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ABSTRACT 

 

Automated Fault Location in Smart Distribution Systems. (August 2011) 

Saeed Lotfifard, B.S., University of Zanjan, Iran; M.Sc., University of Tehran, Iran; 

Chair of Advisory Committee: Dr. Mladen Kezunovic 

 

When a fault occurs in power distribution systems, it should be pinpointed and 

isolated as soon as possible. In automated power distribution systems, subsequent to 

pinpointing the fault, distribution systems reconfiguration and restoration tasks are 

executed so that the electricity could be provided to fault-free areas. Therefore, accurate 

and fast fault location methods are critical components for realization of fault tolerant 

power systems. 

As distribution systems are gradually evolving into smart distribution systems, 

implementation of more accurate fault location methods by using available data and 

communication systems is feasible.  To reach this goal, the following tasks are carried 

out: 

1) Existing fault location methods in distribution systems are surveyed and their 

strength and caveats are studied. 

2) Characteristics of IEDs in distribution systems are studied and their impacts on 

fault location method selection and implementation are detailed. 
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3) A systematic approach for selecting optimal fault location method is proposed 

and implemented to pinpoint the most promising algorithms for a given set of 

application requirements. 

4) An enhanced fault location method using voltage sag data captured by IEDs that 

are installed at select location throughout the network is developed. The method 

solves the problem of multiple fault location estimations and produces more 

robust results.  

5) An optimal IED placement approach for the enhanced fault location method is 

developed and practical considerations for its implementation are detailed. 
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1. INTRODUCTION* 

 

1.1 Problem Statement   

Different fault location algorithms have been developed for distribution systems in 

the past. A systematic approach needs to be developed to select the most suitable fault 

location method that matches predefined criteria such as availability of the required data, 

robustness of the method, and feasibility of implementation. 

In modern distribution systems Intelligent Electronic Devices (IEDs) are deployed at 

different locations throughout the network. These IEDs have different functionalities. 

For instance, Power Quality Meters (PQM), are installed to capture harmonics and 

certain disturbances for analyzing the power quality indices. Digital Protective Relays 

are utilized to detect occurrence of the faults and isolate faulted section as fast as 

possible. Digital Fault Recorders (DFR) capture different voltage and/or current signal 

as well as output of the relays for further analysis of the power systems equipment 

performances. 

In smart distribution systems, the communication systems will be expanded so that  

____________ 
This dissertation follows the style of IEEE Transactions on Power Delivery. 

 
* Part of this chapter is reprinted with permission from “Voltage Sag Data Utilization for Distribution 
Fault Location” by S. Lotfifard, M. Kezunovic, M.J. Mousavi, 2011. IEEE Transactions on Power 
Delivery, Vol. 26, No. 2, pp 1239-1246. Copyright [2011] by IEEE. This material is posted here with 
permission of the IEEE. Such permission of the IEEE does not in any way imply IEEE endorsement of 
any of Texas A&M University’s products or services.  Internal or personal use of this material is 
permitted.  However, permission to reprint/republish this material for advertising or promotional purposes 
or for creating new collective works for resale or redistribution must be obtained from the IEEE by writing 
to pubs-permissions@ieee.org.  By choosing to view this document, you agree to all provisions of the 
copyright laws protecting it. 
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more information about different sections of the network becomes available. This 

information can be utilized for a variety of applications such as demand response 

management,  optimal  network reconfigurations, etc.  Availability of  the  data  in smart 

distribution systems  provides the opportunity to develop  more  accurate fault location

method. 

It should be noted that a systematic method needs to be developed to determine what 

kind of fault location method should be implemented in each network, depending on the 

configuration of the network, availability of the data and type of the communication 

systems. Following the selection of a suitable fault location method, appropriate methods 

should be proposed to take full advantage of availability of the data from IEDs in smart 

distribution systems to overcome potential drawbacks of the selected method. Finally, a 

systematic optimal IED placement should be developed. 

1.2 Existing Solutions 

As detailed in [1], “Different fault location methods have been proposed for 

distribution systems. 

       In [2-6], the apparent impedance, which is defined as the ratio of selected voltage to 

selected current based on the fault type and faulted phases, is utilized.  This category of 

methods results in multiple fault location estimations as they only use measured voltage 

and current signals at the substation. In [4-5], data collected from fault indicators 

throughout the network, which determine the direction of the fault, are utilized to solve 



 3 

the multiple fault location estimation problem. Installation of fault indicators at the 

beginning of each tap increases the implementation cost.  

In [7-9], a method based on direct circuit analysis, is proposed. Although it 

suitable for unbalanced distribution systems, it does not yield unique fault location 

estimate. 

 In [10-11], a method using superimposed components of the voltages and 

currents is proposed. In this method, an assumed fault point is varied systematically until 

the actual fault point is found. In this method, the problem of multiple fault location 

estimates exists as well. 

In [12-17], methods based on traveling waves generated by the fault have been 

suggested. These methods require high frequency sampling depending on the power 

system configuration and required accuracy. Presence of laterals and load taps that 

reflect traveling waves may reduce the accuracy of these method. These methods are 

more suitable for transmission lines [14].  

Methods based on intelligent systems are presented in [18-22]. In [18], to detect 

faulted area an ANFIS (Adaptive Neuro-Fuzzy Inference System) is utilized. In [20] 

using the LAMDA (Learning Algorithm for Multivariable Data analysis) classification 

technique, multiple fault location estimation problem is solved. This method need a 

training process and a re-training if the network configuration changes”. 
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1.3 Unresolved Issues 

A) A number of methods have been proposed for fault location on the distribution 

systems in the past. A systematic approach needs to be developed to select the 

optimal fault location method that matches predefined criteria such as availability 

of the required data, robustness of the method, and feasibility of implementation. 

B) As a part of smart grid deployment projects, Intelligent Electronic Devices for 

monitoring, protection and other purposes are installed throughout the power 

systems. Different types of IEDs with different characteristics may affect the 

fault location method selection. Moreover, the type of available data depends on 

feeder automation architectures as well. Therefore, the issues related to handling 

the data needs to be addressed. Characteristics of each IED and their impacts on 

enhancement of fault location methods should be studied as well. 

C) Presence of laterals and sub-laterals in distribution systems causes multiple fault 

location estimations despite of correct distance calculation.  A new fault location 

method needs to be proposed to eliminate the false fault location estimations and 

give unique estimation. This method should be aware of availability of data in 

smart distribution systems and takes advantage of them. 

D) In smart distribution systems, it is possible to use data gathered from different 

IEDs for fault location purpose. However, a systematic procedure need to be 

develop to determine how many and where the IEDs should be installed. 
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1.4  Objectives of an Enhanced Fault Location 

The proposed enhanced fault location method should solve the problem of the 

selected optimal fault location among existing fault location methods. It should also 

eliminate the multiple fault location estimations, and does not require high sampling 

frequency or retraining subsequent to changes in power grids. It should be able to take 

advantage of availability of data in smart distribution systems for the task of fault 

location. To keep its implementation cost low, it should be able to accomplish the task of 

fault location by using a few IEDs located along the feeder. 
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2. PROBLEM FORMULATION 

 

2.1 Multiple Fault Location Estimation 

As a result of presence of laterals and sub-laterals in distribution systems, multiple 

fault location estimations are possible despite of correct distance calculation. Fig. 1 

shows this issue. If a fault happens at node A, despite the correct estimation of its 

distance from substation, the location of the fault cannot be determined uniquely as 

nodes B and C are at the same distance from the substation as well. To eliminate false 

fault estimations, traditionally fault indicators are installed at beginning of each lateral 

and sub-laterals. However, it requires huge number of fault indicators installment. 

In smart distribution systems, it is possible to utilize data gathered from IEDs 

installed along the feeder. New methods should be proposed to take advantage of 

availability of data in smart distribution systems. The fact that fault cause voltage sags 

with different characteristics at different nodes along the feeder is utilized in the 

proposed enhanced fault location method for finding the location of fault. At first, a 

systematic approach for selecting optimal fault location method among existing ones is 

developed which is explained in Section 5. To eliminate false fault estimations by the 

selected fault location method, a few IEDs are installed at select nodes along the feeder 

and the measured voltage sag data are transferred to control center. In control center, 

fault at each estimated location (one at a time) is applied in the simulated network and 

voltage sags are calculated using short-circuit analysis program. The fault location is 

determined based on the similarity of the simulated and measured voltage sag data  
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Figure 1 Multiple possible fault location estimation for a fault at node A 

 

 

captured by the IEDs in the network. The details of the method are presented in Section 

6. By using the proposed method false fault location estimations are eliminated and the 

algorithm gives unique result. 

 

2.2 IED Placement 

In the proposed fault location method, voltage sag data are measured at select nodes 

where the IEDs are installed. To reduce the number of required IEDs while capture 

enough information, a systematic IED placement should be proposed. The proposed 

procedure should take into account topology change of the network. The task of 

determining the optimal number and location of IEDs is formulated as an optimization 

problem. The proposed IED placement is detailed in section 6  
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2.3 Smart Distribution Systems Data  

In smart distribution systems more data are available in the network. The data can be 

collected from IEDs with different characteristics located at different locations along the 

feeder. Different fault location methods have different requirements. Therefore, for each 

type of IEDs certain fault location methods work better. Another factor that has direct 

impacts on implementation of fault location method is the feeder automation 

architectures. Therefore, the characteristics of different types of IEDs need to be studied, 

such as analog to digital converters (ADC), filtering, sampling rate, triggering method, 

and IED location on the quality of the records. Moreover, impacts of different types of 

communication based on feeder automation (FA) architecture on fault location 

implementation should be addressed. Section 4 discusses these issues in detail. 

 

2.4 Goals of the Dissertation 

The dissertation aims at developing an optimal automated fault location by using 

available data in smart distribution systems. The proposed method should be accurate 

and precisely pinpoint the location of faults. To reach this goal, a systematic approach 

for fault location selection is developed. The proposed approach takes into account 

characteristics of IEDs and the feeder automation architectures. An enhanced fault 

location method based on voltage sag data gathered at strategic locations throughout the 

network is proposed to eliminate false fault location estimated by selected impedance-

based fault location method. Moreover, a systematic procedure for optimal IED 

placement is developed to determine number and locations of required IEDs for 



 9 

implementation of the developed fault location method. The dissertation is organized as 

follows. In Section 3 existing fault location methods in distribution systems are surveyed 

and strengths and caveats of them are detailed. In section 4 the impacts of smart 

distribution technologies on fault location algorithms are studied. In Section 5 a 

systematic approach for optimal fault location method selection is proposed. In Section 6 

a method based on voltage sag data captured at select IEDs along feeder for eliminating 

false fault estimations is developed. A procedure for optimal IED placement is also 

proposed which determines number and location of required IEDs. Finally, in section.7 

summary and future work are presented. 
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3. FAULT LOCATION METHODS IN DISTRIBUTION SYSTEMS 

 

3.1 Introduction 

In modern power systems with presence of sensitive loads long customer outages are 

not acceptable. So, if an outage of the line happens due to a fault, it should be pinpointed 

and the damage should be repaired as quickly as possible. 

