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Abstract

This introduction presents the general state of development of distribution networks.
The Greenlys project, frame of the work presented in this thesis, is introduced as well
as the data, on which our work is based, that we obtained throughout the partnerships
in this project. The thesis outline will conclude this introduction.



2 General Introduction

1 State of the developments in distribution networks

For a long time distribution networks have been operated in a very simple and prac-
tical way. The diversity of the situations: rural network, urban network, overhead lines,
underground cables, very different territories and climatic conditions, always lead to an
adapted operation of each distribution network. The only developed equipment was mainly
analogical and dedicated to ensure the safety of the network and its users.

Even though the distribution network was operated live, not many data was available,
unlike the transmission network where the securing operations are much more developed.

New challenges of today for network operators are mainly to develop an intelligent and
sustainable energy management. These challenges bring all the different actors to work
together in order to re-think the whole electrical network and specifically the distribution
networks which lags behind.

Even though distribution networks have been upgraded through time and that new
digital equipment replace the historical analogical one, the distribution networks today do
not possess the correct equipment to allow a full response to those new challenges. It is
in this context that the notions of “smartgrid”, and “Advanced Distribution Automation”
functions, emerged, referring to a connected network in terms of information flow but also
operating orders which will possess the necessary advanced distribution tools to allow the
development of new operation methods, the integration of new technologies, and by these
means the response to the complicated energy challenges that we will face.

2 The Greenlys project

The work presented in this thesis is part of the Greenlys project!, “the first full scale
Smart Grid demonstration project'.

This project is financed through a program of investments for the future? which al-
locates financing through various call for interests. The French Environment & Energy
Management Agency® makes many call for interests concerning the four programs within
its competencies: technological demonstration platforms in renewable energy and green
chemistry, smartgrids, circular economy and vehicles of the future. Greenlys is one of them.

Greenlys, which started in 2012 and will end in 2016, has been set up by a consor-
tium of partners, major stakeholders in the French electricity market with complementary
skills: Electricité Réseau Distribution France (ERDF), the project leader, GDF Suez,
Caz Electricité de Grenoble (GEG), Schneider Electric, Grenoble Institute of Technology
(Grenoble INP), Atos Worldgrid, Réseau de Transport d’Electricité (RTE), Alstom, the

1

www.greenlys.fr

Z4Investissements ~ d’avenir”  from the “Commissariat général &  linvestissement” -
www.gouvernement.fr /investissements-d-avenir-cgi

3ADEME - Agence de PEnvironnement et de la Maitrise de ’Energie - www.ademe.fr



3. Network data 3

CEA national solar energy institute (CEA INES), Rhone-Alpes Energie Environnement
(RAEE), Hespul and the CNRS LEPII-EDDEN (Economy of sustainable development and
energy) laboratory.

The G2Elab* (Grenoble Electrical and Engineering Laboratory), which is part of
Grenoble INP®, participates in many divisions of the project.

The division in which this work fits in is “Distribution network performance and agility:
the self-healing network”.

3 Network data

The two Distribution System Operator (DSO) part of Greenlys (ERDF and GEG)
both provided us with complete data concerning parts of their network. This data made
it possible to conduct complete network simulations with the minimum of unknown pa-
rameters, therefore allowing simulations the closest as possible to real situations.

One of the DSO also provided us with real fault measurements which occurred on the
same feeders that we obtained data from. However, as our work concentrates on developing
a new fault localization method based on smartgrid networks with the available technology
(in terms of signal measurements and communication) that goes with it, and despite the
numerous signals which the DSO records, the data unfortunately did not include all the
needed information in order to test our method on these real measurements.

However, the provided data was used in order to perform simulations using models the
closest as possible to reality. Therefore the results throughout our work are obtained with
simulated faults that are close to reality.

4 Thesis outline

The first chapter of this thesis aims at presenting the state of the art of the various fault
localization methods existing in general and more specifically for distribution networks.
We also present the outline of the new method that we develop in the rest of the document.

The second chapter presents a fault localization method which is based on the actual
equipment of most distribution networks, and locates which section or area of the network
is faulty. It is not a precise fault distance computation algorithm. However, based on a
probabilistic process, the method shows how to use efficiently the already available data in
order to compute faulty section detection with a high success rate despite possible equip-
ment failures.

4www.g2elab.grenoble-inp.fr

5Grenoble Institute of Technology



4 General Introduction

Chapter three describes in details the theory of the proposed precise fault localization
method. It details the different stages of the methods, the conditions as well as the limits.

The last chapter presents the results that we obtain applying our method on simulated
real networks. We analyze the different performance, depending of the method parame-

ters, the fault situations or the type of network, as well as the perspectives of improvements.

The thesis is finally ended by a general conclusion.
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Abstract

We present in this first chapter a state of the art of the research in the field of electrical
network fault localization. To cope with the historical development of fault localization,
a general fault localization state of the art is first detailed, mainly focused on trans-
mission network dedicated solutions, before presenting a more specific state of the art
concerning adaptations of fault localization methods to the distribution network. Fi-
nally the outline of the goals and obstacles which will meet the method developed in
this thesis is presented.
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1 Introduction

When first considering the electrical network fault localization research field, one will
first find developed methods and techniques which are designed to identify and isolate a
zone or area. It is indeed the first concern of a Transmission System Operator (T'SO) or
Distribution System Operator (DSO) under a fault situation to know which area is faulty
and which switches should be operated in order to isolate the fault from the rest of the
network.

This concern has therefore brought the different actors to develop simple, robust and
easy to implement solutions, such as impedance relays for transmission networks, or fault
current detectors for distribution networks. However, if some of these solutions can quickly
locate a faulty area, the precise localization which is done off-line (once the fault is iso-
lated from the network) is often very time consuming and require dedicated equipment
and methods.

Consequently, other methods which concentrate on trying to locate precisely the faults
have been developed. They are a bit more complex than the faulty area localization
methods, but have the advantage of locating the faulty section or area, therefore allowing
a quick and efficient switch operation to isolate it, and at the same time give a precise
location of the fault. It is this kind of method which is proposed in this thesis and that is
developed in the following state of the art.

2 General fault localization state of the art

Note: the methods presented in this state of the art concern on-line fault localization
method meaning techniques that are processed while the fault is still occurring and while
the feeder is still powered, opposed to off-line techniques which are designed to locate the
fault once the feeder is disconnected.

Fault localization is a research topic which of course appeared at the same time as
the development of electrical networks. As these networks were developed throughout two
main levels: transmission and distribution, fault localization research was concentrated on
the most critical one: the transmission network. Nowadays technologies that are used for
fault localization on the transmission network are still technologies developed more than
ten years ago, even if they have of course been improved since. We describe in the following
paragraphs the evolution and the different techniques of fault localization on transmission
networks.

The first fault localization technique was of course the visual inspection of the lines
and equipment, thus being very time consuming. Therefore new methods based on mea-
surements and computations emerged quickly. The first one is probably the use of a
current ratio (between one terminal ground current and the total ground current) [Lantz,
1962], but this method is not robust to resistive faults. Other methods such as frequency-
modulated radar techniques were also used [Stevens et al., 1972].
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Quickly, new fault localization methods were developed, this time using the measure-
ments and analysis of traveling waves produced by the fault appearances. Finally, with
the development of protection relays based on the network reactance computation, fault
loop impedance computation methods were consequently elaborated. Generally, the first
method development were using two-end terminal techniques, which needed communica-
tion between both ends, but often evolved in more complex version using only one-end
terminal data.

The following list presents chronologically non exhaustively different fault localization
methods.

e Fault localization using fault generated traveling waves
These methods consist in detecting in the measured currents and voltages fast trav-
eling waves produced by unusual electrical events such as a fault. Also used for fast
detecting relays [Chamia and Liberman, 1978], it is used as soon as the early 80’s
[Crossley and McLaren, 1983] to locate faults.

This fault localization method uses the comparison of the time travel of the different
surges generated by the fault. When a fault occurs, one surge will travel in direction
of the relay, while another one will travel in the other direction to another relay.
It is the time difference between the detection of these two surges (which can be
done by monitoring electrical variables or as mentioned below by applying a wavelet
transform to the signals) at the relays which allows to determine the fault distance.
However, despite the “simple” topology of a transmission network, the reflections of
the fault surges at different “nodes” of the network and the travel speed of the waves
can considerably complicate the fault localization. The wavelet transform theory
[Magnago and Abur, 1998] is based on the traveling wave theory but instead of an-
alyzing relaying signals, it applies a wavelet transformation to the measured signals
in order to identify the high frequency components of the fault transients.

e Fault localization by computing the fault loop reactance
Reactance computation is a technique which is already used by protection relays.
These relays are tuned to protect a certain zone. In order to know whether the fault
is inside or outside the protected zone, the reactance of the network during the fault
is computed. The results will then be interpreted depending on the reactance value
and are linked to different time delay.

It is this reactance that can be expressed as a distance when knowing the conductors
characteristics. However this method shows some imprecision which are dealt with
in [Wiszniewski, 1983] where the authors add the estimation of the fault resistance.
Fault loop impedance methods have later been developed for distribution networks

as we will see in section 3.2.

e Fault localization by directly computing the fault distance
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This method was developed in 1982 [Takagi et al., 1982]. It consists in developing
network equations and expressing the fault distance using data from one terminal
only. This method makes two assumptions which are proper to transmission networks
(see appendix B). [Adu, 2001] proposes a variation of this method.

We will describe in more details this method throughout the thesis.

3 Current fault localization methods for distribution net-
works

3.1 Introduction and transmission versus distribution networks

Fault localization procedures are probably as various as are the distribution networks
around the world. A complete fault localization procedure is made of a fault detection
stage, a fault isolation stage in order to protect the rest of the network and finally a fault
localization stage which is necessary in order to repair the network before returning to
normal operation.

For example, the french DSO, ERDF, uses three functions: fonsynt, fonloc and fonrep,
during its entire fault procedure, which are centralized and performed at the local opera-
tion center. The fonsynt function analyzes and identifies the type of fault, then the fonloc
function operates the circuit breaker, gathers fault indicators information and locates the
fault, and finally the fonrep funtion is used to reconfigure the network and restore the
energy supply to a maximum of clients.

More generally, each of these stages will be particular to the network on which the fault
occurs. Fault detection, for example, is affected by the type of neutral grounding of the
substation’s transformer. A protection plan is usually defined for each network and each
fault type (single or multiphase), depending of its installations, voltage characteristics and
others in order to isolate the faulty part from the rest of the network. The fault localization
stage is affected by many characteristics: transformer neutral grounding, topology, type
of loads, conductor characteristics, type of faults, etc, which makes it difficult to perform
a good and precise fault localization, especially when there is a unique measurement point
at the head of the feeder.

In most cases, at least in French networks, it is actually not really a fault localization
but a faulty section localization which is done. Indeed the method is mostly based on the
information given by fault indicators which are located in strategical nodes of the network,
most of the time nodes which also possess a manual or remote trigger switch. As it will be
described in chapter II, these fault indicators only detect the presence of a fault current
which indicates a fault location downstream or upstream of the fault indicator (some fault
indicators can also detect the direction of the fault current).

The fault localization method that are presented in the following state of the art are
methods which use the measurements of the electrical characteristics in one or multiple
points of the network, and which base the fault localization on the analysis of these mea-
surements. These methods can be opposed to the methods performing faulty section or
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area localization, such as the method described previously and using fault indicators in-
formation.

e Differences between distribution and transmission networks

Historically, fault localization methods have been first developed for transmission net-
works. Indeed the transmission network is more critical since a major fault can affect a
very big area, many industrial and residential costumers and can even lead to economical
consequences for a region, state or country. Furthermore, distribution networks are usually
sparsely equipped in monitoring equipment. For all these reasons, research on fault local-
ization methods for the distribution networks is not as mature, and is still in development
stage.

The meshed structure of the transmission network is opposed to the radial configura-
tion of the distribution network. On the transmission network, power flows on a line can
be in both directions, depending of the loads. Therefore the methods developed for the
transmission network need to use information retrieved from both ends of a line.

