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Abstract

Distribution Grid Fault Location

Jonas von Euler-Chelpin 

Outages and power interruptions are a common and unenviable part of power 
distribution system operations. Growing demands on reliability in distribution 
systems has opened up for new technological solutions for fault location at 
MV and LV level in distribution systems, previously reserved for transmission 
systems.

This report compiles and compares available methods for fault location at 
distribution level and maps the current fault location process at the power 
distribution company Ellevio, with the aim of reaching a recommendation 
for a new fault location scheme. The advocated method is an impedance 
based method motivated by its reliability, applicability and affordability. 
The performance and implementation procedure is evaluated through a 
number of case studies where the methods impact on power reliability 
demonstrated as well as the need for grid analysis before implementation. 
Fault indicators and fault current, through relay communications, was 
identified as key factors for a successful implementation of the method.
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Populärvetenskaplig sammanfattning 

Behovet av en tillförlitlig och kontinuerlig tillgång till elektricitet har blivit en allt viktigare 

komponent för att upprätthålla grundläggande funktioner i den industrialiserade världens 

samhälle. Detta behov har medfört ett ökat intresse för att säkra och höja tillförlitligheten i 

transmissions och distributionssystem för elektricitet (Saha, Izykowski and Rosolowski, 2010).   

Det svenska elnätsföretaget Ellevio AB har ingått i det europeiska projektet InteGrid som stävar 

efter att utreda behovet av en ökad datainsamling inom elnätet för att höja nätens prestanda 

inom områdena: tillförlitlighet, kvalitet och förmåga att inkludera produktion från intermittenta 

energikällor.  

 

Tillförlitlighet inom kraftöverföring kan hanteras på två olika sätt: via förebyggande åtgärder 

eller via fellokalisering. Förebyggande åtgärder handlar främst om att skapa en redundans inom 

elnätet via en överkapacitet och alternativa distributionsvägar vilket ofta kräver stora 

investeringar och omfattande ombyggnationer av redan existerande nät. Fellokalisering hamnar 

istället på andra sidan spektrumet, då ett fel redan skett, och syftar till att minimera tidsåtgången 

för att lösa de fel som uppstår i nätet, återskapa ett stabilt driftförhållande och strömmen till 

kunderna (Bahmanyar et al., 2017). Fellokalisering kan på så sätt utgöra ett kostnadseffektivt 

alternativ för att minska avbrottstiden för kunderna i nätet. Tidigare har mer utvecklade metoder 

för fellokalisering endast implementerats på transmissionsnivå men i och med den ökade 

efterfrågan på obruten tillgång till elektricitet har metoder för lägre systemnivåer börjat 

utvecklas. Avgifter associerade med kundavbrottistiden för nätet, mätt via indexet SAIDI 

(System average interruption duration index) leder till ett ytterligare incitament för att minska 

avbrottstiden.  

 

Syftet med rapporten var att hitta en metod för fellokalisering som kan appliceras inom Ellevios 

mellan- och lågspänningsnät med målet att via fallstudier utvärdera metodens prestanda, dra 

slutsatser kring eventuella behov av datainsamling och analysera hur den kan integreras i 

företagets nuvarande fellokaliseringsmetodik. Via litteraturstudier och intervjuer med anställda 

på företagets samlades information kring möjliga fellokaliseringsmetoder samt företaget 

rådande metoder och behov in. Från litteraturen identifierades tre kategorier av 

fellokaliseringsmetoder: Impedansbaserad, Traveling wave och Kunskapsbaserade metoder. 

Utifrån teknikernas mognad, företaget behov och nuvarande teknik ansågs en impedansbaserad 

metod implementerad via modulen FLISR (Fault location, isolation and supply restauration), 

tillgänglig inom driftprogrammet ADMS (Distribution management system), som det bästa 

alternativet. Metoden kräver en installation av felindikatorer i nätet samt att data i form a 

felströmmar samlas in i realtid. En fallstudie utformades vilken studerade placeringen av 

felindikatorer i nätet och dess inverkan på tillförlitligheten. 

 

Resultaten från fallstudien visade att metoden har potential att sänka SAIDI-nivåerna i nätet 

och på så sätt bidra med en samhällsnytta och reducera utgifterna för Ellevio associerade till 

avbrottstid. Metoden kan implementeras inom på både medel- och lågspänningsnivå i 

distributionsnätet men borde begränsas till MV-nätet då antalet påverkade kunder har en stor 

inverkan på investeringens lönsamhet.   



 
 

Executive summary 

SAIDI (System average interruption duration index) is one of the established metrics for power 

quality adopted by the Swedish energy market agency (EI) in their yearly evaluation. Increased 

demands on power quality levels form the agency and customers in general advocates an 

investment in measures strengthening the power reliability of the distribution grid. A cost-

effective alternative to increased redundancy in the grid is to implement more sophisticated 

fault location methods. These methods reduce the experienced fault time through smaller 

investments in equipment and data collection in the grid. This report has studied three different 

methods for fault location: Impedance based, Traveling wave and Knowledge based methods. 

Through a comparative analysis of these methods and an analysis of the current methods for 

fault location at Ellevio impedance based fault location was identified as the most reliable, 

applicable and cost-effective solution.  

With the already available application FLISR (Fault, location, isolation and supply restoration) 

in ADMS the needed investments in the power gird is primarily fault indicators, placed at 

strategically chosen sections in the grid structure, communications and fault current data via 

new relays at primary substations. The investment should primarily be focused at highly 

populated areas with an elevated fault rate and a radial layout. A study should also be made 

attributing a fault location time per meter for both underground cables and overhead lines and 

different network layout to enable a more accurate estimation of where the indicators should be 

placed.  
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1. Introduction 
The dependency on electricity has grown significantly in modern times and the continuous 

availability of electric energy has become imperative to uphold the basic functions of the 

twenty-first-century industrialized society. This has entailed a growing interest and need to 

investigate the possibilities to further increase the reliability of the electric transmission and 

distribution networks of the world (Saha et al., 2010). 

 

The classical electrical power grid can be divided into three major areas: production, 

transmission and distribution. The first area, production, is self-explanatory but often placed 

where the natural resources makes it most profitable which seldom coincide with the more 

densely populated areas, for example is Sweden reliant on the hydropower in the northern most 

parts of the nation whilst the majority of the population lives in the southern third of the country. 

This skewed partition between production and consumption creates the need for efficient long 

distance transportation, which is the role of the high voltage transmission network. Closer to 

the consumer the voltage is stepped down to medium and low voltage levels in the distribution 

network for transportation over more confined geographic areas and then for final consumption 

(Glover et al., 2012a). 

 

This traditional top down system demands that the network is dimensioned after the highest 

load conditions, which will lead to over dimensioning and an inherent vulnerability when the 

demand change and updates in the system is not preformed sufficiently fast (Glover et al., 

2012a). In concert with the growing demand for energy the knowledge of the climate threat is 

spreading, this has both steered the eye of society to electricity because of its beneficial 

implementation as a clean energy carrier and because of emerging renewable technologies such 

as PV (photovoltaic) and wind energy. These power sources enables a distributed generation 

that opposes the traditional linear structure of the grid and further emphasises the need for 

modernisation of the current prevailing power grid structures.  

 

The Swedish power distribution company Ellevio AB is currently a participant in a European 

Union project called InteGrid, which strives to increase the data collection in the distribution 

grid to enhance the performance in the aspects of power quality, reliability and increased level 

of renewable production.  

 

Power reliability is an imperative aspect of the power grid, which can be managed in two 

different ways: pre-emptive or by fault location. Pre-emptive measures are created through 

incorporation of redundancy in pathways and with equipment, which requires large 

investments, to avoid outages. Fault location on the other hand decreases the process time for 

fault clearance. European networks preforms at a relatively high level of reliability with low 

number and duration of faults, between 15 to 400 min per customer/year (Bahmanyar et al., 

2017). However, with 80% of all faults in the power network occurring at distribution level the 

subject of fault location for distribution network has become an area of interest, previously 

reserved to transmission networks (Bahmanyar et al., 2017). 
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1.2 Aim  
The purpose of the report is to find a fault location method for a medium and low-voltage power 

distribution grid, with implemented data collection at substation level own by the power 

distribution company Ellevio. The possibility to conclude the scope of the outage, as well as 

the equipment affected will also be studied. 

 

1.3 Goal 
The goal of the report is to, through case studies and calculations, verify and evaluate the 

performance of the selected method and draw conclusions about necessary data storage. The 

possibility for fault area detection and which equipment is affected will also be evaluated from 

the perspective of the determined fault location method. Possible improvements and 

suggestions for further studies will be addressed in the end of the report 

 

Questions: 

 What methods for fault location in power systems at distribution level is used and 

under development today? 

 Which method for fault location would be suitable for the studied distribution 

network? 

 What methods for fault area determination in power systems at distribution level are 

used and under development today? 

 Which method for fault area determination would be suitable for the studied 

distribution network? 

 

1.4 Method  
The project was initiated through a literature study with the aim of mapping the available 

research for fault location regarding previous, contemporary and future methods of fault 

location in distribution networks. The literature study was then complemented by interviews 

with employees at Ellevio with relevant knowledge about current routines and methods for fault 

location, primarily from the department of network planning. The network configuration in the 

Stockholm area and data relevant for the study were also studied. Two trips was also made to 

Karlstad and the distribution operation central where people in charge of the fault location 

process where interviewed and the current programs used for fault location where demonstrated 

and explained. The knowledge collected from the interviews where compiled into a detailed 

description, with flowcharts, of the contemporary fault location process used by the company. 

This was performed primarily to create an understanding of the process, identify the available 

programs and equipment in the grid and to find out in what areas and how the process could be 

improved. 

 

With the collected information form the literature study the strengths and weaknesses of all 

possible methods where compared to the description of the current method to determine the 

best option. Emphasis was put on applicability, affordability and matureness of the technology. 

A suitable method for fault location was then determined from the collected information and 
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two areas representing typical network structures where selected for the case studies, these areas 

was chosen since they represent two dominant network types and therefore should give an 

indication of probable results throughout the network. The case studies were conducted to 

evaluate the performance of the selected method, its applicability and how it could be integrated 

in the current fault location scheme at the distribution operation centre. A brief cost estimation 

was also made to give an estimate of the costs entailing the implementation of the fault location 

method. The end of the report includes a discussion and conclusions regarding the results from 

the case studies and the analysis of the current method for fault location at Ellevio. Followed 

by some suggestions of areas for further research, alternative methods and possible 

enhancements. 
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2. Background 
2.1 Power networks 
The power system can be divided into three segments: generation, transmission and 

distribution. The generation constitutes the source of the power distribution scheme and is 

traditionally located at a distance from the more densely populated areas. The power is then 

transported to the vicinity of the consumer via the transmission network which provides high 

voltage and low loss transportation of power over large distances. Transformers then step down 

the voltage in the distribution grid to medium and then low voltage, which creates the final 

connection to the consumer. The system can be visually represented in a single line diagram 

(SLD) as follows, see Figure 1 (Abari et al., 2011a). 

  

 
Figure 1. A general single line diagram of a distribution level system (Abari et al., 2011a). 

A partition of the distribution network into a number of subareas, depending on the geographic 

conditions and load distribution is often made. Depending on the nature of the activity in an 

area, the power demands will be different, for example will an industrial area have a need for 

higher voltage levels than commercial or residential areas. Terminal substations, which steps 

down the power from high to medium voltage, and the zone or primary substations transforming 

the power to suite the demand of a specific zone is often located in the outskirts of cities while 

the secondary or local distribution transformers are located within the city structure close to the 

end consumer. This hierarchy avoids the losses, which would arise with low voltage distribution 

at large distances and at the same time reduce the risks and high costs of high voltage 

transformation by limiting the amount of high voltage transformers and placing them at a 

distance from residential areas, see Figure 2 for a typical substation hierarchy  (Abari et al., 

2011a). 
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Figure 2. Typical area partition with substation hierarchy in distribution networks (Abari et al., 2011a). 

 
Rural areas are also included into the distribution level. The structure of rural distribution 

systems deviates from systems seen in more densely populated areas. Overhead lines often 

dominate the rural areas while underground cables is frequently used in cities. The distance to 

the nearest substation often varies which can lead to greater losses. The topology of distribution 

grids depends highly on the activity in the area as well as demand forecasts. Radial network 

configurations are the most common system designs (Abari et al., 2011a). Radial networks are 

arranged like a tree with a common source of supply in the end of the stem, which supplies the 

different branches where the loads reside. Radial systems are dominant in rural areas but are 

also frequently used in urban areas where they often are equipped with switches enabling 

limited connections to other distribution lines and to sectionalize faults. By opening or closing 

the switches the continuity of power supply can be maintained to a as large part of the system 

as possible. These reconfigurations of the system and sharing of functional links is an important 

feature to enhance the operations of the grid (Abari et al., 2011a). 
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Figure 3. Schematic over a radial network structure. 

Network configuration includes several substations and feeders that supplies the same loads. 

Network configurations are also equipped with switches and the intertwined structure results in 

a higher level of redundancy (Glover et al., 2012a).The choice of network configuration is a 

cost optimization problem where the lowest cost for the consumer is weighted against necessary 

level of energy dependency. A few rural houses will therefore receive a lower level of grid 

redundancy than, in increasing order: a larger urban residential area, an industrial area or 

hospital and other vital services. The evaluation can be made through a loss of load calculation 

(LOL) where expected technical and economic impacts of a load loss is included (Abari et al., 

2011a). 

 

The presence of distributed generation (DG) is increasing in distribution grids throughout the 

world. Implementation of DG changes the traditional top down structure of distribution grids 

with a common production source and a radial layout where a single primary substation supplies 

power to a large number of downstream secondary substations into a multisource unbalanced 

system. The size of the production can range from a few kilowatt to the megawatt scale and are 

typically interconnected to the grid at a substation, distribution feeder or consumer load level 

(Brahma, 2011). 

