time based
on the present value of the load current, which would allow
more sensitive settings during low-load conditions. To identify
the exact mechanism involved in determining the magnitude
of these fluctuation requires further studies, but the importance
of sensor quality is clearly seen.
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explained in section III-C. Fig. 14 illustrates how AI-;, is es-
timated throughout the sectionalizing sequence when clearing
a fault, compared to both the fault current and the neutral
current. The fault resistance was 20 k2. See Fig. 7 for breaker
locations:
o At t = T3, the fault is applied between section 11 and
Lis.
Att = T5, L3 is opened. Section 13 is now disconnected
from the network, but the fault is still present. Discon-
necting section 13 increased the compensation degree and
decreased the neutral voltage. As a result, the neutral
current decreased as well, but the fault current increased
slightly. AI; correctly captures this behavior.
e Att = T3, Lp is closed to bring section 13 back in,
but now fed from feeder 2. The network now regains its
original compensation degree.
From ¢t = T,-T5, section 12 is also disconnected from
feeder 1 and connected to feeder 2.
o At t = T, the faulty section, section 11, is correctly
disconnected by opening breaker L. AI_;, goes to zero,
confirming that the fault is cleared.

.

The entire process from T to T took 11 seconds. Note
that this breaker sequence is only intended to demonstrate
the behavior of AI;, during temporary disconnection of both
healthy and faulty sections of the network. In a real network
with a different feeder layout and breaker arrangement, the
optimal breaker sequence may be different. The optimization
of this sectionalizing process is not considered in this paper.

In addition to the case shown in Fig. 14, the sectionalizing
indicator was verified for faults in the range 10-50 k2. There
were no signs of reduced accuracy for increased fault resis-
tances, but fault resistances above 50 k{2 were not available at
the time of testing. The indicator also functioned as intended
in both an over-compensated and under-compensated network.

2.6 2.8
t[s]
(@)
Fig. 13. Magnitude of indicator J, when measuring a constant load current

with (a) the Fluke sensor or (b) the LEM sensor. Horizontal lines show average
values over 30 seconds.

TABLE II
NUMBER OF FALSE DETECTIONS DURING 30 SECONDS AS FUNCTION OF
LOAD CURRENT I, WITH ¢ = 15°, K = 0.1, Tsy = 0.1s

T.[Al | e;=4mA | e;=6mA | ¢;=8mA | e; = 10 mA
2.9 2 0 0 0
59 22 1 1 0
8.7 35 3 0 0

B. Sectionalizing

In order to verify the sectionalizing principle, a series of
breaker operations is performed. By monitoring A7, through-
out this process, the faulty section can be determined as
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Fig, 14. Magnitude (a) and angle (b) of fault current, neutral current and
Al during sectionalizing process for a 20 k€2 fault.

The network in the lab is very symmetrical, meaning that
V,, and I, are both very small in normal operation. This makes
it quite easy to determine the presence of the fault based on
either V or I, as well, but in a network with a larger healthy
state Vn and In, this would not be possible. AI could then
provide a much more sensitive fault indication, because the
change in compensation degree is accounted for. Furthermore,
Afp will also match the faulty phase indicator J,,, enabling a



more trustworthy and selective fault detection. The test shown
in Fig. 14 illustrates that Afp is a good approximation of the
fault current, and it enables continuous monitoring of much
higher fault resistances than |V,,| can.

VI. LABORATORY VS. REAL NETWORKS

The results in section V have verified the feasibility of the
proposed method both for detecting and locating faults, and a
few key factors have been identified and discussed in detail.
It remains a challenge, however, to determine to what extent
these laboratory tests can be used to predict the behavior in a
real network.

A. Scaling up the laboratory quantities

The first issue is the scaling of the laboratory model, and
how the normal phase current indicator fluctuations (noise)
are related to the load currents and the earth fault current. The
results so far have shown that the phase current indicators are
ultimately limited by the magnitudes of these fluctuations, as
the fault current eventually fails to stand out above them when
the fault resistance increases. The question then becomes how
the currents and fault resistances should be scaled.