Distribution systems due to presence of short and heterogeneous lines, laterals, load 

taps required fault location methods that can consider the peculiarities of the network 

[23]. In distribution systems even if the distance between the fault point and a node is 

determined, it is still hard to decide which lateral is involved. As a result, the fault 

location algorithms may have multiple solutions. In [24], a comparison of impedance 

based fault location method has been presented. However, a systematic approach for 

comparison of all types of fault location methods in distribution systems is needed. 

Different fault location methods have been proposed for distribution systems [2-4], 

[7-8], [10-11], [12-14], [18-20].  

          The detail of above mentioned fault location methods are described briefly in 

Appendix A. 

 

3.2 Main Requirements of Fault Location Methods 

Table 1 summarizes main characteristics of different categories of fault location 

methods from the requirements point of view.  

 



11 

Table 1 Main requirements of fault location methods 
  Investigated 
characteristics Fault location method 

Impedance 
measurement 

Direct three-
phase circuit 

analysis 

Superimpose
d 

components 
Traveling wave Artificial intelligence 

[1] [2] [3] [6] [9] [11] [12] [13] [17] [18] [19] 

Data 
Requirements 

 Substation data × × × × × × × × × × ×
 Feeder data

(outside the
fence)

- - × - - - - × - - - 

 Voltage signals
(abc) × × × × × × × × - - ×
o Pre-fault
data × × × - × - - - - - ×
o During-fault
data × × × × × × × × - - ×
o Post-fault
data - - - - - - - - - - ×

Current signals
(abc) × × × × × -* × -* × × ×
o Pre-fault
data × × × - × - - - × × ×
o During-fault
data × × × × × - × - × × ×
o Post-fault
data - - - - - - - - × - - 

Symmetrical
Components × - × - - - - - - - - 

Phasor
components - × - × × - - - - - ×

Time domain - - - - - × × × × × - 
High frequency

sampling - - - - - × × × - - - 
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Table 1 Continued 
  Investigated 
characteristics Fault location method 

 Impedance measurement 

Direct 
three-
phase 
circuit 

analysis 

Superimpo
sed 

component
s 

Traveling wave  Artificial intelligence 

 [1] [2] [3] [6] [9] [11] [12] [13]  [17] [18] [19] 

Topological and 
Modeling 
Requirements 

               

             
Line model (AB 

or  AO) 
Short 
(AO) 

Short 
(AO) 

Long 
(AO) Short(AO) Short 

(AO) 
Long 
(AO) 

Long 
(AO) 

Long 
(AO)  Long 

(AO) 
Short 
(AO) 

Long 
(AO) 

Load model Constant Voltage 
dependent 

Voltage 
dependent Constant Constant Constant Constant Constant  Voltage 

dependent Constant 
Voltage 

dependen
t 

 Heterogeneity** × × × × × - - -  × - × 
Laterals (3-phase 

or 1.phase 
branches) 

× × × - - - × -  × - × 

Load taps*** × × × × × × × ×  × × × 

Communication - - × - - - - ×  - - - 

Expected 
Accuracy 
Range**** 

99% 96.58% to 
98.87%  96% 99% 97% 

Less 
than 10 
meter 
error 

Less 
than 10 
meter 
error 

Less than 10 
meter error  99%  83% 

Field-
demonstrated  - × - - - - × -  - - - 
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Table 1 Continued 
  
Investigat
ed 
characteri
stics 

Fault location method 

Impedance measurement Direct three-phase 
circuit analysis 

Superimposed 
components 

 [1]  [2] [3] [6] [9] 

Top 3 
Strengths  

1. Easy to 
implement 
2. Just needs 
substation data 
3. Considers load 
variation 
 

1. Easy to implement 
2. Just needs substation 
data 
3. Considers load variation  

1. Easy to implement 
2. Just needs substation data 
3. Considers load variation  

1.Applicable in 
unbalanced systems 
2. Easy to implement 
3.Just needs substation 
data 

1.Applicable in 
unbalanced systems 
2.Just needs 
substation data 
3. Considers load 
variation 

Top 3 
Caveats 

1. Multiple 
estimation 
2. Dependence on 
network parameters 
3. Need to iteration 
on unbalanced 
system 

 
1. Multiple estimation 
2. Dependence on network 
parameters 
3. Need to iteration on 
unbalanced system 
 
 

1. Multiple estimation 
2. Dependence on network 
parameters 
3. Need to iteration on 
unbalanced system 
 
 

1. Multiple estimation 
2. Dependence on 
network parameters  
3. Does not considers 
load variation 
 

1. Multiple 
estimation 
2. Dependence on 
network parameters  
3. Huge 
mathematical 
calculations 

 
        Traveling wave   Artificial intelligence 

[11] [12] [13]  [17] [18] [19] 

Top 3 
Strengths  

1.Precision 
2.Does not need 
iteration 
3. Does not need 
huge calculation 
 

1.Precision 
2.Does not need 
iteration 
3. Does not need 
huge calculation 

1.Precision 
2.Does not need iteration 
3. Does not need huge 
calculation 

 

1. Unique 
estimation 
2 Just needs 
substation data 
3. Just needs 
current signal 

1. Unique 
estimation 
2 Just needs 
substation data 
3. Just needs 
current signal 

1. Unique 
estimation 
2 Just need 
substation data 
3. Does not 
need extra 
installations 

Top 3 
Caveats 

1.Need to high 
frequency 
sampling 
2. Prone to 
mistake in 
algorithm 
3. Dependence on 
network 
parameters 

1.Need to high 
frequency 
sampling 
2. Prone to mistake 
in algorithm 
3. Dependence on 
network 
parameters 

1.Need to high frequency 
sampling 
2. Prone to mistake in 
algorithm 
3. Dependence on 
network parameters 

 

1.Need to huge 
number of 
simulation 
2. Need to 
retraining in 
different network 
3.need to retraining 
with change in the 
network 

1.Need to huge 
number of 
simulation 
2. Need to 
retraining in 
different 
network 
3.need to 
retraining with 
change in the 
network 

1.Need to huge 
number of 
simulation 
2. Need to 
retraining in 
different 
network 
3.need  to 
retraining with 
change in the 
network 

×   Yes /Applicable 
-     No/ Not Applicable 
* Current signal is not required for fault location but is required for fault detection. 
*** It means conductors with different values  
*** “Load taps” are loads directly connected to the feeder nodes and “laterals” could be 
three or single-phase line stems from main feeder 
**** The values are based on the accuracy reported by the authors of the methods 
In this table the type of input data and topology of distribution system as well as need to 
utilize a communication system have been investigated. 
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3.3 Conclusions  

In this section the most common approaches for fault location in distribution systems 

were reviewed. The strengths and caveats of the methods were discussed qualitatively. 

This review is the base for selection of the most suitable methods for pinpointing faults 

in distribution systems based on available data. When it comes to choosing the most 

suitable method, it is necessary to have quantitative criterion that can rank the methods 

systematically. In section 5, a systematic approach for achieving this goal is developed. 
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4. IMPACT OF SMART DISTRIBUTION ON FAULT LOCATION 

ALGORITHMS 

 

4.1 Introduction 

Different categories of fault location for distribution systems were discussed in the 

previous Section. Development of communication systems and widespread use of 

Intelligent Electronic Devices (IEDs) along the feeders in smart grids made it possible to 

collect more information for finding the location of the fault.  

It is important that fault location methods be aware of availability of more data in 

smart distribution systems. Moreover, the proposed fault location methods should take 

into account the suitability and sufficiency of the captured data by the IEDs.  In [25] 

typical time frames of different events in power systems are studied.  

      For instance, if the method is based on features produced by relays and breaker 

operations, the IED that provides the input data for the method should be able to capture 

the data in the time frame of seconds and have enough selectivity to detect such events 

In this section different aspects of IEDs in smart distribution systems that can affect fault 

location methods such as analog to digital conversion (ADC), filtering, sampling rate, 

triggering method, and location of IED are studied. Some scenarios to show how the 

result of these discussions can be used to select a fault location method are presented. 
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4.2 Characteristic of IEDs  

4.2.1 Sampling Method 

As in power systems a variety of IEDS are installed at different time, the sampling 

methods utilized in the IEDs may be different. Different types of sampling methods have 

been discussed in [26-28]. In the scanning approach each input channel is sampled one at 

a time and converted into digital words. This method causes time skewness between 

input data. In synchronous method, all the input channels are sampled simultaneously. 

Therefore in this method no time skewness is created between input data [26-28].. In 

some synchronous sampling methods, one S/H (sampling and hold) and one A/D 

(Analog to Digital Converter) is assigned to each channel. In other configurations, for 

each input channel one S/H is assigned and all the inputs are fed into one A/D converter 

through a multiplexer.  

The type of utilized sampling methods depends on the applications that they are 

used. For example, in the case of differential protection, the input samples are compared 

at the same time to create a differential scheme. Therefore, a synchronous sampling 

method needs to be utilized [26] 

In implementing fault location methods in distribution systems it is important to 

take into account the utilized sampling methods in the available IEDs. For instance, 

RTUs (Remote Terminal Units) in SCADA (Supervisory Control and Data Acquisition) 

systems usually utilize scanning methods and DPR (Digital Protective Relays) use 

synchronous methods [28]. Therefore, if the available data is provided by RTUs, fault 

location methods that operate based on direct comparison of the input samples cannot be 
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utilized. However, if the data could be gathered from DPR or Digital Fault Recorders 

(DFR) this type of fault location method can be utilized [28] 

 
 

4.2.2  Anti-aliasing Filters 

According to Nyquist theorem, frequencies higher than half of the sampling 

frequency should be removed from the signal so that the aliasing phenomena are 

prevented [29-30].  Butterworth and Chebyshev filters are common low pass filter used 

in IEDs.  

In [31], the frequency and step response of the Butterworth filters and type I and 

type II second order Chebyshev filter have been studied. According to [31], if the cut-off 

frequency of the anti-aliasing filter reduces the distortions in the input signals have fewer 

impacts on a digital algorithm. However, the step response delay of the anti-aliasing 

filter increases as the cut-off frequency of the anti-aliasing filters reduces.  

The anti-aliasing filter should have an acceptable steady-state response, while 

having the least effect on transient characteristics. Therefore selecting cut-off frequency 

is tradeoff between accuracy and speed [31]. 