 

2.2 Grounding in distribution networks 
Grounding in distribution system is an important aspect that significantly affects the properties 

of the system within areas such as stability protection and short circuits (Anna Guldbrand, 

2006). Grounding aims to minimize the damage and thermal stress on components in the 

network, reduce interference for communication equipment, facilitate ground fault detection 

and provide a safer environment for personnel. The basic concept of grounding is achieved by 

introducing a conductor, often a metallic object or structure into the earth and then electrically 

connect it to the neutral of the system (A.P. Sakis Meliopoulis, 1988). Grounding in MV-

networks can be divided into two major categories: Neutral grounded and Ungrounded systems.  

 

Ungrounded or isolated neutral represents a system, which does not have an intentional 

connection to the ground. As a result, the only connection present when a ground fault occurs 

is due to the small line-to-ground capacitance from the unfaulted phases. This means that during 

a fault of a low magnitude the operation of the grid can carry on and self-extinction is possible 
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at low fault currents. At higher fault currents the faults are less likely to self-extinguish due to 

high transient recovery voltages, which often can cause subsequent faults in the system (Roberts 

et al., 2001). 

 

Neutral grounding refers to systems with a connection between the neutral and ground. Neutral 

grounding can be accomplished in four different ways: Effective, Impedance, Reactance and 

Resonant grounding.  

 

Resonant grounding uses high-impedance reactors, also called Petersen coils, to provide the 

ground for the system (Roberts et al., 2001). The coil is connected to the neutral of the 

distribution transformer or a zig-zag grounding transformer. The system limits the reactive part 

of the earth fault where the current generated by the reactance is set to compensate for the 

single-phase capacitive component, with the phase-to-ground capacitance used as a cap for the 

system (Anna Guldbrand, 2006). Full compensation has been reached when the capacitance of 

the system matches the inductance of the coil and is else called over- or undercompensated. 

The reactors can either be fixed valued with varying compensation status or tap-changing 

(Roberts et al., 2001). In respect to ungrounded systems, the fault current can be reduced by 

between three to ten times. The neutral point reactor is often combined with a resistor to create 

a measureable earth fault current (Anna Guldbrand, 2006). 

 

Effectively grounded systems (solidly grounded) are systems where the ratio between zero 

sequence reactance and positive sequence reactance is no greater than three and the ratio 

between zero sequence resistance and positive sequence reactance is no greater than one for 

any operation conditions.  

𝑋0

𝑋1
≤ 3 𝑎𝑛𝑑 

𝑅0

𝑋1
≤ 1 

 
𝑥0 = zero sequence reactance, 𝑅0 = zero sequence resistance and 𝑋1 = positive-sequence 

reactance.  

 

The line to ground voltage during fault reaches a maximum of 80% of the line-to-line voltage 

while for other grounding techniques it rises to around 100%. This means that the components 

in effective grounded systems can be less robust (C.L Wadhwa, 2009). The earth fault currents 

on the other hand pose the biggest disadvantage with the method since it can give rise to high 

values, which may lead to deterioration of equipment or escalation to two- or three-phase-to 

ground faults (Joffe and Lock, 2010). The fault current in solid grounded systems is dependent 

on the location of the fault as well as the fault resistance; the current can reach levels as high as 

for a three-phase fault current. To reduce the earth fault current some of the transformers in the 

system can be left unearthed (Anna Guldbrand, 2006). 

 

Impedance grounding can be implemented in systems to reduce high line-to-ground currents 

and transient over voltages by implementation of a resistor, reactor or a combination of both in 

the connection between ground and neutral. Impedance grounding is common in HV systems 

to reduce the fault current. The use of resistors (resistance-grounding) is the most common 
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within the technique (Joffe and Lock, 2010). The main benefit with impedance based methods 

are that the number of power interruptions in the system can be limited to major events and 

unnecessary outages avoided, since faults are more prominent to self-extinction at low currents. 

The harmful impacts of ground faults can also be restricted.   

 

Resistance grounding is implemented if the total capacitance to ground is low, for example in 

over-head distribution systems. The resistance is connected between neutral and ground 

 

Reactance grounding is just as resistance grounding implemented to reduce the ground fault 

current. The method is implemented via the connection of a reactor (inductive reactance) 

between neutral and ground. This leads to a higher level of fault current than in low-resistance 

grounded systems, around 25 to 60% of the three-phase fault current. The difference between 

the levels prevents a combination of the methods within a single system. The reason for the 

higher currents are to limit the transient voltages within the system (Abari et al., 2011b). The 

method is predominantly used in grids with extensive deployment of underground cables with 

high capacitive fault currents. The reactors (Petersen coils) produces inductive currents, which 

can compensate for the capacitive current. To reduce the burden on the neutral point at the 

reactor, at the substation, local reactors can be placed downstream within the system (Roberts 

et al., 2001).  

 

2.3 Faults  
The concept of faults in power networks is, in the report Fault location and detection techniques 

in power distribution systems with distributed generation, defined as; “…an unpermitted 

deviation from the standard operation of the system.”  (S.S Gururajapathy et al., 2017). The 

presence of faults is inevitable but since they result in economic repercussions, a swift 

resolution through an effective fault location scheme is imperative but may pose a challenge 

due to the complex and varying structure of the distribution network.   

 

Faults in the distribution system may have a number of different causes such as material 

deterioration, weather phenomenon, alien objects on the lines or overloading of the conductors 

(S.S Gururajapathy et al., 2017). Overhead lines are more prominent to be subjected to faults 

because of their exposure to the elements and events such as falling trees, animal activity, flying 

objects and failing structures. Faults in ground cables on the other hand are more difficult to 

amend (Glover et al., 2012b). The broad definition for faults mentioned above includes all 

different categories of faults, which can be divided into subgroups depending on different 

criteria. 

 

Fault permanency  

Faults occurring in the power grid can be divided into two categories depending on the duration 

of the fault: temporary and permanent faults. The majority of all faults in the distribution system 

are temporary in nature, about 75-90%, which means that they are self-clearing (Bahmanyar et 

al., 2017). A temporary fault resolves itself within a specified time frame and does not give rise 

to any permanent damage on any components in the network (Saha et al., 2010). The upper 

time limit, adopted in Sweden, for a fault to be classified as temporary is 3 minutes (Carl Johan 
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Wallnerström and Elin Grahn, 2016). Examples of causes for temporary faults can be objects 

landing on overhead lines, connecting two phases and resulting in a short circuit fault, fall off 

or is insinuated. Another cause for temporary faults are conductor lines getting in contact with 

surrounding vegetation as a result of slacking at high load conditions, which retires when the 

load decreases as an effect of the fault (Bahmanyar et al., 2017). Permanent faults exceeds the 

time frame for temporary faults and results in damage on one or more components in the 

network that needs to be repaired before the conductor can return to operation (Bahmanyar et 

al., 2017). 

 

Fault by cause 

Faults in the distribution system is often classified as symmetrical or asymmetrical, also known 

as balanced or unbalanced faults. Symmetrical or balanced faults effects all phases equally 

while asymmetrical or unbalanced faults have an unequal effect on the phases and typically 

only affect one or two of the three phases. Unbalanced faults are the most common type of fault 

in the distribution system (S.S Gururajapathy et al., 2017). 

 
Another way of categorizing faults by cause is to differentiate between series faults and shunt 

faults. Shunt faults (short circuit) are caused by a flow of current between two or more phases 

or between a phase or phases and ground. Shunt faults are common and creates a rise in current 

and fall in frequency and voltage. Series faults (open circuit) occur as a result of unbalanced 

series impedance in the conductor. The cause is often a broken line or changed impedance level 

in one or more lines and can be identified with a rise in frequency and voltage and a decrease 

in current in the affected phase (S.S Gururajapathy et al., 2017).  

 

Single line to ground faults (SLGF) 

Single line to ground faults occurs when one line comes in contact with a ground or a neutral 

wire. The reason for the fault can be objects coming in contact with the line or wind. SLGF 

represent around 70% of the faults in networks (S.S Gururajapathy et al., 2017). 

 

Line to line fault (LLF) 

Line to line faults arises when two lines comes in contact with each other, gets short-circuited. 

This can happen at strong winds or by objects landing on the lines. LLF has an unpredictable 

impedance range, which can make it difficult to predict the lower and upper limits. LLF 

represent about 15 % of the faults in networks (S.S Gururajapathy et al., 2017). 

 
 
Double line to ground faults (DLGF) 

Double line to ground faults is a serious fault that often occurs as a result of a tree falling and 

connecting two lines to ground. It represent around 10% of the faults in networks and can easily 

evolve into three-phase faults if not cleared (S.S Gururajapathy et al., 2017).  

 

Three-phase to ground faults (LLLGF) 

Three-phase to ground faults is an example of a symmetrical fault, which is the most serious 

kind of fault. It can occur as a result of equipment or tower failure. LLLGF is uncommon and 



10 
 

represents only 5% of network faults. It is identified with a voltage level at zero and a high fault 

current (S.S Gururajapathy et al., 2017). 

  

Cable faults 

Faults in cables often arise as a result of insulation failure with moisture penetrating the cable. 

Mechanical stress is also a common cause which can have occurred at the laying process, due 

to a fabrication fault, excavations or the surrounding soil or water. Treeing is a phenomenon 

occurring in cables where a local increase in electrical stress propagates through the insulation 

until it fails (Christian Flytkjaer Jensen, 2014). 

 

Open circuit faults are as in overhead lines caused by a broken or discontinuity in the conductor 

core. The fault type can be determined by measurements between two conductors with a 

“megger” which measures the resistance after the cable has been taken off-line and grounded. 

Infinite resistance indicates a fault while a resistance close to zero indicates a functional line 

(Megger, 2003).  

 

Short circuit faults and ground faults in cables are indicated by a resistance at zero measured 

with the megger. Short circuit faults only occurs in multi-cored cables when the individual 

insulation fails and the conductors comes in contact. Ground faults can arise as a result of failing 

insulation which results in a connection to ground. The deterioration is often caused by 

chemical reactions with the soil or due to vibrations or mechanical crystallization (Christian 

Flytkjaer Jensen, 2014). 

 

2.4 Fault location process 
The fault location is a multistep process that is initiated by the presence of a fault in the network, 

the proceeding steps are: fault detection, fault area determination, general fault location, fault 

isolation, service restauration and fault location. The fault location process is then followed by 

fault identification and fault clearance (Brahma, 2011). 

 

Traditional non-electrical management schemes for fault location involves trouble calls from 

customers, which notifies an operator about the outage. The trouble call only indicate one 

specific location compromised by the outage but additional calls enables the affected area to be 

approximated and combined with knowledge of the network and positions of fault clearing 

devises possible fault locations could be identified. The reliance on trouble calls as a fault 

indicator has a number of shortcomings: such as the tendency of customers to delay the fault 

report, incomplete reports that involves the location process, fake reports and the fact that faults 

occurring during night-time is less likely to be reported. When the presence of a fault is 

confirmed, a technician is dispatched to seek out, classify and remedy the fault (Bahmanyar et 

al., 2017). This can be a tedious task if the possible area in which the fault has occurred is not 

limited to a smaller area and the process is heavily dependent on knowledge of the area, 

previous experience and historical data (Bahmanyar et al., 2017). 

 

By implementation of data analysis, the accuracy of the fault location process can be greatly 

improved and the whole lead-time of the total fault repair chain reduced. The contemporary 
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methods for fault location through data analysis can be categorised as: Impedance-based 

methods, Traveling-wave techniques and Knowledge based approaches (Saha et al., 2010). 

 

2.4.1 Impedance-based methods 
Impedance-based methods for fault location are widely used in distribution system because of 

their cost effectiveness. The methods only require data for line impedance, voltage and current, 

which typically is collected at primary substation level, and uses the fundamental frequency to 

approximate the fault location. Since distribution systems have dispersed loads the calculations 

are initiated in the first line section and then sequentially carried out in the network to determine 

the fault steady state conditions for all the sections. The analysis can either be done with 

symmetrical components or in phase domain. Because unbalanced loads are common in 

distribution systems phase domain is recommended, the off-diagonal in the impedance matrix 

becomes nonzero. Generally, the impedance-based methods iteratively solves the line equations 

with an initial guess of the distance. If the fault distance is calculated to be beyond the segment, 

the calculations are repeated for the next section until the fault location falls within the range 

of the conductor (Bahmanyar et al., 2017). Equation 1 shows a simplified calculation method 

for a single-ended  impedance method (Thomas CovinSUB-2on et al., 2017). 

 
(1) 𝑉𝑠 = 𝑚 ∙ 𝑍𝐼𝐿 ∙ 𝐼𝑠  

𝑚  = distance to fault. 
𝑍𝐼𝐿 = positive-sequence line impedance. 
𝑉𝑠 = voltage measured at the realy.  
𝐼𝑠 = current measured at the relay. 
 
Distribution systems are also often composed of lateral branching, which needs to be accounted 

for in the calculations. This can be done by calculating n equivalent paths, where n is the number 

of laterals. In larger scale systems a method where the equivalent node impedances are 

calculated through a power flow analysis prior to the fault are favoured (Bahmanyar et al., 

2017).  

 

The assumptions and detail in line and load simulation is important to consider to ensure reliable 

results. Most models use a static load assumption. In a network with short distribution lines the 

capacitances can be negligible but for systems with longer overhead lines or cables the 

capacitance needs to be accounted for. The load data is also important to consider. The load 

profile is often based on historical data from the consumers but are difficult to estimate. A bad 

load approximation usually do not affect the system in any large extent since the fault current 

is much larger than the load current, but in cases where the fault resistance is higher the values 

of the currents are closer and therefore the impact on the accuracy of poorly approximated loads 

increases (Bahmanyar et al., 2017). 
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Figure 4. A typical branched distribution system depicting the multiple estimation problem where the fault distance is 
represented by the dashed circle (Bahmanyar et al., 2017). 

