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Abstract 

This research concentrates on the development and evaluation of novel single ended 

impedance based fault location methods, which are easy and economical to 

implement in practice. The conventional single ended impedance based fault location 

methods normally suffer from negative effects associated with variability and 

inaccuracies in fault resistance, distance to fault and from the impact of variable 

remote end short circuit level. A novel concept of a single ended impedance based 

fault location method using analysis of ‘interpole’ states, which arise during the 

operation of the circuit breaker as the individual poles open sequentially, has been 

developed. The proposed fault location technique has been shown to have a very 

high theoretical accuracy by eliminating the aforementioned negative effects 

associated with conventional single ended impedance based methods. The thesis 

describes how the developed technique operates through comparing simulated 

voltage and currents during the interpole states with the actual measured voltage and 

currents, and searches for a match that may be indicative of fault location. When a 

match is found within a pre-specified tolerance error from analysis of the initial 

“during fault” state, the ranges of corresponding possible fault locations, fault 

resistances and remote end short circuit levels used in the simulation are noted. The 

ranges of all possible values are subsequently reduced through analysis of the 

consecutive interpole stages as each pole of the circuit breaker opens sequentially to 

finally interrupt the flow of current in all three phases. The final, most accurate, fault 

location is obtained following on from analysis of the final state.  
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Another single ended impedance based fault location method has been developed 

that extends the analysis to the operation of single/three phase auto-reclose schemes. 

Similarly with previous method, the second method also uses the analysis of different 

system states, which are arisen during the auto-reclose operation, and improves on 

the accuracy of the method that only analyses the single operation of the circuit 

breaker. The methods are demonstrated using EMTP/ATP simulation models for a 

variety of different cases and it is shown how high accuracy has been achieved, with 

improved performance when compared with conventional single ended impedance 

based method (Takagi method and network impedance method). Additionally, it is a 

potentially economic solution, as only local end data is required. The thesis 

concludes with an overview of ongoing and future work that has the intention of 

moving the work forward towards implementation within commercially available 

relay hardware. 



 

- v - 

Glossary 

CB: Circuit Breaker 

GPS: Global Position System 

DFT: Discrete Fourier Transform 

LSM: Least Squared Method 

CT Current Transformer 

VT Voltage Transformer 

SCL1:  Local end short circuit level 

SCL2:  Remote end short circuit level 

ZL:  Transmission line impedance  

n : Fault location as a proportion of total line length 

Rf:  Fault resistance 

K: Fault matrix 

EL  Local source voltage 

ER Remote source voltage 

Zloc, : Local end source impedances 

Zrem Remote end source impedance 

Ef: Voltage at the fault location in the pre-fault network 

SPAR: Single Phase Auto Reclose Scheme 

TPAR: Three Phase Auto Reclose Scheme 

 : Propagation constant of transmission line 

d: Transmission line length 

Zc: Surge impedance of transmission line 

Note that matrices are denoted by bold text.   
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Chapter 1. Introduction 

1.1 Basic concepts of fault location 

It is critical for transmission and distribution system operators to supply power with 

high continuity, dependability and reliability; this is becoming ever more important 

as the level of interconnectivity grows, and the reliance on electrical power increases. 

Furthermore, the increasing levels of renewable generation, particularly in the UK 

where a large amount of wind energy is being installed in offshore locations, places 

even greater emphasis on the need for transmission circuits with the highest possible 

levels of availability, particularly for those that transmit power from remote 

generation locations/offshore generation infeeds to major load centres. As a result, it 

is critical that accurate and fast-acting power system protection and fault location 

functions are available. 

 

Fault location plays an important role in the overall function of system protection and 

post-fault remedial actions. There are many causes of faults on transmission and 

distribution lines. These include breakdown of insulation, problems initiated by 

storms and other weather phenomena, overgrown vegetation, animals and human 

error; any of which may result in the connection of a power line to earth or a fault 
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between phases. Permanent faults involving physical damage to equipment must be 

located and repaired before the supply can be restored. In today’s modern power 

system, customers are more sensitive to outages and sustained outages can lead to 

significant damages and financial losses for the operating companies. Therefore, fast 

and accurate fault location techniques are desired to reduce restoration times and to 

increase the continuity and dependability of power supply. 

1.2 Motivation for research 

According to the nature of the input signal(s) used, fault location techniques can be 

subdivided into single ended methods, two ended methods and multi ended methods. 

Single ended fault location methods are generally the simplest and most economical 

to implement. Only local end data is required. It can obtain good accuracy with 

minimum requirements for processing or communications. Compared with single 

ended methods, two ended and multi-ended methods, which require voltage and 

current data from two/multiple locations, require additional facilities such as 

communication channels and, in some cases, Global Position System (GPS) timing 

synchronising devices. While more complex and costly, such techniques generally 

offer higher accuracy of fault location than single ended methods.  

 

Impedance based and travelling wave based fault location methods are the main fault 

locating techniques that have been implemented in practice. Impedance based 

methods are relatively simple and easy to implement, and estimate the distance to 

fault using measured fundamental current and voltage phasors. However, the 

accuracy of conventional single ended impedance based methods, such as the simple 
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reactance method and the Takagi method [1-3], may suffer from the effects of 

variable fault resistance, fault position, remote end short circuit level and pre-fault 

load level. Some algorithms [4-7] have been developed to reduce the negative 

impacts on conventional single ended method, for example by requiring a definition 

of the remote end short circuit level as an input. Very good levels of accuracy have 

been achieved by such improved single ended fault location techniques. However, 

the remote end short circuit level is uncertain, and changes if the system 

configuration beyond the remote end bus changes, so cannot be relied upon as an 

input to such techniques. 

 

Compared with conventional single ended impedance based methods, two ended 

methods [8-17] do not suffer from the effects of factors such as fault resistance, fault 

distance variations and uncertain remote end short circuit level, and a generally 

higher accuracy is therefore obtained when compared with single ended techniques. 

As the synchronisation of the measurement data from both ends is critical within 

such methods, GPS timing technology has been used in some cases [8, 9, 11, 16-18].  

 

Travelling wave methods offer significant improvements in accuracy compared with 

impedance based methods [5-7, 11, 15, 19-26]. However, this method is relatively 

expensive to implement compared with impedance based method. High data 

sampling frequency and dedicated devices is required. Some problems associated 

with the travelling wave method still need to be improved, including accurately 

waveform detection and interpretation, discriminating between initial waveforms and 

subsequent reflections and time tagging of measurements. 
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In summary, the single ended impedance based fault location method is the most 

attractive if it can be made sufficiently accurate: it is potentially economic and 

simple to implement as only local fundamental frequency phasors are required. 