          According to above discussions, the characteristics of anti-aliasing filters have 

more impact on transient conditions rather steady state conditions. Therefore steady state 

condition based fault location methods like impedance based methods are less affected 

by difference in characteristics of anti-aliasing filter of IEDs [28]. 
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4.2.3 Resolution of A/D Conversion 

One of the sources of inaccuracies in the input data for fault location methods is the 

errors due to the Analog to Digital (A/D) converters. In general the error of A/D 

converters can be represented as follows [26]: 

V
V

q N

N







 2

22 2                                                                                                     (4.1) 

In which N is the word length of A/D convertor, V is the maximum input signal  

According to (4.1) the IEDs that their A/D converters have longer word length 

(bigger N) have less error. For example the word length of power quality meters is 

bigger compared to digital protective relays. Therefore, to increase the accuracy of the 

fault location algorithms utilization of IEDs with longer word length are preferred [28]. 

 

4.2.4 Sampling Frequency 

Sampling frequency has direct impacts on the quality of recorded data. The 

sampling frequency should be high enough to not lose any information between two 

samples. On the other hand, the higher the sampling frequency, the higher 

implementation costs. Therefore, sampling frequency of the IEDs is selected based on 

the application of the IEDs. For instance, PQMs need high sampling frequency because 

they should be able to capture harmonics. Protective relays that work based on 

fundamental frequency of the signals, like over-current relays, do not require high 

sampling frequency.  DFRs typically need high sampling frequency because they are 

used to track details of the signal transients. 
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     The spacing of samples in a IEDs could be different. For instance, if the IED uses a 

fixed sampling frequency, they will take fixed number of samples per cycle. Therefore, 

is the frequency of the system changes, the time intervals between consecutive samples 

changes as well [32]. In another approach, the IED may use constant spacing intervals 

between the samples, which will lead to variable sampling frequency if the power 

system frequency changes.  

       Different fault location methods have different sampling frequency requirements. 

For example, impedance based fault location methods does not require high sampling 

rate while traveling wave fault location methods require high sampling rate. Therefore, 

sampling frequency of the available IEDs has direct impacts on the selection of the 

suitable fault location method [28]. 

 

4.2.5 Clock Signal for Synchronization 

The presence of Global Positioning System (GPS), has provided the opportunity to 

take the data samples in power systems synchronously. The GPS signal can be provided 

to the IEDs through receivers so that the IEDs can sample the data synchronously.  

 Some fault location methods require collection of data from different IEDs and 

direct comparison of the data. In such algorithms the data should be synchronized. 

However, in some other methods the fault location methods do not require synchronized 

sampling. Therefore, the type of available IEDs should be considered when one a fault 

location method is selected [28] 
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4.3 Application of IEDs 

4.3.1 Location of IEDs 

The location in which the IED is installed should also be studied. For instance, 

usually DPRs (Digital Protective Relays) are installed at substations and responsible for 

one feeder, DFRs (Digital Fault Recorders) are installed at substations and responsible 

for all feeders (usually one DFR for whole substation), PQMs are installed at 

substations, load centers and end consumer, and revenue meters at end consumer. The 

location of the installed IED should be considered in implementation of the fault location 

methods. If all the IEDs are located in substation it would not be possible to select a fault 

location method that works based on gathered data from IEDs installed throughout the 

network. 

  

4.3.2 Data Content 

When data from different IEDs are utilized for fault location methods, the 

characteristics and functionalities of the IEDs should be taken into account. Some IEDs, 

such as Digital Fault Recorders, are used to directly collect the input data. However, 

some other IEDs such as Digital Protective Relays, apply pre-processing procedure to 

the data and work based on the filtered data [28]. As demonstrated in [32], the filtered 

data may not contain all components of the data such as DC components and etc.    

According to above discussion, when data are collected for locating faults, the 

characteristics and content of the data should be studied. For example, if a fault location 
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method is requires all content of the sampled data, the IEDs that apply the filtering 

should not be used or the type of fault location should be changed. 

 

4.3.3  Triggering Methods 

To reduce the volume of recorded data, each IED has its own method of triggering. 

Some methods use change in the amplitude of sampled signal while others may use the 

rate of change of certain signals and so on.  

Some IEDs are only for recoding certain disturbances and are only triggered to 

record certain disturbances. Therefore, if recording the disturbances due to fault 

occurrence is not among the tasks of the installed IED, the data collected from this IED 

cannot be used for fault location task [28]. 

 

4.4 Implementation in Selected Feeder Automation Solutions 

4.4.1 Feeder Automation Architecture 

There are different types of communication based on feeder automation (FA) 

architecture [33]: 

 Centralized Feeder Automation:  In this method the data is collected from 

different IEDs along the feeder through SCADA system and processed. 

 Substation Centered Approach:  In this configuration the data is collected from 

the feeder and processes at substation.   
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 Peer-to-Peer Arrangement: In this configuration the data is exchanged locally 

through peer-to-peer communications no SCADA-based central station is 

needed. 

The distribution systems automation structure has direct impact on the utilized fault 

location algorithms. The fault location method that is based on collecting all feeder data, 

cannot be applied to the system that does not have centralized feeder automation. 

Therefore, when a fault location method is implemented the type of feeder automation 

needs to be taken into account.  

4.4.2 Advantages and Disadvantages of Different Approaches  

The following is advantage and disadvantages of each of feeder automation 

architectures that are discussed in [33]: 

 Central Scheme 

Advantage: 

Operators are always aware of the condition of the network 

The abnormal conditions can be managed more efficiently with more flexibility  

It provides the base for implementing more functionality such as demand side 

            management 

Disadvantage: 

Requires a distribution SCADA system 

The implementation cost is higher as need more sophisticated communication 

            infrastructure 

      It needs to update the electrical model of the power grids  
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 Substation Centered 

Advantage: 

It is easy to be implemented 

It does not need to have central SCADA system 

The implementation cost is not high 

Disadvantage: 

This configuration limits the distribution systems maneuver 

In this scheme the control over the power systems components is limited  

 

 Peer-to-Peer Arrangement 

Advantage: 

The implementation cost is low as doesn’t require central SCADA system and 

sophisticated communications infrastructure 

  It provides fast operation (30 seconds or less) 

Disadvantage: 

The operator does not have full control over the network 

It is more expensive compared to substation centered approach 

 

4.4.3 Scenarios 

In this section the impact of above mentioned factors on fault location methods are 

discussed. According to previous Section the following methods are selected: 
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A) Impedance based fault location [3]  

B) Direct three-phase circuit analysis-based techniques [7] 

C) Superimposed components-based techniques [10] 

D) Traveling wave techniques [14] 

E) Artificial intelligence-based techniques [18] 

Scenario 1 

In this case there is no communication infrastructure and available data are 

provided by DFR and DPR at substation.  

Method D needs data along the feeder and high frequency sampling. Therefore, 

D is not applicable. DFR provides data with higher quality compared to DPR. Therefore, 

DPR data can be used as back up. Now sources of errors should be taken into account. 

Both devices use synchronous sampling, so there is no phase shift error. Usually 

sampling rate of DFRs is higher than DPRs. Therefore DFRs have better “horizontal” 

resolutions defined by the sampling rate. If the methods work properly for “horizontal” 

resolution of DPRs they definitely can work for that of DFRs but the reverse may not be 

true. 

According to eq. (4.1) the resolution of the devices can be calculated and then the 

methods are examined for that accuracy using simulation results. The same process is 

carried out for anti-aliasing filter. If the data from DPR are used it should be considered 

whether the data was reordered before or after digital pre-filtering. Accuracy of methods 

B, C are more affected than others because pre-filtering may remove some features that 

they are developed based on. 
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Scenario 2 

This scenario assumes that there are communication structure, as well as DFR, 

and DPR at substation. Except method D that needs high frequency sampling other 

methods can be implemented. The same discussion about source of errors holds here. 

Performances of methods A-C and E are evaluated using simulation results to 

determine how much they are affected by the factors discussed above. Table 2 

summarizes the above discussions. 

4.5 Conclusions 

The factors that can affect quality of recorded data in IEDs such as ADC resolution, 

filtering, sampling implementation, sampling rate, and triggering method were studied in 

this Section. Moreover, impact of IED location and data content, as well as FA 

architecture and related scenarios for fault location algorithm selection were discussed.  

As a result, it was concluded that the following factors should be taken into account 

when selecting a fault location method: 

 Sampling method (synchronous or scanned method)

 Sampling frequency (horizontal resolution) and ADC resolution (vertical

resolution) 

 The criteria that is selected to trigger the recording for specific event (Triggering

method) 

 The type and cut-off frequency of anti-aliasing filter
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Table 2 Summary of two scenarios 

 A B C 

Scenario 
1 

 Accuracy is checked 
by simulation results 

 Accuracy is checked 
by simulation results 

 Accuracy is 
checked by 
simulation 
results 

Scenario 
2 

 Communication is 
not needed 

 Does not use IEDs 
along the feeder 

 Accuracy is checked 
by simulation results 

 Communication is not 
needed 

 Does not use IEDs 
along the feeder 

 Accuracy is checked 
by simulation results 
 

 Does not needed 
communication 

 Does not use 
IEDs along the 
feeder 

 Accuracy is 
checked by 
simulation 
results 

 
 
Table 2 continued 

 D E  

Scenario 
1 

 It is not possible to 
implement because 
high frequency 
sampling is needed  

 Accuracy is checked 
by simulation results 

 

Scenario 
2 

 It is not possible to 
implement because 
high frequency 
sampling is needed  

 Communication is not 
needed 

 Does not use IEDs 
along the feeder 

 Accuracy is checked 
by simulation results 

 

 

 Location of the installed IED 

 Data content 

 Feeder automation architecture (substation centered approach, centralized feeder 

automation or peer-to-peer arrangement) 
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Some scenarios were assumed to show application of the above criteria when 

selecting a fault location method. Knowing characteristics of IEDs can help to know 

what kind of data could be expected. This knowledge is useful for potential 

implementation of IED- or system-wide based fault location methods. This leads to 

development of a fault location method that is feasible and can be implemented in 

practice by using the available IEDs in the network under study.  
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5. FAULT LOCATION METHOD SELECTION 

 

5.1 Introduction 

Previous Sections summarized the fault location algorithms and related 

implementation issues. It was noticed that the results of fault location methods are 

affected by their input parameters. Estimated phasors depend on accuracy of transducers 

and circuitry that samples and converts voltages and currents, as well as the estimation 

algorithm. Resistivity of the soil and the temperature, among others, affect line 

parameters. Load estimation approach affects accuracy of the estimated loads [1]. One 

important criterion for ranking the fault location methods and selecting the most 

appropriate one is robustness of the algorithm against uncertainties in the inputs. To 

demonstrate this criterion quantitatively, uncertainty analysis is conducted in this 

Section. Uncertainty study quantifies uncertainty in model output due to those of inputs 

[34-36]. The uncertainty analysis is used for ranking the fault location methods.  