To analyse the sensitivity of the method, the system cur-
rents can be scaled based on the fault current’s relation-
ship with the network voltage. By analysing (9), it can be
found that the fault current, for a given fault resistance, is
proportional to the system voltage when the fault resistance
is high enough. Exactly how high R; needs to be for this
approximation to be valid is best illustrated with a figure.
Consider a hypothetical 22 kV network with a 50 A charging
current I, = wCiotVrr/v/3. The fault current magnitude
is computed using (9) and two approximations of (9) valid
at low and high fault resistances, respectively, as shown in
Fig. 15. The breaking point of the curve, marked by the
vertical line, is found where R% = 1/(wCio(1 — k)). This
limit is approximately 10 k2 in the lab, and it is lower in
larger networks where C},; is higher. Below this limit, the
fault current is determined by multiple parameters such as G,
R, k and D, while the approximation \ff\ ~ \E,,,| /Ry is valid
beyond Rj. The latter is therefore valid when discussing the
upper limit of the method’s sensitivity.

The above approximation implies that a fault resistance
in the 400 V laboratory network is equivalent to a fault
resistance 55 times higher in a 22 kV network (22/0.4 = 55).
Alternatively, the fault current is increased 55 times when
considering the same fault resistance in a 400 V and a 22 kV
network. The laboratory load currents, which are in the range
2.9 — 8.7 A, will then correspond to 160 — 480 A in a 22 kV
network. Similarly, the 175 mA capacitive charging current in
the laboratory network will correspond to a 10 A current. 10 A
is a too low value for a realistic resonant grounded network
(a more realistic value would be in the range of 50 A and
higher), but this will only impact \ff\ up to the threshold R7.
The unusually small charging current is therefore not affecting
the fault current magnitude for high fault resistances, i.e., at
the maximum detectable fault resistance.
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Fig. 15. \f[\ computed using (9) and two approximations for low and high
values of Ry, in a 22 kV network with a 50 A charging current

It is the method’s maximum detectable fault resistance
which is of primary interest to be able to scale so that it can
be compared to other methods. The method proposed in this
paper relies on detecting the fault current, and if the method’s
sensitivity is absolute — i.e., it has some constant downward
threshold for a detectable fault current — then the previous
analysis have demonstrated that the laboratory results can be
scaled directly based on the network voltage. This implies
that a 20 k€ fault resistance in the lab is equivalent to a
1.1 MQ in the 22 kV network, which is not realistic. It is
instead more reasonable to expect that the lowest detectable
fault current will increase when moving from the 400 V
laboratory to a 22 kV network, due to for instance increased
measurement noise. The results so far have shown that the
phase current fluctuations are the limiting factor, so the results
in a real network will depend on how they scale. If their
increase cancels out the effect of a larger fault current, then
the maximum detectable fault resistance in the real network
will be the same as in the laboratory. This remains uncertain
until sensors and their properties can be studied in the field,
as will be discussed next.

B. Current sensor properties

The second challenge encountered when analysing these re-
sults is comparing the properties of the current sensors used in
the laboratory to those of CTs in real networks. Fig. 13 showed
that two different sensors radically impacted the feasibility of
the fault detection method. One of the sensors was impacted
by the current magnitude, suggesting that the interference
from surrounding conductors impacted its measurements. The
other sensor, however, while being unaffected by the current
magnitude, generally gave much higher measurement noise.
Whether this is due to the measurement principle, current
rating or something else entirely is not known. Whatever the
reason, the results have shown that the indicators J,_. will
have a non-zero value in healthy operation, and a sufficiently
large fault current is required to stand out above this noise.

Fig. 16 shows the phase current indicator magnitudes on
the faulty feeder measured during two 20 k2 earth fault tests,
where one set of measurements comes from the laboratory
tests conducted in this paper, and the other from a field test
conducted by Norwegian network operator Glitre Energi Nett
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Fig. 16. Earth fault indicator magnitudes during a field test and laboratory
test (right y-axis). Ry=20 k2 in both cases, with pre-fault phase currents
approximately 3 A and 20 A in the lab and the real network, respectively.

in their 22 kV network. The 22 kV network was operated with
a 55 A ASC, which corresponded to a compensation degree
of 10% over-compensation. Note that the indicators estimate
a 10 mA and 0.55 A fault current in the two networks, fitting
well with the analysis in section VI-A where a scaling factor
of 55 was predicted. In the lab test the phase currents were
2.9 A, whereas they were 20 A in the field tests. Although
the ratio between the fault current and the load currents is
higher in the field tests, so is the ratio between the fluctuations
and the load currents. In other words, the ratio between the
fault current and the fluctuations is almost identical in the two
recordings, making the fault detection equally challenging.