Since multiple estimations are made throughout the computation of the method a number of 

possible fault locations are identified. The impedance is calculated in the network seen form 

the measuring point and identifies all points with impedance equal to the assumed fault 

impedance. Because of the branched layout of distribution grids this yields multiple points with 

the same impedance, see Figure 4. The multiple estimation problem can be handled in two ways 

either by analysing the waveform recorded at the substation, which displays characteristics of 

the present protective devises before the fault. Consequently, the fault is located at the point, 

which has the same upstream protective devices. If two or more points has the same preceding 

protective devices, a comparison can be made between the main feeder current and the sum of 

the effected current loads for each possible point. Another solution is to install fault indicators 

which detects and triggers at the presence of fault currents, and/or analysing the load currents 

in the unfaulted lines (Bahmanyar et al., 2017).  

 

Impedance based methods can be categorized in two main subsets: one-end measurements 

(apparent impedance methods) or multi-end measurements. The one-end measurements method 

only relies on voltage and current measurements at one location, commonly at the line header 

(beginning of the line). Multi-end methods on the other hand need measurements at a number 

of nodes (minimum at every consumption and production node in the system) and a comparative 

analyse (Enrique Personal et al., 2016). The two classes has apparent pros and cons such as 

increased number of installations (multi-end) versus a lower level of accuracy (one-end), but 

there are also less obvious differences such as the ability to perform in a grid structure where 

DG (distributed generation) is present. The one-end method is affected by DG with a decrease 

in accuracy while multi-end methods are not effected (Swagata Das et al., 2014). The effects 

are amplified with the higher MVA capacity installed and with a greater distance from the DG 

(Swagata Das et al., 2014). The literature suggests different computational methods for DG 

compensation but this result in more complex and less general methods (Md Shafiullah and 

Mohammad Ali Abido, 2017). During SLG, LLG and LLLG the DG will not contribute any 

current since the interconnection with a delta configuration prevents the flow of zero-sequence 
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currents during ground faults, which means that during such faults no deterioration in the 

accuracy will occur.   

 

Within the subsections of impedance-based methods there are a wide variety of different 

approaches which have different advantages and disadvantages. A good way of identifying the 

best method is by first collecting information about the topology of the network, available data, 

presence of DG, accuracy and time requirements, which then guides the choice. 

 

2.4.2 Traveling-wave methods 
Traveling-wave methods can be divided into three subsections: A-, B- and C-type. A- and B-

type methods are reliant on the return traveling-wave signal generated from the fault. Both 

method A and B needs detection devices, which are ready at any point to detect the signal(s) 

form the fault. A-type methods only rely on one-end measurements while B-type demands one 

signal reader at each end of the line, which makes it unattractive for application in distribution 

networks. C-type on the other hand introduces a traveling-wave in the system, which is then 

used to calculate the fault location (Zengwei Guo and Feng Yan, 2011). 

  

A- and B-type 

At the time of a fault a high frequency wave of current and voltage is created. The wave 

propagates away from the fault towards both ends of the line. Discontinuities in the network 

such as line terminals, short circuits and open circuits break up the wave and causes a part of it 

to be reflected back while the other continues through the discontinuity, this behaviour 

continues until a steady state is reached, post-fault steady state (Bahmanyar et al., 2017). With 

two line terminals installed at each end of the line or network the traveling time of the wave 

from the fault to each of the terminals can be recorded. The difference in detection time between 

the two waves can be determined given that the recording signals are synchronized at the two 

terminals, see Equation 2. The use of GPS technology can improve the travel time accuracy 

with time synchronisation at the two detection points (Saha et al., 2010).  

 
(2)     𝑡𝑑 = 𝑡𝐴 − 𝑡𝐵  

 
𝑡𝑑 = time difference between terminal A and B 
𝑡𝐴, 𝑡𝐵 = recording time at terminal A and B 

 
The time difference can then be used to determine the distance and the location of the fault, if 

the lenSUB-2h of the line and the speed of the traveling wave is known, see Equation 3 

(Bahmanyar et al., 2017). 

 (3)     𝑑 =
𝐿 − 𝑐𝑡𝑑

2
 

𝐿 = the length of the line  
𝑐 = the velocity of the wave 
 
The above explained concept describes the main principles of traveling-wave based fault 

location which is widely used in transmission level systems where it can provide an accurate 

fault location estimation. In distribution systems however, the branched configuration of the 
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grid makes the analysis of the transients computationally difficult and the application of a 

transmission line method (type-B) infeasible. This has led to the implementation of the 

additional signal processing tools such as the wavelet transform and different types of filters to 

manage the increased difficulty to evaluate the waves. By implementation of filters the fault 

signal and the subsequent reflection can be singled out among the frequency peaks and the time 

difference used to determine the fault location with only one line terminal installed, type-A 

(Bahmanyar et al., 2017). A limitation of the A-type traveling-wave method is that when a fault 

occurs close to the terminal the difference between the fault signal and the reflected signal may 

be difficult to detect (Saha et al., 2010). In a meshed structure, a single fault point can also be 

difficult to determine without the use of fault indicators.   

 

C-type 

The injection of a traveling-wave into the system can be made to reduce the need for continuous 

high-resolution data acquisition. The fault location can then be determined by the following 

equation, Equation 4 (Zengwei Guo and Feng Yan, 2011). 

 

(4)     𝑋𝐿 =
𝑣(𝑡2 − 𝑡1)

2
 

𝑡1 = the injection time  
𝑡2 = the signal return time 
𝑣 = velocity of the wave signal 
 
When a traveling-wave (current or voltage) is introduced into a network, both discontinuities 

and nodes give rise to refractions and reflections. Reflections caused by discontinuities are 

called featured-waveforms and are the ones of interest in the system. One method of 

distinguishing the node reflections and refractions form the ones caused by discontinuities is to 

compare the normal phase with the faulted phase. The distance can then be determined by 

multiplying the wave velocity with the arrival time of the identified fault feature-waveform, but 

with meshed layouts of the network multiple locations are often identified as a specified 

distance to fault, which means that one single fault location cannot be identified (Zengwei Guo 

and Feng Yan, 2011).  

  

To remedy the problem with multiple possible fault locations a method is suggested where a 

DC signal is injected into the grid, which in the case of a SLG-fault (single line to ground) 

would travel to the fault location and then back through the ground. Hall sensor technology 

could then be used to detect the DC-signal and the nodes travelled determined (Zengwei Guo 

and Feng Yan, 2011). Another option would be to implement fault indicators. 

 

Signal injection can be made in different ways with ether voltage or current waves: primary 

winding of the power transformer, fault phase voltage transformer, arc suppression coil, neutral 

point of wye-connected capacitor set, active grounding system. Typical devices and procedures 

to record the signal is: mobile detectors, instrument transformers, Hall sensor technology, 

remote detectors, etc.  (G. Buigues et al., 2012). 
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When choosing the right frequency some parameters should be regarded: 

 The frequency should deviate from the inherent signal of the power system.  

 The choice of sampling frequency should take into account the fact that the power 

frequency signal will probably be filtered.  

 To simplify the calculations the sampling frequency should be an integer multiple of the 

frequency of the injected signal.  

 For ungrounded or compensated networks a lower frequency increases the possibility 

for the fault current to close the fault path through the resistance. On the other hand, the 

higher the frequency the higher the magnitudes to be measured which increase accuracy.  

If the injected signal source is a current source its frequency should be diverse from the natural 

frequency and meet the following criteria: 

 
𝑛 ∙ 50𝐻𝑧 < 𝑓𝑠 < (𝑛 + 1) ∙ 50𝐻𝑧 , 𝑛 = 1,2,3, … 

 
where 𝑓𝑠 is the frequency of the injected signal. 

 

The use of a voltage traveling-wave, in contrast to current traveling-wave, has two major 

benefits: the voltage signal is strong and the first wave (signal) that reaches the bus is strongest 

and easy to distinguish (Z.Q. Bo et al., 1999).  

 

In general the strength of traveling-wave based methods are that they do not rely on network 

data such as line impedance and load levels which makes them less sensitive to modelling 

errors. However, the significant presence of laterals give rise to a large number of wave 

reflections which creates the need for high-frequency sampling rates and analysis tools like 

Wavelet-transform. The time difference between a fault and its reflection, when it occurs close 

to the terminal will also result in short detection time. The difficulty of detecting the waves 

caused by discontinuities could be managed by the implementation of filters and high frequency 

detectors (high frequency current or voltage transformers), as mentioned above, but may result 

in a higher investment cost. The grounding resistance in the distribution system affects the 

traveling-wave and decreases the return. This problem can be handled by the implementation 

of adaptive filters, which can make up for signal attenuation (Z.Q. Bo et al., 1999). 

 

The most economical option in detecting traveling-waves is by using a current transformer 

(CT). The secondary winding capacitance has the most predominant effect on the behaviour of 

the CT at high frequencies. However, different high frequency models can be derived 

depending on the range of interest. CT can be used for monitoring high frequency current 

signals over a useful range for traveling wave fault locators (Stephen Marx et al., 2013). 

 

2.4.3 Knowledge based approaches  
Knowledge or learning based methods can be used to reduce the amount of real time 

calculations and therefore the computational load and time. In contrast to traditional hard 

computing where precision and a definitive correct answer is sought. The area of knowledge 

based approaches falls under soft computing. In soft computing the restrictions are looser and 
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the possibilities to find complex correlations higher but the accuracy and certainty comes with 

a cost, which result in a trade of between precision and uncertainty (Saha et al., 2010). There 

are three major families within the area of knowledge-based approaches: Expert systems 

techniques, Artificial neural networks and Fuzzy-logic systems.  

 

Expert systems techniques (XPS) is mainly an off-line processing tool in power system 

applications. XPS is defined as; an interactive system which can display expert knowledge 

within a restricted area and solve problem confined within that domain. The core of the system 

is a range of experience based ground rules, which are complemented by production rules in 

the form of “If…” and “Then...” syntax. Included in the model is also a range of facts about the 

domain. The facts and the rules are then used to deduce new facts that leads to the creation of 

new rules until the conclusions of the system has reached a maximum level (Saha et al., 2010).  

 

Artificial neural network (ANN) is in contrast to expert systems taught by examples rather than 

rules. It can be trained to recognize and represent complex input (voltage and current levels) / 

output (distance to fault) relationships with continuous data. ANN:s are essentially information 

processing systems that needs to be subjected to training in the form of data from a wide range 

of fault scenarios to be able to operate and provide reliable results. This means that data from a 

lot of different fault scenarios for the present network needs to be available. The model also 

needs to be updated with every change in topology. At newly established areas the necessary 

kind of data may not be available and several expansion of the grid may cause problems with 

the performance of the model (Bahmanyar et al., 2017). Manufactured or simulated data can be 

used during the training of the model but can lead to an increase in uncertainty if excessively 

implemented.  

 

Since the distribution system often have multiple braches with different characteristics they 

typically experiences different types of faults at different short circuit and loading levels. This 

puts a lot of strain on a single ANN model, which may have difficulties to determine the 

complex connections and determine a fault location. To remedy this problem support vector 

machines (SVM) can be used to break up the complexity by classifying fault types and short 

circuit levels, each category then gets an individual ANN (Bahmanyar et al., 2017).  

 

The main strength of ANN:s is their speed, accuracy and the fact that they can generalize and 

draw new unseen input-output parallels. The main drawback is the high number of actual or 

simulated fault cases needed for the training of the model as well as the fact that it needs to be 

repeated when changes in the network occur, this makes the model maintenance heavy in a 

dynamic network where changes occurs continuously (Bahmanyar et al., 2017).  

 

Fuzzy logic (FLog) can be described as a “decision making” type of artificial intelligence. The 

concept of FLog is to determine associations between objects and event based on loose criteria 

rather than strict conditions. The method can be used to find a solution to a problem with 

insufficient or inexact data based on similarity, approximation or membership. Instead of 

creating clear and sharp definitions and classes fussy logic allows transitional states such as 

“fairly warm” and so on. The input in FLog is nouns for example “voltage”, “temperature”… 
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and the variables are adjectives: “neutral”, “small positive error”… The strength in applying 

FLog in power systems is that measurements cannot reproduce all characteristics of the system 

where fault-induced transients are present. A traditional definitive division of states may 

therefore lead to increased errors (Saha et al., 2010). 

 

The following tables shows an overview of the strengths and weaknesses of the three major 

fault location methods mentioned above.  

 
Table 1. The table compiles the general requirements, advantages and disadvantages with the three major categories of 
fault location techniques described in the chapter above. 

Method Requirements Advantages Disadvantages 

Impedance-
based 
methods 

Voltage and current 
information at primary 
substation level, grid 
topology, line and load data.  

Relatively easy 
implementation.  

Lower accuracy with 
multiple fault location 
estimations. Affected 
by high DG penetration. 

Traveling-
wave 
methods 

Grid topology, 
communication systems (in 
some cases), HF-sampling 
rate. 

Accurate estimations and 
independent of network 
data. Insensitive to 
modelling errors. 

Costly installations of 
high frequency 
measurement devices 
and possibly equipment 
for pulse generation. 

Knowledge-
based 
methods 

Voltage and current data at 
secondary substation level, 
grid topology, line and load 
data. 

Less on line calculations, 
short execution times, 
ability to generalize.  

Sensitive to modelling 
errors, requires 
repeated training and 
extensive data for 
training. 

 

Table 2. The table summarises the requirements for each fault location method presented above. 