      

5.2 Problem Formulation  

Depending upon which fault location method is selected, the estimated location of 

the fault is function of one or several factors such as follows: 

 Parameters of the lines  

 Parameters of the loads 

 Fault impedance 

 IEDs characteristics (Accuracy of measuring devices) 
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It is possible to express fault location methods as follow: 

),,( 21 nxxxfD                                                                                                       (5.1)                                 

Where  

D: is the estimated location of fault 

ix : Factor that affects the output D (some of them were mentioned above) 

f(·): is the function relates the input factors( ix ) to the output (estimated fault location) 

for which it is usually difficult to find a close form. 

Now the question is” How the uncertainty in the input factors affects the output”. 

A method that is able to estimate the fault location more accurately, despite of these 

uncertainties, is more robust and desirable.  

For instance, impedance based fault location method in [4-5] can be expressed as 

follow: 

),,,,( 54321 xxxxxfD                                                                                                (5.2)                                 

where 

1x : is measured voltage at the substation 

2x : is measured current at the substation 

3x : is parameter of the lines 

4x : is estimated load at each node 

5x : is fault impedance 
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Each input has its own umcertainties. For example, parameters of the lines may 

change as the resistivity of the soil changes. As discussed in section 5, IEDs have 

uncertainties as well. Accuracy of the estimated load depends on that of utilized 

approach for load estimation which causes uncertainties This Section aims at developing 

an approach to quantitatively measure impacts of these uncertainties in the inputs on the 

output (estimated fault location). 

 

5.3 Point Estimate Approach 

This approach gives the probability density function (PDF) of z=h(x) when PDF of x 

is known. The details of this method can be found in [37-41]. The following section is a 

brief summary of the method taken from [37-41]. 

 According to [37-38] knowing x , x , p , p  produces the two estimate of the z , 

z and z . In fact, x , x , p , p  are transformed through the function h(x) to provide 

the two values of z and z . In [37], the followings have been shown: 

  zpzpzzE )(                                                                                               (5.3) 

222 )(   zpzpzE                                                                                                   (5.4)                            

Or in general 

MMM zpzpzE  )(                                                                                                (5.5)                                                                                                                               

It is notable that M cannot be greater than the number of known moments of x. 

The following process shows how to calculate x , x , p , p  [38]. 
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In the following equations, X , X are the mean and standard deviation of X (for our 

application X was defined in (5.1)).   

The Taylor series expansion of h(X) about X is [38]: 

i

XX

i

i

x xh
i

hxh ))((
!

1
)()( )(

1
  




                                                                                    (5.6) 

where ),()( ih  i = 1,2,… is the ith derivative of )(h with respect to x. The mean value of 

Z is calculated as follow [38] 
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where )(E  denotes the expectation. 

Now, let XiXix   , i = 1,2, the following holds [38]:  
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Where ip  is probability concentration at location ix , i = 1, 2 and k = 2.  

According to [38], the ip and j  , j = 1,2 are calculated as follows [38] 
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 j

j

jp



3)1(

  j=1,2                                                                                                     (5.10) 

Where  
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Therefore, 
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)()( 2211 xhpxhpz   

Which is a third order approximation of z . 

If  ),()( ih  i = 4,5,.., are equal to zero (e.g. when h(X) is a third order 

polynomial), the two-point estimate approach gives the exact solution to z [38] 

In general for m point concentrations with probability concentrations ip  at location xi, 

XiXi mx  , i = 1,2,---,m, the following holds [38] 
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And its approximation can be represented as follows [38] 
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Which is a (2m-1)th order approximation 

5.3.1 Function of Several Variables 

In the case of ),,,()( 21 nxxxhXhz  , (for our application Z, and h(X) were 

defined in (4.1) denoted by D and f(x) respectively) where X is the set of random 

variables Xk, k = 1,2…,n [38]  
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Where 

23, )
2

(2 k

k n


                                                                                                        (5.16) 

When ij ≠ 0, the correlated variables are transformed into uncorrelated set of random 

variables as discussed in [38].  

     It should be noted in eq.(5.14) the standard locations ik , is a function of number of 

input random variables. For large number of inputs the method will have inaccuracies 

[39]. To solve this problem, 2m+1scheme has been proposed in [40] which is explained 

as follows:  

locations ik , sets to zero. 

If 03, k the standard locations and weights are as follows [40]: 
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Setting 03, k yields kkx 3, .So, n of 3n locations are the same 

point ),,,,,,( 121 nnk   [40]. It is enough to run only one evaluation of function at 

this location, provided that the corresponding weight is updated as follow [40]: 
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From eq. (5.17), unlike 2n point estimate method, the standard location values of 

the scheme 2n+1does not depend on the number n of input random variables [40]. 

Having the ikp ,  and ikx ,  estimated the jth raw moment of the output random 

variables is defined as follows [40]: 
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5.4 Fault Location Selection 

5.4.1 Qualitative Procedure 

According to Section 3 distribution fault location methods could be categorized as 

follows 

 Apparent Impedance based fault location method

 Direct three-phase circuit based fault location method

 Superimposed signal based fault location method

 Traveling waves based fault location method

 Artificial intelligent based fault location method

to select the optimal fault location method, at first qualitative study should be 

conducted.  The qualitative comparison of the fault location methods has been presented 

in Table 1. In addition to that, the following are also some conclusions that can be made 

out of that study which states the impedance based fault location methods are more 

attractive than other methods for the typical distribution systems (having IEDs with 

medium sampling rate ad substation/control center based communication)  
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 Traveling wave based methods need high frequency sampling 

 Artificial intelligent methods require generation of training data and re-training 

process if the configuration of the network changes. 

 Superimposed components and direct three-phase circuit analysis are very 

dependent on power system configurations and data acquisition process. 

 Among impedance fault location methods, some of them do not consider 

heterogeneity of the lines, presence of laterals and sub-laterals which makes them 

inaccurate. In [3-4], these factors have been taken into account. Therefore, they 

are potential candidates for optimal fault location method. The next section 

shows how the most appropriate fault location method can be selected 

quantitatively among the candidate methods.  

 

5.4.2 Quantitative Procedure 

In this section a systematic quantitative method for selecting the most suitable fault 

location method for a given network is proposed. The method is based on uncertainty 

analysis. The method that has the least uncertainty in pinpointing the faults is selected as 

the optimal fault location method. To calculate the uncertainty of the method in 

detecting location of the fault, uncertainties in the input parameters to fault location 

method are provided. For instance, there are uncertainties in the measured data due to 

nois and there are also uncertainties in value of parameters of the network. To select the 

optimal fault location method among the candidate methods selected by using qualitative 

procedure, they are implemented in the MATLAB software first. The 2n+1 point 
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estimate approach is used to quantify the difference between estimated and actual 

distance from the substation. The 2n+1 point estimate approach gives µ and σ of the 

output (error of the fault location method). Knowing these parameters it is possible to 

define a criterion function to estimate the uncertainty of the output.  

 CX threshold                                                                                                        (5.22) 

     According to Chebyshev's inequality [42], the following holds: 

2

11][
C

CXCp  
                                                                            (5.23) 

Using 95% confidence interval criterion C would be 4. Therefore (5.22) becomes as 

follow: 

 4thresholdX                                                                                                        (5.24)    

The method that has smaller thresholdX   is more desirable. Because it means less error 

 

5.5 Conclusions 

A procedure for optimal fault location method selection was developed in this 

Section. At first, qualitatively potential candidate methods were selected among pool of 

fault location methods. It was pointed out that impedance based fault location methods 

are promising methods for distribution system applications. Among them, two methods 

that consider peculiarities of the distribution systems including heterogeneity of the 

lines, and presence of laterals and sub-laterals were selected. A quantitative approach for 

selecting the optimal fault location by using 2n+1 point estimation method was also 
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proposed. In section 7, the performance of proposed quantitative will be demonstrated 

numerically for Saskatchewan Power System model. 

A main drawback of the substation based fault location methods is multiple fault 

location estimations. To solve this problem, in the next Section, an approach by using 

gathered data from IEDs throughout the network is proposed. 
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6. ENHANCED FAULT LOCATION METHOD AND OPTIMAL IED PLACEMENT*

6.1 Introduction 

     Development of communication systems and ever increasing utilization of Intelligent 

Electronic Devices (IEDs) along the feeders have made it possible to collect more 

information for finding the location of the fault. To take full advantage of such data, 

suitable fault location methods should be developed. According to previous Section, 

impedance based fault location methods are the most attractive methods for fault 

location. However, they suffer from multiple fault location estimations. In this Section, a 

method based on gathered voltage sag data from a few IEDs installed along the feeder is 

developed to eliminate false fault location estimations. Moreover, a systematic approach 

for IED placement for fault location implementation is developed which determines 

number and location of required IEDs. 

____________ 

* Part of this chapter is reprinted with permission from “Voltage Sag Data Utilization for Distribution
Fault Location” by S. Lotfifard, M. Kezunovic, M.J. Mousavi, 2011. IEEE Transactions on Power 
Delivery, Vol. 26, No. 2, pp 1239-1246. Copyright [2011] by IEEE. This material is posted here with 
permission of the IEEE. Such permission of the IEEE does not in any way imply IEEE endorsement of 
any of Texas A&M University’s products or services.  Internal or personal use of this material is 
permitted.  However, permission to reprint/republish this material for advertising or promotional purposes 
or for creating new collective works for resale or redistribution must be obtained from the IEEE by writing 
to pubs-permissions@ieee.org.  By choosing to view this document, you agree to all provisions of the 
copyright laws protecting it. 
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6.2 Fault Location Method Based on Voltage Sag Data 

As detailed in [1], “the fact that the fault causes voltage sags with different 

characteristics at different nodes throughout the network is utilized for fault location 

purpose. The fault location method is based on gathered data from IEDs installed at 

some strategic points along the  

feeder. These IEDs should be able to capture voltage phasors such as power quality 

meters. The method can pinpoint the fault quickly and precisely and does not sufferers 

from multiple fault location estimation.   

Pre-fault and during-fault voltage and current phasors at the root node (substation), 

as well as knowledge about faulted phase(s) and fault type are utilized. In [43-47] 

methods for fault classification have been proposed. Pre-fault measurements are used for 

estimating load variations and updating load models. During-fault data is used for 

finding the location of the fault. Voltage sags are also gathered from IEDs installed at 

some selected nodes along the feeder.  

At first potential location of fault are detected by apparent impedance based fault 

location method presented in [3]. Voltage sags at location of installed IEDs are 

calculated using a load flow program for the faults at each potential locations of the fault 

estimated by [3].  The fault location is determined by comparing how well each 

calculated case matches up to what was actually observed by the IEDs in the network. 