This finally raises the question about whether different
sensors in the 22 kV network could have given better results
and lower fluctuations. The field tests were conducted using
class 5p20 protection cores, which are likely less accurate
than the laboratory measurements. The field tests were not
conducted with the purpose of verifying the method presented
in this paper, and using metering cores or a different sensor
type in a different location could have yielded different results.
A detailed overview of the measurement chain used in the field
tests is unfortunately not available, and their comparison with
the lab tests is therefore done cautiously. The simple example
in Fig. 16 corroborates the lab results and demonstrates that
the phase current indicators function as intended, but dedicated
field tests are required to study the current sensors and the
measurement quality in a real network, which currently is the
limiting factor for the proposed method.

C. Comparison with other methods

There are comparable methods found in the literature
which are able to detect and locate faults for very high
fault resistances, and which have been verified experimentally.
These methods are all based on incremental values and on
manipulating the same basic set of equations as in section II,
but using zero-sequence currents. In [27], a probabilistic
method is presented which functioned up to 220 k€2, and the
method in [3] can detect faults in the range 100-200 k2. The
method in [28] functioned successfully up to 180 k€2, but does
require closed-ring operation of the network. Two methods
functioning up to 100 k2 are presented in [20], along with
a fault location method aimed at narrowing down the faulted

section. It is however dependent on detailed network data and
may not always give a conclusive fault location estimate. The
method in [19] functioned up to 160 k2, and the authors
mention potential challenges with normal system operation
triggering responses in the zero-sequence parameters similar
to those observed during faults.

The sectionalizing indicator showed no considerable loss of
accuracy up to the maximum available 50 kS fault resistance,
indicating that its limit is well above 50 k(2. The phase current
indicators functioned up to 15-20 k€2, but, as discussed earlier,
the exact mechanism involved in determining this threshold is
not fully understood. The scaling of the fault resistances in the
lab is as discussed earlier a challenge; with ideal measurements
the results can in theory be scaled up to any network by the
same factor as the system voltage increase, but this implies
sensitivity in the MQ-range for the proposed method and does
not seem realistic. The evaluation of the fault resistances and
their scaling can not be done separately from the analysis of
the current sensors and their properties, and this does require
field tests with applicable sensors.

Regarding the sectionalizing indicator, no comparable
method for during-fault sectionalizing has been found in the
literature.

VII. CONCLUSION

This paper has presented a detailed description of the im-
plementation and laboratory verification of a novel earth fault
detection and location method. The method shows promising
results in the laboratory tests, and one field test from a 22 kV
network corroborate this. The main contributions of these
results are as follows:

1) The new method makes each feeder capable of deter-
mining a forward fault using only local phase current
measurements without need for input from other feeders
or using voltage as a polarizing quantity.

A sectionalizing indicator is presented and verified,
which can be used to provide continuous fault indication
in a network during the sectionalizing process. The
indicator is based on the neutral current in the network
and is not limited to radial networks.

2
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The results also show that phase currents can be used for
low-current earth faults, a domain which traditionally has been
handled exclusively with zero-sequence currents.

In addition to the mentioned contributions, the paper has
also identified limitations, both of the method itself and the
applicability of the tests, as well as further work required
before the method can be implemented. The measurement
quality is currently identified as the main limitation of the
method, and 50 Hz noise found to be dependent on the current
sensors and the magnitude of the load currents limits the
sensitivity. This phenomenon is dependent on the sensors used,
and understanding and quantifying this represents the most
important future work as it relates directly to the attainable
sensitivity and reliable pickup levels for the fault detection.
Dedicated field tests are required to study the impact of
different current sensors and CT cores on the method further.
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Appendix B

Zero-sequence current
division on ring-connected
feeders

Consider two feeders A and B, connected to form a closed-ring configura-
tion. Equation (B.1), written with the notation from Paper III, describes
the zero sequence currents flowing onto each of them:

3lpa = maV,Y + naE,Y

- Lo o . (B.1)
3lpp = mpV,,Y + npE,Y

Here, mp = 1 — my and ng = 1 — ny. During fault, the terms
VnYA+ B-m4 and VnYA+ B -mp are the dominant components of the zero-
sequence currents. Therefore, m4 and mp must be found to be able to
remove their contributions to the zero-sequence current an isolate the fault
current component.