Furthermore, a transmission line between two nodes is often very long and made of
only one continuous conductor, thus limiting the number of needed equipment in order to
localize faults. The distribution network is completely different: its radial configuration
is made for a power flow from top to bottom, it often possesses many nodes and laterals,
and has smaller distances with many different conductors. The consequence is a network
which is more complicated to monitor, and it is therefore harder to localize faults.

3.2 State of the art for distribution networks

Concerning fault localization on distribution network, different approaches exist. A
method developed in Finland in 1994 [Jarventausta et al., 1994] uses fuzzy sets in order to
determine the network sections which have the most possibilities of enduring a fault. This
method, not based on a fault distance computation, uses knowledge such as topology of the
network and its environment, considering that most faults occur due to weather conditions.

In 1997 another technique is published [Zhu et al., 1997]. This quite complete method
computes a fault distance in an iterative way. It first estimates the remaining load current
downstream the fault point by using a radial power flow algorithm and subtracts it to
measured phase current in order to estimate the fault current. Then the fault distance
is computed, as well as the fault resistance. This process is done iteratively until a con-
vergence criteria is met. Subject to uncertainties (system modeling, phasor estimation,...)
the authors also develop a probabilistic extension to their method in order to improve the
results.

[Welfonder, 1998] proposes another method which is developed specifically for dis-
tribution networks with a compensated neutral. This method consist of two parts: a
propagation method of the voltage and currents measured at the head of a feeder, and
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a localization process using the propagated measurements at the head of each section of
the network, at different frequencies than the classical 50 Hz due to the particular type of
neutral grounding (compensated neutral). This approach necessitates the estimation of
the fault resistance, and computes the fault distance using a polynomial equation and a
fault loop impedance approach.

Other methods have been published in the years two thousand. All developing new ap-
proaches: one based on a direct circuit analysis [Choi et al., 2004] particularly efficient for
unbalanced systems, another based on the frequency response and the analysis of transients
at the initial fault moment [Bogdashova and Kachesov, 2005]. The last one is more a faulty
section localization method [Pham, 2005] as it does not compute a fault distance but uses
the data from fault indicators to compute probabilities of the network sections to be faulty.

Some more specific works focus on the detection of high impedance faults [Masa, 2012]
or the special case of arc type faults [Elkalashy et al., 2007]. These type of works are useful
for a full understanding of the complexity of fault situations and will help in developing
complete fault localization methods adapted to a large range of situations.

However, the most documented methods are the following: the computation of the
fault loop impedance which is then transformed in a distance, and the direct computation
of the fault distance using the network equations.

e Fault loop impedance computation methods
As described in section 2, these methods compute the impedance of the loop created
by the fault by using the imaginary part of an electrical network equation. This
impedance can then be compared to the per unit length impedances of the lines and
cables of the network in order to determine a distance.

[Wiszniewski, 1983] published a paper on this method for transmission networks. It
has since been adapted for distribution networks [Saha et al., 2001] by combining the
fault loop impedance computation with a feeder impedance computation, section by
section, in order to find a match between the two values, and therefore locate the
fault.

In [Penkov, 2006], the author uses a fault loop impedance method and analyzes the
impact of distributed generation unit on this fault localization method for various
fault types and neutral grounding types. The author also concentrates on discrimi-
nating zones, rightly stating that computing a fault distance on radial distribution
networks is not enough to locate precisely the fault.

Other works compare this method with a fault distance computation method about
the effect of the load current [Karnik et al., 2011] or their effectiveness on non-
homogeneous networks [Kulkarni et al., 2011].

More recent works [Das et al., 2011] introduce complementary approaches such as
using fault current profiles from fault simulations at different nodes of the network
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which are to compare with the measured fault current in order to locate the fault.

e Fault distance computation

The first fault distance computation method was proposed in 1982 for the transmis-
sion network [Takagi et al., 1982] and later reviewed [Adu, 2001].

Based on the network equations expressing the phase voltages and symmetrical com-
ponents voltages [Karnik et al., 2011] at the measuring point in function of the net-
works elements, the method allows the computation of the fault distance with a
minimum of information. The authors evaluate the effect of the load current on this
method, while [Kulkarni et al., 2011] evaluates the effect of the non-homogeneous
character of most distribution networks.

3.3 Method summarization table

Table 1.1 presented here summarizes the different fault localization mentioned in the
previous sections.
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Table I.1: Summary of the various fault localization methods presented throughout this chapter
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4 The need of an improved method

4.1 Goals

The new method developed in our work is based on a fault localization method for the
transmission network. Our goal is to adapt the method to the specific particularities of
distribution network in order to create a tool which brings effectiveness, speed and preci-
sion in fault localization on distribution networks.

An effective method is a method which possesses a high success rate. A fault localiza-
tion algorithm which is too often wrong is probably worse in term of effectiveness when
considering the useless on field work which will result from the wrong localizations.

Speed in fault localization is a main objective for many reasons. First of all it is neces-
sary to recover power to all customers as fast as possible. But it cannot be done without
numerous steps: localization of the exact fault location, remote and manual switch op-
erations in order to reduce the black-out zone, maintenance and finally complete power
recovery for the black-out zone. However all these steps cannot be done effectively without
a quick access from the expert to precise information concerning the fault location. The
goal is therefore to develop an algorithm that can deliver an analysis of the fault situation
and propose possible fault locations in a few minutes on the basis of measurements per-
formed only at the head of the feeder.

The precision of the localization is also very important and of course the developed
method aims to give fault localization results as precise as possible. However, the preci-
sion depends on many parameters that are not always inherent to the method, such as
for example: input data precision, topology of the network, fault resistance. The desired
precision can also vary depending of the DSO’s needs concerning the localization. For
example a DSO with switches every 300 meters on its network might not necessarily need
a precision in the order of a meter.

Beyond these general goals, the method that we develop in our work also aims in
solving specific problems related to the particularities of a distribution network, listed
below:

e the strong heterogeneity of the line/cable types (conductor section, electrical char-
acteristics...)

the radial structure of most distribution feeders

the tapped loads

the few data available about the state of the network operation and the loads status
e a unique measurement point

Apart from the fault localization method that we will develop in this thesis, part of
our work also concentrates on improving a faulty section localization method (see chapter
IT), based on the existing equipment available and already installed on most distribution
networks nowadays: fault indicators which indicate if an abnormal current (therefore due
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to a fault situation) has been detected.

Our goal by developing such a method is to provide another solution to the fault
localization problem, which is not based on new equipment, or advanced distribution
tools, but rather on doing better with what is already available.

4.2 QObstacles

Many obstacles will need to be overcome in order to succeed in developing such a
method. As the different works presented in this chapter show, the developed fault local-
ization method are often specifically dedicated to solving one particular problem, which
will be enough for some distribution networks, but not for all.

The obstacles to developing a more general method are therefore numerous. First of
all, we can draw the attention on the type of neutral grounding of the transformer of
the network substation. Indeed, compensated neutral grounding do not lead to the same
electrical phenomena than impedant neutral grounding. The differences are major, in
terms of fault current amplitude and dominant frequencies for example, and will hardly
be managed by a unique method.

The unknown fault resistance, or maybe impedance, is also a fault parameter which
should be overcome by the method. This factor is strictly uncontrollable and is also poorly
known. Most of the research considers a resistive fault, even if the special case of arc faults,
which show a very specific time depending impedance, have also been studied [Elkalashy
et al., 2007].

Another concern is the complex radial topology of most distribution networks, which
necessitates another approach than the classical unique observation point like in transmis-
sion fault localization systems.

5 Conclusion

As the presented state of the art show, there are a certain number of methods or varia-
tions of methods that have been developed in the field of fault localization for distribution
network. Most of the time concentrated on one particular problem, no general or universal
method has yet been developed, and considering the great variety of distribution networks
around the world it is without any doubt a great challenge.
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Abstract

We develop in this chapter a probabilistic fault localization method based on remotely
retrieved fault indicator states. We will describe the current use of fault indicators
before developing the probabilistic method. The method will then be applied to a simple
test case in order to clarify its mechanism. Advanced developments and analysis are
then detailed before showing some results as well as performances.
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1 Introduction

Fault indicators (FI) are part of the protection scheme of a distribution network. A
fault indicator is an equipment which is used during the fault localization process. Fls
have been designed to be able to detect the flow of a fault current on the line or cable
where they are installed. They work with a basic current threshold logic which considers
that the current flow is not normal but due to a fault situation when its value passes the
threshold value.

The logic of the FlIs is always based on a current threshold. However, some models
called “directional FI” can also detect the direction of the current flow, which therefore
need to know the voltage. However it is almost always an estimation of the voltages and
currents by the measurements of the magnetic and electric fields issued from the con-
ductors. When using non-directional FIs it is the observation of the next upstream and
downstream FIs which can give the direction of the fault current flow and therefore the
fault location.

Let us consider that non-directional FIs have 2 states: no fault current detected / fault
current detected. Directional FIs will therefore have 3 states: no fault current detected
/ upstream fault current detected / downstream fault current detected. During the fault
localization process, the states of the FIs need to be retrieved in order to analyze the fault
current flow in the feeder.

They are two types of Fls, the communicating FIs and the non-communicating FIs.
The state of the communicating FIs can be retrieved remotely and is used by the operation
scheme in order to quickly isolate the faulty section from the rest of the network. The
non-communicating FIs use a light signal on site, therefore a maintenance crew has to
physically move on field to retrieve the FI state. In France, communicating FIs are often
associated to a remote switch, meanwhile non-communicating FIs can be associated to a
manual switch. The FI state information is therefore used in two steps: communicating
FIs are used for an automatic faulty zone isolation, and non-communicating FIs are used
for a finer fault isolation by on field expert.

2 Reliability problems of fault indicators responses

Fault indicators are equipment which are not meant to be used frequently. Most models
are battery powered and do not detect a fault current for years. However it is important
that FIs work properly when a fault occurs, and it is generally once a fault occurs that the
malfunctioning of a FI is detected. This aspect can be critical for the fault localization
process. As previously said, most FIs models need to be retrieved on field. This means
that technicians need to check each FI starting from the substation and going downstream
along the feeder and its laterals. As long as the FlIs state is “fault current detected” the
technician keep going downstream. Logically the fault location should be somewhere be-
tween the last FI with a “fault current detected” state and the following FI with a “no
fault current detected” state. Of course if there are laterals starting somewhere between
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these two FIs, they need to be checked too (see figure II.1).

FI

Figure II.1: Fault on a lateral between two FIs

The fact that Fls can have failure weakens this reasoning. Indeed it is possible that
a defective FI misleads the technicians looking for the fault location (see figure 11.2). In
order to avoid these cases, the technicians are often forced to check all the FIs of the
feeder, which is even more time consuming.

Figure II1.2: Defective FI misleading experts on the real fault location

3 Probabilistic method

This method is developed in a specific context. We previously stated that the actual
method, consisting of experts going on field and retrieving FI states manually, is limited
since it is very time consuming. The future context will consist of new equipment which
will be able to communicate remotely state. It is therefore on this smart grid context with
communicating FIs that the method we developed is based.

3.1 Signature matrix of the FIs of a network

Considering a network with FIs we can divide it in sections, each section being bor-
dered by one upstream FI and one downstream FI (except for the last section). This
means that for each section there is a number of FIs that has detected a fault current and
the rest that has not detected anything. We can therefore say for each section there is a
sort of “signature” made of all the FIs states. And thinking the other way around, that
for a given FI “signature” there is a corresponding faulty section.

We will first describe how the signature matrix is built. Considering “non directional”
FIs, which possess only 2 states:

e 0: no fault current detected
e 1: a fault current is detected
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“Directional” FIs will have 3 states:

e 0: no fault current detected
e 1: a downstream fault current is detected
e -1: an upstream fault current is detected

To build the signature matrix we will consider each section and look which FIs are on
the fault current path. These FI’s will be in state 1 (or -1 when the fault current is flowing
upstream) and the others in state 0. The cases with upstream fault current detected can
occur only if there is a distributed generation unit on the feeder and that it contributes
to the fault current.