The case that shows the highest similarity is considered the location of the fault. 

        In implementing this method, several issues should be addressed, which are 

discussed in the following sections. 
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Figure 2 Simple faulted network model [1] © [2011] IEEE 

 

6.2.1 Voltage Sag Characterization 

Faults at different locations on the feeder produce voltage sags with different 

magnitudes which is utilized for fault location in [48-49]. However, in some cases, they 

may produce voltage sags with the same magnitude.  

Fig. 2 shows a simple model of a faulted network. Zs is the source impedance seen at 

the meter location. Z is the impedance between meter location and the fault. Rf is the 

fault resistance. Voltage sag is captured at Meter location.  Two cases are assumed for 

further analysis. A fault occurs at a location where 
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And in another case, fault is characterized with  
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                                                                                                                       (6.2) 

In eq. (6.2) Z2>Z1, which means farther from the Meter location. According to Fig. 2, 

voltage phasors captured by the Meter are 

E Zs Z 

Rf 

Meter 
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Some values of Rf1 and Rf2 may exist so that 

)2()1( metermeter VV 
                                                                                                        (6.5) 

In fact, if Rf2 is smaller than Rf1 such that voltage drop on Rf2 and Z2 equals to 

that of Rf1 and Z1, magnitude of )1(meterV  will be equal to )2(meterV . While voltage 

amplitudes can be equal, the phase angles are not the same. As the fault is mainly 

affected by the resistive part, it produces different angle shift in comparison with line 

impedance. Because, line impedance also has an inductive part which is usually 

bigger/equal to resistive part.  

Using phase angle shifts in addition to voltage sag magnitudes doubles the 

volume of the required data. For instance, in case of a single-phase fault in addition to 

transmitting voltage sag magnitude to the distribution control center, phase angle shift of 

the faulted phase should be transmitted as well. In the case of three-phase faults, the 

phase angle shifts for all three phases are required. Therefore, a method should be used 

to reduce the volume of the required data while preserving the required information. 

In [50] a method for three-phase voltage sag characterization has been proposed. 

A brief description of the method is as follows [50]: 

1) The sag type is determined. In [50] each type has been explained in detail. The 

basic distinction is between types A, C and D. Type A is an equal drop in three phases,  
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Ca Cb Cc

Da Db Dc

Figure 3 Types C and D voltage sags for different phases [51] © [2003] IEEE 

type C is a drop in two phases, and type D is a large drop in one phase with a small drop 

in the other two phases. 

For types C and D, a further subdivision is needed to include the symmetrical 

phase (the phase with the large voltage drop for type D, the phase without voltage drop 

for type C). The resulting six types of three-phase unbalanced sags are shown in Fig. 3 

[51]. Type Da is a drop in phase a, type Ca is a drop in phases b and c and so on.  

Voltage dip type is determined using the phase angle obtained from measurements [51] 
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(6.6)

Where T is rounded to the nearest integer number and Vpos and Vneg are the 

positive and negative sequence voltages, respectively. T can be a number from 0 to 5 

that implies the type Ca, Dc, Cb, Da, Cc, and Db, respectively. 
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2) The characteristic voltage (V ) is calculated which is a phasor that quantifies

the severity of the voltage sag. It is defined as 

'
negpos VVV  (6.7) 

Where 

060' jT
negneg eVV  (6.8) 

3) The positive and negative factor ( F ) is defined as:

'
negpos VVF  (6.9) 

If the negative and positive sequence impedances are equal, F  is close to unity in 

all cases. The phasor diagrams in Fig. 3 are given for V =0.5 and F =1. 

The absolute value and the argument of the characteristic voltage V  are referred 

to as “magnitude” and “phase-angle jump” of the voltage dip, respectively. 

Knowing F and V , it is possible to rebuild the three-phase value of the voltage 

sag.  However, in the fault location method the decision is made based on the 

comparison of recorded and calculated voltage sag data. This comparison can be done 

based on V which has enough information about amplitude and phase angle jump of the 

voltage sag. So, V  is the only required data that should be transferred to the distribution 

control center. 

6.2.2 Fault Resistance Estimation 

To estimate the fault resistance, the following procedure at each potential location of 

fault (one at a time) should be carried out. 
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First, a fault with Rf=0 is applied at an assumed faulted location and the steady state 

fault current at the root node (substation) is calculated using short circuit analysis 

method [52]. This calculated fault current is compared with the recorded current at the 

substation.  

recordedcalculated II                                                                                       (6.10)  

where 

calculatedI  is the amplitude of the calculated current phasor at the substation. 

recordedI    is the amplitude of the recorded current phasor at the substation. 

If the amplitude of the calculated current is smaller than that of the recorded current, the 

assumed node cannot be the candidate location for the fault. This is because, when the 

fault with Rf=0 at that location cannot produce the same amount of current recorded at 

the substation, for Rf>0 it definitely cannot do so. If ε does not fall within the 

convergence tolerance, Rf must be increased (say Rf=20 Ω) and another iteration should 

be performed. By extrapolating/ interpolating the two solutions, closer estimate to the 

actual value of Rf is reached as shown in Fig. 4.  By continuing the process, the Rf for 

which ε falls within the convergence tolerance can be determined. 
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Figure 4 Rf estimation procedure [1] © [2011] IEEE 
 

 

6.2.1 Load Variation 

In order to take into account the variation of the loads, in [10] a method has been 

suggested. It neglects power losses in the lines, which makes it inaccurate. Here, a 

method based on the captured data at the substation that considers power losses in the 

lines is suggested. Load factor is defined as: 

 

maxL

faultpre
factor

S

S
L




                                                                                                         (6.11) 

Where  

)( 21max NL MMMS                                                                           (6.12) 

N is the number of load taps and M is their nominal transformer rating. 

faultpreS   is the pre-fault apparent power of the loads calculated at the substation,  

defined as follows: 

Rf (2) Rf (3) Rf (1) Rf 

ε (2) 
 

ε (3) 
 

ε (1) 

Error 
 

Solution because 
ε < convergence tolerance 
 

ε (4) 
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linesubstationfaultpre SSS                                                                                    (6.13) 

where 

*3 nLsubstationLsubstatiosubstation IVS                                                                            (6.14) 

where nLsubstatioV and nLsubstatioI are the pre-fault line voltage and current at the 

substation  calculated using a load flow program.  And 

T
line UIZUS  2

                                                                                                    (6.15) 

Where Z is a diagonal matrix whose diagonal elements are impedance of each 

line, and I is the line currents calculated using pre-fault load flow program. U is a row-

matrix whose elements are 1 and TU is the transpose of the U matrix  

Now load at each tap is estimated as 

ifactori MLS *
                                                                                                        (6.16) 

Knowing new S for each load, pre-fault load flow is conducted and eq. (6.10), 

(6.13-6.15) are updated until S converges which means  

  )1()( kLinekLine SS
                                                                                               (6.17) 

Where, ε is convergence tolerance and k is iteration number.  

 

6.3 Implementation of the Method 

The characteristic voltage (V ) of the voltage sag, captured at some nodes along the 

feeder, is sent to the distribution control center. In the distribution control center, the pre-

fault data recorded at the root node (substation) is used for updating load models. The 
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measured during-fault characteristic voltage ( recordedV ), which was sent to the control 

center, and the calculated characteristic voltage ( calculatedV ) obtained using short circuit 

analysis program are compared. To calculate the characteristic voltage ( calculatedV ) at the 

control center, the fault at potential location of fault is applied one at a time with the Rf  

values estimated using the developed method. The node at which applying the fault 

produces the best match between the calculated and the recorded characteristic voltages 

is the actual location of fault. 

      The following equation quantifies similarity between calculated and recorded voltage 

sag data:   


2

)(
2

)(
2

)( IphaseVphaseVamplitude
Error 

                                                                   (6.18) 

where  

 )(Vamplitude  is the difference between the amplitude of the characteristic voltage of 

recorded ( recordedV ) and calculated voltage sags ( calculatedV ) 

 )(Vphase  is the difference between the phase angle of the characteristic voltage of 

recorded ( recordedV ) and calculated voltage sags ( calculatedV ) 

 )(Vphase  is difference between phase angle of  recorded and calculated current at root 

node. 

The following criterion is defined for faulted node detection 




Error
Flag

1

                                                                                                               (6.19) 
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where Error is defined in eq. (6.18) and ∆ is a small number just to prevent division by 

zero in eq. (6.19). The location that has the largest Flag value in eq. (6.19) (or smallest 

Error) is the faulted location.  

     Fig. 5 shows the flowchart of the proposed algorithm. At first the measured 

 

 

                     
Figure 5 Flow chart of the fault location algorithm [1] © [2011] IEEE 
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 characteristic voltage ( recordedV ) and detected fault type and faulted phases are provided 

to the fault location method. Moreover, the load values are updated. The possible 

locations of the fault are estimated by impedance based fault location method. The 

“Counter” checks if all possible location of the fault are examined. 

Steps (7) quantify the similarity between the calculated and recorded voltage sag 

data.  Step (8) checks whether the process has been conducted for each possible location 

of the fault. Finally, the fault location is pinpointed at step (9).”   

 
 

6.4 IED Placement 

6.4.1 Principle of the Proposed Method 

As explained in previous section, in the fault location method voltage sag data 

captured from few IEDs installed throughout the network are gathered in control center 

and the task of pinpointing the fault location is executed. A question that needs to be 

answered is how many and where these IEDS should be installed such that with 

minimum number of IEDs the required information is captured so that the fault location 

method be able to uniquely estimate location of the fault. In the fault location method, 

each pair of i and j locations with the same distance from the root node (substation) 

should be discriminated from each other.  As the voltage sag data based fault location is 

based on data gathered from IEDs installed along the feeder, enough information should 

be provide to the method by installing IEDs. The required information is voltage sag 

data that have different characteristics due to fault at location i from fault at location j. 
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6.4.2 Problem Formulation 

In the IED placement procedure the objective is to capture enough information so 

that the faults at locations that are at the same distance from the substation can be 

distinguished. Depending on the relative location of the installed IEDs to the fault 

location, voltage sags with different characteristics (voltage amplitude and/or phase 

angle shift) are observed. Therefore, to distinguish a fault at location i from a fault at 

location j, at least one IED should exist that capture different characteristics. If all the 

IEDs capture the same voltage sag characteristics due to faults at locations I and j, these 

fault locations are not distinguishable. Therefore, for each pair of fault locations that are 

at the same distance from the substation, short circuit fault analysis is conducted and the 

observed voltage sags at different nodes of the network are recorded. The nodes that 

observes different voltage sag characteristics for fault at different locations are potential 

candidates for IED placement.  