Consider Fig. B-1a, where two feeders are connected to form a ring.
The ring is divided into n zero-sequence Pl-equivalents as shown in Fig. B-
1b, chosen so that the magnitude of the zero-sequence series impedance
for each Pl-section is the same, i.e. |z1]| = |z2| = |z3] = ... = |zn].

Next, the parallel capacitances of adjacent Pl-equivalents are summed,
and n + 1 capacitances Cy — C,, are defined in (B.2).
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31
—
©
31,
—
——
31pa
—
©

Fig. B-1. Ring-connected feeders divided in n Pl-equivalents to calculate the division
of 31y on each feeder

Cit1 1=0
Ci = 5 CZ‘ 1=n (B.Q)
Ci+Ciy1 1=1,2,...n—1

Fig. B-1c shows the resulting network with capacitances Coy — Cy,.
The currents Iy — I,, flowing in Cy — C,, can be approximated by as-
suming that the voltage over each of them is V4. This assumption is based
on the fact that most of the zero sequence voltage drop occurs over the
capacitances compared to the series impedance. The current through each
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of these capacitances can thus be approximated as
I; = jwCiVp (B.3)

The sum of these currents must equal the current 31y flowing onto the
ring. Using current division, the currents measured on feeder A and B are
obtained in (B.4).

1
n
n—1 ~
+ I,

n—1 n—2

. i . . 0
3loa=Io+ 1 + I + .o+ 1 +Inﬁ

(B.4)

-~ 0 =1 ~ 2 ~
Slopp=Ip»—+L—+L—+ ..+ 1,4
n n n n

Equation (B.4) can be written more compact as in (B.5).

" n—i
3loa=>» I -
=0

n .
3lop = Z ji%
i=0

Inserting (B.3) into (B.5):

(B.5)

1

. S n—
3IOA = ]UJVO Z CZT
=0 (B.6)

n
3Io = jwVo > C
=0

i
n
Because the zero-sequence network assumes symmetrical impedances

and admittances in the three phases, n4 and np in (B.1) are zero in this
analysis. The ratio of m4 and mp is then found as:

ma _ Cig Gt (B.7)
mp >icoCiy

Recognizing that mp =1 — m4, m4 is found as

my===0"n_ (B.8)
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The correct solution is found as n — oo, so the value of n is selected
to give the desired accuracy. To account for laterals, the entire zero-
sequence capacitance of the lateral is added to the capacitance C; in the
corresponding location.

See below for an example of a Matlab-script computing the values of
my and mp for the network in Paper III.

Calculating m4 and mp in Paper III

The following Matlab-script shows how m 4 and mp can be calculated with
the analytical approach. Network data correspond to Paper III.

%$Select the size of the series impedance in each segment. Smaller
%$values gives more accurate results as n approaches infinity.
z=0.00001;

%$The network has eight unique segments A-H counting from the
$start of feeder A.

L_segA=3;

L_segB=4;

L_segC=6;

L_segD=5;

L_segE=3;

L_segF=1;

L_segG=6;

L_segH=2;

%$zero sequence line parameters for overhead (oh) and cables
z_cable=0.125+13%«0.11;

cO_cable=280x1e-9;

z_oh=0.413+13%1.134;

cO_oh=6.1%x1e-9;

%$segment impedances
Z_segA=z_cablexL_segA;
Z_segB=z_cablexL_segB;
Z_segC=z_ohxL_segC;
Z_segD=z_ohxL_segD;
Z_segE=z_ohxL_segkE;
Z_segF=z_ohxL_segF;
Z_segG=z_cablexL_segG;
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Z_segH=z_cablexL_segH;