Let us consider the network of figure I1.3 which has 6 sections which correspond to 6
different possible fault zones. Each zone has its corresponding signature.

For a fault on section n°3 for example, the FIs n°1, 2 and 3 will see a fault current
flow, and FIs n°4, 5 and 6 will not see the fault current. We will therefore write that the

signature of a fault on section n°3 is:
e S3=[111000]

A signature can therefore be built for each section of the network. Regrouping all the
signatures of each section together gives us a signature matrix (see table II.1) which gives
for each possible faulty section the corresponding FI signature.

Fault Indicator number

1 2 3 4 5 6

1] 1 0 0 0 0 0

2|1 1 0 0 0 0

Without DGU || L | 1L [ 1 | 0 1010
4| 1 1 1 1 0 0

5| 1 1 1 1 1 0

Number of faulty line 61 1 1 1 1 1
1 1 -1 -1 -1 0 0

2 1 1 -1 -1 0 0

withDgU | o, L | L1 00
4| 1 1 1 1 0 0

5| 1 1 1 1 0

6| 1 1 1 1 1

Table I1.1: Signature Matrix of the simple 6 sections network, without or with presence
of DGU
Cell colors are only here to help visualizing the signature matrix content

If we consider the same network but with the presence of a Distributed Generation
Unit (DGU) between FIs n°4 and n°5, on a fault occurrence on section n°3 the FI n°4 will
be in state -1 due to the upstream fault current that it will detect. The corresponding
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Figure I1.3: Simple network (with and without DGU) with FIs seeing a fault on section
n°3

fault signature of section n°3 for such a network is S5 =[111-10 0].

A fault localization algorithm could hence use such a fault signature matrix in order
to instantly determine the faulty section depending of the network FIs states. However,
as stated previously, the failure of this kind of equipment is not rare, and it would result
in a fault signature which does not belong to the fault signature matrix.

Example of a fault signature which does not belong to the signature matrix:

® Staur = [1 0110 0] — FI n°2 is defective. Even if this signature is not in the
signature matrix, it is quite easy to guess which FI is defective

® Stqur = [111000] — FIn°4 is defective. For this signature, it is impossible to
know that it is S4 with a defective FI because the signature corresponds exactly to
another existing signature, Ss.

3.2 Reasons of data corruption

We have been talking in the previous paragraphs of defective FIs which consequently
corrupt the fault signature. But in a context of remotely retrieved information, data cor-
ruption can occur at various levels of the communication system. The probabilistic method
developed in the following is therefore very interesting as it makes the fault localization

process robust to data corruption of any kind.
3.3 Definition of functioning rates and probability coefficients

The proposed probabilistic method is based on various computations made from FI
functioning rates and probability coefficients.

3.3.1 Functioning rates

Let us define the following rates:

e functioning rate of a FI: o, it is the probability that when its state is read the FI is
functioning; (1-«) is therefore the probability that when its state is read the FI does

not function.
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e correct functioning rate of a FI: 3, it is the probability that the FI is working correctly
(meaning in its correct state for a given situation). (1-5) is therefore the probability
that the FI is in a wrong state (not the state is should be considering the given

situation).

A non-directional FI state has only two values (0 or 1), so for each correct state, there
can be only one wrong state.

In the following, unless stated, o and  are equal to 0.95 (see appendix A
for more details).

3.3.2 Probability coefficient associated to directional FIs

Directional FIs are slightly different. Indeed their state can take 3 values (0,1 or -1),
which means that for each state there is one correct state and two wrong states. We
can introduce new probability coefficients that will distribute wrong state probabilities
between each two wrong states:

e ¢: probability that when not working properly a FI is in state 1 instead of state 0
(1-¢) being the probability that the FI is in state -1 instead of 0

e ¢’: probability that when not working properly a FI is in state 1 instead of state -1

(1-¢’) being the probability that the FI is in state 0 instead of -1

€”: probability that when not working properly a FI is in state -1 instead of state 1

(1-€”) being the probability that the FI is in state 0 instead of 1

In the following, unless stated, ¢ is equal to 0.5, and ¢ and ¢” are equal to
0.3 (see appendix A for more details).

3.4 State probabilities table

Now that state probabilities have been defined, we can compute for each possible
situation the probabilities for a FI to be in one or another state. There are two main
situations: the FI functions or does not. In the case that the FI functions there are two
or three sub-situations (depending if the FI is directional or not): there is no fault, there
is a downstream fault, there is an upstream fault. These cases are summarized in tables
11.2 and II.3, and examples below show how the tables are filled.

FI’s stat
State probabilities 0 > stare ;
The FI does not function 11—« 0
Situation ) Fault | a.(1—75) a.f
The FI funct
¢ FL RO P falt | B | (1 - B)

Table I1.2: State probabilities of non-directional Fls
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Using the probabilities defined in 3.3.1 and 3.3.2, we can define the state probabilities
such as in the examples below.

Example for non-directional FIs:

Situation: the FI does not function — correct state = 0
State probabilities:

e P(0) = (1 — «), as defined, (1 — «) is the probability that the FI does not function
e P(1) =0, since it does not function, the probability to be in state 1 is zero.

Situation: the FI functions and there is a fault — correct state = 1
State probabilities:

e P(0) = a.(1—p), as defined, (1 — 3) is the probability that the FI does not function
correctly. In order to be in state O when there is a fault, the FI functions («) but

not correctly (1 — f3).
o P(1)=0a.p

Example for directional Fls:

Situation: the FI does not function — correct state = 0
State probabilities:

e P(0)=(1-«)
e P(1)=0
e P(—-1)=0

Situation: the FI functions and there is a downstream fault — correct state = 1

State probabilities:

e P(0) = a.(1 = B).(1 —¢'), the FI functions and should be in state 1, therefore
the probability that it is in state 0 is the probability that it functions («) but not
correctly (1 — ) and also that the wrong state is 0 and not —1 (which corresponds
to (1 —¢), see 3.3.2)

e P(1)=0a.p

e P(-1)=a.(1-p).¢

_ FI’s state
State probabilities 0 T x|
g The FI does not function l-a 0 0
o= . _ ! _ /
§ The FI Downstream fault | «a.(1 —3).(1 5//) a.fp § a.(l1—p).e
2| et Upstream fault | a.(1—75).(1—-¢€") | a.(1—-75).c a.f
o1 | tunckions No fault a.f a.(l=0)e | a.(1=70).(1—¢)

Table 11.3: State probabilities of directional FIs

By doing this for every situation possible, we can build the state probabilities table for

non-directional and directional FIs.
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3.5 Conditional probabilities table

Once state probabilities have been defined, we can define conditional probabilities. We
will thereafter discuss about actual states and ideal states:

e the actual state is the state of the FI at a given time
e the ideal state is the state in which should be the FI for a given situation

The conditional probabilities will give us the probabilities for an FI to be in a given
actual state knowing its ideal state : P(actual state/ideal state).

To compute the conditional probabilities, we will use the state probabilities tables I1.2
and II.3. The method is simple: for a given actual state, we add the state probabilities of
the two main situations (FI does not function and FI functions) since these two situations
are disjointed sets. For the situation where the FI functions, we use the probability corre-
sponding to the ideal state.

Examples: Let us compute the following conditional probabilities for directional FIs

using 11.3

P(0/0) = probability of the FI to be in state 0 knowing that it should be in state 0

e the FI does not function: 1 — «
e the FI functions / there is no fault: a.(

— P(0/0)=1—a+a.p

P(1/0) = probability of the FI to be in state 1 knowing that it should be in state 0

e the FI does not function: 0
e the FI functions / there is no fault: a.(1 — f).e

— P(1/0) =0+ a.(l1-p)e=a.(1—-p)e
The conditional state probabilities tables (Tables II.4 and II.5 for non-directional FIs,

and tables I1.6 and II.7 for directional FIs) are filled with the same reasoning for each
combination actual state/ideal state.

Ideal state
0 1
O|ll—-a+af|l—a+a(l-0)
1| a.(1-0) a.f

Actual State

Table I1.4: Conditional state probabilities table for non-directional FIs

These conditional state probabilities have been defined for the state of one FI. But we
now need to consider the entire signature of the FIs of the network. We will define R as
the response signature, meaning a signature composed of the states of the FIs during the
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Ideal state

0 1
0.9525 | 0.0975
1] 0.0475 | 0.9025

Actual State

Table I1.5: Conditional state probabilities table for non-directional FIs - numerical values

fault. S; will refer to the ideal signature of the FIs for a fault on section i. Therefore
instead of defining the probability P(actualstate/idealstate), we will define P(R/S;).
The P(R/S;) will be the sum of all the P(actualstate/idealstate) for each of the FIs

composing the signature R.

Ideal state

0 1 -1
l-a+ap l—a+a(l=-p).1-¢)|1-a+a(l-0).(1-¢")
Actual State | 1 a.(1-p8).e a.f a.(1-p8).e”
1| a(l=p).(1-¢) a.(1—p). a.f

Table I1.6: Conditional state probabilities table for directional Fls

Ideal state
0 1 -1
0.95250 | 0.08325 | 0.08325
Actual State | 1 | 0.02375 | 0.90250 | 0.01425
-1 | 0.02375 | 0.01425 | 0.90250

Table I1.7: Conditional state probabilities table for directional FIs - numerical values

3.6 Probabilities computation

We previously have computed the conditional probability P(R/Si), which corresponds
to the probability of the signature response to be R knowing that it should be Si. However,
this is not the probability that interests the distribution system operator. Indeed the DSO
does not know Si since he does not know where is located the fault, but knows R, since it
knows the states of the FIs. The probability that the DSO therefore wants to compute is
P(Si/R) which translates into the probability that the fault is on section ¢ knowing that
the response signature is R.

In order to compute this probability, we will introduce in the following lines the various
needed probabilities:

e P(S;): the probability that section ¢ is faulty
e P(S;, R): the probability that section ¢ faulty and that the response signature is R



24 1I. Probabilistic Fault Localization Method Using Fault Indicators States

e P(R/S;): the probability that the response signature is R knowing that section ¢ is
faulty

e and finally the probability that we want to compute, P(Si/R): the probability that
section 7 is faulty knowing that the response signature is R

We will need to use the following general probabilities formulas:
P(S;,R) = P(S;/R).P(R) = P(R/S;).P(S;) (I1.1)
P(R) =Y P(Si,R) =Y_P(R/S;).P(5;) (I1.2)
Si Si
We can therefore obtain the following formula for P(Si/R):

P(R/S:).P(S)) _ _P(R/S;).P(S)
P(R) S P(R/Si).P(Sy)
S

P(Si/R) = (IL.3)

The equation can be simplified when considering the following hypothesis:
every section has the same probability to be faulty, therefore all P(S;) are equal and
P(Si) = P(5)

The equation then becomes:

P(Si/R) = _LWE/50) (I.4)

- Y P(R/S)
S

Of course this hypothesis is debatable, the sections varying in length, age and electrical
characteristics, they do not have the same probability of being faulty. However we will
work for now with this hypothesis and introduce later section probabilities depending of
their parameters. Observing equation II.4 shows that P(S;/R) can be computed with all
the P(R/S;) which are known.

4 Application on a simple test case

In the following lines we will use the previously described probabilistic fault localization
method on a simple test case. The goal is to see on a practical case how the method works.

4.1 Case description

Let us consider the very simple distribution network depicted in figure II.4. This
network consists of a main feeder with a few laterals. It possesses 6 FIs which divide
the network in 6 sections. We will consider two cases, one with a Distributed Generation
Unit (DGU) as well as directional FIs and one without DGU and with non-directional FIs.