 

6.4.3 Optimal IED Placement  

In this section the optimal IED placement is formulized as an optimization 

problem. X vector is defined a vector whose ix  is the following  

ix =   




0
1

 

    If an IED is needed at node 1  

                                                     (6.20)     otherwise                         

Now the optimization problem is defined as follow: 


i

ixMin
                                                                                                                 (6.21) 
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Subject to 

1 
i k

ki

i

i xxx
                                                                                     (6.22) 

 The constraint (6.22) is written for every pairs of nodes that are at the same distance 

from the substation. For example if modes a ad b are at the same distance from 

substation, a and b constitute one pair of nodes that should be discriminated from each 

other. 

In (6.22), Xi s are the locations for IEDs placement to jth pair of fault locations 

that are at the same distance from the root node of the feeder (substation) . The term 

XiXk implies that to distinguish the jth pair of faults two IEDs are needed to be located at 

nodes i ad k.  

            The constraint (6.22) is non-linear. To make it linear, the optimization problem is 

formulated as follows:    


i

ixMin  
                                                                   (6.23) 

1
j

j

k

jkY  
 j                                                           (6.24) 

j

j

jkj

ki

i Ykx 


  j, jk                                                      (6.25) 

ix , jjkY   1,0  
 

where  
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jjkY is kth set if required IEDs to distinguish faults at jth pair of nodes that are located at 

the same distance from the substation. jjkY is 1 if jk set if IEDs is used to discriminate 

faults at jth pair. 

jk is set of IEDs to discriminate faults at jth pair 

jk is number of required IEDs at jk  set of of IEDs to distinguish faults at jth pair 

Solving the above binary linear programming problem determines the number and 

location of required IEDs. 

 

6.4.4 Topology Change   

The topology of the power systems may change due to power systems 

reconfiguration process or due to damage to a certain section of the network. Therefore, 

in the process of optimal IED placement this issue needs to be taken into account. The 

power grid is divided into different subareas based on the location of the switches. The 

pair of fault location that need to be distinguished from each other should have 

associated IEDs inside the same subarea. If both fault locations that need to be 

discriminated from each other fall into two different subareas, the IDS can be installed at 

both subareas. 

As shown in Fig. 6, two distinguish faults at node A and B, the IEDs can be installed 

at subsection 1. However, to distinguish fault and nodes C and D, the IEDs can be 

installed at subsections 1 and 2.   
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Figure 6 A distribution systems with three subareas 

It is notable that some subsections are dependent on each other. It means that a given 

subsection is connected to the substation through another subsection. In this case, to 

distinguish faults at dependent subsection the IED can be installed at both subsections. 

For example, in Fig. 6, subsection 2 is dependent on subsection 1. Therefore, to 

distinguish faults at node E from faults at node D, IEDs can be installed at both 

subsection 1 and subsection 2. 

6.5 Conclusions 

 In this Section, a method for eliminating multiple fault location estimations was 

developed.  The method utilizes voltage sag data captured by IEDs at select location 

throughout the network to eliminate multiple fault location estimates by impedance 

based fault location method. Moreover, a systematic procedure for IED placement was 
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developed. The proposed optimal IED placement procedure determines required number 

of IEDs and their locations. 
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7. CASE STUDY

7.1 Introduction 

In this section performance of proposed fault location method is demonstrated. In the 

proposed fault location at first possible locations of fault are determined by impedance 

based fault location method. Based on qualitative study in section 5, [3-4] are the most 

suitable candidates. In this section, by using quantitative approach presented in section 5, 

the optimal fault location is selected. Moreover, the performance of developed voltage 

sag data based fault location for eliminating false fault location estimation is 

demonstrated. 

7.2 Optimal Fault Location Selection 

In this section the case study results for two candidate fault location methods [3-4] 

selected by the qualitative procedure is presented. The mathematical formulation of the 

fault location algorithms in [3-4] are executed in MATLAB software. The SaskPower 

[24], is also simulated in ATP software and the generated voltage and current signals are 

sent to MATLAB software. The parameters of the network are presented in [4] and [24]. 

Tables 3-8 show the error of the methods defined as follow: 

lengthlinetotal

locationfaultestimatedlocationfaultactual
error




(7.1) 

In tables 7-8 the measurement error is 5 percent.  
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Table 3 Error of the method [3] for a-g fault 
Location of 

the fault Node# 1 Middle of line 7-8 Node# 13 

Incidence 
angle 0 deg.    90 deg. 0 deg. 90 deg. 0 deg. 90 deg. 

Measurement 
error 

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Rf=0 Ω 0.0091 0.0673  0.0091 0.0584 0.0041 0.1013 0.0061 0.1085 0.0003 0.0124 0.0002 0.0203 

Rf=10 Ω 0.1017 0.1032 0.1071 0.1082 0.0287 0.0045 0.0263 0.0052 0.0361 0.0305 0.0361 0.031 

Table 4 Error of the method [3] for b-c fault 
Location of 

the fault Node# 1 Middle of line 7-8 Node# 9 

Incidence 
angle 0 deg.    90 deg. 0 deg. 90 deg. 0 deg. 90 deg. 

Measurement 
error 

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Rf=0 Ω  0.0091 0.0611 0.008 0.061 0.0031 0.0472 0.0035 0.0463 0.0022 0.0120 0.0019 0.0142 

Rf=10 Ω 0.1066 0.1068 0.1038 0.1053 0.0287 0.0164 0.0287 0.0186 0.0265 0.0217 0.0277 0.0217 

Table 5 Error of the method [3] for a-b-c fault 
Location of 

the fault Node# 1 Middle of line 7-8 Node# 9 

Incidence 
angle 0 deg.   90 deg. 0 deg. 90 deg. 0 deg. 90 deg. 

Measurement 
error 

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Rf=0 Ω 0.0081 0.0587 0.0081 0.0561 0.008 0.039 0.008 0.041 0.00453 0.0305 0.00462 0.0341 

Rf=10 Ω 0.0210 0.0733 0.0181 0.0742 0.0092 0.0574 0.0092 0.0592 0.0044 0.0313 0.0044 0.0334 
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Table 6 Error of the method [4] for a-g fault 
Location of 

the fault Node# 1 Middle of line 7-8 Node# 13 

Incidence 
angle 0 deg.   90 deg. 0 deg. 90 deg. 0 deg. 90 deg. 

Measurement 
error 

Without 
error 

With 
Error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Rf=0 Ω 0.0079 0.0621 0.0081 0.065 0.0988 0.1290 0.0981 0.121 0.0801 0.0591 0.0852 0.0604 

Rf=10 Ω 0.0439 0.007 0.0452 0.007 0.0944 0.1238 0.0944 0.1242 0.0741 0.0469 0.0783 0.0472 

Table 7 Error of the method [4] for a-b fault 
Location of 

the fault Node# 1 Middle of line 7-8 Node# 9 

Incidence 
angle 0 deg.   90 deg. 0 deg. 90 deg. 0 deg. 90 deg. 

Measurement 
error 

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Rf=0 Ω 0.0087 0.0592 0.0085 0.0602 0.1116 0.1205 0.11361 0.1259 0.0096 0.0498 0.0092 0.0475 

Rf=10 Ω 0.0414 0.0610 0.0483 0.1014 0.1120 0.1210 0.1037 0.1271 0.0005 0.0502 0.0005 0.0518 

Table 8 Error of the method [4] for a-b-c fault 
Location of 

the fault Node# 1 Middle of line 7-8 Node# 9 

Incidence 
angle 0 deg.   90 deg. 0 deg. 90 deg. 0 deg. 90 deg. 

Measurement 
error 

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Without 
error 

With 
error

Rf=0 Ω 0.0074 0.0621 0.0079 0.0653 0.0992 0.1243 0.0968 0.1261 0.0698 0.0399 0.07023 0.0401 

Rf=10 Ω 0.0663 0.1160 0.0692 0.1123 0.0872 0.1291 0.0881 0.1273 0.0635 0.0312 0.0684 0.0391 
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By using 2n+1 point estimation method the thresholdX   in eq. (5.24) for method [3] is 

0.1138and for method [4] is 0.1326 which means the method [3] is more appropriate 

fault location method for the simulated network (SaskPower) 

7.3 False Fault Location Elimination 

As discussed in section 6, few IEDs need to be installed throughout the network to 

capture voltage sag data. In section 6, an optimal IED placement procedure was also 

proposed. In the case of Fig. 3 of [24], IEDs should be installed at nodes 8, 11, and 17. 

Now, three different scenarios are implemented to demonstrate performance of the 

proposed fault location method. The locations with highest value of  is the selected 

location of the fault. Therefore, as Table 9 shows in all cases the fault location is 

pinpointed precisely. 

Table 9 False fault location estimation elimination results 

Scenario Fault 
type 

Actual 
location Possible locations  Final 

estimation 

1 
b-g 
(5 Ω) 

node# 10 
(30.093km) 

node #10 (29.96 km) 1.3× 210

node# 10 
Node#7 (29.94  km) 2.0× 310

2 
a-b 
(10 Ω) 

node# 4 
(20.92 km) 

node #4 (20.68 km) 1.0× 210

node# 4 
Line between node 3 and 5 
(20.73km) 

3.2× 310

3 
a-c-g 
(5 Ω) 

node# 4 
(20.92 km) 

node #4 (20.70 km) 1.1× 210

node# 4 line between node 3 and 5 
(20.75 km) 3.4× 310
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7.4 Conclusions  

The proposed approach for selecting the most appropriate fault location method for a 

given network is presented. In the proposed approach at first a according to qualitative 

study a short list of fault location methods is generated. This qualitative study is based 

on the requirements of the algorithm and the characteristics of the network under study. 

In the second step, the most appropriate fault location is selected quantitatively.  A 

criterion function based on Chebyshev's inequality is defined that quantifies inaccuracy 

of fault location methods. The impacts of the inaccuracies and uncertainties in the inputs 

of the fault location algorithms were quantified using uncertainty analysis. In 

distribution systems due to presence of laterals and sub-laterals fault location methods 

may lead to multiple-fault location estimations. As discussed in previous section, a 

systematic approach for eliminating false fault location estimations can be developed 

based on collected voltage sag data along the feeder. 

In this section the proposed method for eliminating multiple fault location 

estimations were numerically demonstrated.  Two qualitatively selected candidates [3-4] 

for optimal fault location method that consider peculiarities of the distribution systems 

were selected. The Saskatchewan Power System model was used to simulate faults in 

ATP software and the modeling and simulation methods were implemented in 

MATLAB software.  