However, the accuracy of conventional single ended impedance based fault location 

techniques may suffer from effects of variable pre-fault loading level, uncertain 

remote end short circuit level, the actual fault position and the fault resistance.  

 

To address these shortcomings, two fault location algorithms, which use only single 

ended data and which analyse the electrical data during and after circuit breaker and 

auto-reclose scheme operation, have been developed and are reported in this 

dissertation. Such methods provide great accuracy of fault location, and not only 

eliminate, but can also quantify the magnitude of the parameters that normally have a 

negative impact on single-ended impedance methods (namely remote end short 

circuit level and fault resistance). The developed techniques are potentially as 

economic to implement as conventional single ended techniques because only the 

local phasors are only required. 

 

During circuit breaker operation, several system states, which are termed “interpole 

states”, arise due to the different stages of interruption of each of the three individual 

phases, which are not interrupted simultaneously due to the requirement for 

interruption of current flow in each phase around the point of a current zero crossing. 

There are three main elements of the algorithm: (a) transmission line modelling, (b) 

matching, and (c) recording. 
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(a) The transmission line modelling is to compute voltage and current phasors 

using assumed fault location, fault resistance and remote end short circuit 

level. The ranges of possible fault locations, fault resistances and remote end 

short circuit levels are pre-estimated first using a conventional fault location 

technique (Takagi method). The computations are iteratively stepped through 

pre-set ranges of fault locations, fault resistances and remote end short circuit 

levels. For each combination of these parameters the method calculates 

voltage and current phasors during the consecutive circuit breaker interpole 

states (using transmission line fixed impedance model).  

(b) At each iteration, the computed data is compared with the simulated data 

(matching) using pre-defined comparison tolerance levels.  

(c) When a match is established between the calculated and simulated data, the 

candidate group (including fault location, fault resistance and remote end 

short circuit level) is stored (recording).  

 

This process is repeated for each interpole state and this is then used to obtain the 

exact fault location (and other parameters) at the final interpole state (where all 

three phases have been interrupted). A steady state transmission line model 

underpins the methods and is used to demonstrate the accuracy of this method. 

The duration of each interpole state is short (3.33ms in theory in a 50Hz system); 

it is, therefore, difficult to extract the fundamental frequency phasor in such a 

short time. However, it is believed that this shortcoming can be resolved as DSP 

techniques develop in the future.  
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In order to overcome this shortcoming associated with reliably of extracting 

fundamental frequency phasors during such a short time period, a second fault 

location algorithm, based on analysis of data during the operation of auto-reclose 

schemes, has also been researched and developed in this thesis. This is prudent, as 

auto reclose is used on the vast majority of overhead systems, and any permanent 

fault will obviously involve “open-reclose-open” states as the system attempts to 

reclose, which will be unsuccessful due to the permanent nature of the fault. It should 

be noted that location of transient faults is also important as such faults may occur 

repeatedly at the same location, and therefore, need to be identified and attended to 

promptly. However, this thesis, primarily deals with permanent faults.  

 

There are several individual system states that arise during auto-reclose scheme 

operation. This new method applies the similar principle as the first fault location 

algorithm that analyses interpole states during circuit breaker operation. Compared 

with fault location algorithm based on the interpole state analysis, this algorithm 

avoids the difficulty in accurately extracting fundamental frequency phasors as the 

duration of individual system states that arise from auto-reclosing operation has 

sufficient time for accurate phasor extraction, and it is believed that it could be 

readily implemented in practice.  

1.3 Research objectives 

The objective in this research work is to study the conventional fault location 

techniques and to develop novel fault location algorithms which improve fault 

location accuracy by eliminating the negative factors associated with conventional 



Chapter 1 Introduction 

- 7 - 

techniques, including the negative impact of variable fault resistance, remote end 

short circuit level and pre-fault load level. This research is sub-divided into three 

main elements: 

– An investigation into the influences and impacting factors on established fault 

location techniques and comparative analyses of the performance of such 

techniques under these negative influences. 

– Design and demonstration of fault location algorithms based on the analysis of 

circuit breaker operation and evaluation of the performance of the proposed 

algorithm against the best existing techniques under a range of fault conditions.  

– Design and demonstration of fault location algorithms based on auto-reclose 

operation and evaluation of the performance of the proposed algorithm against 

the best existing techniques under a range of fault conditions.  

1.4 Research contribution 

Based on the above research objectives, the following original contributions can be 

claimed:  

– A new fault location algorithm, which analyses the interpole states of circuit 

breakers during fault clearing operation. As the basic principle is based on the 

comparison between simulated data and calculated data, a steady state 

transmission line modelling approach has been used to compute a range of states 

relating to different fault locations (and other parameters – fault resistance and 

remote end short circuit level) during circuit breaker operation has been 

developed using a lumped parameter line model. Results of the novel fault 

location algorithm show that the algorithm is capable of accurate fault location 



Chapter 1 Introduction 

- 8 - 

in situations where the remote end short circuit level and fault resistance are 

unknown. The performance compares favourably against existing fault location 

methods, and has the potential for achieving very high accuracy with low cost of 

implementation 

– A novel fault location algorithm, which analyses the different states arising 

during the operation of auto-reclose schemes. This uses similar principles to the 

previous method, but employs an increased amount of input data (from the auto 

reclose phases of operation) that enhances accuracy and reliability of the output 

results. A large number of evaluations, which include the negative effects of 

fault distance, fault resistance, remote end short circuit level, inaccurate local 

end short circuit level and measurement error, have been carried out to prove the 

success of the proposed algorithm.  

 

1.5 Scope of the thesis   

Chapter 1: Introduction  

In this chapter, fault location theory is defined. The motivation for the research work 

is presented and the objectives of this thesis are defined.  

 

Chapter 2: Review of fault location techniques 

In this chapter, the background information of fault location is included; the main 

fault location techniques that are used and/or have been the subject of research by 

others are introduced. 
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Chapter 3: Comparative performance analysis of impedance based fault location 

techniques 

In this chapter, an evaluation and comparative analyses of the simple reactance 

method, the Takagi method, the network impedance method and the two-ended 

method are presented.   