We consider a fault on section n°3 and that the response signature, constructed with
the states of all the FIs of the network during the fault, is R = [111000]. In this example,
no FI is faulty, they are all in their correct state for this fault situation.
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sections: 3 4 5 6

/ z2 4 / 5 6
O—. @ O
» \% § @  Fault detected and

—> fault current direction

OF 3 *f

DGU

Figure I1.4: Simple network (with and without DGU) with FIs seeing a fault on section

n°3

R [111000]

Section 14 Si P(R/S;) | P(Si/R)
3 [111000] | 0.63524 | 0.89068
1 [111100] | 0.05552 | 0.07785
2 [110000] | 0.01672 | 0.02344
5 [111110] | 0.00485 | 0.00680
1 [100000] | 0.00044 | 0.00062
6 [111111] | 0.00042 | 0.00059
0 [000000] | 0.00001 | 0.00002

Table I1.8: P(S;/R) results for the simple 6 sections network without DGU with a fault
on section n°3

1. Build the signature matrix for the network in both cases
This is the first step. It is necessary, before making any computation, to know all
the possible fault signatures of the network. Since the network has 6 sections, there
will be only 6 fault signatures, noted from Sj to Sg. The signature matrix is shown
in table II.1 in section 3.1.

2. Compute all the P(R/S;) probabilities
For each signature S; we can compute the probability P(R/S;). The results are
presented in column n°3 of tables I1.8 and II.9.

3. Compute all the P(S;/R)
Once all the P(R/S;) have been computed, we can compute the probabilities that
interest us: P(S;/R). Classifying these probabilities from the highest to the lowest,
we sort sections from the most possibly faulty to the least possibly faulty (see tables
I1.8 and I1.9).

Table I1.8 shows the results obtained for the simple 6 sections network without DGU
for a fault on section n°3. We can see that the algorithm gives section n°3 as the most
probably faulty section with a probability of 0.89. The second most probably section is
section n°4 with a much lower probability of 0.08.

Looking at the three first most probably faulty section, we can see that the algorithm
gives three sections that are consecutive (sections n°2, n°3 and n°4), therefore giving a
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R [111-100]

Section i Si P(R/S;) | P(S;/R)
3 [111-100] | 060189 | 0.96775
2 [11-1-100] | 0.00950 | 0.01528
4 [111100] | 0.00950 0.01528
5 [111110]| 0.00083 | 0.00134
1 [1-1-1-100] | 0.00015 | 0.00024
6 [T11111]] 0.00007 | 0.00012
0 [000000] | 0.0000003 | 0.0000005

Table 11.9: P(S;/R) results for the simple 6 sections network with DGU with a fault on

section n°3

great hint on which part of the network the fault seems to be located.

Table I1.9 shows the results obtained for the simple 6 sections network with DGU for

a fault on section n°3. Again the algorithm gives section n°3 as the most probably faulty
with a probability of 0.97. We can note that the algorithm does not determine which
section between sections n°2 and n°4 is the next most probably faulty section, but gives

them equiprobably faulty.

4.2 Limits

We will now describe a few limitations of this method. Some of them are inherent to

the method itself and can be overcome, some other depend of the FI equipment of the

network.

e Cases of equiprobability of sections to be faulty

In some cases (see table I1.9), the algorithm can find more than one section as the
most probably faulty. This is due to the fact that both parameters ¢’ and &” are
equal. Consequently, as it can be seen in table I1.6 and I1.7, P(0/1) = P(0/ — 1).
Therefore, considering the following fault signatures as an example:

— S3=[11100-1-1]

- S7=[11100 1-1]

— R=[11100 0-1]
we see that P(S3/R) = P(S7/R). This means that for the response signature R, the
algorithm will find that S3 and Sy are equiprobably faulty, and therefore will not be

able to give a unique solution.

To avoid these possible equiprobabilities, it is possible to not consider that all P(S;)
are equal, and define section probabilities. This solution is presented in section 5.

e Sections fault signatures resemblances and differences
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Fault Indicator number
1/2(3(4|5|6|7|8|9|10 |11 |12
1/1|]0|]0|0jO|O]O|O|O]| O 0 0
2|1|1/1]0|0l0|0O|J0O0|0O]| O 0 0
) 3|1|1(1|1)1]0|0]0|0]| O 0 0
Number of faulty line 211l ililililililolol o 0 0
51|11 (1|1 (1{1,1|1]| 0 0 0
6 1|1 (1|11 |1|1]1]1| 1 1 0

Table II1.10: Signature Matrix of the simple 6 sections network, with two Fls per section

In the simple network previously described we considered the presence of one FI per
section. The consequence is that for each section its fault signature has only one
difference with the previous and next section.

Let us look at the following fault response signature R, for a fault on section n°4,
which contains an error (FI n°4) due to a defective FI for example:

— S3=[111000]
— 5,=[111100]
~ R=[111000]

Since the defective FI is the last ‘one’ of the signature, the response signature R is
strictly identical to the fault signature of the upstream section, Ss.

The more sections fault signatures are different, the less they can be mistaken in
case of corrupted data. Let us imagine the same six sections simple network as be-
fore, but with two FIs per section (one at each end). Table I1.10 shows the matrix
signature of such a network.

An error in the response signature R is not enough to make a mistake between two
correct fault signatures. The robustness of the signatures to corrupted data is there-
fore higher.

e Choice of the values of the parameters «, 3, ¢, ¢ and &”
In order to seize the importance of the choice of the values of these parameters, an
analysis has been made on two different levels:

1. interactions between the parameters and consequences of the chosen values
2. the consequences of the difference between the parameters values used in the
algorithm and the “real” parameters values (of the equipment on the network)

This work is detailed in appendix A.
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5 Considering sections characteristics

When developing the method in section 3.6, we made an hypothesis stating that all
P(S;) are equal, which can be translated into “every section of the network has the same
probability of fault occurrence”. A section being defined by all the lines/cables between
two consecutive Fls, consequently they vary in length, conductor types and conductor
ages. Therefore every section will have a different probability of being faulty, P(S;), and
the following equation will be used for the probabilities computations:

oy P(R/Si).P(S))
PO = S~ pr s, p(ss) 1o
Si

In the following lines we show one way of computing the P(S;). However it should
be considered as an example only, each Distribution System Operator should use its own
parameters depending of the particularities of their network.

We can consider that each parameter is independent and that a probability coefficient
can be associated to each one of them. The probability of a section to endure a fault event
can be defined as the average value of these coefficients.

e We can define a length coefficient for each conductor i as: ﬁ, l; being the length
of the conductor, L, being the sum of the length of all conductors

e We can define a conductor type coefficient (0.8 for a cable and 1.2 for a line for ex-
ample) for each section i as: %, t; being a coefficient depending of the type of the
conductor, and T, being the sum of the conductor type coefficients of all conductors

e We can define an age coefficient for each conductor i as: ﬁ, a; being the age of the
conductor, Ay being the sum of the ages of all conductors

We can therefore define the probability of a conductor to be faulty as:

l; t; a;
N-Tir + . Trot + as. Ato

P(S;) = (IL6)

a1+ ag + ag
The coefficients a1, as and ag can be used in order to dispatch the dominance of each
parameter in the total probability.

Most of the time, sections will be composed of more than one conductor. Considering
that a section ¢ is made of n conductors, we will therefore use the following equation:

n

n n
>l >t > a;
j=1 j=1 j=1
P(S) — al' Ltot + CYQ. Tiot + 0[3 Atot (II 7)
! a1+ ag + as '

In table I1.11 we provide an example with parameters (length, type coefficient and age)

chosen arbitrarily and with a3 = as = ag = 1.

Results obtained when considering section characteristics are shown throughout Case
2 in section 7.2.
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i length (km) thiot type coefficient Ttt;t age (years) A P(S;)
1 0.2 0.0930 1.2 0.188 10 0.118 | 0.133
2 0.15 0.0698 0.8 0.125 15 0.176 | 0.124
3 0.3 0.1395 1.2 0.188 14 0.165 | 0.164
4 0.75 0.3488 1.2 0.188 11 0.129 | 0.222
5 0.45 0.2093 1.2 0.188 20 0.235 | 0.211
6 0.3 0.1395 0.8 0.125 15 0.176 | 0.147
Total | Lot = 2.15 1.0 Tiot = 6.4 1.0 Aot = 85 1.0 1.0

Table I1.11: Weighting of the P(.S;) of each section in regards of length, type and age
parameters (chosen randomly for the example)

6 Detection of faulty fault indicators

6.1 Minimum probability of a correct response signature

We will now observe which case gives the minimum event probability that corresponds
to a correct response signature (i.e. a response signature identical to one of the signa-
tures of the signature matrix of the network). We will therefore compute each P(R;/S;)
for R; = S; for the previous network without DGU. The results are displayed in table 11.12.

P(R;/S:)
R,/ |1|/0|0|0|0]|0|S;|1|]0]|0|0]0]|O0]| 0.70757
R [1]1]0]0]0[0]S|1]1]0][0]0]0] 0.67043
Ry |1|1{1/0{0|0]|S3|1|1|1|0|0]0]| 0.63524
Ry|1|1]|1]1|0|0|S4|1|1|1|1]0]|0] 0.60189
Ry|1|1|1|1|1]0|S5|1|1|1|1]1|0] 0.57030
Rg|1|1|1|1|1]|1|Sg|1|1|1]1]1]|1] 0.54036

Table 11.12: P(R;/S;) results for R; = S;

We can see that for Rg and Sg, P(R¢/Ss) = 0.54036, which is the lowest “event
probability” for an event which has a correct response signature (here Rg). This is math-
ematically explained by the following facts:

e P(0/0)=1—a+apf>P(1/1)=apfsince a <1
e P(0/0)=1—a+af>P(-1/—1)=a.psince a <1

Looking at the conditional state probabilities in tables I1.5 and II.7 we can see that
all the other probabilities: P(0/1), P(1/0), P(0/ —1),P(—1/0), and P(1/ — 1) have lower
numerical values. Therefore, mathematically, a response signature which has an error and
does not correspond to any existing S; will always be lower than the lowest P(R;/S;)
which corresponds to the signature .S; which has the most ones and/or minus ones. In the
above case it is Sg.
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P(Rg/S6) = 0.54036 is the lowest “event probability” corresponding to an event with
a correct response signature. Therefore, when a fault occurs and we retrieve a response
signature R, by computing every P(R/S) and comparing it to the lowest “event proba-
bility” described above, we can immediately detect if the FIs response signature contains
errors or not.

Consequently, considering that for a unique k, P(Ry/S) is the lowest “event prob-
ability”, for any fault giving the response signature R, if there is a P(R/S;) such as
P(R/S;) > P(Ry/Sk), it means that R does not contain any error. Otherwise, if every
P(R/S,) is inferior to P(Ry/Sk), the signature R contains an error.

In the results presentation, the probability corresponding to the lowest event probabil-
ity will be called boundary probability while the maximum P(R/S;) for a given event
and response R will be called probability of the event.

6.2 Finding faulty Fls

We just presented a method which allows to detect if the response signature R of a
fault event contains errors or not. If the algorithm concludes that R contains errors, it is
then very easy to find them.

Indeed, once field experts have confirmed which section is faulty they know the fault
signature S;, corresponding to the faulty section, that they should have received. It is
therefore very simple to compare this signature with the real signature R received and
identify which FIs are not in the state that they should have been.

Example with the simple 6 sections network in figure I1.4: experts confirm
that the fault occurred on section n°3. The fault signature associated to this section is:

e S3 =[111000];
Let us assume that the response signature of the FIs following the fault event was:
e R =[011000]

Comparing these two signatures show that in R, FI n°1 is not in state 1 as it should be
considering S3. FI n°1 can therefore be considered as faulty.

It is important to note that even without confirmation by field experts, looking at the
first probably faulty sections and comparing their signatures 5; to R gives a good idea of
the possibly faulty Fls.