Method Data amount Devises  Training Accuracy Maintenance DG Cost 

Impedance-
based 
methods 

Medium High - Medium - Changes 
needed 

Low 

Traveling-
wave 
methods 

Low High - High - - High 

Knowledge-
based 
methods 

High Low High High High - Medium 

 

2.4.4 Effect of distributed generation 
The main protective devices in a distribution system is switches, reclosers, fuses and relays 

which often can be used to detect a fault and indicate the area effected (Brahma, 2011). 

 

Presence or introduction of DG primarily affects the fault location process in the initial steps, 

where the fault is identified and then isolated. The protective devices that preforms the 

identification process and automatic isolation, if available, operates under the assumption that 
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the system is operated as a one-source system. When additional downstream generation points 

are introduced the flow of power will alter and go both ways. It has also been noticed through 

research that fault currents may travel both up-and downstream in systems with DG. The 

protective devises therefore needs to be altered to include these type of behaviours alternatively, 

all DG disconnected in the occurrence of a fault to be able to detect and locate faults in systems 

with a high penetration of DG (Brahma, 2011). 

 

2.5 Impact of faults in economic terms 
Every disruption of power delivery affects the reliability of the network and causes negative 

effects at the customer side. As a mean to limit the occurrence and duration of outages and 

stimulate preemptive actions authorities has implemented duration and frequency limits for 

fault occurrence which are associated with fees.  

 

The electricity distribution company gets obligated to compensate the customer at the 

occurrence of an interruption in the power availability. The terms are controlled in chapter 10 

of the electricity law (Ellag, 1997:857) in the Swedish constitution. The chapter stipulates that 

for the user to be compensated the fault needs to be within the grid own by the company and 

not be caused at a higher level or by neglect of the user. The fault also needs to be within the 

realm of control for the gird owner and not caused by an action necessary to preserve the 

security and dependability of power delivery. An outage is deemed over when the power is 

restored and uninterrupted during the following two hours (Miljö- och energidepartementet, 

1997). 

 

The fee associated with an unscheduled outage is divided into different levels depending on the 

duration of the outage. A outage time of a minimum of 12-hours and a maximum of 24-hours 

is to be compensated with 12,5% of the users calculated annual network cost. An outage that 

exceeds the 24-hour time cap results in an additional 25% of the calculated yearly network cost 

for the consumer for every started 24-hour period, the fee can rise to a maximum of 300% of 

the calculated network cost (Miljö- och energidepartementet, 1997). 

 

The duration of faults are predominantly shorter than 12-hours and those are also included in a 

compensation scheme and regarded a loss of quality. The quality regulations is formulated in 

the statutes by the Swedish energy market agency (EI). The size of the fine is determined by 

the category of the affected customer. There are six different customer categories: Household, 

Industry, Agriculture, Trade and services, Public sector and Boundary points (EI, 2015). The 

quality in the grid is evaluated in reference to a standard period which is determined as the four 

preceding years. The quality assessment considers both undelivered energy and power for 

unannounced faults within the duration interval 3-12 minutes, as well as all announced 

interruptions. The assessment is carried out during the course of one year (EI, 2015).  

 

 



19 
 

 

Table 3. Stated levels for fines associated with outages attributed to each customer category (EI, 2015). 

Price level 2013 Unannounced interruptions Announced interruptions 

 Energy  
SEK/kWh 

Power   
SEK/kWh 

Energy 
SEK/kWh 

Power 
SEK/kWh 

Industry 71 23 70 22 

Trade & services 148 62 135 41 

Agriculture  44 8 26 3 

Public sector 39 5 24 4 

Household 2 1 2 0 

Boundary points 66 24 61 18 

 
Corrected to the factor price index for electric distribution companies the levels for year 2017 

should be increased with 1% in reference to the levels during year 2013 (SCB, 2016). This only 

results in a minor increase, which can be regarded as negligible see Table 2.  

 
Table 4. Corrected customer outage price index to the levels of year 2017. 

Price level 2017 Unannounced interruptions Announced interruptions 

 Energy  
SEK/kWh 

Power   
SEK/kWh 

Energy 
SEK/kWh 

Power 
SEK/kWh 

Industry 71,71 23,23 70,70 22,22 

Trade & services 149,48 62,62 136,35 41,41 

Agriculture  44,44 8,08 26,26 3,03 

Public sector 39,39 5,05 24,24 4,04 

Household 2,02 1,01 2,02 0,00 

Boundary points 66,66 24,24 61,61 18,18 

 
The above stated levels origins from an estimation of the social cost affecting society as a whole 

which explains the vast differences in price levels depending on the nature of the customer 

operation. A small number of residential customers will result in a low social cost in reference 

to a hospital, industry or commercial operations. The inquiry was ordered by EI in 2009 and 

conducted through customer surveys regarding the perceived cost of undeclared outages  

(SWECO, 2009). 

 

2.6 Power reliability index 
A number of different indexes indicating power reliability are used in the industry. The most 

common are SAIDI, SAIFI and CAIDI (John D. Kueck and Brendan J. Kirby, 2004).  

 

SAIDI (System average interruption duration index) is the most widely used index and 

represents the sum of customer outage duration divided by the total number of customers, see 

Equation 5.  

 

(5)    𝑆𝐴𝐼𝐷𝐼 =
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑠𝑡𝑢𝑚𝑒𝑟𝑠
 [𝑚𝑖𝑛/𝑘𝑢𝑛𝑑/å𝑟] 
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The index effectively distributes the total outage time in the area between the numbers of 

customers, which gives an estimation of an expected outage time for each customer. The tool 

is effective in producing an overview of the power reliability in the area but without deeper 

analysis, the index can both embellish and understate the real situation. Limited areas with a 

larger number of events or one single large outages may have an unproportioned impact on the 

level throughout the system; therefore, data regarding the fault dispersion and major events 

needs to be regarded (John D. Kueck and Brendan J. Kirby, 2004). 

 

SAIFI (System average interruption duration index) produces the average number of 

interruptions per customer and year, see Equation 6. 

 

(6)     𝑆𝐴𝐼𝐹𝐼 =
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑠𝑡𝑢𝑚𝑒𝑟𝑠
 [𝑘𝑢𝑛𝑑/å𝑟] 

 
The index produces an estimation of expected number of outages per customer for an area. The 

index experiences similar deficiencies as SAIDI and needs additional data to produce accurate 

results. Otherwise, a smaller area subjected to a large number of disturbances can weigh down 

the reliability level. The lack of time aspect results in a situation where an outage, which 

stretches over a longer period, is equivalent to one resolved within a couple of minutes (John 

D. Kueck and Brendan J. Kirby, 2004). 

 

CAIDI (Customer average interruption duration index) is a measure on the average time needed 

to restore the service to an average customer per sustained interruption, see Equation 7. 

 

(7)     𝐶𝐴𝐼𝐷𝐼 =
𝑆𝑢𝑚 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑆𝑢𝑚 𝑜𝑓 𝑐𝑜𝑠𝑡𝑢𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛𝑠
 [𝑚𝑖𝑛/𝑘𝑢𝑛𝑑/å𝑟] 

 
CAIDI is a merger of the two previous power reliability indexes, SAIDI divided by SAIFI. The 

index could be seen as a good metric for fault location purposes but since the power restauration 

and fault location not necessarily needs to be related it should be seen more as an index for the 

power restauration process where additional data needs to be provided to include the fault 

location. Since the method is reliant on the previous approaches (SAIDI and SAIFI) the same 

caution should be made when making assumptions about the power reliability in the area from 

the index level (John D. Kueck and Brendan J. Kirby, 2004). 
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3. Analysis of the fault location process at Ellevio 
The company Ellevio AB has its headquarter situated in the central parts of Stockholm where 

a number of departments are placed, for example project management and grid planning for the 

local grid of Stockholm. The company also has an office in Karlstad, south west of Stockholm, 

where the distribution operation centre (DOC) for the whole network is situated, as well as other 

services regarding the grid outside Stockholm. At a third location Arbrå, further north in 

Sweden, is the customer call centre (CC) of Ellevio. All field work is performed by local 

technicians from contractor firms supplying Ellevio with the specific competence and services 

needed in the area.    

 

3.1 Power reliability index 
Ellevio first implemented the concept of SAIDI as a power reliability index in 2005, the data 

from the previous years had not been treated with one consistent analysis method. The 

inconsistency in data hinders a reliable direct comparison between data retrieved after the year 

2005 and the precedent years. As an example where subscriber instead of customer used in the 

data from the years 1982-1986; the average interruption time for customers were calculated 

with subscriber outage in minutes and the number of subscribers. This pose a problem since 

therole of costumer and subscriber can be held either by the same or different entities. The 

difference between customers and subscribers is that the costumer is the consumer of the power 

delivered while the subscriber is the entity responsible for the availability of power at the 

particular facility, an example would be the relationship between the tenants or apartment 

owners and the landlord or owner of the. Despite the discrepancy in data collection and the 

change in the definition of power reliability index the historical data indicates an overall 

increase in SAIDI during the last decade (Joar Johansson et al., 2015).  

 

An analysis for the last couple of years (2006 to 2013) also show a clear increase in SAIDI in 

the local distribution grid in Stockholm. The general increasing trend, traced back to the end of 

the 90s, can possibly be attributed to a larger number of network components reaching the end 

of their technical lifetime. However, accidents and single faults can also have a significant 

impact on the fault statistics resulting in big variations over the years, a fault in 2012, affecting 

5000 customers, did for example result in a 1,4 minute increase in SAIDI for that year (Joar 

Johansson et al., 2015). 

 

3.2 Grid structure 
The local electric power distribution grid owned and operated by Ellevio AB in Stockholm is 

made up by approximately 500 000 customers. The area is 217 square kilometres and divided 

into three main areas: City, Söderort and Västerort. The local MV distribution grid is operated 

at 11 kV and is supplied via 30 primary substations that, through a cable network, feeds around 

2000 secondary substations where the voltage is transformed from 11 kV to 0,4 kV. The power 

is then transmitted through the LV network to the consumer (Joar Johansson et al., 2015). 
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The MV network is constructed as a double-cable-network, which means that two cables are 

supplying the same set of secondary substations. The network can be configured in two different 

manners depending on the type of substation used: in dual-cable-secondary-substation both 

cables are connected to every secondary substation while looped-secondary-substations are 

only connected to one cable with a switch dividing the set of secondary substations, see Figure 

5. The main benefit of implementing a double cable system is the redundancy it introduces in 

the grid. If one segment is lost, the faulted segment can be removed and the power diverted to 

the active path and the number of customers affected minimized. During construction, both 

cables are placed in the same “grave” (ditch) with a distance from each other of one cable 

diameter, to reduce the risk of secondary faults affecting both cables. The placement have cost 

and time benefits during the construction phase but may lead to an increased vulnerability to 

excavation damage, even though experience at Ellevio shows that faults in both cables due to 

excavation are rare (Joar Johansson et al., 2015). 
 

The whole cable network is nowadays constructed as a double-cable-network but both types of 

secondary-substations are implemented. An exclusive implementation of looped-secondary-

substations has the benefit of creating a visually “easy to read” system while dual-cable-

secondary-substations results in a higher level of redundancy but a more complex structure. The 

cable with the smallest diameter also becomes the ruling in the dimensioning process for 

looped-secondary-substations. Ellevio has a mixed system where both types of secondary-

substations are present in the existing as well as in newly established areas. The mixture results 

in more complex sectioning when disturbances occur but maintains a higher level of 

redundancy. The majority of new establishments adopts the looped configuration. Dual-cable-

substations were until around the 1980 the only secondary-substations present in the grid when 

looped-substations where introduced and now represent a majority in the grid with 50% against 

40% (Joar Johansson et al., 2015). 

 

There are also so called satellite-substations and customer-substations which pose a minority 

in the grid. The satellite-substations are a simplified type of substations which do not have a 

direct connection to a MV-zone substation but is instead feed from another primary substation. 

Customer-substations are often dual-cable-substations, over which the customer has 

Figure 5. Schematic over the network structures present in the local grid in Stockholm, dual cable (to the left) and looped 
configuration (to the right). 
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responsibility for maintenance; they are often feed radially to avoid the use of the substation as 

a path for the grid (Joar Johansson et al., 2015). 

 

The local low-voltage (LV) network in Stockholm is constructed as a radial network with some 

exceptions in the older grid (1970 –1980) which has a meshed layout between substations and 

cable cabinets but are run as radial networks. The network has a wide range of different 

substations: placed indoors, pole mounted and above- and underground. The substations are 

equipped with different types of automation and surveillance for fault management. About 20 

% of the current substations are equipped with automated switching. The switching equipment 

has a limited lifespan of about 15-20 years, which may cause problems at the occurrence of a 

fault since its depletion is only detected when the redirection fails. This problem also effects 

breakers at LV-level. To reduce the problem, automation is checked at every secondary-

substation since 2009 during its operational inspection (Joar Johansson et al., 2015). 

 

3.2.1 Cables 
The majority of the distribution lines in Stockholm used by Ellevio are underground cables, as 

can be seen in Table 5. The areas where overhead lines still are present is in the outer areas of 

the city (Joar Johansson et al., 2015).  
 

Table 5. LenSUB-2hs per voltage level in the distribution grid. 

Voltage level Underground 
[km] 

Tunnel [km] Overhead [km] Lake [km] 

MV 33 kV 222 36 - - 

MV 12 kV 2193 219 7 5 

LV 0,4 kV 3278 - 102 - 

LV 0,4 kV (service) 2930 - 32 - 

 
The cables in the local distribution system are both paper insulated and PEX-cables with 

varying area (Cu 95mm2 – Al 240mm2) and age. The oldest cables in the system were introduced 

in the early 1900s but the average cable in 2015 had reached an age of 33 years.  The use of 

PEX-cables was first introduced in Stockholm in the 1980s, which has led to a relatively low 

occurrence of the fabrication fault known to cause the fault type “treeing”. The faults are most 

common in the paper insulated older cables and is caused by moisture penetrating the insulation 

layer, which results in degradation of the insulator until failure and a treelike pattern is created 

by the leaking current. Different insulations are used in the cross-linked polyethylene plastic 

PEX-cables: AXKJ, AXAL and AXCEL. No significant difference in the fault statistics has 

been recorded for the different types, which could be explained by the fact that they not yet 

have reached the end of their technical lifespan. Since 2010 are all MV-cables water resistant 

so called AXAL cables (Joar Johansson et al., 2015). 