 

Chapter 4: Fault location through analysis of data from inter-pole states during 

circuit breaker operation 

In this chapter, the novel fault location technique based on the analysis of circuit 

breaker operations is introduced and described in detail. Case studies and evaluation 

of this technique are included and results illustrate and quantify the accuracy of this 

method. The challenges and difficulties associated with this method are also 

described.  

 

Chapter 5: Fault location through analysis of data from auto-reclose operations 

In this chapter, the novel fault location technique based on the analysis of auto 

reclose scheme operations is introduced and described in detail. This novel technique 

is based on similar principles to the fault location technique introduced in chapter 4. 

However, this method avoids the difficulties and challenges of the other technique by 

analysing data from the various stages of the auto-reclose scheme operation. Case 

studies using EMTP/ATP simulations and evaluation of this technique are included.  

 

Chapter 6: Evaluation of sensitivity of auto-reclose based location to variations in 

input parameters 
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In this chapter, the new fault location technique introduced in chapter 5 has been 

evaluated to ascertain its ability to counteract the traditional negative effects 

associated with impedance based methods, such as fault resistance, uncertain remote 

end short circuit level, inaccurate local end short circuit level setting and 

measurement error brought by measurement instrument. A detailed comparison with 

the Takagi method is also presented.  

 

Chapter 7: Conclusions and future work 

Conclusions are presented and future work is outlined.  

 

1.6 Publications 

Based on the results of the research work reported in this thesis, the following papers 

have been published: 

 L.Ji, C.Booth, A.Dysko, F.Kawano, G.Baber, "Improving fault location by 

analysis of electric parameters during circuit breaker operation," presented at the 

PSCC, Stockholm Sweden, 2011 

 L.Ji, C.Booth, A.Dysko, F.Kawano, G.Baber, "Improved Fault Location through 

Analysis of System Parameters during Auto-Reclose Operations on 

Transmission Lines," IEEE transaction on Power Delivery (submitted for fourth 

round review) 
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Chapter 2. Review of fault location techniques 

2.1 Introduction 

Fast and accurate fault location methods assist power system operators in locating 

and repairing elements of the system that have been damaged due to electrical faults. 

It is critical that the system is restored as quickly as possible following an outage so 

that the overall availability and integrity of the system is maximised. This is 

particularly important in modern and future systems, where the location and nature of 

generation means that even greater reliance will be placed on transmission and 

distribution systems. There are a large number of fault location techniques that have 

been proposed, and in some cases, implemented within power systems. This chapter 

reviews several of these techniques and places the work reported in the remainder of 

this dissertation in the context of existing work.  

2.2 Faults within power systems 

2.2.1  Power line faults 

As mentioned in Chapter 1, there are many causes of faults on transmission and 

distribution lines. These include breakdown of insulation, problems initiated by 
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storms and other weather phenomena, overgrown vegetation, animals and human 

error; any of which may result in the connection of a power line to earth or a fault 

between phases.  

 

According to different voltage level and weather conditions, there are statistics 

relating to faults on systems. The majority of statistics state that approximately 75% 

of all faults in transmission networks are due to the inherent exposed characteristics 

of the line and atmospheric conditions [1]. 

2.2.2  Fault types and statistics 

Faults occurring on a transmission line can be categorised as open circuit, transient 

(or arcing) and permanent short circuit fault. Open circuit faults usually arise from a 

breakage in a conductor, as shown in Figure 2.2. In some cases, the broken conductor 

may subsequently result in a single phase to earth fault, which is shown in Figure 

2.2b. Transient faults only exist on the power system for a short time (as they are 

cleared by the fast operating protection) and are normally resolved quickly by using 

an auto-reclosing scheme. Transient faults represent the majority of faults 

encountered on overhead power systems. However, faults which are permanent or 

repetitive cannot be resolved quickly by auto-reclosing action and normally require 

to be repaired by the maintenance team. 

 

In short circuit faults, a phase conductor (or conductors) may be in in contact with 

earth or another phase. These are the most common fault types in distribution and 

transmission systems. Generally, short circuit faults can be catalogued as: 



Chapter 2 Review of fault location techniques 

- 17 - 

 Single phase to earth fault, as shown in Figure 2.1a 

 Phase to phase fault, as shown in Figure 2.1b 

 Phase to phase to earth fault, as shown in Figure 2.1c 

 Symmetrical fault (three phase/three phase to earth fault, Figure 2.1d, Figure 

2.1e) 

 

Data relating to transmission system fault statistics, in terms of fault types and causes, 

are available from the literature and also from the internet. In order to briefly 

acquaint the statistics, Table 2.1 shows the statistical occurrence of different 

categories of short circuit faults [2]. From the table, it is clear that single phase to 

earth fault represents the vast majority of faults that are encountered on overhead 

systems. 

 

Fault type Probability of occurrence (%) 

Single phase to earth 85% 

Phase to phase 8% 

Phase to phase to earth 5% 

Symmetrical fault 2% 

Table 2.1. Fault category statistics[2] 
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Figure 2.1. Short circuit fault types and their modelled representation 

 

Figure 2.2. Open circuit faults 
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2.3 Impedance based fault location methods 

The impedance method of fault location is the most widely used method in practice 

as it is relatively economical and easy to install and implement in the system. In this 

section, several typical single and two ended methods of fault location are reviewed.  

2.3.1 Single ended impedance based algorithms 

As mentioned previously, single ended impedance based methods are relatively 

economical and simple to implement when compared with two ended impedance and 

travelling wave based methods. The algorithms employed within single ended 

schemes estimate fault location using only current and voltage measured from the 

local end (i.e. the end at which measurements are taken). In the remainder of this 

section, the concept of the fault loop model is introduced initially, followed by a 

review of several typical conventional fault location algorithms including: the simple 

reactance method which requires only during-fault data; the Takagi method, which 

requires both pre-fault and during-fault data; and the network impedance, method 

which requires an input quantifying the local and remote end short circuit levels. 