7 Results and performances

In this section we will apply the presented method on a special network designed in
order to be representative of the different cases that the algorithm can face. Results will



7. Results and performances

31

A1

15

16

17 18 19

20

21

22|

DGU

Figure

éw_NO l

I1.5: Network

B1

S

A

FI number

N
[

=
[=]
=
=

12

[
o

=
o

=
I

[
[+

=
©

N
[=]

N
=

N
N

'

-
o

U

© OO WA WN -

Section number
=
[

oNeNeoNeNeNeNeNeNoNeNeNoNoNeNe Nl o k= E=E=1F'N
OO0 O0OO0O0O0OO0O0O0O0O0OO0OO0CORHKHEHOOOOWM

=
N
[oNeNeNeNeNeoNeNeNoNoNe Ne N ot i NI i

[sNeNeNeNeNeNeNeNoNeNeNol o ol ol
[=NeleNeNeNeNeNeNe NN Ne il

eNeNeNeNeNeNeNeNeNeNoNoNoNoNeoNe N iR NeNaNa] §o

[=NeNeNeNeNeNeNeNeNeNe Nl

[=NeNeNeNeNeNeNe RN RNl i

OO0 O0OO0O0O0OHFHFOOOOOOOO|©

[=}

[=N=lelolelolololol

CO0OO0OO0CO0COHHHREEHHOOOOODOOOOO
'
fun

[=NeNeNeNeNeNeNeNoNeNeNol ==l =NelNolelelolle]

COO0CO0COoOOKHKEKHEKER

Locococoocooooolkf

'
fun

OO0 OOoOOKHKFEKHEKE

coocococorrrLLlloocooooocooooll

[=N=leloleiolololo]

[=NeNeNeNel oo Noe e N No oo NoNo oo o Nl

(=)

[=NeNeNai oo NeNoNe e N No oo NoNo oo o Nl

(=)

CO0O0OFHRHFHFOOODODOOOO0OOO0OODOOOOO

COO0OFHHHFHOOOODOOOOOOOOOOOoOO

OO KHFEHEHHFHOOOODOOOOOOOOOOOoOo

O FHFEHEFEFEFFEFOOODODOOOOOOOOOOOoOo

HHEHHEHHHHEHOOOOOOOOOOOOOOOO

Table I1.13:

Signature matrix of the network designed to test the method’s performance

Cell colors are only here to help visualizing the signature matrix content

be analyzed and we will study the performances of the method

The network shown in figure I1.5 possesses two substations S4 and Sp. Substation A

has two feeders, Fl41 and Fso, while substation B has only one, Fg;. The two feeders Fa1

and Fp; are connected by a normally open switch (Sw_NO) making it possible for one
substation to backup the other one in case of a fault on one of these two feeders. The other
feeder of substation A is not connected to another backup substation, but has a lateral

secondary line. Two Distributed Generation Unit (DGU) are connected to this network,

one on F41, and one on the lateral of Fys.

We will consider that the network is only equipped by one FI per section, located on
the upstream side of the section. Table I1.13 shows the signature matrix for the 22 sections

of this network.
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7.1 Results for various situations

We will develop here the results obtained with the algorithm for some particular sit-
uations. But we will first recall the needed inputs of the algorithm and the outputs that
are produced.

e Inputs:

— Signature matrix of the network corresponding to its topology on fault occur-
rence

— [optional] Characteristics of the sections: length, conductor type, age

— Fault response signature of the FIs of the network

e Outputs: the output is a script containing the following information

— Boundary event probability to identify a signature without errors

— Event probability

— List of section classified from most probably to least probably faulty
— Analysis of the possibly defective Fls

The four following cases are presented in order to illustrate the different situations
which the algorithm can face. In theses cases, the sections probabilities to be faulty have
not been used, instead the simplified equation II.4 is used to compute the results.

1. Case 1: fault on section n°4 - No data corruption in the response signature

Let us consider a fault on section n°4, and a response signature R made of the 22
FIs actual states without any errors. We will therefore have:

e R =[111100-1-100000000000000]

The following script is the output of the algorithm for the signature matrix of table
I1.13 and the response signature R above.

%k %k k
Minimum probability to identify a perfect signature
(also called boundary probability): 0.23502
Probability of this event : 0.24804

Section 4: P(S4/R) = 0.89111
Section 5: P(S5/R) = 0.077884
Section 3: P(S3/R) = 0.02345

k% k%

Most probable faulty line : 4
*okokok

Analysis of potentially defective FIs:

Analysis of the first probable answer:
Section 4: P(S4/R) = 0.89111
No FI is faulty.
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Analysis of the second probable answer:
Section 5: P(S5/R) = 0.077884
FI n°5 faulty on line n°5

Wrong answer of FI: O

instead of: 1

We see here an example of a perfect response signature not containing any errors.
The algorithm therefore identifies section n°4 as the most probably faulty. Section
n°5 is the second most probably faulty section, but with a much lower probability.

2. Case 2: fault on section n°7 - Dysfunction of one FI

We will now consider a fault on section n°7. Furthermore we will use a response
signature R which contains an error, the dysfunction of FI n°7 which results in the
FI being in state 0 instead of state 1:

e R =[1110000-100000000000000]

The following script is the output of the algorithm:

%k %k k

Minimum probability to identify a perfect signature
(also called boundary probability): 0.23502
Probability of this event : 0.024148

Section 3: P(S3/R) = 0.4697

Section 7: P(S7/R) = 0.4697
Section 4: P(S4/R) = 0.041052
[...]

*kokok

Most probable faulty lines: 3 or 7
%k %k k

Analysis of potentially defective FIs:

Analysis of the first probable answer:
Section 3: P(S3/R) = 0.4697
FI n°7 faulty on line n°7

Wrong answer of FI: O

instead of: -1

Analysis of the second probable answer:
Section 7: P(S7/R) = 0.4697
FI n°7 faulty on line n°7

Wrong answer of FI: O

instead of: 1

First of all we can see that the event probability is lower than the boundary prob-
ability, which means that the response signature R contains at least one error and
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does not correspond to any fault signature of the signature matrix.

The algorithm finds two sections as the most probably faulty, meaning that both
sections have the same probability to be faulty. This is due to the fact that we
present here results obtained with equation I1.4 and not equation I1.5. We introduce
here the notion of “doubt” since the algorithm finds more than one section as most
probably faulty (see performance results in 7.2).

For the first two probable answer, a ‘defective FI analysis’ is made. The analysis of
section n°3 as the faulty section shows that if this section is really faulty, then the
FI n°7 is defective and should have been in state -1 instead of 0.

When considering the second probable answer, section n°7, the analysis shows that
if this section is really faulty, then the FI n°7 is defective and should have been in
state 1 instead of O.

We see through this example that the algorithm can not always give a unique so-
lution (see section 5 to see how to avoid this). However sections n°3 and n°7 are
consecutive, which is already a good information on where the fault seems to be
located. Furthermore the first two probable answers give the FI n°7 as defective,
which is what was simulated by giving the input R =[1110000-100000000000000] to
the algorithm.

. Case 3: fault on section n°7 - Incoherent functioning of one FI

We will finally consider a fault on section n°7 and will use a response signature R
which contains an incoherent error, the dysfunction of FI n°7 which results in the
FI being in state 1 instead of state O:

e R =[1110101-100000000000000]
The following script is the output of the algorithm:

*okokok
Minimum probability to identify a perfect signature
(also called boundary probability): 0.23502
Probability of this event : 0.0065274

Section 7: P(S7/R) = 0.91597
Section 5: P(S5/R) = 0.048034
Section 3: P(S3/R) = 0.014463
[...]

*ok kK

Most probable faulty line: 7
*okokok

Analysis of potentially defective FIs:

Analysis of the first probable answer:
Section 7: P(S7/R) = 0.91597
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FI n°5 faulty on line n°5
Wrong answer of FI: 1
instead of: O

Analysis of the second probable answer:
Section 5: P(S5/R) = 0.048034
FI n°4 faulty on line n°4
Wrong answer of FI: O
instead of: 1
FI n°7 faulty on line n°7
Wrong answer of FI: 1
instead of: -1

The event probability is again much lower than the boundary probability identify-
ing a perfect signature. We therefore immediately know that the response signature
contains an error.

The algorithm finds section n°7 as faulty with a high probability compared to the
second and third proposed section. The analysis of this answer shows that if this
section is really faulty, then the FI n°5 is defective and is in state 1 instead of the
correct state 0.

If we take a look at the second most probable answer, section n°5, we see that if
this section is really faulty, then two FIs are defective. FI n°4 is in state 0 instead
of state 1 and FI n°7 is in state 1 instead of -1.

4. Case 4: fault on section n°9 - Incoherent functioning of one FI misleading
the algorithm

In this last example we will consider a fault on section n°9 and will use a response
signature R which contains an error: the dysfunction of FI n°9 which results in the
FI being in state 0 instead of state 1. R =[1110001100000000000000].

The following script is the output of the algorithm:

%k %k
Minimum probability to identify a perfect signature
(also called boundary probability): 0.23502
Probability of this event : 0.26178

Section 8: P(S8/R) = 0.89116
Section 9: P(S9/R) = 0.077889
Section 7: P(S7/R) = 0.023452
[...]

*kokok

Most probable faulty line : 8
k% k ok
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Analysis of potentially defective FIs:

Analysis of the first probable answer:
Section 8: P(S8/R) = 0.89116
No FI is faulty.

Analysis of the second probable answer:
Section 9: P(S9/R) = 0.077889
FI n°9 faulty on line n°9

Wrong answer of FI: O

instead of: 1

The algorithm gives section n°8 as the most probably faulty section. Section n°9
is the second answer. In this case the “corrupted” response R corresponds to the
existing fault signature Sg, therefore the algorithm finds a perfect match, and of
course section n°8 turns out as the most probably faulty.

However, despite this wrong result from the algorithm, we can make the following
comments:

e the algorithm is not totally wrong as it finds a section which is adjacent to the
faulty section

e this problem is due to the small difference (only one state) between two sig-
natures of two consecutive sections, and can be addressed by increasing the
signatures differences (see section 4.2)

We see through these examples that the algorithm gives an instantaneous state of
the situation and the most probable scenarios: faulty sections and defective Fls if there
are any. The immediate knowledge of the most probable fault situation is a very useful
information in order to conduct effective on field maintenance. The expert can now focus
on a prioritized area, with a great chance to quickly find the fault location and conduct
the necessary operations.

7.2 Performances

In order to evaluate the algorithm we also developed a method to measure and analyze
the algorithm performances. With the lack of real fault data, the only evaluation possible
here is the evaluation of the robustness of the algorithm to corrupted response signatures.

In order to simulate fault events we will need to simulate response signatures. Each
section of the network (22 in total) will therefore be simulated as faulty. For each section
we will make 10000 response signature draws. FEach FI state of the signature will be drawn
following the density function defined by the conditional probabilities (table I1.7).

Remark: the choice of 10000 signature draws is a compromise between results pre-
cision and computing time. With another 10000 draws, the results will differ slightly,
however the precision is good enough for a one digit after decimal number.
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The following example shows how the signature draws are made:

1. Let us consider section n°6 and its fault signature Sg =[111111-1-1000000000000000].

2. We can create 10000 response signatures Rg based on the following procedure:

e compute all the conditional probabilities based on the chosen «, 3, €, ¢’ and &”
parameters (see table I1.7 for our case)
e for each ideal FI state, create the density function based on the conditional
probabilities
Example with FI n°1 of Sg:
— ideal state = 1
— P(1/1) = 0.90250, P(—1/1) = 0.01425 and P(0/1) = 0.08325
— make a random draw of the actual state of FI n°1 using this distribution
(on 10000 draws, we will have a total of 9025 1, 142.5 -1 and 832.5 0).

3. We can finally input each of the 10000 response signatures created to the algorithm

For each response signature input, we observe the solution of the algorithm and classify
it. Considering that we use the algorithm without weighting the probabilities of the
sections depending of their characteristics, there will be the three following results’ class:

e success: the faulty section is the most probably faulty section suggested by the
algorithm (see “Case 1”7 and “Case 3” in 7.1)

e failure: the faulty section is not the most probably faulty section suggested by the
algorithm (see “Case 4” in 7.1)

e doubt: the faulty section is part of the equiprobably faulty sections suggested by
the algorithm (see “Case 2” in 7.1)

Remarks on the method:

e for each section we realize 10000 response signature draws

e the signature is limited to the FIs of the concerned feeder (when the signature matrix
contains more than one feeder)

e all the FI states of the signature are drawn using the density function

The robustness results are presented for two different cases. The first one uses the
simple equation II.4 to compute the solution, therefore with every P(.S;) equal. The second
one uses equation I1.8, with P(S;) defined for each section depending of the sections length
and conductor type:

n n
DD
=1 | j=1

+
P(Sz): Lot 5 Tiot (IIS)

1. Case 1: Robustness results with equal P(S;) for all sections
Figure I1.6 shows the robustness results of the algorithm using the robustness eval-
uation method described above. The section probabilities to be faulty are all equal,
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therefore the algorithm finds, for a certain amount of cases, more than one probably
faulty section. We can see that the mean success on the 10000 response signatures
draws is of 85.5%. The minimum success rate being 76.1 % for fault n°3, and the
maximum success rate being 94.7 % for fault n°22. The results are summarized in
table I1.14.