%$segment capacitances
C_segA=cO_cablexL_seghl;
C_segB=cO_cablexL_segB;
C_segC=c0_ohx*L_segC;
C_segD=c0_ohx*L_segD;
C_segE=c0_oh*L_segE;
C_segF=c0_ohx*L_segF;
C_segG=cO_cablexL_segG;
C_segH=cO_cablexL_segH;

%$Computing the number of PI-equivalents per segment, based on the

%$selected value of z. Rounding to give integer.
A=round (abs (Z_segh)
B=round (abs (Z_-segB)
C=round (abs (Z_segC)
D=round (abs (Z_segD)
E=round (abs (Z_segE)
F=round (abs (Z_segF)
G=round (abs (Z_segG)
H=round (abs (Z_segH)

%$Total number of segments on the ring
n=A+B+C+D+E+F+G+H;

%$compute all regular capacitances Cs for each of the n segments

%$on the ring
Cs=zeros (1l,n);
for segment=1l:n
if (segment<=A)
Cs (segment)=C_segA/A;
elseif (segment>A && segment <=A+B)
Cs (segment)=C_segB/B;
elseif (segment>A+B && segment <=A+B+C)
Cs (segment)=C_segC/C;
elseif (segment>A+B+C && segment <=A+B+C+D)
Cs (segment)=C_segD/D;
elseif (segment>A+B+C+D && segment <=A+B+C+D+E)
Cs (segment)=C_segE/E;
elseif (segment>A+B+C+D+E && segment <=A+B+C+D+E+F)
Cs (segment)=C_segF /F;

elseif (segment>A+B+C+D+E+F && segment <=A+B+C+D+E+F+G)
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Cs (segment)=C_segG/G;
else
Cs (segment)=C_segH/H;
end
end

$compute all derived Cs, C_tilde.
CCs=zeros (1l,n+1);

for current=1l:n+1
if (current==1)
CCs (current)=Cs (current) /2;
elseif (current>1 && current <n+1)
CCs (current)=(Cs (current—-1)+Cs (current)) /2;
else
CCs (current)=Cs (current-1)/2;
end
end

%add laterals between segments manually by summing the
%$capacitance of the lateral to the corresponding element in CCs.

%$Lateral AB is between A and B, corresponds to element A+l in
%CCs. We have laterals between segments A and B, C and D,

%D and E, E and F, F and G.

C_latAB=13*c0O_cable+6*c0_oh;

C_latCD=8xc0O_cable+7+xc0_oh;

C_latDE=6+xc0O_cable+19%c0_oh;

C_latEF=5+xc0O_cable+4xc0_oh;

C_latFG=2xcO_cable+3xc0_-oh;

%adding the entire capacitance of each lateral to the correct
%$location on the ring:

CCs (A+1)=CCs (A+1) +C_latAB;

CCs (A+B+C+1)=CCs (A+B+C+1) +C_1latCD;

CCs (A+B+C+D+1)=CCs (A+B+C+D+1) +C_latDE;

CCs (A+B+C+D+E+1)=CCs (A+B+C+D+E+1) +C_latEF;

CCs (A+B+C+D+E+F+1) =CCs (A+B+C+D+E+F+1) +C_latFG;

$Computing the sums required for compting mA and mB
sumA=0;
sumB=0;
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for i=1:n+1
sumA=sumA+CCs (i) * (n-1i-1) /n;
sumB=sumB+CCs (1) * (1-1) /n;
end

R=sumA/sumB;

R2=sumB/sumA;

fprintf ('Resulting values:\n")

mA=R/ (1+R) ;

mB=R2/ (1+R2) ;

$mA can also be calculated directly as: %

$mA=sumA/ (C_segA + C_segB + C_segC + C_segD + C_segE + C_segF
%+ C_segG + C_segH + C_latAB + C_latCD + C_latDE +C_latEF +
$C_latFG

%or simply

$mA=sumA/sum (CCs)

fprintf ('$s%.4£%s%.4£%s\n', "xxx mA = ',mA,', mB= ',mB,' xxx')
fprintf ('\n'")
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