2.3.1.1 Fault loop model 

The majority of single ended impedance-based algorithms are based on the use of a 

fault loop model. Through the entire dissertation, a two ended system model (i.e. a 

line supplied form both ends – i.e. there are sources of fault current at both ends of 

the faulted line, typical of interconnected transmission systems) is used to quantify 

and verify the performance of conventional fault location algorithms (introduced in 

this chapter) and the novel fault location methods that are reported in Chapters 4 and 

5.  
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a) Faulted network  

 

 

b) Pre-fault network 

 

 

c) Superimposed network 

Figure 2.3. Two-ended transmission line network: superposition process  
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Figure 2.3 represents a faulted network with a phase to earth fault. According to 

superposition theory, the faulted network, as shown in Figure 2.3a, can be 

represented as the summation of the pre-fault network (shown in Figure 2.3b) with 

the superimposed network, as shown in Figure 2.3c. Consequently, the fault voltage 

and current at local end (         ) can be represented as: 

 

            
  

(2.1) 

            
  

(2.2) 

 

Note that        and        denote the pre-fault voltage and current;   
  and   

  

denote the superimposed voltage and current. In the figure, L and R denote the local 

and remote end of the faulted transmission line.  

 

In the faulted network, as shown in Figure 2.3a, the fault loop from terminal L to the 

fault is represented as: 

 

                (2.3) 

 

This fault loop equation is widely applied in majority single end impedance based 

methods. Typical fault location techniques based on this equation will be reviewed in 

the following section.   
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2.3.1.2 Simple Reactance Method 

Equation (2.3) represents the fault loop, and the relationship between the various 

parameters of interest, within the single phase model. By rearranging (2.3), the 

measured impedance (ZL) at the local end can be obtained: 

 

   
  
  
     

    

  
 (2.4) 

 

In the equation above, the fault location n is the solution objective. The simple 

Reactance Method [3-5] has been designed to minimise the effect of 
    

  
 by only 

using the imaginary part of the above equation. Therefore, the fault distance n is 

calculated using: 

 

     
  
    

  (2.5) 

 

This method has reduced the potential negative impact of Rf by assuming the 

imaginary part of 
    

  
 is to be equal to 0. The error associated with this method is 

only equal to 0 if Rf = 0 or ∠If =∠IL. In the case of a single end sourced system, this 

method has excellent accuracy, because ∠If is always equal to ∠IL. However, the 

majority of transmission systems are interconnected and fault current will be 

supplied form both line ends, and this method will therefore suffer significantly from 

the impact of non-zero fault resistance and angle mismatches between If and IL, 

which may change as n, uncertain SCL2,Rf and pre-fault load angle.  
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2.3.1.3  The Takagi method 

According to superposition theory, the faulted network can be treated as the sum of 

the pre-fault and superimposed networks, as shown in Figure 2.3. In the 

superimposed network, as shown in Figure 2.3c, the fault current If passing through 

the fault resistance is calculated using the following:  

 

   
   
  

 (2.6) 

  
            

(2.7) 

 

Cm is defined as the current distribution factor [6], which is equal to: 

 

   
            
            

 |  | 
   (2.8) 

 

The fault loop equation (2.3) can be rewritten as: 

 

           
  
 

|  |   
   (2.9) 

 

From the above equation, it is clear that   is represents the angle of the current 

distribution factor, which depends on the source impedances “behind” both line ends 

and the distance to fault. As to reduce the effect of Rf, Takagi [7] has developed an 

algorithm which applies the correction factor   
   (* denotes the complex conjugate 

of   
 ) at both sides of equation (2.9). Thus, the fault distance is obtained as: 
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 (2.10) 

 

The key success of the Takagi method is that the influencing element   (
    

   
  

|  |   
) is 

equal to 0 by assuming   . In the majority of situations, there is no significant 

factor that impacts on the accuracy of this method. However the angle   is not 

exactly equal to 0 in the majority of situations. The fault location error arises through 

a combination of this angle not being non-zero and the additional fact that there is 

typically a non-zero fault resistance. The fault location error increases as the fault 

resistance increases, and may become significant when high resistance faults occur. 

As the angle of fault distribution factor   depends on n and Zloc, Zrem, as shown in 

(2.8), the change of n or Zloc, Zrem will cause a different value of  . The fault location 

error may be influenced as a result.  

2.3.1.4 Network Impedance Method 

The algorithm introduced by Eriksson [6] attempts to address the errors associated 

with the Takagi method (as explained in the previous section) by requiring both ends 

source impedance or fault level as an input, normally represented as short circuit 

level.  

 

Through combining equations (2.8) and (2.9), the following can be obtained: 

 

           
  
               

            
   (2.11) 
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Rearranging the above (2.11) gives: 

 

   
           (2.12) 

Where,  

     
    

                    
    

       
                

 

In the equation, there are two unknown variables, n and Rf. By using both the real 

and imaginary parts of the equation, the unknown parameters n and Rf can be solved. 

Note that this equation may produce two solutions, only one of which is 

representative of the actual fault distance. The other (incorrect) solution lies outside 

of the line range so usually be easily identified and discarded. 

 

A number of other impedance based fault location techniques utilise the fact that 

SCL2 is known. The extraction of the current phasor from the fault current data may 

be distorted by CT saturation. [8] reported a fault location algorithm with limited 

requirement to use the current phasor data. Instead, a function relating during-fault 

voltage to fault distance and fault resistance is utilised. The fault location can be 

determined by knowledge of the level of SCL2. Paper [9] describes a single ended 

fault location method that operates by solving the zero sequence impedance network. 

The local end current phasors and SCL2 are required as an input in this method. As 

previously mentioned, the Takagi method reduces the effect of fault resistance 

significantly. However, the angle of fault current distribution factor ( ) is not equal 
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to 0 in reality. A modified Takagi method introduced in [3] improves fault location 

accuracy, as it allows for correction of the fault current distribution factor angle ( ) 

using the levels of both SCL1 and SCL2.  

 

Attempts to reduce the negative effects of variations in Rf. have been made by many 

researchers as any positive developments in this respect can improve location 

accuracy. Some algorithms, such as those reported in [6], can actually quantify the 

value of Rf. However, the value of SCL2 is required as input, which cannot normally 

be known with any great degree of certainty, as the system configuration beyond the 

remote end bus may change. Furthermore, the increase in intermittent renewable 

energy sources will also act increase the uncertainty of source impedances. 

2.3.2 Two ended impedance based algorithms 

Two ended impedance methods generally display better fault location accuracy 

performance when compared with single ended methods. Two ended methods 

display higher levels of immunity to the detrimental influences of fault resistance, 

pre-fault load angle and uncertain remote end short circuit level. However, 

communications channels and data from both ends are required as a pre-requisite for 

the application of such methods.  