There are two ways of interpreting the “doubts” answers depending of how the DSO
looks at it:

e “doubts” can be seen as positive answers since the correct faulty section is
among the faulty sections suggested by the algorithm. The algorithm has then
a mean “success+doubts” of 91.8 %.

e the DSO only consider a unique solution as a positive answer, therefore “doubts”
are not considered as positive. The DSO might prefer the solution with defined
P(S;) for every section which results in the quasi impossibility to have “doubts”
(see 5 and the following “Case 2” results)

8.3 % mean failures explanation: all failures are due to the fact that the drawn
response signature R is corrupted and strictly identical to an existing fault signa-
ture different from the fault signature of the concerned fault. The only solution to
this problem is to increase the signatures differences between two consecutive fault
signatures in order to limit the possible mistakes. This solution is presented in 4.2.
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Figure I1.6: Case 1 robustness results of the algorithm for the network shown in figure

11.5
Mean success: 85.5 %, doubts: 6.2 % and failures: 8.3 %
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Success | Doubts | Failures
Max. | 949% | 17.3% | 16.4%
Mean | 85.5% | 6.2% 8.3%
Min. 75 % 0% 1.5%

Table I1.14: Results summary for case 1

2. Case 2: Robustness results with a defined P(S;) for each section

In figure I1.7, the shown results are obtained with the same robustness evaluation
method as previously. However this time the section probabilities to be faulty are
weighted depending of the sections characteristics with equation I1.8. The conse-
quence is that the chances that the algorithm finds sections equiprobably faulty are
slim, in our case the algorithm never finds sections equiprobably faulty, therefore
the mean doubts rate is 0 %. Consequently, the mean rates of success and failures
both increase respectively up to 88.4 % and 11.6 %, some doubts being transformed
in success and others into failures. The results are summarized in table II.15.
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Figure I1.7: Case 2 robustness results of the algorithm for the network shown in figure
IL.5
Mean success: 88.4 %, doubts: 0% and failures: 11.6 %

Success | Doubts | Failures
Max. | 98.3% 0% 16.6 %
Mean | 88.4% 0% 11.6 %
Min. | 83.4% 0% 1.7%

Table I1.15: Results summary for case 2
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8 Conclusion

The work presented in this chapter was done in the context of development of new
fault localization methods especially taking into account the smart-grid evolutions of dis-
tribution networks.

The initial problem is the limitations that faces today fault localization techniques,
as reminded in section 2. The developed method is based on the use of fault indicators
(FIs) which already equip most of distribution networks, and on the smart-grid evolution,
especially in terms of FI state communication.

The method presented is defined as probabilistic since it is based on probability def-
initions of the possible FIs states, and probability computations using the expected Fls
states depending of fault locations (see section 3.1) and the real retrieved FIs states during
a fault (see section 3.6).

The presented results show that the performance of the method is quite good and
robust to FI failures with a mean success to identify the faulty section over 85 % for the
network used in our work. Furthermore, when the algorithm gives the wrong section as
faulty, it often gives a section close to the real faulty section, thus still giving a good
indication to the DSO on where is the faulty area.

Another aspect of the method is a positive side-effect which results from a conclusion
that can be made when the algorithm finds the correct faulty section based on a FI sig-
nature which contains errors: in this case it means that the algorithm has identified one
or more FI failures. This is precious information for the DSO as it helps maintaining the
equipment while still finding the correct faulty section, which is not possible at the time
with classic techniques.

This method can therefore bring many improvements, without needing great invest-
ments, to the faulty section localization techniques. Furthermore, this method can be
associated to a fault distance computation algorithm in order to make a complete and
precise fault localization algorithm.
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Abstract

We develop in this chapter a fault localization method which localizes the fault in terms
of distance to the head of the feeder. We will describe the principle of the method and its
origins before adapting it to the particularities of distribution networks. New approach
for particular networks or special faults will also be presented.
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1 Introduction

The fault localization method developed and presented in this chapter is based on the
fault distance computation. This type of computation is a hard task as it depends of so
many factors. For example it can depend of the precision of measurements, the knowledge
and precision of the network characteristics, which are factors which can be handled up to
a certain point. But it also depends of unknown factors such as the fault characteristics,
its resistance, its type, etc.

Fault localization techniques which are at an advanced stage are designed for trans-
mission networks which consist of much more “simple” network, due to their long lines
without tapped loads, with the same cable/line type. However the meshed nature of trans-
mission networks brings specific problems to fault localization since fault currents can flow
downstream as well as upstream.

The particularities of distribution networks, which are their radial nature, tapped loads
and unknown real time consumption, various types of cables/lines, bring the need to adapt
the existing fault localization method as they do not work as is.

2 Fault localization using the Takagi method

2.1 Principle developed by Takagi

As introduced in Chapter I, an equation to compute the fault distance on a line of a
transmission network was developed in 1982 by T.Takagi [Takagi et al., 1982]. This equa-
tion is based on the electrical equations of the loop formed by a single-phase to ground
resistive fault (see figure II1.1).

Figure II1.1: Fault loop impedance

The main technical particularity of the method is to use currents and voltages from
one terminal only, which is unusual for transmission networks. In [Takagi et al., 1982], the
author describes the method using a single phase circuit with a fault. The technique is to
separate the circuit in two equivalent circuits: the pre-fault load flow component and the
fault current component (see figure I11.2), which gives two equations describing the voltage
(or current) at the fault point. By working around with the equations and making two
mathematical assumptions (see appendix B for details), the author succeeds in providing
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an expression of the fault distance depending of the following parameters: terminal volt-
age, terminal current, line impedance per unit length, and the difference between pre-fault
terminal current and during-fault terminal current.

However this method has been developed for transmission networks. The particular-
ities of these networks is to have long lines without any loads between two consecutive
nodes. One of the approximations made by this method is to consider that all the loads
are lumped beyond the fault point, which of course is not an acceptable approximation
for distribution networks.

Figure II1.2 shows the single phase circuit considered and the two equivalent circuits
obtained using the superposition principle [Takagi et al., 1982, Ferracci, 1995].
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Figure II1.2: Superposition principle on a single phase circuit enduring a phase to ground
fault

As previously stated, one of the circuit corresponds to the pre-fault component, while
the other corresponds to the fault component. The equation obtained with this approach
is the following (the details on how to obtain this equation are presented in appendix B):

Tm (Va.I”a*)
rT=——— (ITL.1)
Im (21.1,.1",")
with the following terms:

fault distance

x
V.  phase terminal voltage
I, phase terminal current
I//

o difference between pre-fault phase terminal current and during-fault phase terminal
current
z1  line impedance per unit length

Below are the advantages of the method:
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o few data is needed
e once the measurements are made, the computation is quick and simple (compared
to an iterative method for example, see table 1.1 in chapter I).

2.2 Adaptation to distribution networks

Recent works [Karnik et al., 2011] have developed the principle exposed by T.Takagi
for distribution networks. The equation used to compute the fault distance is derived
from the expression of the symmetrical components voltages at the terminal point of the
network (see figure I11.3).

Va Z1 -Xfault

@ N\ 1 1
7/ | | | I |
I, R
I

Figure II1.3: Distribution network with a phase to ground fault

The symmetrical components voltages are the following:
Vi=h.Zi1+Vn
Vo =12.Z5+ Vyo (II1.2)
Vo = 1.2+ Vio
with:
Vo, Vi, Vo symmetrical components voltages at monitoring point
Io, I, > symmetrical components currents at monitoring point

Zo, Z1,Z>  symmetrical components line impedance between monitoring and fault points
Vi voltage at fault point

Summing the three lines in 111.2 and taking Z; = Z5 which is true for static equipment
such as electrical lines gives:

V, = Vf + (Il + IQ).Zl + 1y.2y (1113)
Replacing V¢ by R;.I; and rearranging the other terms leads to this final equation:
Zo— 7
Vo= Z1.(I+ 10.22—20) . + Ry.Iy (I11.4)

1
with I, = In+ I + Iz and V,, = Vp + Vi + Va.

In IIT.4 symmetrical components line impedances can be expressed by a distance term,
x, and a per unit length impedance, z;. We can furthermore define an impedance ratio
term, K, to visually simplify the equation.
Zy =x.20, L1 =x.21 and Ly = T.29

therefore:

Zo—7Z1 20— 2

K
Z1 21
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Finally we can write the following equation:
Vo =x.21.110t + Ry Iy (IT1.5)

with Itot = Ia + I()K

Equation IIL.5 is the base equation of different fault loop impedance methods: the
positive sequence reactance method and the Takagi method. Each method has its own
way of dealing with the unknown variables of the equation. In [Takagi et al., 1982], the
assumption that the fault current is the difference between the pre-fault current and the
during-fault current at the monitored point (noted I //a) is used in order to replace Iy. I "
is a variable that can be computed from measurements.

The next step of the Takagi method is a way to eliminate the last unknown term of the
equation, Ry. However one necessary assumption is to consider that the fault impedance
is only resistive (therefore noted Ry) and does not contain a reactive part. Even if this
assumption is generally considered, few studies have been conducted, to our knowledge,
to justify it. Anyway, a way to eliminate R; from the equation is to multiply both sides
of the equation by the conjugate of I",, noted I ”a*.

We can therefore write:
Vol s =z i Iy +Rpd 0 d' s (I11.6)
Rearranging and taking the imaginary part of II1.6 we obtain equation IIL.7 since Ry

is real and the imaginary part of a complex multiplied by its conjugate is null.

The fault distance Takagi equation is therefore:

Im (V,.1","
T = ( "1 (IIL.7)
Im (Zl‘Itot‘I a )

3 Fault localization algorithm

3.1 Dealing with the network heterogeneity

One of the main difficulty of fault localization for distribution networks is to deal with
the heterogeneity of the network regarding the type of conductors and the load distri-
bution. It is very common that a distribution feeder contains several different types of
conductors, often due to a decreasing conductor section as less and less loads are connected
downstream.

Regarding equation III.7 it is clear that the network heterogeneity will be a problem
when choosing the value of the per unit length impedance z;. Solutions which consist in
taking an average per unit length impedance or the value of the most present conductor
have the advantage to be easy to implement but lead to a certain error [Kulkarni et al.,
2011].
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As already stated in section 2.1 the Takagi method makes the assumption that the
loads of the network are lumped behind the fault point which is again an unacceptable
approximation for distribution networks.

Considering that this method is well suited for an homogeneous network with load
at the end of the line, the idea is to divide an heterogeneous network in sections which
respect this criterion. Consequently, a section is defined by a line element with or without
a load at the end such as in figure I11.4. Each section is now compatible with the method
without any assumptions.

Section 1 Section 2

Figure II1.4: Example of sections with and without presence of a load

It is important to consider that the loads are at the end of one section, and not at the
beginning of the following one, since in order to compute a fault distance on a line section
it is necessary to know the currents flowing only into the line.

In order to fully deal with the heterogeneity of the network, it is now necessary to obtain
the voltages and currents of each phase at every upstream node of a section. Assuming
that every section will be equipped with sensors is not a realistic solution considering the
cost that it would represent. It is therefore necessary to find a way to estimate or compute
voltages and currents at each section node. The solution developed in our work is based
on the work of Till Wellfonder [Welfonder, 1998] and consists in propagating downstream
the measures made at the head of the feeder.

e Achieving voltage and current propagation

Considering three-phases distribution networks, each element (a line or a load) pos-
sess four (three phases and the ground) inputs and four outputs. Transforming each
element into the three independent symmetrical components gives for each symmet-
rical component a quadripole element (two inputs and two outputs) (figure II1.5).