 

The most common causes for faults in cables are: corrosion, treeing, over heating, mechanical 

stress and loss of oil. For paper insulated cables moisture leads to the decomposition of the 

insulation. Seams between cables has been pointed out in studies as possible sources of the 

increase in fault-statistics. No fault specific information is systematically recorded and therefore 
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is the cause of fault often marked as unknown in the statistics. All excessive stress the cables 

are subjected to causes them to age in an increased pace, this means that the actual lifetime of 

a cable can be both shorter and longer than expected (Joar Johansson et al., 2015).  

 

The investigation in the LV-cables has not been as extensive as in MV, which can be explained 

by the fact that a fault in a LV-cable have a more limited impact in the context of number of 

customers affected. Even though an increasing trend in fault occurrences at LV-level can be 

seen (Joar Johansson et al., 2015).  

 

Statistics show that cable faults in the MV-network has an increased in Stockholm since 2011. 

Figure 6 displays the impact in SAIDI from different fault types.  

 

 
Figure 6. Affect on SAIDI attributed to the type of fault (Johansson, 2015). 

3.2.2 Selected Areas 
The two areas that was selected for analysis in this project represent typical network structures 

in Ellevios grid.  

 

3.2.2.1 AREA 1 – EKERÖ 
Area 1 is situated in the outskirts of Stockholm and part of the grid called Ekerö. The grid layout 

can be regarded as a typical rural network with a radial structure and a mix between both 

overhead lines and underground cables. There are a number of primary substations in the Ekerö 

grid but for the scope of this report only the primary substations, called SUB-1A and SUB-1B 

in this report is regarded, and more specifically one line at each substation: line 1A-3 for SUB-

1A and 1B-H6 for SUB-1B.  

 

The two lines where selected because they have already been subjected to a pilot project with 

the intent to evaluate the performance and gains of using fault indicators in the grid. A total of 

twelve indicators from the company NorTroll had been placed within the structure of the two 

lines, eight at overhead lines (Line Troll R400D) and four at underground cables (Cable Troll 
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Figure 7. The grid structure for 1A-3 distribution line where the primary substation is indicated with a dot enclosed by a circle 
and secondary substations by dots. The placement of fault indicators and switches are also depicted. 

2320). The two models can distinguish between temporary and permanent faults and detect both 

LL and LG faults (NorTroll, 2018a) (NorTroll, 2018b). The placement where made through 

analysis of historical fault data and consultation with experienced personnel familiar with the 

area.  Sections with a high degree of fault occurrences where chosen. Se the Figure 7 and 8 for 

a simplified structure of the grid and the fault indicator placement.  
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Figure 8. The grid structure for 1B-H6 distribution line where the primary substation is indicated with a dot enclosed by a 
circle and secondary substations by dots. The placement of fault indicators and switches are also depicted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is important to note that the Figures 7 and 8 are not to scale and only represent the network 

structure with approximate placement of secondary substations and equipment. The line at 

SUB-1A primary substation has typical linear structure with only two major pathways which 

results in an inherent vulnerability to faults. The second line of the area, supplied by SUB-1B, 

is also divided into two major pathways but has an open switch, placed in the end of both lines 

enabling a reversed power flow in the case of a fault that can be removed by sectionalising, 

limiting the number of affected customers. The network consists of both overhead lines and 

underground cables. The red lines in the two pictures represent the normally open switches, 

both within the 1B-H6 network structure and between the two distribution lines. The rhombus 

shapes represent, as stated in the picture, switches that are normally closed but can be used to 

isolate a fault within the system. Notable about SUB-1B is also that the primary substation is 

feed by SUB-1A primary substation, which makes SUB-1B a satellite substation.  
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3.2.2.2 AREA 2 – SUB-1B 
Area 2 is located in the Royal Seaport area in the central parts of Stockholm. The two selected 

lines are feed by a primary substation, in this report called SUB-2, which serves around 30 000 

customers. The structure of the grid is a typical dual cable configuration where both distribution 

lines, SUB-2-33 and SUB-2-34, has a number of secondary substations which are supplied by 

both lines to increase the redundancy. The grid is run as a radial grid but with switches deployed 

throughout the network. The switches enables the isolation of a faulted line while the power 

flow is kept uninterrupted. The switches are to a certain extent automatic and triggers in the 

presence of a fault current but this is not the case for all switches within the urban grid, which 

needs to be manually operated. Figure 9 shows a simplified interpretation of the grid which is 

not to scale in distances but shows the correct network structure.  

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The figure depicts the structure of the two feeders SUB-2-33 (brown) and SUB-2-34 (green). The dots represents 
secondary substations and the encircled dot represent the primary substation SUB-2. The substation in the top right corner is 
represented by a hollow circle and represents a customer substation. The figure is not to scale.  
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The network layout presented is common in densely populated urban areas and served by 

underground cables, which is the predominant distribution solution within larger cities. The 

number of customers connected to the lines are in the respect of the total number of customer 

supplied by the primary substation small. This can partly be explained by the fact that the area 

is under development. The majority of the customers in the area is residential customers. 

 

SUB-2-33 and SUB-2-34 hosts two test secondary substations where a higher degree of data 

collection has been implemented to evaluate the possible operational benefits of an increase in 

data collection at secondary substation level. These substations has been equipped with a 

wireless communication solution  called APN (Access point name) which uses the public 

mobile operator infrastructure but within an encrypted and secluded network (Joar Johansson 

et al., 2017). 

 

3.3 Available process tools 
 

3.3.1 Protection and relays 
The substations are equipped with circuit breakers, residual current breakers and short circuit 

protection at both MV and LV-level to meet the fault diversion criteria of 0,1 s set for the area 

of Stockholm. At the LV-side the relay is triggered at around 10-25% overload of the 

transformer at the MV-side the permitted overload is normally about twice the ampacity. On 

the MV-side the short circuit and ground fault indicators are placed at the cable cabinet (Joar 

Johansson et al., 2015).  

 

Fault indicators are installed in all new substations since the 1990s, predominantly Cabletroll 

form the company Nortroll. The indicators are designed to respond to both short-circuit and 

ground faults. The resistive part of the earth fault is detected at 20A and is indicated with a 

diode which lights up and a signal that is sent to the supplying primary substation which sends 

a “summation signal” to the DOC (Distribution Operation Centre). Around a third of the 

substations in the network is equipped with fault indicators. Battery life in the indicators has 

shown to be a limiting factor and replacements are needed every ten years (Joar Johansson et 

al., 2015). 

 

The “summation alarm” are reliant on a cable network of “control cables” between the primary 

substation and the following secondary substations but tests with wireless communications have 

also been initiated. The “summation alarm” only indicates that a fault has occurred but not in 

which secondary-substation. This delay the fault location process. Tests where this information 

is available is made at two substations affecting around 300 secondary-substations. About 100 

secondary-substations lack “summation alarms” and faults in the control cables are common 

(Joar Johansson et al., 2015). 

 

3.3.2 Software 
The most frequently used programs by the DOC (Distribution Operation Centre) for 

management of the distribution network is SCADA, BOSSE, PoDIS and ADMS. 

 



29 
 

3.3.2.1 SCADA (Supervisory Control And Data Acquisition)  
SCADA is an IT-system for control and supervision of the power network. Data is recorded in 

primary and secondary substation throughout the network. At all primary and a limited number 

of secondary substations Remote Terminal Units (RTU:s) are deployed which enables 

communication with the SCADA. There are also around 1800 disconnectors in the network 

fitted with communications to SCADA. Signals can be sent both ways through a master 

terminal unit (MTU) which coordinates the incoming and outgoing signals and connects the 

information to SCADA. Information about the networks operational conditions and 

measurements in the primary substations is by these means made available in real time for 

supervision by the DOC and the RTU:s can be used to control switches, via SCADA (Simon 

Wennberg, 2017).  

 

3.3.2.2 PG (PowerGrid)  
PG is a Network Information System (NIS) program that is used as an administrative and 

documentation tool for the power grid structure. It is used as a master for the whole local grid 

and contains both geographic and electric data. The program provides a visual representation 

of the components and their placements in the network. The grid layout is made available in a 

map-depiction GIS (Geographic Information System) environment. All changes in the power 

networks own by Ellevio is edited in PG and then continuously updated to ADMS. Calculations 

on the grid can also be performed in PG (Henric Axelsson, 2017). 

 

3.3.2.3 DMS (Distribution Management System) 
DMS or ADMS (Advanced distribution Management System), which is used by Ellevio, is a 

administrative system that includes a wide range of available information and functions. The 

system combines the real time data capabilities of SCADA with a visual geographical 

representation imported from PG to create a powerful distribution management system. ADMS 

uses colours to show different conditions in the grid: energized, de-energized, grounded etc. 

Also if the grid is meshed or fed from another source than normal is shown by different colours. 

An electricity meter at a customer becomes red when it loses the power supply, white power 

lines indicates a non-energized part of the grid and a green colour indicates an energized part 

that diverts form normal operating structure (Henric Axelsson, 2017). Progress in active errands 

and work orders is performed by the operator in ADMS which then sends updates to BOSSE 

(see below). The system also have a number of built in applications such as FLISR (Fault 

Location, Isolation and Supply Restoration) among other.  

 

3.3.2.4 BOSSE (Basic Operation Support System Environmental) 
BOSSE is another administrative system used to log the active incidents and work orders for 

the local and regional grid (Simon Wennberg, 2017). Incidents in the network is sent to BOSSE 

and ADMS. A work order is then created in BOSSE, which is continuously updated with every 

steps of the process performed by the operator (dispatch, arrival, fault identification etc.) to 

determine the duration of each step and that it is kept within a predefined allowed interval 

(Henric Axelsson, 2017). Additional information about cause etc. can also be logged. The work 

order regarding fault location and amendment is terminated in ADMS and BOSSE when the 

service is restored. If the amendment is of a temporary nature a permanent solution is often 
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performed at a later date to which a new work order is created. This order is linked to the 

original errand, but results in multiple work orders connected to the same errand. The only way 

to include information regarding the line restoration process is to link that work order to the 

previous regarding the fault clearance. The system also includes a historical database regarding 

faults.   

 

3.3.2.5 MAXIMO (IBM’s Asset management system)  
MAXIMO is another system used by the regional grid operators and is a holding register similar 

to PG for the regional grid. MAXIMO is also used to send work orders to contractors, a 

functionality not available in PG. Persistent fault in the regional grid are also logged in 

MAXIMO, handled by BOSSE for the local grid (Henric Axelsson, 2017). 

 

3.3.2.6 PoDIS (Power Delivery Information System) 
PoDIS is complimentary program which gives a visual representation of latest reported status 

form electricity meters at customer level, a feature that will be included in ADMS. Different 

options for visual representation of the grid is available and data regarding the number of 

customers and customer information is easy accessible. The call centre in Arbrå primarily uses 

PoDIS (Henric Axelsson, 2017). 

 

3.4 Fault location process 
It is the Distribution operation centre (DOC) in Karlstad that supervise and handles faults in the 

network owned by Ellevio AB. The fault location process varies depending on the power 

distribution level. The operation at DOC is divided into two teams one for the local grids (apart 

from Stockholm) and one attending the regional grid and the local grid in Stockholm. The staff 

works in shifts covering all 24 hours of the day, seven days a week. The partition of the areas 

is primarily made to ensure an equal workload for the two teams. The general work flow is 

similar between the two work groups but the use of software differs. When a fault occurs in the 

grid it is either detected by a RTU (Remote terminal unit), as a result of a triggered breaker or 

switch, alternatively reported to the call centre. The incident is then reported into either BOSSE, 

for faults in the local grid, or MAXIMO, for the regional grid. The fault data also gets sent to 

SCADA where a visual representation in the form of circuit diagrams drawn in CAD is 

displayed (Henric Axelsson and Mats Estéen, 2018).  

 

For the local grid the incident gets presented in an alarm list in ADMS which provides the main 

analytic tool for faults in the local grid, excluding Stockholm. The local grid in Stockholm is 

instead primarily studied trough SCADA and paper circuit diagrams because of the high 

concentration of cables and stations which makes the current layout available in ADMS 

impractical for swift analysis of the grid and alternative operation paths. Alternative layouts are 

studied in a pilot project. For the regional grid the analysis is carried out in SCADA. The 

program PoDIS and the web portal where current faults are presented are additional tools to 

enable fault analysis (Henric Axelsson and Mats Estéen, 2018). 

 

After the primary analysis has been carried out a work order is created in BOSSE and operators 

at the affected area are deployed to search for the fault with directions from the DOC. When 
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the fault is located an alternative path of operation is determined if available and reconnection 

is performed to reinstate a stable state of perations. Details of the process is documented in the 

incident report, which then is closed (Henric Axelsson and Mats Estéen, 2018). See Figure 10 

for a visual representation of the software used and their intercommunication during a fault 

location process. 

 
 

 
Figure 10. The figure shows the intercommunication of the different software during the fault location process at Ellevio. 