 

The use of either synchronised or unsynchronised data from both ends has been 

considered by researchers working in this field. The methods using synchronised 

data [10-15] have improved fault location accuracy with the help of GPS time coding 

techniques [16, 17]. In the case of loss of the GPS facility or signal, then such 
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schemes can normally operate with unsynchronised data; other schemes using 

non-synchronised data from both ends have also been developed. The key challenge 

for such fault location techniques [15, 18-30] is in solving for the angle difference 

between the data measured from both ends. 

2.3.2.1 Two ended methods employing synchronised data  

In the faulted network, as shown in Figure 2.4, the voltage at the fault point can be 

calculated from both sides of the line, as shown below.  

 

From the perspective of the L line end: 

 

            (2.13) 

 

From the perspective of the R line end: 

 

                (2.14) 

 

Through combining and rearranging the above equations, the fault distance n is can 

be calculated as shown below: 

 

  
          
         

 (2.15) 
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Figure 2.4. Fault network used for two ended method 

The above figure represents a single phase network. In a three phase network, the 

symmetrical sequence components or modal quantities are applied in the calculation 

steps [31].  

2.3.2.2  Use of unsynchronised data methods 

In cases where no accurate common time reference (e.g. from GPS) is available, a 

synchronisation operator e
jθ is applied to ensure proper time alignment of the phasors 

at opposite sides of the circuit.. The calculation of the angle θ used by the 

synchronisation operator is described later in this section. In cases where 

synchronised data is available (e.g. via GPS) and a time reference provided for both 

ends, then no synchronisation operator is required. In unsynchronised data methods, 

there is no common time reference available, and normally the remote end data is set 

as reference (terminal R in Figure 2.4), the local end data can be “synchronised” (i.e. 

angle aligned) by multiplying the local end measurement data by the synchronisation 

operator. Consequently, the voltage and current at the local end (terminal L in Figure 

2.4) is represented as    
   and    

  . Accordingly, the fault distance is calculated 

as shown below: 

  
   

          
            

 (2.16) 



Chapter 2 Review of fault location techniques 

- 29 - 

The objective, when using unsynchronised data from each of the ends, is to calculate 

or eliminate the synchronisation operator    . 

 

a) Calculation of Synchronisation operator 

There are several methods to calculate the synchronisation operator. [18, 21, 25, 27] 

introduced an algorithm with the use of a pre-fault quantities, as shown in Figure 

2.3b. In the pre-fault network, the data from each are represented as shown below: 

At L end:        
  ,        

   

At R end: VR , IR 

The calculated voltage       
  at R end is represented in (2.17) using data from the 

L end.  

 

      
         

          
     (2.17) 

 

The calculated voltage       
  is equal to the measured voltage at end R.  

 

             
  (2.18) 

 

Thus, the synchronisation operator is,  

 

    
      

               
 (2.19) 

 

As the synchronisation operator has been determined, the fault location is 

consequently obtained by (2.16).  
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In addition to methods relying on pre-fault parameters to calculate synchronisation 

operator parameters, certain algorithms [21, 25] have introduced a method of 

calculating the synchronisation operator using during-fault quantities. The 

unsynchronised symmetrical network quantities of both ends are used. A function 

linking the fault current If, as shown in Figure 2.4, with the synchronisation operator 

    and the fault location n has been established. The most attractive advantage of 

this method is that both the parameters of the synchronisation operator and fault 

location are estimated simultaneously.  

 

b) Elimination of the synchronisation operator 

Equations (2.17)-(2.19) show the calculation of the synchronisation operator. 

Algorithms reported in [19, 26, 28, 30] have calculated the fault distance by solving 

the synchronisation operator equation, in which the     term does not require to be 

calculated.  

 

After rearrangement of (2.16), the synchronisation operator equation can be 

expressed as shown below: 

 

    
           
        

 (2.20) 

 

|   |   , therefore: 

 

|
           
        

|
 

   (2.21) 
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The above equation can be stated in the form shown below: 

 

   
           (2.22) 

Where  

   |    |
  |    |

  

       [        
                 

 ] 

   |  |
  |       |

  

 

The fault distance, n, can be calculated by solving (2.22). There are two solutions for 

this. As is the case for equation (2.12) (used in the network impedance method), the 

solution that lies within the range of the line length is selected and the other solution 

discarded.  

2.3.3 Fault location in special situations 

There are special cases where the use of fault location is more complicated. For 

example double circuit lines, multi-terminal lines, series-compensated lines, etc. For 

such types of transmission line, several specific fault location techniques have been 

designed and propose.  

 

Double circuit lines are extremely common in networks, particularly in power-dense 

situations and applications where high power transfers are required. As the individual 

circuits are located in close proximity to each other, they are inductively coupled. 

The apparent impedance of each line is influenced by the adjacent line. Due to this 

phenomenon, modifications to the basic impedance based fault location method are 
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required. Based on the local end data, the fault current distribution factor [32, 33] has 

been modified to reflect the changes of the line impedance. Further publications [34, 

35] propose a method for accurately calculating the fault current distribution factor. 

In the case of limited measurements at the local end (e.g. the healthy parallel line is 

switched off and earthed at both ends), [36] has reported a method which only 

requires three-phase voltage and faulty phase current. Some algorithms locate fault 

position by using data from both circuit ends [37-41]. As with the single ended 

methods for double lines, the main task of these algorithms is also focusing on 

catering for the effect of mutual inductance between adjacent circuits.  

 

Series compensation schemes, normally affected by switching in variable amounts of 

capacitance to circuits (using thyristor switching), is becoming increasingly popular 

for power factor correction and optimisation of transmission efficiency and capacity 

levels [42]. There have been several algorithms proposed that are concerned with 

locating faults on lines employing series compensation. Among them, the typical 

method is to apply the equivalent representation of series compensation elements 

[43-46]. In order to reduce the effect of compensation device, [43, 46] locate the fault 

position by applying this representation. Such techniques use two “sub-algorithms” 

which cover both scenarios respectively when that fault is in front of or behind the 

compensation device. A selection of the correct fault location solution is carried out 

based on the computation outputs of each “sub-algorithm”.  
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2.4 Travelling wave based fault location methods 

Travelling wave based fault location methods are based on interpretation of relative 

arrival times and patterns of travelling waves initiated by faults, as measured at the 

line end(s), and subsequent reflections from line ends (due to the step change in 

impedance encountered by the original travelling wave) that travel back and forth 

over the line between the fault location and line ends. The fault locator detects the 

fault point by recognising the high frequency travelling wave signals and analysing 

its propagation time. In theory, travelling wave based fault location method can 

produce extremely accurate results. When compared with impedance based fault 

location methods, travelling wave methods are immune to fundamental frequency 

phenomena such as power swings and current transformer saturation [47]. 