Iup Idown
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Figure II1.5: Transformation of network elements into symmetrical components
quadripoles
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Using quadripoles to describe the network presents various advantages. It becomes
first of all easier to browse through the network and it is easier to express input and
output variables as a function of each other.

Two matrices can be defined, one for expressing outputs as a function of inputs
(matrix B), and the other for expressing inputs as a function of outputs (matrix A):

Vup — A Vdown _ air a2 Vdown
Iup Idown a1 a2 Idown

and (IIL.8)

Vdoum - B Vup _ bll b12 Vup

Idoum Iup b21 b22 Iup
Using the voltage and current measurements at the head of the feeder, it is possible
to browse the feeder and to compute section by section the next downstream node

voltages and currents using matrix B. However, the content of matrix B needs first
to be defined for each element.

There will be one matrix A and one matrix B for each sequence of the symmetrical
components: Ag, A1, As, By, By and Bs.

e Defining the B matrix content for each element type

A quadripole element can have series and parallel components. Series components
will be considered as an impedance and noted Z while parallel components will be
considered as an admittance and noted Y.

Let us consider a line element simply modeled by an impedance. There will be
a voltage drop between the input and output but no change in the current. The
quadripole and A and B matrix describing this element are shown in figure I11.6.

o —1 o
Z

o .

Figure II1.6: A and B matrix of a serie impedance quadripole

Let us now consider a load element. The input and output voltage will be the same,
but the output current will be equal to the input current minus the load current.
The quadripole and A and B matrix describing this element are shown in figure I11.7.

Using these two base elements it is simple to build the A and B matrix of a PI-model
line element, shown in figure I11.8.
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Figure II1.7: A and B matrix of a parallel admittance quadripole

We will remind here that, for distribution networks, the length of each section is
small enough in order to use a PI-model for the line elements without introducing
substantial errors due to propagation which is not taken into account by this model
(indeed, line pi-model are usually used to simulate lines over 50 km [Sabonnadiére
and Hadj-Said, 2007]).

o —1 o
Z
Y Y
o O
- 1+ Y22 Z B 1+ V1.2 -7
MM+ Y+ ViYeZ 14Y1.27 Y- -NYe.Z 1+4YeZ

Figure II1.8: A and B matrix of a pi model line quadripole
Loads and lines aggregation when browsing through the network

We previously described how to model the different network elements (lines and
loads) and how to compute the voltage and current at the downstream node of an
element. The fault localization algorithm can now start with the voltage and current
measurements at the head of the feeder and browse through the network, section by
section (see II1.4), in order to execute the fault distance computation.

The browsing function of the algorithm can be very simple for an urban feeder com-
posed of one straight line with tapped loads. However, when the network is a typical
rural network with many junctions, each lateral must be aggregated into a load in
order to be taken into account when browsing downstream the lateral.

Figure I11.9 shows a network with a main feeder (F, blue) and three laterals (L1,
red, Lo, green and Ls, orange). It is important to understand that during the fault
localization process, the faulty branch is not known, therefore each branch has to be
explored, and the upstream branches aggregated as loads. Below are a few examples
to illustrate the method:

— exploration of the branch upstream of node Ny

= no aggregation needed
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— exploration of the branch between nodes N1 and Ny
= aggregation of L3 in N3 as a load
= aggregation of L (plus L3 aggregated) in Ny as a load
— exploration of the branch downstream node N3
= aggregation of L3 in N3 as a load
= aggregation of Ly in Ny as a load
= aggregation of part of F' (below Np) (plus Lo aggregated) in Ny as a
load

Figure I11.9: Lateral to explore and aggregate

Figure I11.10 shows a feeder with a lateral composed of four sections and two loads.
When computing voltages and currents beyond node Ny, it is necessary to aggregate
the lateral as a load in order to take into account the current that the lateral is
consuming during the fault. The same load model is considered during the fault

than under healthy functioning.

Figure I11.10: Lateral (green) to aggregate in node N1 composed of four sections and two
loads

The first step is to describe the lateral using quadripoles. Two types of elements
compose the network: lines and loads. As shown in figure I11.10, the lateral used in
this example has four sections and two lines. The corresponding quadripoles (noted
Sp to Sy for the sections and L, Lo for the loads) can be seen in figure II1.11. The
goal is to aggregate all this quadripoles in one single “equivalent” quadripole (noted
Eq. in figure II1.11).

Loads are elements described by a parallel impedance (see figure II1.7). Therefore
the tapped loads L; and Lo which are connected in parallel can be inserted in series
without transformations of any kind (figure II1.12).
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Figure III.11: Aggregation of the lateral as a single equivalent quadripole
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Figure II1.12: Insertion in series of the tapped loads of the lateral

The advantages of having all quadripoles in series is that computing the equivalent
quadripole is very easy using matrices multiplication. When propagating upstream
measures downstream, the needed matrices are the matrices B. Therefore, in order
to reduce computation time, only the matrices B can be computed. And if a matrix
A is needed (as in next paragraphs) it is easy to compute it from the inverse of the
B matrix.

To obtain an equivalent quadripole, the technique is to multiply the B matrices of
each quadripole together, starting with the last quadripole B matrix since com-
mutativity is not applicable here (because of the series elements composing the
quadripole). The equivalent quadripole B matrix is therefore computed such as
in the following equation concerning the lateral described previously:

Beg = Brs.Bsy.Bss.Br1.Bsy.Bs (I11.9)

We now have computed the equivalent quadripole of the entire lateral connected in
node Nj of the feeder shown in figure I11.10. When browsing downstream of node N1,
the lateral must be taken into account and can be considered as a load, consuming
part of the current of the feeder. However the equivalent quadripole B, matrix that
we computed is not in the form of a parallel impedance such as:

By # [_11/ ﬂ

it possesses four coefficients (b11,b12,b21 and beg) which are different from 0 since they
result from the multiplication of the B matrices of all the elements of the lateral.

In order to insert this equivalent element into the feeder as a load (such as the green
lateral of figure II1.10 in node Nj), it is necessary to compute its input impedance
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(or admittance, Yeq). The following equation gives the input admittance depending
of the coefficients of the A., matrix of the element:

Qeq 21
Y:aq =

with Aeq = By
Qeg 11

The admittance Y, can be computed with the two coefficients of matrix Aeq, aeq 11
and aeq21. The B matrix of the equivalent quadripole impedance corresponding to
the aggregated lateral can therefore be built:

1 0
B = _ Qeg 21 1
Qeq 11

The quadripole corresponding to the green lateral of figure II1.10 can finally be in-
serted in series in node Nj of the feeder (see figure II1.13) and the consumption of
the lateral will therefore be taken into account when browsing downstream.

Figure II1.13: Insertion of the lateral in the feeder

Note: This method of aggregation/insertion is of course valid at every
level of junction and lateral, each sub-lateral needing to be aggregated and
inserted as a load in its parent lateral (see figure II1.9 and its description).

Throughout this section we developed the method used in order to use the fault lo-

calization algorithm presented in section 2.2. The method is divided into two seperate

mechanisms:

1.

the quadripole model used to aggregate loads and laterals from the branches extrem-
ities to the junction node

the propagation method which propagates to the downstream branches the voltages
and currents measured at the head of the feeder

These mechanisms allow to execute a fault distance computation section by section know-

ing their input voltages and currents, and without making any other assumptions, therefore

eliminating any errors due to approximate models.

3.2

Fault location computation

3.2.1 Analyzing the Takagi equation

The Takagi equation II1.7, developed in section 2.2 and reminded below (II1.10), can

be applied to each section of the network as we browse downstream the feeder. However
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this equation still makes an assumption which is the following: the fault current is con-
sidered equal to the difference between the faulty phase pre-fault current and post-fault
current. The fault current in the equation can therefore be replaced by this current value
which can be computed from the measurements at the head of the feeder.

Im (V,.I","
z = \ a) (I11.10)
Im (Zl'Itot-I a )

However, the consequences in the case that this assumption is wrong are not negligible.

As it can be seen in III.11, if ', and Iy are not exactly in phase, the term with Ry is
not equal to zero. And [ " being present in every term, the error made by using this
equation will be unacceptable.

tm (Vod"s") = Tm (221 Lo 1”07 ) + T (Ry ") (I11.11)

#0 — error term

There are two options to solve this problem of inaccuracy:

e use another variable than I”," which is exactly in phase (we will note it Iy) with
It in order to exactly cancel the term with Ry:

Im (Va-Iph*) =1Im (ﬂj.zl.ItOt.Iph*) + Im (Rf.[f.fph*)
T
e cstimate precisely Iy using another method, which by definition is in phase with
itself, in order to exactly cancel the term with R;:

Im (Va.ff*) =Im (m.zl.ItOt.If*) + Im (Rf.[f.[f*)
T
The first option was first studied by analyzing the phase differences between the fault
current and various other variables. The analysis was made for different distribution net-
works (rural and urban) and for various fault resistances. The work presented in appendix
C details this first option and shows its limits. The second option is detailed in the fol-
lowing section 3.2.2.

The results that are presented in section 3 of chapter IV are obtained using three
different currents in order to show the performance of each method.

3.2.2 Final fault localization equation

The fault current can be seen as the sum of the neutral grounding current and the line
capacitive currents flowing through the healthy phases.

Ip=1,+1,, (I11.12)

This formulation is interesting since the neutral grounding current of the substation

transformer can easily be monitored. The capacitive current I, , corresponds to the sum

tot
of all the “local” capacitive currents of all phases of the lines/cables on the network.

Ictot - ICa tor T ICb tor T ICc tot
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It is by definition impossible to measure. However it can be estimated with various
precision degrees.

For every distribution network, the capacitive currents of the feeders are given in their
description. These capacitive currents correspond to the maximum total capacitive cur-

rents, I that a healthy feeder will feed to a bolted fault located on another feeder near

mazx?

the substation. This maximum value will occur for the case where the residual voltage,
V, =V, + V, + V., is maximum.

The maximum theoretical value of V. occurs with a 0€2 fault. When a bolted single
phase fault occurs, the faulty phase voltage drops to 0V. The two other phases voltage
increase to the phase-to-phase amplitude and have a phase-shift of 60° as can be seen on
figure I11.14.

12.20000

V,  60°

Figure I11.14: Change of the phase-to-ground voltages under a bolted single phase fault
to ground on phase a

Therefore, the reference value is computed in equation II1.13 for .
Ve = max (Vy + V2) (I11.13)

2.
= v/2.20000.mazx (sm (w.t + g) + sin (w.t + ;)) (IT1.14)

2wt s
— /2.20000.maz (2.5in (22T cos (3 .15
2 2

= 1/2.20000.v/3. maz <5m (w& + g)) (IIL.16)

=1
Vo = 48989V (I1.17)

Figure II1.15 shows the circulation of the fault currents (see also [Ferracci, 1995]).

A simple way to estimate the capacitive current of the feeder is therefore to measure the
residual voltage of the feeder and make a cross-multiplication using the maximum residual
voltage and the maximum capacitive current in order to obtain the effective capacitive
current of the feeder during the fault (see equation III.18).

Iy Vi)
I, = —b5——— (I11.18)
Ctot “/ref’

Using II1.12 and considering that the neutral grounding current and the total capacitive

current are out of phase by 90° we can rearrange the equation and obtain the following
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Figure II1.15: Circulation of the fault current (¢, red), into the neutral connection (7,
green) and through the line capacitances of the faulty feeder (I, blue) and healthy
feeder (I.,, orange), I.,,, (brown) being the total capacitive current

formula to compute the fault current phase and magnitude:

Ifest: In2+Ic 2

tot

L., > (I11.19)
I

PIfear = arctan (

From now on, since the fault current is estimated (based on I, measurements and DSO
data about theoretical I,

cror ), We will note it 17 oq.