According to proposed quantitative procedure in section 5, method [3] selected as 

optimal fault location method. It was also demonstrated that the developed method in 

section 6 based on voltage sag data captured by few IEDs located at strategic locations 
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along the feeder is able to eliminate false fault locations successfully and gives unique 

result. 
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8. SUMMARY AND FUTURE WORK 

 

8. 1 Summary 
 

The demand and importance for a cost effective and reliable method for accurately 

locating faults on distribution systems, essentially to expedite the restoration of service, 

has increased greatly. Therefore, a lot of methods have been suggested for fault location 

in distribution networks in the past. On the other hand, smart distribution systems add 

unique information technologies to the existing networks. The data can be collected from 

different IEDs along the feeder and utilized for fault location purpose. Therefore, it is 

possible to develop more accurate fault location methods in the smart distribution 

systems. To reach this goal, an enhanced fault location method for smart distribution 

systems was developed. At first a systematic approach for selecting the most appropriate 

fault location method among existing methods was proposed. Voltage sag data are 

captured at select locations throughout the network to solve the problem of multiple fault 

location estimations. Moreover, a probabilistic approach for IED placement in 

distribution system was proposed that determines number and locations of required 

IEDs. Specifically each section focused on addressing one aspects of the explained 

procedure.     

Section 3 surveyed existing fault location methods and their strengths and caveats. 

The section 4 studied characteristics of IEDs that may be used in fault location as well as 

their impacts on the fault location method implementation. Distribution fault location 

methods were categorized as follows: 
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 Apparent Impedance based fault location method 

 Direct three-phase circuit based fault location method  

 Superimposed signal based fault location method  

 Traveling waves based fault location method 

 Artificial intelligent based fault location method  

According to the conducted survey, the impedance based fault location methods are 

the most prospective methods.  The followings are some reasons that make other 

methods unattractive 

 Traveling wave based method needs high frequency sampling 

 Artificial intelligent method requires a training process and a re-training process 

if the structure of the network changes. 

 Superimposed component based method and the direct three-phase circuit 

analysis based method are very dependent on power system configurations and 

data acquisition process 

Although impedance based fault location methods have been widely utilized for 

locating the faults they may lead to multiple fault location estimates.  

In section 5, a quantitative approach for evaluating and ranking the fault location 

methods that qualitatively discussed in the section 3 was proposed. The proposed 

approach ranks the existing fault location methods based on their robustness against 

uncertainties in the parameters of the network.  Fault location estimation was formulized 

as an uncertainty analysis problem. 2n+1 point estimation method as a computationally 

efficient method was utilized to estimate statistical moments of the error of fault location 
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methods. Finally, by using Chebyshev's inequality a criterion function was defined to 

quantitatively rank the fault location method.  

In section 6, a method was developed to eliminate false fault location estimations by 

impedance based fault location method. The method utilizes voltage sag data captured at 

select IEDs installed throughout the network. Voltage sags at location of installed IEDs 

are calculated using short-circuit analysis program for the faults at each potential 

locations for the fault that are estimated by impedance based fault location method.  The 

actual location of the fault is detected based on comparison of the measured and 

calculated voltage sag data. The fault that causes highest similarity between calculated 

and measured voltage sag is determined as the actual location of the fault.  

In addition to that, an approach was proposed for IED placement. The optimal meter 

placement was formulized as an optimization problem (Binary Integer Programming). 

The method determines number and location of required IEDs. Finally, the suitability 

and performance of the method was demonstrated by using simulation results. 

 

8. 2 Dissertation Contribution 
 

An automated fault location method in smart distribution systems was developed. 

The method utilizes voltage sag data gathered from a select IEDs istalled throughout the 

network to eliminate multiple false fault location estimations. 

A systematic optimal fault location method selection was developed. At first the 

existing methods were studied qualitatively and their caveats and strengths were 

detailed. Based on algorithm requirements and feasibility of implementation the most 
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appropriate category of fault location method was selected. A systematic fault location 

method selection was proposed that ranks the methods quantitatively. 

A method based on voltage sag data captured by select IEDs installed throughout the 

network was developed. The method eliminates false fault location estimations and gives 

unique result 

An optimal IED placement was proposed that determines the number and the 

location of required IEDs for the purpose of fault location. 

 

8. 3 Future Work 
 

     The main focus of the dissertation was on radial distribution systems that is the case 

most of the time in present distribution systems. Even if the distribution systems are 

planed as mesh systems, they are operated in radial configuration by keeping open a 

normally open switch along the feeder. However in future smart distribution systems, 

distribution systems will be operated in mesh configuration. Moreover, distributed 

Generations (DGs) are connected different locations of the network. Therefore, the 

proposed fault location method should be modified or new fault location method should 

be proposed to address this issue.  

     Outage management has several steps, including fault detection, fault classification, 

fault location, and system restoration. In the proposed method, it is assumed that the 

fault detection and classification are already done and the information about fault 

occurrence and type of the fault is available by using existing methods. However, smart 

grids add new information technologies that could be utilized for fault detection and 
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classification purpose. New methods should be proposed that utilize data gathered along 

the feeder. The proposed methods should take into account the feeder automation 

architectures as well. For different type of feeder automation architectures (Centralized 

Feeder Automation, Substation Centered Approach, Peer-to-Peer Arrangement) different 

methods should be developed. 
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APPENDIX A 

 

In this section, a brief review of fault location methods in distribution systems is 

presented. 

 

A.1  Impedance-based measurement techniques 

Apparent impedance is the ratio of the selected voltage over selected current based 

on the fault type and faulted phases. When a fault occurs, apparent impedance is 

calculated and the fault location is determined by comparing apparent impedance with 

the pre-known line data. 

Comprehensive study and discussion about impedance based fault location methods 

has been presented in [24]. In this section, the following methods are discussed:  

 In sequence domain [2] 

 In three phase domain and using information from protective devices [3]  

 In sequence domain and using fault indicators [4-5] 

 

A.1.1 In sequence domain [2] 

This method classifies the fault types based on the magnitude change of current 

phasor. The phase with biggest magnitude change is used as a reference. The ratio of 

current magnitude change of each phase over the reference magnitude is calculated. If 

this ratio is bigger than or equal to 0.75 the phase is determined as faulted phase. 
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Once the faulted phase is determined, the apparent impedance is defined as follow 

[2]: 
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where 

appR  is the apparent resistance seen at the recording device 

appX   is the apparent reactance seen at the recording device. 
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Where 1Dz is the total positive sequence impedance to the fault point, and  

Icompensation is 03I [2]. In (A.2) the unknown variables are Rf and D. Solving real and 

imaginary parts of the (A.2) provides the following equation for the distance of the fault 
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Id and Iq are real and imaginary parts of the Icompensation and Is1 and Is2 are real and 

imaginary parts of Iselected. 

       Based on presented evaluation results this method can locate the fault with 99 

percent precision (one percent error). This method suffers from multiple fault location 

estimation in case of laterals. This method needs knowledge of the network topology 

including lines and loads parameters. Moreover, it requires iterative calculations, which 

means delay in locating the fault. 

 

A.1.2 In three phase domain and using information from protective devices [3]  

In this method the fault is located in three phase domain. For instance for the single 

line to ground fault the following holds: [3] 

ffcacbabaaaa RIIzIzIzDV  )(                                                                                 (A.4) 

Where 

D   is the fault distance 

fI   is the fault current 

fR  is the fault resistance 

'
aaf III                                                                                                                      (A.5) 

Where '
aI  is the remote-end current infeed and is determined by load flow and is 

function of voltages at the fault point [3] 

),,( ''''
cbaa VVVFI                                                                                                                 (A.6) 

Moreover, the voltage at fault location is [3] 
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the fault distance is calculated using the following iterative approach: 

An initial fault current is assumed as follows [3]: 

p reaaf III                                                                                                                     (A.8) 

       where  p reaI is the pre-fault current on the faulted phase. Having the fault current 

estimated, the fault distance and fault resistance are calculated by using (A.4). Having 

the fault distance estimated, the voltage vector at the fault point is calculated using 

equation (A.7). Having the voltage vector estimated at fault location, the remote-end 

current infeed is obtained by applying the radial power flow algorithm as (A.6).  

The above steps are repeated until the method converges, which means the 

following holds [3] 

            
 kk DD 1

                                                                                                 (A.9) 

In the explained procedure, it is assumed that voltage and current vectors at the 

sending-end of the faulted line segment is available. In [3] a systematic approach is 

proposed to calculate the sending end of faulted section.  

            It is notable that using only the substation data could lead to multiple fault locate 

estimations. To eliminate multiple fault location estimations, [3] has utilized the fact that 

measured voltage and current signals at substation would have different characteristics 

based on which protective relays have operated along the feeder. Therefore, for each 

estimated fault location, fault analysis is carried out and measured signals are compared 
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with simulated signals. In the simulated scenarios the operation of the protective relays 

due to faults lead to observation of different voltage and current characteristics at 

substation. The scenario that has the highest similarity with the measured signals is 

considered as the actual fault location. 

Based on presented evaluation results in [3], error of the fault distance estimation is 

between 1.13% and 3.42%. 

 

A.1.3 In sequence domain and using fault indicators [4-5] 

In this method at first the faulted section is determined. The apparent reactance of 

observed at substation is calculated by using measured voltage and currents at 

substation. To calculate the reactance between substation and faulted location, modified 

reactance of each line sections are calculated. For instance in the case of single phase to 

grodns fault (a-g) the following equation holds for reactance between nodes M and node 

R [4-5] ,  
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                                                                                             (A.10) 

where, mrX 0  and mrX 1  are the zero and positive sequence reactance of the section 

between nodes M and R .  

For each section the modified reactance is calculated and is summed up with 

previous calculated value. This procedure continues until total modified reactance 

becomes bigger that the apparent reactance. Therefore, the fault location between nodes 
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x and x+1(= y), is estimated. In this procedure the laterals are ignored. The loads are 

modeled using Static response type models [4-5] 

After detecting the fault section, the voltage and current at the beginning of the 

faulted section, at fault location, and at the end of faulted section are calculated using the 

procedure explained in [4-5]. Having the above values estimated, the impedance of the 

fault is estimated [4-5]. Assuming that the fault has resistive nature, the following holds 

[4-5] 
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                                                              (A.11) 

Where (s) denotes a fraction of the faulted section and parameters Ks are detailed 

in [4-5]. 

The above procedure is also carried out for sections between node x-1 and node x 

and also nodes x+l and x+2 to consider the possible errors in estimating the faulted 

section. 

To eliminate multiple fault estimations due to laterals, in [4-5] fault indicators are 

installed at the beginning of each taps. The fault indicators indicate if faults have 

happened in downstream sections. 

The presented evaluation results in [4-5] indicate that the error of this method is 

less than 4%. 
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A.2  Direct three-phase circuit analysis-based techniques [7-8] 

If the network is not balance, their sequence networks are not independent and are 

coupled. Therefore, the fault location methods that assume the sequence networks are 

independent from each other cannot be applied.   