Furthermore, it is insensitive to fault types, fault resistance, pre-fault load flow, and 

uncertain source parameters (e.g. local and remote end short circuit levels). As with 

impedance based methods, travelling wave based methods can be subdivided into 

single ended and two/multi ended methods.  

2.4.1 Travelling wave theory 

When a fault occurs on a line, voltage and current waves will be initiated and will 

emanate from the fault location towards the line ends, with subsequent waves being 

reflected back from the line ends (due to the encountered impedance change) towards 

the fault location. Further reflections continue until the waves fully attenuate (or a 

circuit breaker is opened). This phenomenon is depicted in Figure 2.5 [48]. In the 

figure, L and R denote the local end and remote end. F and M are the fault point and 

middle point of the line respectively. The initial waves arrive at the L and R 
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terminals at times T1 and T2. As a change of impedance is encountered at the line 

terminals, waves are reflected from both ends back towards the fault point. The 

relative timing of the second detected wave at the local end depends on the fault 

position. Figure 2.5 shows the situation of fault point F is between the M point and 

remote end. The second wave arriving at the local end is a reflection from the remote 

end and is represented using a dashed line in the figure. In another case when the 

fault point F is between the local end and M point, the second detected wave at the 

local end will be a reflection from the fault point, which is represented using a solid 

line on the diagram.  

 

Figure 2.5. Travelling wave propagation in a transmission line in response to a fault 
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Along the transmission line, the voltage and current at any point x, as shown in 

Figure 2.6, can be expressed as shown in equations (2.23) and (2.24).   

 

  

  
  (   

 

  
)   (2.23) 

  

  
  (   

 

  
)   (2.24) 

 

Where L and C are the inductance and capacitance of the line per unit length, and R 

and G are resistance and admittance per unit length.  

 

i R L

G C

v

 

Figure 2.6. Voltage and current at point x 

If a lossless transmission line is considered, then R and G can be assumed to be equal 

to 0, which is suitable for description of the travelling wave theory. According to 

D’Alembert principle, the voltage and current at time t and at point x can be solved 

as shown below: 

 

                         (2.25) 

       
        

  
 
        

  
 (2.26) 
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In the above equations, Z0 is the characteristic impedance of the transmission line, 

which is    √
 

 
; and v is the propagation velocity of wave along the line, which is 

  √
 

  
. 

 

In a three phase transmission line, the propagation waves of each of the three phases 

can be converted into three modes using a modal transformation [49-52]. In practical 

implementations, the target mode chosen for detection needs to satisfy the 

requirements of small attenuation and good stability.  

2.4.2 Classification of travelling wave techniques 

The first implementations of travelling wave fault location were realised during the 

1950s. Basically, the travelling wave based fault location techniques [53-57] can be 

classified into five types, which have been denoted as Type A, Type B, Type C, Type 

D and Type E by other researchers [1, 2]. 

 

When a fault occurs on the line, the local end L may receive the wave initiated from 

the fault point and a subsequent wave reflected from the remote end and back along 

the line. From Figure 2.5, the first arriving wave at the local end is the initial wave 

from the fault point at time T1. Generally, Type A technique is single end mode, 

which is based on measuring the time difference between the first arrived wave 

which is initiated by the fault, and second arrived wave at local end. It should be 

noted that the second arrived wave could be reflected either from the fault point or 

from the remote end. The discrimination of waves that have been reflected from the 

fault point or from the remote end is obviously critical in this type technique.  
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Type B fault location techniques utilise the waves received at both ends. The initial 

wave that propagates from the fault point is the sole requirement for the 

measurement equipment which is installed at each line end. Such schemes require 

communications facilities. The fault location is identified by the times of the arrivals 

of the first travelling waves both ends of the circuit and the signal propagation time 

through the communication facilities which may be measured in normal system 

operating conditions.  

 

Type D fault location technique utilises the waves measured at both ends. As with 

Type B, only the initial waves that propagate from the fault point are required at each 

end. A Global Position System (GPS) time synchronisation method is used in this 

type of fault locator. The distance can be easily calculated by the waves arriving time 

difference between both ends.  

 

Unlike Type A, B and D, Type C and Type E analyse travelling waves which are 

initiated by the fault sending “to” the line ends. Type C fault location technique relies 

on the use of pulse generators, which are used to inject a pulse along the line and 

analyse the reflected pulses from the fault point. The distance can be calculated by 

measurement of the time gap between sent and subsequently received pulses. Type E 

fault location techniques use analysis of auto-reclosing events on the system. The 

principle is similar to that adopted by Type C. This technique utilises the transient 

generated by reclosing the circuit breaker rather than using an externally-generated 

pulse as is the case with Type C.  
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Certain factors, such as fault inception angle, the uncertain and complex bus 

connections, uncertain transmission line surge impedance, external system 

interference, and extremities of fault position (e.g. very close to line ends), may 

introduce difficulties to the process of capturing and analysing the travelling 

waves/pulses. In recent years, the wavelet transform, which is capable of time and 

frequency domain analyses has been widely used to underpin travelling wave based 

fault location techniques [58-62]. Based on the wavelet transform, the magnitude of 

travelling wave reflected from fault point, remote bus, adjacent bus and unexpected 

noise reaches maximum in different scales. Accordingly, the target waves (i.e. initial 

wave from fault and reflected wave from fault, local end and remote end) can be 

detected and accurately locate the fault. 

2.5 Conclusion 

This chapter has presented a number of fault location techniques, considering single 

ended, two ended method. Both impedance-based techniques and travelling wave 

techniques have been reviewed. The features of reviewed fault location techniques 

are briefly summarised as in Table 2.2.  

 

Impedance methods based on measurement and analysis of fundamental frequency 

phasors are relatively simple and economic to implement and are widely used in 

transmission and distribution systems. As only the fundamental frequency phasor is 

required, there is no pressing requirement for a very high data sampling rate. 