At regional level the process of fault managing is automated with redirection of power to a 

secondary path at the instant of a fault.  The system is supervised by a control system where the 
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status of the breakers and switches can be remotely observed from the DOC in Karlstad.  The 

information is available in SCADA which can give a visual representation of the grid network 

for each area from high to low voltage level. The information in SCADA is also connected to 

ADMS in which GIS-based maps with the actual location of lines, cables and substations at 

different levels are available. In the regional network remote control over switches are possible 

and used to locate faults. When a fault occurs a breaker is triggered and feedback to the DOC 

is supplied. The fault location procedure is then initiated by the reintroduction of voltage 

sequence by sequence to find the fault location (where the breaker is tripped again), by this 

method the fault can be limited to a specific line segment where then operators then are sent 

out to manually locate the fault (Henric Axelsson, 2017). 

 

The handling of faults in the local grid depends on the voltage level. In the MV-level network, 

remote supervision is offered down to the primary substation level where the status of the 

outgoing breakers can be supervised. Automatic switching is possible at a number of substations 

in Stockholm, but cannot be remotely controlled which is available in some other MV areas. In 

the case of a fault, a breaker trips which shows in SCADA. Depending on the type of relay 

information stating: “breaker tripped” or further information about the nature of the fault 

(ground or short-circuit) is available. Every primary substation is equipped with an IP-address 

which allows for remote access to information concerning phases and voltage levels which 

could be used to determine the fault type, but the process is time consuming and is not done 

regularly when faults occurs. The summation alarm sent from the feeding-substation can be 

triggered by a range of different causes such as high temperatures in the transformer, ventilation 

and etc. This means that the primary substation first needs to be visited followed by the 

downstream secondary substations to determine the path of the fault current and to locate the 

fault.  In cable systems the method of applying voltage to a faulted conductor is not used 

because the risks of high short-circuit currents. The lines are instead checked via resistance 

measurements when the cable is disconnected, a value towards infinity (above a stated value, 

for the specific cable type) indicates the presence of a fault. The fault is then located along the 

cable by audio inspection (listening for the fault), often performed during the night to reduce 

ambient noise (Henric Axelsson, 2017). Figure 11 shows the typical fault location process in 

the MV-level grid.   
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Figure 11. Flowchart of the whole fault clearing process from fault occurrence to amendment of fault, for faults at MV-level. 

 
Faults in the LV network is highly dependent on customer reports. The call is directed to Arbrå, 

in the north of Sweden where the customer support centre for Ellevio is located. The operator 

goes through a series of standardised questions to determine that the fault is within the network 

and not at the facility of the customer. The status of the metering device at the customer is 

inspected to see if a “last-gasp”-message has been sent and indicates a loss of power. When the 

fault has been determined to be within the grid a fault-report is sent to the DOC in Karlstad. If 

a number of trouble-calls from the same area are reported these can be used to pinpoint the 
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affected area. A work order is then sent to the contractor and an operator can be dispatched to 

the area. If no other calls has been reported the fault location is conducted from the customer 

and then continued up in the grid structure but if a number of calls has been received they can 

be used to indicate a fault area and the primary investigations can be made at that level (Henric 

Axelsson, 2017). Figure 12 shows a flowchart of the fault location process for LV-faults.  

 

 
Figure 12. Flowchart of the whole fault clearing process from fault occurrence to amendment of fault, for faults at 
LV-level. 
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The main concern for the technician that reaches the area, where a power outage has occurred, 

regardless of the network level is to restore the power to the costumers. After the power has 

been restored, either by manual switching or in rare cases implementation of backup generators, 

the fault clearing process is often suspended, if stable operation conditions are achieved, and 

resumed at a later date. Fault clearance normally take about 1,5-2 hours.  

 

When a fault arises, that cannot be bypassed and affects a large number of customers a 

temporary diesel fuelled generator can be connected to temporarily remedy the problem during 

the fault clearance, this is performed during faults exceeding 12 hours. Typical fault clearing 

process times are presented in the following figures, Figure 13 and Table 6. 

 
Figure 13. Time line over the fault location process. The fault clearance post only includes the service restoration and not the 
final fault location and mending/exchange of faulted components (Joar Johansson et al., 2015). 

The term fault location within the fault clearance area does not refer to the detailed fault location 

which the term is used for in the rest of the report but rather the general fault location. The aim 

of the general fault location is only to determine the faulted line so the fault can be isolate and 

stable operating conditions can be reached. If the configuration of the grid does not allow a 

bypass of the faulted segment the process time would significantly increase (Henric Axelsson, 

2017). 

 
Table 6. Average step times for the fault clearance process in the local grid in Stockholm, displayed in minutes (Joar 
Johansson et al., 2015).* The fault clearance post only includes the service restoration and not the final fault location and 
mending/exchange of faulted components. 

Fault process MV – faults [min] LV – faults [min] 

Coordination DOC 12 19 

Coordination & resource deployment  15 15 

Travel time 21 36 

Fault clearance* 63 86 

Total 111 156 
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3.5 FLISR 
FLISR is an application which can be used within the ADMS program employed by Ellevio. 

The abbreviation stands for Fault Location, Isolation and Supply Restoration which summarises 

the different functionalities of FLISR. The application can be run either manually, every step 

needs to be initiated, or automatically. Different functionalities can also be run separately, 

provided that the previous chronological step has been completed meaning that for example 

without the knowledge of the fault location an alternative service rout or isolation of the fault 

can not be recommended. FLISR uses two different information sources to determine the fault 

location in the grid, fault indicators and fault currents. Fault current is typically retrieved from 

relays in the gird, such as breakers and switches which for most modern equipment 

communication is available. An impedance method is then used within FLISR to calculate the 

distance to the fault, which also put demand on accurate and up to date cable and line data. 

When fault current is used without fault indicators only a distance to the fault is attained and 

therefore a multiple of locations provided. Fault indicators on the other hand needs to be placed 

at strategic points in the network either directly at overhead lines/underground cables or in 

secondary substations at outgoing lines. If no fault current is available but fault indicators 

deployed, the highest accuracy attained is the faulted line. No information regarding where on 

the line the fault has occurred can be given (Henric Axelsson and Mats Estéen, 2018) 

 

The isolation and service restoration functions of FLISR can only be fully implemented if there 

are remote controlled switches present in the grid. If such capabilities are not present, the steps 

can still be performed and a suggested plan of action can be presented which then can be 

mediated to the operators in the field and a manual reconfiguration executed.  

 

FLISR is today not used as an active part of the fault location process primarily because of the 

lack of necessary equipment in the form of fault indicators and data about fault current levels. 

To evaluated the FLISR system a pilot project has been initiated in a selected area within the 

active grid in the Stockholm region. A number of fault indicators has been placed within the 

area and equipped with remote communications to facilitate the connection to the DOC. Since 

the inception of the project there has only been a limited number of faults in the area which has 

effected the possibility to use the FLISR system. The rare occurrence in combination with the 

around the clock shift work at DOC has led to that FLISR has not yet been used to amend an 

ongoing outage. The method has instead been used in a later purely analytic step when the 

actual fault location is known. The analysis were carried out in a test environment of the ADMS 

system which displays an exact replica of the active system where a historical fault can be 

reproduced artificially. The fault current levels are extracted manually by calling the relays, a 

time consuming activity, since communications with the relays is not available in the area. By 

inserting a fault at the real point and with retrieved fault current levels tests indicate a high level 

of accuracy within a few meters with the FLISR system when using both fault indicators and 

fault currents (Henric Axelsson and Mats Estéen, 2018). 
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4. Analysis of fault indicator placement and performance 
The deployment of fault indicators is imperative to enable the use of impedance based fault 

location methods. Fault indicators reacts to and displays the presence of fault current. All 

indicators placed up-stream from the perspective of a fault will be triggered while downstream 

indicators will not, in this way the location of a fault can be narrowed down, see Figure 14.  

 
Figure 14. The figure illustrates how fault indicators can be used to locate a fault within a distribution grid. 

 
The application FLISR can both determine the distance to a fault by the implementation of 

impedance calculations or just use the indicators to show the area or affected section. Through 

a case study the possible effects on SAIDI by fault indicators will be studied and a deployment 

level and strategy investigated.  

 

4.1 Case I 
The reference scenario was created under the assumption that the default layout for the network 

is without the presence of fault indicators. To calculate the SAIDI for the specified outgoing 

feeder from the primary substation the average fault duration were extracted from the fault 

incident data retrieved from a datasheet with a compilation of the fault data for the last three 

years (2015-2017) (Bo Andersson, 2018). The implementation of fault indicators is primarily 

relevant for the MV-level and therefore only fault at that level were included, since faults at 

LV-level would not be affected. To create a better representation of the average fault duration 

all MV-faults in the area connected to the primary substation were used. Fault durations longer 

than 12 hours should be managed by the implementation of a temporary power source according 

to standards and therefore all faults exceeding the limit was corrected to either 12 or 0 hours 

depending on the customer interruption duration. A customer fault interruption level lower than 

one hour was corrected to 0 in the spread sheet while above one hour was set to 12.  

 

To determine the customer interruption duration the total number of customers served by the 

feeder was multiplied with the average fault duration. SAIDI was then calculated by dividing 

the sum of all customer interruption durations with the total number of customers served by the 

primary substation, see Equation 8 and 9. 
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(8)     𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐹𝑎𝑢𝑙𝑡 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑇𝑜𝑡𝑎𝑙 𝑓𝑎𝑢𝑙𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 [ℎ]

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑢𝑙𝑡𝑠
 

 

(9)     𝑆𝐴𝐼𝐷𝐼 =  
𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡𝑖𝑜𝑛 𝑑𝑢𝑎𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑎𝑡 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 
 

 
Table 7 and 8 shows the input values for the calculations for the distribution lines served by 

SUB-1A, SUB-1B, SUB-2-33 and SUB-2-34. Since SUB-1B is feed by SUB-1A the total 

number of customers for the two substations were used in the calculations. 

 
Table 7. Input for calculations for SUB-1A and SUB-1B in Area 1. The data is retrieved from the recorded incidents during the 
years 2015-2017. The results representing the average over the years, SAIDI in minutes per customer.  

Category SUB-1A SUB-1B 

Total fault duration 376h 57h 

Total number of faults 110  28 

Average fault duration 3h  3h 

Tot. customer feeder 601 411 

Total number of 
customers 

3194 486 

SAIDI 29,4 [min/cust.] 20,1 [min/cust.] 

 
Table 8. Input for calculations for SUB-2-33 and SUB-2-34. The data is retrieved from the recorded incidents during the years 
2015-2017. The results representing the average over the years, SAIDI in minutes per customer.    

Category SUB-2-33 SUB-2-34 

Tot. fault duration  810h 810h 

Tot. number of faults  217 217 

Average fault duration  4h 4h 

Tot. customer feeder 224 805 

Tot. number of 
customers 

33413 33413 

SAIDI 1,6 [min/cust.] 5,8 [min/cust.] 

 

 
Figure 15. The graph shows the reference SAIDI levels for the two areas. 
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Figure 15 shows the reference levels of SAIDI for the four lines. The big difference in SAIDI 

levels between area 1 and area 2 can be explained by the larger amount of customers supplied 

by SUB-2 and the proportionally small amount of customers at the lines SUB-2-33 and SUB-

2-34.   

 
 

4.2 Case II 
The second case is constructed from the ideal scenario where all secondary substations are 

equipped with one fault indicator. The service restoration is assumed to be reduced by one hour, 

the assumption is made from experience from the main contractor frim used by Ellevio Infratek. 

Since all secondary substations are equipped with a fault indicator the service restoration 

process is assumed to be reduced with one hour for all customers. The calculations of the new 

SAIDI levels are simply performed as above but with the fault duration reduced by one hour. 

 

(10)    𝐹𝐼 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑓𝑎𝑢𝑙𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑎𝑢𝑙𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑜𝑛𝑒 ℎ𝑜𝑢𝑟 
 

The difference in SAIDI between CASE I and CASE II for both areas is displayed in the Figure 

14 for Area 1 and Figure 15 for Area 2. 

 

 
Figure 16. Change in SAIDI for area 1 between the reference case and the implementation of fault indicators at all substations. 

The change between the reference case and the second case was 33% for both SUB-1A and 

SUB-1B, as can be seen in Figure 16.  
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Figure 17. Change in SAIDI for area 2 between the reference case and the implementation of fault indicators at all substations. 

The change between the reference and the second case was 25% for SUB-2-33 and 26% for 

SUB-2-34 see Figure 17. The calculations shows a significant reduction in SAIDI levels for all 

distribution lines.  

 

4.3 Case III 
The third case attempts to illustrate the impact on SAIDI by reducing the number of fault 

indicators in the system. Since the number of affected customers influences SAIDI to a high 

degree the starting point for the fault reduction process will be to limit the indicators to the 

substations with a higher customer count. The SAIDI calculations were conducted with the 

same values for average fault duration and total number of customers as for the previous cases. 

The only difference, where in the calculation of the customer interruption duration, which was 

made individually for every secondary substation to enable a difference in fault duration 

between the stations, as depicted in Equation 10.  

 

(11)     𝑆𝐴𝐼𝐷𝐼 =  
∑(𝑛1 ∙ 60 ∙ 𝑚1) + ⋯ + (𝑛𝑖 ∙ 60 ∙ 𝑚𝑖)

𝑚𝑡𝑜𝑡
 

𝑛𝑖 = 𝑓𝑎𝑢𝑙𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛  
𝑚𝑖 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑎𝑡 𝑠𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 
𝑚𝑡𝑜𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠 𝑎𝑡 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑠𝑢𝑏𝑠𝑡𝑎𝑡𝑖𝑜𝑛 
 
Figure 18 to 19 shows the results from the calculations for SAIDI with a reduced number of 

indicators. The fist column represent a halving of the number of fault indicators and the 

subsequent columns represent an approximate halving of the previous, all with indicators placed 

at the number of fault indicators with the highest customer count.   
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Figure 18. The chart shows the effect on SAIDI with a reduced number of fault indicators at SUB-1A. 