In [7-8], a fault location algorithm based on the direct circuit analysis is proposed. 

This method can be applied to any power distribution networks whether they are 

balanced or not. 

This method directly uses three phase parameters of the network to estimate the fault 

location. For example in case of phase a to ground fault the following holds [7] 

ffScacSbabSaaaSa RIIZlIZlIZldV  ))(1(                                                       (A.12) 

where SaV  is a-phase voltage at sending end of the line, ScSbSa IandII ,  are phase current at 

phase A, fI  is the fault current, and fR  is the fault resistance, and Zlaa, Zlab, and Zlac 

are the line impedances, and d is the distance of the fault from sending end. Using matrix 

inverse lemma If is estimated and replaced in (A.12) to reach the following equation [7] 

0)()()(2  irfiririr jddRjccjbbdjaad                                           (A.13) 

Where ,,,,,,,, iriririr ddccbbaa are detailed in [7] 

By calculating real part of (A.13) and replacing in the imaginary part of (A. 13) the 

following is derived [7] 
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Based on which the fault distance (d) can be estimated. 
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Based on presented evaluation results in [7-8], error of the fault distance computation 

is less than 0.1 %. 

 

A.3  Superimposed components-based techniques [10-11] 

These algorithms [10-11] are based on utilizing superimposed voltages and currents. 

In these methods the assumed fault point is moved along the feeder systematically until 

the actual fault point is pinpointed.  

Assuming a lumped parameter model of the line, the total voltage, fV  at the fault is 

related to the measured voltages and currents by the following equation [10-11] 
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where β is the assumed fault position, a is the actual fault position, and ms ZZ , are the line 

self and mutual impedances/unit length, respectively. 

Superimposed voltages and currents at assumed fault location, which are 

difference between the fault and pre-fault fundamental phasors, are calculated. The pre-

fault voltage at the assumed fault position is given by [10-11] 

       )(,,)(,,)(,, sscbSasscbSasscbfa VIZV                                                                        (A.16) 

The assumed fault position β is varied systematically so that provide minimum 

values of the unfalted phase fault path currents [10-11].  
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Based on presented evaluation results, error of the fault distance computation is 

less than 3%. 

A.4  Traveling wave techniques 

In this type of methods the traveling waves generated by the fault is captured and the 

time difference between the fist arrival of the traveling wave and the one reflected from 

the fault location is used to pinpoint the fault. 

Knowing this time delay and the traveling wave velocity the fault is pinpointed. In 

three-phase networks, the traveling waves are mutually coupled. As a result, a single 

traveling wave velocity is not defined. Therefore, by using the modal transformation 

matrices the phase domain signals are decomposed into their modal components and 

each uncoupled mode is studied independently. 

       An important requirement of this type of algorithm is accurate detection of 

extracting the desired component of the measured signals, which indicates the traveling 

of the waves. Cross-correlation [53], wavelet transform [54], and mathematical 

morphology [55] are some of the methods utilized in this respect. 

          One of the main difficulties of implementing this type of algorithms is the need for 

high sampling frequency. For instance, in the case study in [55] propagation velocity is 

1.8182*l05 miles/sec, so a sampling time of l0µs is used. 

In the following subsections, advantages and disadvantages of this category of 

methods are discussed. 
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A.4.1 Using band-pass filters [12] 

This method is based on the successive arrival of the traveling waves of voltage 

signals.  

According to the Lattice diagram [12] of traveling wave generated by fault, x of the 

fault from bus-bar R is given by [12] 

 2
2* trv

x 
                                                                                                                 (A.17) 

where v is the signal traveling velocity on the line, the signal Vr2 is captured at  

tr2 = 2*trl seconds after the arrival of the first traveling signal Vrl, A value of x less than 

the line length Lp would indicate a fault on the line. 

If the measuring device is located at end S of the line (farther away from the fault 

location), the fault-generated wave measured at end S, which is indicated by Vsl,   

arrives at time tsl. The reflected wave from R arrives at S at time ts2 sooner than the 

actual wave, Vs3 that reflected from fault location, which arrives at ts3. In this case, if 

eq. (A. 17) is used to calculate the fault location and using the time difference between 

Vsl and Vs2 will give an incorrect result. 

In this cased the following holds [12] 
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Therefore, it is necessary to discriminate the reflected wave from the fault point 

and the one is reflected from the remote end. 
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In the method presented in [12], high-frequency voltage signals at the range of 1 

to 10MHz are captured. The bus-bar impedance at this range represents capacitive 

characteristic. Therefore, the step changes in the incident wave is reflected with opposite 

sign [12]. According to [11], the reflected wave from the remote bus-bar have the 

opposite polarity compared the signals reflected from the fault point. Therefore, these 

two waveforms can be differentiated. 

In [12] modal transforms are used to extract the aerial mode and ground mode 

signals so that the method could be applied for three-phase systems. Digital band pass 

filters capture the high frequency components needed for the task of locating the fault.  

In [12] the accuracy of the proposed fault location scheme with respect to digital 

sampling rate is discussed. The accuracy of the fault location method is directly 

proportional to the waveform-sampling rate of the fault locator. Accuracy of ±10m could 

be reached at a sampling rate of 20MHz. 

            In [12] it is demonstrated that the generated high-frequency transients due to 

faults are not affected by the fault type or fault impedance. 

    The need to have high frequency sampling devices and existence of multiple 

reflections in the presence of load taps makes are among the difficulties of 

implementation of this type of method. 

 

A.4.2 Using cross-correlation [13] 

In this method the modal voltage Vm and current Im are calculated as follows [13]: 
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                                                                                                         (A.19) 

where phV and phI   are the phase voltages and  phase currents respectively. [S] 

and [Q] are the voltage and current transformation matrices. If the lines are transposed 

the [S] and [Q] are as follow [13]: 
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         The following holds between modal transient voltage and current  

mmm IZV                                                                                                                 (A.21) 

where mZ  is the surge impedance of the mode, and the sign is determined based 

on the direction of transients propagation with respect to the defined direction of positive 

current. 

Once the voltage and current transient amplitudes are known the incident 1S , and 

reflected 2S  waves on the faulted line are defined as follow[13]: 
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                                                                                            (A.22) 

The discrete normalized cross-correlation function of the 1S  and 2S  are calculated as is 

described in [13].                                                                       

The cross-correlation of the reflected transient and the incident transient is 

calculated. The peaks in the cross-correlations implies the arrival time of' the first (t1) 

and second (t2) incident wave. Finally the fault location is calculated as follows[13]: 
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                                                                                                          (A.23)   

where v is the signal traveling velocity on the line. 

 

A.4.3 Using Wavelet transform [14] 

In this method Fault Transient Detectors (FTD) are installed at substation and 

remote end of the line as well as loads terminals.  

The modal components of the phase voltage signals are calculated as follows [14] 

phasee TSS mod                                                                                                             (A.24) 
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is Clarke's transformation matrix.  

The first mode is the ground mode and is related to earth faults. The second 

mode, called aerial mode, is related to other types of faults. After decomposing the three-

phase signals to modal components, high frequency components of the signals are 

extracted using wavelet transform and are utilized to detect arrival time of fault-

generated transients.  The fault distance is calculated as follow [14]: 
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                                                                               (A.25) 

Where A indicates the local substation and B indicates either remote end of the line 

or each load terminals v is the signal traveling velocity on the line. 
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The longest distance among all the estimated distances indicates the actual location 

of the fault.  

  

A.5  Artificial intelligence-based techniques 

In [18-20] application of intelligent methods based fault location methods have been 

proposed which are summarized as follows: 

 

A.5.1 Using ANFIS Nets and Current Patterns [18] 

In this method Adaptive Neuro-Fuzzy Inference System (ANFIS) nets are utilized 

to pinpoint the fault location. The current signals collected at substation and the 

parameters of the network, i.e. protective device settings, are used to train the ANFIS. 

Wave shape of current waveform changes as a result of the protective relaying 

operation. Specifically, the fault duration depends on the type of the protective device 

that clear the fault. For example, the waveforms due to operation of fuse saving 

protective schemes have several intervals with different current waveform shape. In this 

scheme, reclosers generate one or more fast and slow trips to clear transient faults. In 

case of permanent faults, fuses operate to clear faults downstream of their location. 

In [18] by applying wavelet transform the duration of these intervals are 

determined. Some intervals correspond the fault overcurrent and some others correspond 

to time period in which the recloser isolates the fault. The last intervals correspond to the 

operation of fuses. 
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These intervals show the fault characteristics and the protective devices operation 

time during a fault. In order to capture required training data for the ANFIS, different 

fault types with different impedances at different places in the networks are simulated 

and the ANFIS is trained based on the features detailed in [18].  

               Simulation results show that the method can locate faulted zones with errors 

lower than 1%. 

 

A.5.2 Using Neural Eigenvalue Algorithm [19] 

In this method line currents are transformed into "0" current components by 

applying Clarke-Concordia transform as follow [19]: 
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where  [19] 
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In the   plane, I , I  and 0I  make a circular shape. The radius of the circle is 

proportional to the magnitude of the phase current [19]. For asymmetric fault cases the 

curve becomes an ellipse. The direction of the main axis of the ellipse specifies the fault. 

The distance closer to the measuring device cause higher fault current magnitude and as 

a result the main direction of the ellipse become larger. 
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In [19] an eigenvalue based method is proposed to quantify the above mentioned 

features. In [19], it is shown that the Eigenvalues ( 0,,   ) are non-linearly related to 

the distance of the fault from the substation. 

An Artificial Neural Network (ANN) is utilized to represent this relationship. 

Eigenvalue data “ ” and fault type vector” fk ” are provided to the ANFIS as inputs 

and the distance of the fault (m) as output [19]. 

It is notable that in [19], the occurrence of the fault is detected by comparing 

eigenvalues characteristics for fault and pre-fault. In normal situation the curve in 

 plane is a circle while in fault condition it is an ellipse.  

 

A.5.3 Using a Learning Algorithm for Multivariable Data Analysis (LAMDA) [20] 

In this method the problem of multiple fault location estimation by impedance 

based fault location is solved using Learning Algorithm for Multivariable Data Analysis 

(LAMDA). In this method at first impedance based fault location method presented in 

[8] is utilized to find the fault location. In order to solve the problem of multiple fault 

location estimation, an intelligent system is used to detect the faulted zone.  Different 

signals are utilized to capture the fault characteristics which are detailed in [20]. 

Examples of such signals are Voltage sag magnitude on each phase, current increase on 

each phase, fall slope on each phase, and so on [20] 

PCA (Principal Component Analysis) is then used to extract suitable features for 

fault location. Finally LAMDA is trained based on these extracted feature to eliminate 

false fault location estimations [20]. 
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 In this method, the zone in which fault has happened is detected with 83% 

accuracy. 
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