However, such methods are susceptible to variable fault resistance, pre-fault loading 

angle and both ends source impedance. Several proposed methods have attempted to 
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reduce the impact of such effects, and notable techniques reviewed in this chapter 

include the Takagi Method [7], the Modified Takagi method [3] and the network 

impedance method [6].  

Methods Advantages Disadvantages 

Single end impedance based 

method 

Economical and easy to 

implement 

May suffer from fault 

resistance, fault distance and 

uncertain remote end short 

circuit level 

Two ended impedance based 

method 

Good accuracy 

Relatively expensive to 

implement; Additional 

devices may be required 

Traveling wave method Great accuracy 

Expensive and difficult to 

implement; additional 

devices may be required 

Table 2.2. Summary of conventional fault location methods 

 

The Takagi method provides good accuracy by reducing the effects of fault 

resistance and pre-fault load flow. A fundamental aspect of the Takagi method is that 

it compensates for potential errors through the use of pre-fault and during fault 

current. One of the major shortcomings with the method is that inaccuracies may 

arise due to the fact that there is an assumption that the angle of current distribution 

factor (γ) is equal to 0, when in reality this may not be the case.  
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The actual fault position may also impact negatively on the Takagi method. There 

are certain positions on the transmission line where the angle of current distribution 

factor reaches a minimum, which can be seen as an “equivalent point”. When the 

fault position moves away from this point, the angle γ increases. As a result, the 

estimated fault location error increases. Different values of SCL1 and SCL2 can be 

“seen” buy the Takagi method as additions to the line length. The “equivalent point” 

varies due to different value of SCL1 and SCL2, which influences the estimated fault 

location accuracy. All of these shortcomings are addressed by the methods 

researched and developed through the research presented in this dissertation.  

 

Travelling wave methods possess (theoretically) excellent levels of accuracy 

compared with impedance based methods. However, this method is expensive to 

implement [1]. High data sampling frequency and, in some cases, external signal 

generation and synchronising devices are required. Furthermore, there are 

implementation challenges associated with these methods, such as waveform 

detection, discrimination between initial and reflected waves, identification of faults 

very close to line ends and difficulties associated with data synchronisation and time 

tagging. This remains an active area of research; it is proposed that the techniques 

proposed later in this dissertation may provide accurate performance without the 

need for expensive implementations that are typical of travelling wave based 

methods.  
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Chapter 3.  Comparative performance analysis of 

impedance based techniques 

3.1 Introduction 

Performance analysis of the fault location methods included in this chapter focuses 

primarily on the accuracy aspect of the techniques. The factors which mainly 

influence the accuracy of impedance based fault location techniques considered here 

are: 

 Distance to fault 

 Remote end short circuit level 

 Fault resistance 

 Pre-fault load angle 

An EMTP/ATP simulation model of a 400kV, 100km transmission line (supplied 

from both ends) is applied to assess the performance of fault location techniques. In 

the evaluations of those possible negative factors, the transmission line is assumed as 

homogeneous system and the errors of the simulated data (in terms of measurement 

error, sensor/sampling error) are not included. In order to improve the reality of the 

simulation model, the effect of shunt capacitance has been incorporated.  
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In this chapter, the comparative evaluation and performance analysis of typical 

impedance fault location techniques introduced in chapter 2 will be carried out. The 

accuracy of each method is denoted by fault location error in this chapter which is 

defined as: 

 

                     
                                    

           
      (3.1) 

 

Some published papers have shown the performance of these existing techniques. 

Paper [1] shows the implementation of simple reactance method and Takagi method. 

The example represents a single phase to earth fault at middle point of the line (50% 

of total line length). The fault resistance is set to 8Ω and the pre-fault loading angle 

is set to 15
o
. The fault location estimation errors of simple reactance method and 

Takagi method as presented in [1] are 1.38% and 0% respectively. Based on the 

same fault conditions, in the implementations of simple reactance and Takagi 

methods presented in this chapter, the fault location estimation errors are found to be 

1.21% and 0.1% respectively. The accuracies of the implementations in this chapter 

and paper [1] are, therefore, sufficiently similar. The existing differences may result 

from the unknown system conditions such as transmission line length, line voltage 

level and the fundamental frequency phasor extraction accuracy (all of which are not 

specified in [1] and are likely to be different from those assumed in this thesis). 

 

Paper [2] introduces the network impedance method and shows the result of one 

example based on 130kV, 76km transmission line. A single phase to earth fault has 

been detected and located in 67.6km from local end (89% of the line length), while 
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the actual fault position was set in 67km (88.1% of the line length). The estimated 

fault location error is 0.9%. In the implementation of the network impedance method 

in this chapter, the error is 0.7% based on the same fault type and similar 

transmission line. The estimated errors of both implementations, the one used in this 

chapter and the one in [2], are therefore, very similar. However, because the system 

conditions may be different, such as transmission line parameters, local side short 

circuit level and the fundamental frequency phasor extraction accuracy (all of which 

are not specified in [2]), a small difference in fault location accuracy between the two 

implementations exists. 

 

Paper [3] gives an example of two ended method which is based on 345kV, 257km 

transmission line. A single phase to earth fault was detected and located at 145.92km 

from local end (56.77% of line length), while the actual fault position was 145.12km 

(56.46% of line length). The estimated fault location error is 0.31%. In the 

implementation of the two ended method in this chapter, the error is 0.14% when 

actual fault position is 56.5% based on the same fault type and similar transmission 

line. The estimated errors of both implementations (in this chapter and in [3]) are, 

therefore, similar. Again, due to uncertainty of some system parameters and 

operation conditions (which are not specified in [3]) the difference in estimated fault 

location error between the two implementations exists.  

 

Following the above verification of software implementations of the known 

impedance fault location methods (developed as part of this thesis), it is further 

assumed that these implementations are sufficiently accurate and can be used in 
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comparative analysis presented in this chapter. 

 

3.2 Transmission line model 

A 400kV, 100km transmission line model (refer to Figure 3.1) is used to evaluate the 

performances of selected algorithms. Short circuit level SCL1 is set to 5GVA. The 

zero sequence line impedance ZL0=(0.10+j0.76)Ω/km and the positive sequence line 

impedance ZL1=(0.02+j0.25)Ω/km. The zero sequence shunt capacitance 

YL0=(0+j2.5e
-6

)Ω/km and positive sequence shunt capacitance YL1=(0+j4.7e
-6

)Ω/km. 