The scenarios shows a reduction of 25 %, 17% and 10 % with decreasing deployment rate 

compared to the reference case. In Appendix A an visual representation of the selected 

secondary substations and the placement of the fault indicators in the grid can be seen.  

 

 
Figure 19. The chart shows the effect on SAIDI with a reduced number of fault indicators at SUB-1B. 

The chart in Figure 19 show a 30 % reduction for SAIDI with 15 installations compared to the 

reference case and 20 %, 12 % respectively for the following scenarios with a decreasing 

installation rate. See Appendix B for a visual representation of the placement fault indicator 

placement at 1B-H6.   

 

The results from the primary substation SUB-2 from the second area is displayed in Figure 20 

and 21. The main difference apparent from the charts is the number of fault indicators deployed 

which is due to the fewer number of secondary substations along the selected distribution lines.  
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Figure 20. The chart shows the effect on SAIDI with a reduced number of fault indicators at SUB-2-33. 

The chart over SUB-2-33, Figure 20, displays a 23,6% reduction in the case of deployment of 

three indicator in comparison to the result from the reference case. The results from the 

decreasing number of indicators were 22 % and 19,4% respectively. The secondary substation 

with the highest number of customers has around ten times as the preceding, which can explain 

the relatively small difference in SAIDI. See Appendix C for a visual representation of the 

placement fault indicator placement at SUB-2-33 and SUB-2-34.   

 

 
Figure 21. The chart shows the effect on SAIDI with a reduced number of fault indicators at SUB-2-34. 

Figure 21 shows a 25% reduction if tree fault indicators are deployed at SUB-2-34 followed by 

24,5% and 18% in the scenarios with a decreasing deployment. The reason for the small 

difference between four and two indicators can be explained by the fact that the two substations 

with the highest customer count has in the range of ten times as many customers as the 

predeceasing two. See Appendix C for a visual representation of the placement fault indicator 

placement at SUB-2-33 and SUB-2-34 
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4.4 Case IV 
If fault distance calculations is made possible in FLISR the number of fault indicators can be 

reduced and at the same time lead to an increase in both accuracy and speed of the fault location 

process. The calculations requires fault current data retrieved from the protection relays in the 

primary substation. To be able to pinpoint the location of the fault, from the calculated distance 

fault indicators needs to be deployed at junctions in the grid so that places at equal distance 

from the primary substation can be distinguished.  

 

The placement of the indicators needs to be made through an individual grid analysis for the 

area of interest. The deployment can either be made by a strict distance comparison to retrieve 

the most accurate estimation of the fault location or by a more general approach placing 

indicators only at major junction and relying on additional information in occasions with 

conflicting distances, for example trouble calls and last gasps from meters. The major 

disadvantage with a strict distance comparison is that a fault indicator needs to be placed at all 

intersections of the grid which may result in a high installation level. The deployment rate in 

the general distance method depends on the definition of a “major junction” which could be 

classified either by distance, number of substations or customers affected. Since the calculation 

method in FLISR uses the impedance data from the grid the application is also able to associate 

a probability to the fault location if the calculated distance is available at more than one location. 

 

Area 1: 

The distribution line supplied by SUB-1A has 17 junctions where the distribution line diverts 

from the main path. With the strict distance comparison this would result in the need for 17 

fault indicators placed on one of the diverging routes at every junction. See Appendix E. 

 

If the general distance method instead is implemented the number of major junction in need of 

fault indicators could be reduced to between one to three depending on the need for accuracy. 

Table 9 depicts the two possible placement options and the affected number of customers and 

secondary substations. 

 
Table 9. Possible placements of fault indicators at the line supplied by SUB-1A with distance of uncertainty, number of 
substations and number of customers within the area. 

Placement  Distance Affected 
customers 

Secondary 
substations 

B 1834 34 5 

C 1294 71 3 

 
The distribution line supplied by SUB-1B has a less linear layout which results in a total of 19 

indicators needed to ensure a definite answer with the strict method. 

 

With the general calculation method between one and five indicators is needed. Table 10 

displays the impact area and number of customers affected at the other junctions where 

indicators could be placed. See Appendix F. 
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Table 10. Possible placements of fault indicators at the line supplied by SUB-1B with distance of uncertainty, number of 
substations and number of customers within the area. 

Placement  Distance Affected customers Secondary 
substations 

B 1221 153 7 

C 1798 26 4 

D 670 77 5 

E 1236 81 6 

 
Area 2: 

The distribution lines served by SUB-2 SUB-2-33 and SUB-2-34 has a double cable 

configuration where both feeders are connected to some of the secondary substations. This 

configuration results in a smaller amount of junctions in the grid and therefor a lesser need for 

fault indicators when using the strict distance calculation method. For the line SUB-2-33 the 

number of fault indicators needed where five while for SUB-2-34 four indicators should be 

deployed. See Appendix G (Brown SUB-2-33 and Green SUB-2-34) and Table 12 and 13. 

 
Table 11. Possible fault indicator placement locations SUB-2-33 with distance, affected customers and number of affected 
substations. 

Placement  Distance Affected customers Secondary 
substations 

B 683,3 173 1 

C 1594 24 4 

D 477 17 2 

E 654 0 0 

 
Table 12. Possible fault indicator placement location at SUB-2-34 with distance, affected customers and number of affected 
substations. 

Placement  Distance Affected customers Secondary 
substations 

B 393 11 1 

C 760 3 1 

D 654 188 1 

 
Since Case IV enables distance determination to fault the whole distribution line gets affected 

and the fault time can be assumed to be reduced for all customers, with levels close to or lower 

than for Case II. However, the scenarios with varied amount of indicators deployed will result 

in some difference in accuracy of the method which will impact the SAIDI levels to some extent 

and therefore the method can not be evaluated in the same way as the previous Cases.  

 

4.5 Investment cost 
The following calculations are made from the cost estimations for the fault indicators preformed 

during the implementation of the pilot project at SUB-1A and SUB-1B. The cost of the fault 

indicator includes: the price of the product, placement cost, communication solutions, 

installation of necessary programs and enabling compatibility with ADMS. There is a 
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possibility that these costs could be reduced as a result of larger orders and previous experience 

from implementation. An alternative manufacturer may also provide a similar product to a 

different price. However, since the conditions and available equipment varies throughout the 

network the estimation from the pilot project was regarded as a valid indication for the cost. 

The following table gives a representation of the different posts for the cost during the pilot 

project and their size. Twelve indicators were installed in total of which eight were installed at 

over head lines and four at underground cables. The indicators where of the manufacturer 

NorTroll and the cost for the two types were around 4-6000 SEK, the overhead line indicator 

had a slightly higher price (around 1000 SEK more) but since this post was relatively small in 

reference to the whole installation the total implementation cost was assumed to be the same. 

Table 13 shows the installation cost for pilot project.  

 
Table 13. Cost associated with the implementation of fault indicators in the network defined during the pilot project 
(Hartman, 2017). 

Post  Cost [SEK] 

Hardware & communications 128 250  

Implementation & software 86 000  

Installation  40 000 

Total 254 250 

 
The total cost for the indicators in the project where around 250 000 SEK as can be seen in the 

table above. This cost is not per indicator since twelve indicators where installed the total per 

indicator is about 20 000 SEK. 

 

The calculations for the profitability of the different cases where all preformed in the same 

manor where the investment cost of the implementation of the technology was compared to the 

reduction in quality loss for the customers of the area and the reduced need for manual fault 

location. The calculation steps are described in the following equations: 

 

The cost for loss of quality depends on the area and on the type of customers, customer index. 

The customers in both areas where predominantly private households and therefore the 

simplification in treating all customers with the costumer index of households for respective 

area was used, 1,3 SEK/ customer minute rural areas 2 SEK/customer minute urban areas 

derived from experience at Ellevio (Hansson, 2018). 

 
𝑄𝑐𝑜𝑠𝑡 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 ∙ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑎𝑢𝑙𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 𝐶𝑖𝑛𝑑𝑒𝑥  

 
𝑄𝑐𝑜𝑠𝑡 = 𝐿𝑜𝑠𝑠 𝑜𝑓 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 𝑐𝑜𝑠𝑡  
𝐶𝑖𝑛𝑑𝑒𝑥 = 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑖𝑛𝑑𝑒𝑥  

 
The reduction in loss of quality cost is calculated as above but instead of the average fault 

duration, the estimated time reduction for the fault location process caused by the fault 

indicators, assumed to be one hour in this report. 
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𝑄𝑟𝑒𝑑 𝑐𝑜𝑠𝑡 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 ∙ 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑓𝑎𝑢𝑙𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
∙ 𝐶𝑖𝑛𝑑𝑒𝑥    

 
𝑄𝑟𝑒𝑑 𝑐𝑜𝑠𝑡 = 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑓𝑎𝑢𝑙𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑓𝑎𝑢𝑙𝑡 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑖𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 

 
The cost for fault location is also attributed to the man hour cost of the technicians in the field. 

The work is performed by two contractors and costs 900 SEK per hour. A reduction of one hour 

with the implementation of fault indicators result in an 1800 SEK cost reduction.   

 
𝑊𝑟𝑒𝑑 𝑐𝑜𝑠𝑡 = 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑓𝑎𝑢𝑙𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ∙ 2 ∙ 900 

 
𝑊𝑟𝑒𝑑 𝑐𝑜𝑠𝑡 = 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑚𝑎𝑛𝑢𝑎𝑙 𝑤𝑜𝑟𝑘 𝑐𝑜𝑠𝑡 𝑓𝑜𝑟 𝑓𝑎𝑢𝑙𝑡 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 
 
To determine the payback rate the costs is then divided by the sum of the savings multiplied by 

the average fault frequency for the secondary substation, see Equation 11.  

 

(11)     𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑟𝑎𝑡𝑒 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟𝑠 ∗ 20 000 𝑆𝐸𝐾

(𝑄𝑟𝑒𝑑 𝑐𝑜𝑠𝑡 + 𝑊𝑟𝑒𝑑 𝑐𝑜𝑠𝑡) ∗ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑎𝑢𝑙𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
  

 
Table 14 contains all the necessary metrics from the distribution lines for the profitability 

calculations.  

 
Table 14. The table shows the parameters needed for cost estimate and payback rate calculations. 

Line Fault frequency (a year) Customers affected Fault duration [h] 

SUB-1A 3-5 478 3 

SUB-1B 6 287 3 

SUB-2-33 6 94 4 

SUB-2-34 5 3 4 

 
Case II 

Table 15 shows the results from the profitability calculations for all the lines in Case II.   

 
Table 15. Results from profitability calculations for Case II. 

Line Fault indicators Installation [SEK] Savings [SEK] Payback [years] 

SUB-1A 37 740 000 39 000 6 

SUB-1B 30 600 000 24 200 4 

SUB-2-
33 

7 140 000 13 000 2 

SUB-2-
34 

5 100 000 2200 9 

 
 

 

Case III 

Table 16 shows the results from the profitability calculations for all the lines in Case III. 
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Table 16. Results from profitability calculations for Case III. 

Line Fault indicators Installation [SEK] Savings [SEK] Payback [years] 

SUB-1A 18 360 000 39 000 3-2 

 8 160 000 39 000 1-1,5 

 4 80 000 39 000 0,5-1 

 

Line Fault indicators Installation [SEK] Savings [SEK] Payback [years] 

SUB-1B 15 300 000 24 200 2 

 8 160 000 24 200 1 

 4 80 000 24 200 0,5 

     

Line Fault indicators Installation [SEK] Savings [SEK] Payback [years] 

SUB-2-
33 

3 60 000 13 000 1 

 2 40 000 13 200 0,5 

 1 20 000 13 000 0,25 

     

SUB-2-
34 

3 60 000 2200 5,5 

 2 40 000 2200 3,5 

 1 20 000 2200 2 

 
Case IV 

Table 17 shows the results from the profitability calculations for all the lines in Case IV. To be 

able to implement distance calculations new relays need to be installed in the primary substation 

which results in a increase in the installation cost of approximately 50 000 SEK (Anders 

Grandell, 2018). 

 
Table 17. Results from profitability calculations for Case IV. 

Line Fault indicators Installation [SEK] Savings [SEK] Payback [years] 

SUB-1A 1 20 000 + 50 000 39 000 0,5 

 2 40 000 + 50 000 39 000 0,5-1 

 3 60 000 + 50 000 39 000 1 

 17 390 000 + 50 000 39 000 3,5-4 

     

SUB-1B 1 20 000 + 50 000 24 200 0,5 

 2 40 000 + 50 000 24 200 0,5-1 

 3 60 000 + 50 000 24 200 1 

 4 80  000 + 50 000 24 200 1 

 5 100 000 + 50 000 24 200 1 

 19 430 000 + 50 000 24 200 3 

     

Line Fault indicators Installation [SEK] Savings [SEK] Payback [years] 
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SUB-2-
33 

1 20 000 + 50 000 13 000 1 

 2 40 000 + 50 000 13 000 1 

 3 60 000 + 50 000 13 000 1,5 

     

SUB-2-
34 

1 20 000 + 50 000 2200 6 

 2 40 000 + 50 000 2200 8 

 3 60 000 + 50 000 2200 10 
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5. Discussion 
The area of fault clearance is of importance for the power distribution company Ellevio since it 

is imperative to uphold the reliability of power delivery to reach a high level of satisfaction with 

the customers and reduce regulatory imposed negative incentives. The power restoration and 

fault location process currently in play at Ellevio is highly reliant on the dispatch of technicians 

into the field for manual interventions. The process varies depending on in which level of the 

grid the fault occurs. This report has primarily focused on the local grid in the Stockholm area 

and the medium and low voltage level. Within the local grid in Stockholm both the structure of 

the grid and the availability of automation and supervision varies, which hinders the 

employment of a generic procedure. With the aim of identifying a single method applicable to 

all faults, in all grid structures, which reduces the infield work and the total outage time three 

different methods for fault location were studied: Impedance based methods, Traveling wave 

and Knowledge based methods. The three methods has all several advantages and drawbacks 

affecting the applicability in the distribution system. The traveling wave and knowledge based 

methods both displayed a high level of accuracy, but neither could be regarded as methods 

mature for full scale implementation. The high costs for implementation and the unavailability 

of commercially ready equipment where the main objections against the traveling wave method. 