Consequently, the final fault localization equation to use is the following:

o Im(Vadyea’)
Im (Zl-ItOt-[f est*)

(I11.20)

with 1 — [ w1, I
. . j.(¢r,, +arct (M)
it fest n2 + Icth. expj'( In Ty est) — [n2 [thQ‘ e j-(¢r1,, +arctan 7 )

3.2.3 Voltage and current measurements used in the equation

In equation II1.20 the voltages and currents are expressed in a complex form. In order
to use this method there is therefore a choice to make in order to transform the temporal
values in complex values.

If using the Fourier Transform, the choice concerns three parameters:

e the starting time of the Fourier transform window
e the length of the Fourier transform window
e the frequency at which the signal is recovered

In the results presentation in chapter IV, the chosen parameters will be detailed.
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3.3 Complete resumed flowchart of the method

This section presents a complete flowchart of the method in order to give a global view
on what is done and when.

e Offline operations - to do beforehand

1. Build all the sections B matrix using the network data on the type, length of
conductors and loads nominal active and reactive power!. This has to be done
at each change in the topology of the network (change of the normally open
switch for example, or change of a conductor). It is a slightly time consuming
process which cannot be done “live”, and does not need to, since changes in the
topology of the network are not done on a daily scale.

2. Keep up to date the total capacitive current value of each feeder

e Online operations - to do instantly when a fault is detected

1. Retrieve the phase voltages and currents (V. and I, .)at the head of the
feeder, and the neutral grounding current I,

Compute the total capacitive current I,,,
Estimate the fault current using I,, and I,,,
Start the localization algorithm for ¢ = 1

AN

Compute the fault distance on section n°i
— if the fault distance is < to the section length: possible fault on this section
5.1 if every upstream junction has been tested = go to step 6
otherwise = increment ¢ and go back to step 5
— if the fault distance is > to the section length: browse downstream to the
next section
5.1 Propagate the phase voltages and currents to the next section
5.2 increment ¢ and go back to step 5
6. Return the list of the possibly faulty sections and their associated
fault distances

Note: let us draw the attention on step 6. In the case of radial distribution net-
works, the algorithm can find multiple solutions to a given fault situation. Indeed, a
voltage/current couple measured at the head of the feeder can physically correspond to
multiple fault locations. This is an important point to keep in mind when reading chapter
IV presenting the results obtained with this method (see also section 3.4).

3.4 Recap of the precise working context of the method

Let us summarize here, now that the developed fault localization method has been
completely detailed, the exact context in which this method is operational.

Tt is important to note that the loads real time consumption is not known
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The developed method is:

e a method for the distribution networks with the following characteristics:

— three-phase or single-phase network

— impedant neutral grounding of the substation transformer

— urban or rural network which can possess laterals (or branches) connected to
the main feeder

e a method for various fault situations:

— resistive or bolted ground faults
— single-phase to ground faults
— three-phase to ground faults

e a method which needs few information:

— global data:
* network topology
* maximum capacitive currents for each feeder of the substation
* line characteristics (length, R,L. and C per unit length)
* loads characteristics (active and reactive power)
— measurements at each fault occurrence:
x phase voltages of the feeder
% phase currents of the feeder
* neutral current of the substation

This method is therefore well adapted to many distribution networks, and should cover
many fault situations since single-phase to ground faults represent the majority of the fault
situations of distribution networks.

However, it does not suit compensated neutral networks and will not be efficient for
specific faults such as for intermittent faults with self reignition.

4 Localization of specific faults and for compensated neutral
networks

4.1 Problematic of specific faults

The developed method, as described in section 3.4, does not suit all network con-
figurations and fault situations. The most restrictive aspects are clearly the need of an
impedant neutral grounding of the substation transformer and the handling of bolted or
low resistance faults only.

We will explain now why this method is restricted to the previously cited cases and
does not suit the following cases.

e high resistance faults / compensated neutral / isolated neutral:
With these types of neutral connection to the ground or high fault resistances, the
fault current during a phase to ground fault is very low since there is no loop possible
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in the case of an isolated neutral (except with the conductors capacitances), or a very
low fault current in the case of compensated neutral or high resistance fault with an
impedant neutral grounding. This fact often introduces problems in detecting the
fault, therefore locating the fault with such a small fault current becomes impossible
with this method.

e self reigniting arc faults
This type of faults creates a fault current which consists of two stages during a 0.02s
period. The first stage consists of the appearance of the electrical arc, and a corre-
sponding “chaotic” fault current which principal component is not any more around
50 Hz. Then the electrical arc extinguishes itself which marks the start of the second
stage. This stage corresponds to the building up of the voltage until that a new
electrical strike appears. The cycle starts again at stage one.

The characteristics of this particular type of fault currents is not compatible with
the method which measures the voltages and currents on a period of 0.02s and
uses the Fourier transform to extract the 50 Hz component. Indeed, the two stage
characteristic of the fault current jeopardizes the Fourier transform process and gives
an unrealistic current which cannot be used correctly in fault distance computations.

4.2 Dealing with high resistance faults

The master student Antony Dasco Bartilomo worked during a few months on the spe-
cific case of high resistance single phase to ground faults. We develop in this section the
work that he carried out in harmony with the work presented in this thesis.

The first developed idea concerns the estimation of the capacitive currents flows through-
out the different phases of a distribution network feeder when it endures a phase to ground
fault. Indeed, it is well known that during phase to ground faults, the possible current
loops are the loop with the neutral grounding of the substation transformer and the loops
with phase to ground line or cable capacitances. Therefore, knowing precisely these ca-
pacitive currents for a given fault situation can help in localizing correctly the fault, since
it permits to estimate the fault impedance.

Secondly, the method proposes a way of localizing the fault location by analysing the
evolution of the computed fault impedance. It is an iterative technique which uses the
sign of the computed fault impedance to determine if the fault is located downstream or
upestream. The method is described in details in the following sections.

4.2.1 Context of the method

The method is based on the same principles of the proposed fault localization algorithm
presented in this thesis:

e measurements of the voltages and currents at the head of the feeder only
e propagation of the measurements throughout the nodes of the feeder
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However, the proposed algorithm is based on another method for computing the fault
distance. It is based on the computation of the fault impedance seen from the propagated
point.

In the following sections, we detail how the fault current and the fault impedance are
computed in order to perform the fault localization.

4.2.2 Fault current and fault impedance computations

The first step of the method is to compute the fault current. As described in section
3.2.2, the fault current can be seen as the sum of the neutral grounding current and the
total capacitive currents of the network.

Starting the process from the measurement point, at the head of the feeder, it propa-
gates the measures downstream, and knowing the electrical characteristics of each conduc-
tor section, computes the capacitive currents associated to each section under the studied
fault situation.

When starting at the head of the feeder, the estimated fault current is considered equal
to the neutral grounding current plus a first estimation of the total capacitive current,
based on the measured voltage. There is therefore a substantial error since the voltages
and currents will inevitably be different in other points of the network. As the algorithm
progresses through the feeder, it updates the voltages and currents at each node, and
therefore updates the estimation of the fault current by adding the capacitive currents
computed at each section. The more the algorithm progresses downstream the feeder, the
more the estimated fault current is accurate.

4.2.3 Fault localization

As the algorithm browses downstream the feeder, it computes the fault current which is
needed for the computation of the fault impedance. When analyzing the network situation
under a single phase to ground fault by using the symmetrical components networks, we
can write the following equations at the fault point (for a fault on phase a):

I
h:b:ng
and

Vi+Vo+Vy=3.2Z;.1
therefore (I11.21)
Vo= 2.1y
which gives
Va

The phase voltage is measured at the head of the feeder and then propagated up to the
computation point where I is computed as described previously. It is consequently pos-
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sible to compute the fault impedance Z;.

The above equations are valid when computing Zy exactly at the fault point. However,

when browsing the feeder, the computations occur at each node. Therefore, if the fault

is located between two nodes, the computed Z; does not correspond exactly to the real Zy.

To introduce this problem, let us assume that the measurements have been propagated

at node N of figure I11.16.

dfl dfll

Va N - Va F - Va N+1
_.+ r|_+J.X|_ I’|_+J.X|_ —6—
|f\I/ Ia“

Re
Figure II1.16: Electrical diagram of the faulted phase

We can write the following equations:

Von = Ia/.(TL —i—j.xL).df/ + Ry Iy
=1, .(rp + jowr)df + Ry (I, —1,)
= Ia/.(TL.df/ + Rf —l—ij.df/) —Rf.(fa”)
—_———
Ia// neglected

VaN ’ . /

Note: In these equations the following assumptions are made:

(111.22)

e the capacitive currents of the analyzed section are not taken into account, but consid-

ering that the different sections of a distribution networks are small, this assumption

should not impact much the results

e the faulty phase current upstream of the fault, Ia/, is considered equal to the fault

current Iy, and the downstream faulty phase current is consequently neglected

Looking at equation II1.22, we can see that as long as node N is located upstream of

the fault point F, the distance d f/ > 0 and the imaginary part of Zy is positive. When N

and F points are the same, df/ =0and Z; = Ry.

The same computation can be done when placing ourselves downstream the fault point,

at node N+1 for example. When the algorithm arrives at point N+1 it has not found the
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fault point F yet and propagates the voltages and currents from N to N+1 (see figure
I11.17).

dfl df“

- F - Va N+1
—.+ r|_+J.X|_ > I’|_+J.X|_ ——
|

Figure II1.17: Electrical diagram of the faulted phase with propagation in N+1 without
“seeing” the fault point

We can therefore write the following equations:

Vanii+ Lo (r + jar).df” = Ry.Iy
Vans1 =Ry dy — 1, (rp + joxp).dys”
=1I;.(Ry + TL.de - j.SCL.di)
Va N1

Zp=—— =(Fs— rdy’) +j.(~xpds’) (IIL.23)
!

Looking at equation II1.23, we can see that as long as node N+1 is located downstream
of the fault point F, the distance d f” > 0 and the imaginary part of Zy is negative. When
N—+1 and F points are the same, df” =0and Z; = Ry.

Vi
Therefore observing the sign of the computed Z; = TN gives an information on where

f
we are located compared to the fault point F. As long as the imaginary part of Zy is posi-

tive, we are located upstream the fault point. When the imaginary part becomes negative,

we have passed the fault point.

The complete iteration steps of the method can therefore be summarized to the fol-
lowing:

e propagation of the measured voltages and currents to the next downstream node

e computation of the fault current using the known upstream capacitive currents and
estimating the remaining downstream capacitive currents participating to the fault

e computing the fault impedance Z; thanks to the propagated voltage and the com-
puted fault current

e determining if the fault is located upstream or downstream the computation point
depending of the sign of the imaginary part of the computed fault impedance
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Starting at the head of the feeder with voltage and current measurements, the above
steps are repeated until that a change of sign of the imaginary part of Z; is observed.
When the change of sign occurs, the fault location has been found.

The first level of the method processes these iterative steps for each node. But once
one section has been found as faulty, the method can again be processed on the section.
Indeed the section can be divided in a number of sub-sections and the algorithm can
progress from one sub-section to another just like it does at the node level. The precision
of the fault localization can therefore be increased by dividing the found faulty sections in
smaller sub-sections, but it also increases the algorithm computation time. A compromise
has to be done depending of the desired objectives.

4.2.4 Notes on the method and perspectives

This method is interesting for many reasons, but first let us remind the context in
which it can be applied.

The method can be applied to heterogeneous distribution networks, radial or not, and
with an impedant neutral grounding of the substation transformer. It is based on the
measurements of voltages and currents at the head of the feeder, and the propagation of
these measures through the feeder to each node in order to perform a fault localization on
each homogeneous section of the feeder.

The localization performed is based on:

e the fault current estimation as the sum of the neutral grounding current and the
capacitive currents, which are estimated and then updated throughout the propaga-
tion

e the fault impedance computation, thanks to the estimated fault current and the
propagated voltage

e finally the fault localization is done by analyzing the sign of the imaginary part of
the fault impedance

But it is important to keep in mind the assumptions made during the localization
process:

e the fault is considered purely resistive, which guarantees the independance of the ob-
served imaginary part of the computed fault impedance regarding the fault resistance
therefore providing a fault localization robust to high fa