The reason why the knowledge based method was not further analysed in this report was 

primarily the lack of data needed for a sufficiently high performance with the method and the 

timeframe of the project. The main benefits of the impedance method was the status as an 

established method within the industry, the relatively low cost for implementation and the 

already existing possible applicability in a module in ADMS through FLIRS. 

 

The module or application FLISR (Fault Location, Isolation and Supply Restoration) is 

integrated in ADMS and can be used as a direct part of the fault location procedure but needs 

some investments in the grid. The main component needed in the grid to facilitate the use of 

FLISR is fault indicators. With the use of fault indicators connected to ADMS the placement 

of a fault can be identified. At which accuracy the location can be made depends on the 

placement and amount of indicators deployed in the network, with a practical resolution limit 

at the affected conductor. If the fault current is available from the substation the accuracy can 

be significantly increased to within a couple of metres since this enables FLISR to use 

impedance method calculations, this assumption requires accurate impedance data and cable 

lenSUB-2h from the grid. The need for fault indicators is still present but the amount is reduced 

since the distance to the fault is available. This means that the indicators is used to direct the 

path with placement at major branches rather than signal the affected segment with placement 

at each secondary substation, or even more frequent. The use of fault current can therefore 

reduce the need for fault indicators depending on the grid structure. On the other hand this 

requires communication between the relay at substation level, which records the fault current, 

and ADMS. This is at present only available at modern relays in newly established substations 

or where the relays has been replaced. It is possible that a solution for communication could be 

installed in older relays but if this is not the case a replacement of relays is necessary and that 

cost needs to be compared with the reduced cost for fault indicators. To ensure an effective 

placement a grid analysis for every subsection of the grid from a substation level needs to be 
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performed, this increases the workload in relation to a generic placement at every substation 

but could prove to reduce the total cost of placement.  

 

The results from the case study clearly shows that fault indicators can be used to substantially 

reduce the SAIDI for the network. The results also shows that the reduction in SAIDI is 

primarily affected by the placement of the indicators and the availability of distance calculation 

and that systems with a high level of branching has a need for a greater amount of indicators. 

Since SAIDI is highly dependent on the number of customers served and the fault frequency it 

is impossible to draw any general conclusions regarding needed deployment level for a generic 

distribution line. However, the results clearly shows that a significant reduction in SAIDI can 

be achieved with a smaller amount of installations if the placement is concentrated to sections 

with a high customer count. A possible way to standardize the evaluation of fault indicator 

placement could be to attribute a fault location time per distance unit of distribution line. This 

would of course vary between overhead lines and underground cables and with the area, rural 

or urban. From an extensive study of historical fault data, a time per distance unit should be 

possible to determine and distance limits for fault indicators created to guide the placement of 

indicators in branches in the grid.   

 

The assumption that the fault indicators deployed in a dual cable network has the same impact 

on SAIDI as in a radial network is a simplification which may exaggerate the positive effects 

of fault indicators in urban grids. This is especially true in cases where automatic switches are 

present at secondary substation level, but since this is not the case throughout the whole network 

and all switches are dependent on being regularly checked and manually reset which affects 

their performance. Still since dual cable networks generally has fewer branches, it is a fair 

assumption that the effect of fault indicators will not be as prominent in these areas.   

 

The affordability calculations indicates that an investment in new protective relays in primary 

substations with fault current communications to enable distance calculations is a cost effective 

solution. The need for fault indicator deployment is in this way reduced while the accuracy of 

the fault location is increased. Since FLISR can attribute a probability to a fault location if a 

distance can be found at multiple locations in the grid the deployment of fault indicators should 

be determined by the need for accuracy in the area. The payback calculations also highlight the 

impact of a high customer count. However, the payback calculations are made with a number 

of simplifications to enable an estimation of the average cost during a fault. For example is the 

average number of faults extracted from the fault data over the last three years while the amount 

of faults may fluctuate and therefore result in a shorter or longer payback rate. Another possible 

fault source during the calculations is the amount of affected customers where an average value 

again is used. This may be a reasonable assumption but in the cases where the amount of fault 

indicators are limited as well as their impact on the fault location time for the area the fault 

needs to occur at the right place to be affected. In Case IV the cost for a new protective relay is 

also an estimate. Because of the above stated reasons investment cost and payback rate numbers 

should be regarded more as guiding than definitive levels. The type of customer also affects the 

quality loss cost and should be integrated to attain a more exact cost estimation but that requires 

a more substantial fault data base.  
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The main drawbacks with the impedance method for fault location in reference to traveling 

wave and knowledge based methods are the loss off accuracy and the need for up-to-date and 

correct grid data. But since the grid data in ADMS is updated every day it is fair to assume that 

the available data should be acceptable. The accuracy can be improved as mentioned above and 

with the main objective of finding a method for the meshed local grid in Stockholm the 

resolution could be argued as sufficiently high. The majority of the grid is not radial and 

optional routes for power distribution are available. This means that the service restoration 

process, which is the main concern in both a societal and profitability perspective, often do not 

need the exact placement of the fault but rather the affected distribution line. The actual fault 

clearing is often performed at a later date and will always be an in situ task where the estimation 

of the fault needs to be confirmed. Savings in work hours can be made with a more accurate 

estimation but one could argue that the benefits from knowing the location within a couple of 

meter or at an even more detailed level will not warrant the cost of the implementation of a 

relatively untested method or to await the availability of data. The investment in fault indicators 

would also be of use if either of the other methods would be implemented in a future when 

technological advances and/or substantial databases makes the application feasible. For the 

traveling wave method fault indicators are imperative at distribution level and the knowledge 

based method could use the indicators to narrow the scope and make more reliant estimations. 

 

One limitation with the FLISR system is that the current version does not support fault location 

for ground faults, this is a severe limitation which affects the real life application but is said to 

be amended in the next update of the program. Impedance based methods is also vulnerable to 

high degrees of distributed generation (DG) within the system. The DG does not yet pose a 

problem within the system but may become an obstacle in the future. There are methods for 

compensating for reversed power flows but the aspect should be kept in mind since it can affect 

the long-term applicability of the method.    

 

The ISR aspect of the FLISR application, Isolation and Supply Restoration, can also be used if 

remote controlled switches are deployed in the network. This would enable a fully automated 

service restoration function within FLISR but the presence of remote switching is unusual 

within the local grid, for the benefit of automatic and manual switches. Since the investment is 

not critical for the functionality of FLISR and would be costly it should be down prioritized 

relative to the implantation of fault indicators and relay communication. The rural grid would 

possibly be more relevant for a pilot project for the evaluation of the full FLISR-functionality 

since remote controlled switches are more frequently present at that system level. At regional 

level FLISR could result in less stress on conductors since the present method of fault location 

often involve reintroduction of voltage to test sections, which results in a wear on components.  

 

Up to date the FLISR module has not yet been implemented as a part of the toolbox at the DOC 

during an active fault. The reason for this is primarily that the area in which the pilot project is 

conducted is relatively small and has not been subjected to enough fault for the operator to 

remember or trust the application. Even though a post fault analysis of the reliability of FLISR 

is available and has been used an important step to solidify the applications role in the workflow 
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is to use the program in a real life situation. To tackle this a number of options are available: 

training, increased implementation and a simplified interface. A continuous program for 

training within the program would make FLISR more accessible to the operators but since the 

work at DOC is carried out in shifts with a large number of employees it would occupy a high 

number of man hours and therefore be expensive. The current pilot project and low number of 

faults would not justify the cost. An alternative could be to expand the pilot to include more 

areas and at the same time conduct continuous training with a few selected personnel at DOC 

who has the primary responsibility, at the extent it is possible, for faults in the areas covered by 

the pilot. The interface of ADMS could also be developed to include and indicate the option 

and availability of FLISR in the report list over active incidents in the grid to increase the chance 

of the application being used.  

 

During the transition period until FLISR has been fully implemented into the workflow efforts 

should be placed at further develop the database for fault occurrences. By merging the work 

orders for the service restoration and the following fault clearance, the fault cause and 

restoration technique can be connected to the fault statistic. This data could be used to evaluate 

different techniques e.g. splicing and identify cable types and components prone to a higher 

fault rate. This could then be used to make educated guesses for the cause and location of a fault 

when a larger area or multiple areas are under consideration. This would be a cost effective way 

of improving the fault location process, but to prove its usefullness the data needs to be made 

easily accessible within ADMS or a program which can be run in parallel. The historical fault 

locations and causes could for example be displayed if a substation or section of the grid is 

selected. A function where components and sections with a documented elevated risk for failure 

could be included in a high risk group and then searched for and visually indicated in the grid 

could also prove useful. The extended historical fault data would also be of importance if a 

knowledge based method should be of interest in the future.    
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6. Conclusion 
The three major methods for fault location in power systems at distribution level are: Impedance 

based, Traveling wave and Knowledge based methods. From the three studied methods 

addressed in this report the recommended method for Ellevio AB is an impedance based method 

implemented in the program FLISR. The implementation of FLISR requires the deployment of 

fault indicators and data collection in the form of fault currents from relays at substation level. 

The grid structure needs to be studied at each individual area to determine the optimal placement 

and required number of fault indicators. Installation of relay communications and a smaller 

amount of fault indicators to enable distance determination has shown to be the most affordable 

and accurate solution in the report. The primary substations with the highest customer count 

and/or highest fault rate results in the largest affects on SAIDI and these areas should therefore 

be identified and prioritized in the investments.  

 

FLISR works at both MV and LV-level in the distribution grid but since the positive effects on 

SAIDI from fault time reductions in the LV-grid is limited, the implementation of FLISR should 

primarily be made at MV-level. FLISR is only able to determine the scope of the fault 

depending on the placement of the fault indicators and no information about affected equipment 

can be retrieved. To be able to introduce and evaluate FLISR as a tool in the fault amendment 

process the pilot area needs to be expanded to include areas with more frequent fault 

occurrences and continuous training for the DOC-personnel conducted. Another cost effective 

measure to improve the fault location method would be to increase the database over fault 

occurrences and make this data easily accessible to the operators at DOC. This could increase 

the possibilities to make informed guesses and in that way narrow the possible fault location 

down. 
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7. Future work 
An area for future work is how the impedance method of FLISR will be affected by a high 

penetration of distributed generation since reports has indicated that the reversed power flow 

may affect impedance-based methods for fault location. The growing deployment of solar 

panels makes this factor important from a long-term perspective for the FLISR system. The 

effect on the fault current by the use of different grounding methods and their implication on 

the operation of the fault indicators should also be investigated further.  

 

Investigations in the possibility to create a program where the placement of fault indicators 

could be optimized would be another area of interest for future studies. A possibility to create 

a weighting of historical fault data to generate an order of priority for the network areas could 

further facilitate the creation of a sustainable long term deployment plan for the fault indicators. 

A possible starting point would be to attribute a fault location time per distance unit of 

underground cable or overhead line in the different network areas of the grid to produce a more 

accurate estimation of fault location reduction time. Another factor is the customer index which 

needs to be included to create a more complete comparison between different areas and the 

economic impacts of a reduced SAIDI in the area.   

 

It could also be of interest to study knowledge based methods in greater depth to determine 

their future potential for fault location when a historical fault database has been further 

developed and how they be made to adapt to changes in the grid, which is unenviable.  
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Figure 22. The suggested placement of fault indicators in 1A-3 for Case III The numbers represent the corresponding scenario 
and number of indicators. The dots represent secondary substations and the dot enclosed by a circle a primary substation. The 
dots represent secondary substations and the dot enclosed by a circle a primary substation. 

 

APPENDIX A – CASE III PLACEMENT FEEDER 1A-3 
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Figure 23. The suggested placement of fault indicators in 1B-H6 for Case III The numbers represent the corresponding 
scenario and number of indicators. The dots represent secondary substations and the dot enclosed by a circle a primary 
substation. 

APPENDIX B – CASE III PLACEMET FEEDER 1B-H6 
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Figure 24. The suggested placement of fault indicators in SUB-2-33 for Case III. The dots represent secondary substations and 
the dot enclosed by a circle a primary substation. 

 APPENDIX C – CASE III PLACEMENT FEEDER SUB-2-33   
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Figure 25. The suggested placement of fault indicators in SUB-2-34 for Case III. The dots represent secondary 
substations and the dot enclosed by a circle a primary substation. 

 

APPENDIX D – CASE III PLACEMENT FEEDER SUB-2-34   
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Figure 26. Schematic picture of the layout for feeder 1A-3. The letters represents the suggested placement for fault 
indicators from Case IV. The dots represent secondary substations and the dot enclosed by a circle a primary substation. 

 

APPENDIX E – CASE IV PLACEMNET FEEDER 1A-3 
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Figure 27. Schematic picture of the layout for feeder 1B-H6. The letters represents the suggested placement for fault 
indicators from Case IV. The dots represent secondary substations and the dot enclosed by a circle a primary substation. 

APPENDIX F – CASE IV PLACEMENT FEEDER 1B-H6  
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Figure 28.  Schematic picture of the layout for feeder 1A-3. The letters represents the suggested placement for fault 
indicators from Case IV (Brown letters = placement at SUB-2-33 and Green letters = placement at SUB-2-34). The dots 
represent secondary substations and the dot enclosed by a circle a primary substation. 

APPENDIX G – CASE IV PLACEMENT FEEDER 1A-3 
  