The simulated waveforms are re-sampled with a frequency of 2000 Hz to represent 

typical sampling rate of existing numerical relays. The range of fault distances 

considered in the simulation is from 0% to 100%.  

 

 

Figure 3.1. EMTP transmission line model 

As the impedance based fault location techniques are to be evaluated, the 

fundamental frequency phasors of phase voltages and currents are required. The 
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weighted Least Square Method [4] is applied to extract the phasors. The details of 

this extraction algorithm are introduced in Appendix A2.  

 

3.3 Comparison of selected fault location algorithms 

Chapter 2 introduced a number of impedance based fault location techniques that 

have been developed and demonstrated by other researchers, including: 

 Simple reactance method 

 Takagi method 

 Network impedance method 

 Two ended method (using synchronised data) 

In the following sections, the performance comparison of these methods will be 

presented.  

3.3.1  Effects of fault resistance 

Recalling the fault loop equation from earlier (2.17), the simple reactance method 

aims to reduce the effect of RfIf by only using the imaginary elelment of the equation 

[3, 5]. According to equations (2.20 – 2.22), the fault current If can be represented as: 

 

   
   

|  |   
 (3.2) 

            (3.3) 
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The influencing element in the simple reactance method is the imaginary component 

of  
     

|  |   
. Consequently, fault resistance influences the estimation error associated 

with the simple reactance method, especially at high values of fault resistance. The 

Takagi method [6] reduces the effect of fault resistance by applying the complex 

conjugate value of    . In theory, the network impedance method [2] is immune to 

changing values of Rf,; however the value of SCL2 is required as a known input 

parameter to such techniques, and this is difficult to obtain in practice. The distance 

to fault is obtained by solving the network impedance equation. The fault resistance 

can be estimated, along with the fault position, by solving the equation. Two ended 

methods [5, 7], on the other hand, are not affected by fault resistance. The effect of Rf 

in this case can be fully eliminated. 

 

In order to evaluate the effect of fault resistance in the above techniques, a model of 

a transmission line has been simulated in EMTP/ATP with SCL2 set to 30GVA 

respectively and the load angle fixed at a value of 10
o
. The evaluations of various 

levels of SCL2 and pre-fault loading angle, will be carried out in the following 

sections.  
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Figure 3.2. Effect of fault resistance Rf = 0.1Ω 

 

Figure 3.3. Effect of fault resistance Rf = 5Ω 
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Figure 3.4. Effect of fault resistance Rf = 10Ω 

 

 

Figure 3.5. Effect of fault resistance Rf = 25Ω 
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 Rf= 0.1Ω Rf= 5Ω Rf= 10Ω Rf= 25Ω 

Simple Reactance method 0.19% 13.2% 24.44% 49.01% 

Takagi method 0.30% 2.10% 4.10% 8.40% 

Network Impedance method 0.33% 0.38% 0.44% 0.76% 

Two ended method 0.06% 0.06% 0.06% 0.07% 

Table 3.1 Comparison of maximum estimation error in fault resistance evaluation 

 

Figure 3.2 to Figure 3.5 shows the performances of selected fault location algorithms 

for various values of fault resistance. In the scenario where Rf= 0.1Ω, all methods are 

very accurate. The maximum error across all techniques is lower than 0.33%. The 

error of the simple reactance method increases significantly with increasing fault 

resistance. In the scenario with Rf= 25Ω, the error reaches 49.01%. As expected, the 

Takagi method improves the accuracy by reducing the effect of fault resistance but 

the error remains still significant. In the scenario with Rf= 25Ω, the maximum error 

reaches 8.4%. 

 

The results confirm that the network impedance method is not influenced by fault 

resistance. From Table 3.1, the network impedance method has similar accuracy to 

the Takagi method for Rf=0.1Ω. However, for higher resistances, the network 

impedance method has a clear advantage over the Takagi method as very good 

accuracy is maintained for all resistance values included in the test. 
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Likewise, the two ended method obtains excellent accuracy under all scenarios 

regardless of fault resistance. The maximum error is lower than 0.07% in all 

scenarios and is relatively better than all single ended methods. 

3.3.2  Effect of remote end short circuit level 

Theoretically, both the simple reactance method and the Takagi method are 

influenced by changes in both end short circuit level. The local end short circuit level 

can be calculated/measured by using local end data [8, 9]. In this section, the local 

end short circuit level is set as known; the effect of remote end short circuit level will 

be evaluated. Recalling equation (2.22), the value remote source impedance 

(represented by SCL2) directly affects the current distribution factor Cm. As both the 

simple reactance method and the Takagi method utilise Cm, both methods will be 

influenced by changes in SCL2.  

 

The network impedance method calculates the distance to fault by utilising the value 

of SCL2. Therefore, it does not suffer from the effects mentioned above. The two 

ended method solves the fault position by calculating voltage and current at the fault 

position using measurements from both ends. In this case, SCL2 does not influence 

the calculation. In order to comparatively evaluate the performance of selected fault 

location algorithms, the fault resistance and load angle are maintained at constant 

values, set to 5Ω and 10
o
 respectively in the transmission line simulations carried 

out. 
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Figure 3.6. Effect of remote end short circuit level when SCL2=5GVA 

 

Figure 3.7. Effect of remote end short circuit level when SCL2=10GVA 
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Figure 3.8. Effect of remote end short circuit level when SCL2=15GVA 

 

 SCL2=5GVA SCL2=10GVA SCL2=15GVA 

Simple Reactance method 1.92% 4.53% 6.61% 

Takagi method 0.50% 1.60% 2.20% 

Network Impedance method 0.48% 0.45% 0.58% 

Two ended method 0.13% 0.14% 0.11% 

Table 3.2. Maximum estimation error under different remote end short circuit level 

levels 

Figure 3.6 to Figure 3.8 and Table 3.2 demonstrate the comparative performance of 

the different fault location algorithms. There are certain positions on the transmission 

line where the fault location error reaches minimum as the angle of current 

distribution factor reaches a minimum, which can be seen as an “equivalent point”. 
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From the figure, the “equivalent point” of both simple reactance method and Takagi 

method moves as the value of SCL2 changes and maximum error occurs at furthest 

away point (99%) on the line. The maximum errors of both the simple reactance 

method and the Takagi method increase with SCL2. Results also prove that the 

estimation error of both the Network Impedance method and two ended method do 

not change as SCL2. 

3.3.3  Effect of pre-fault loading angle 

Recall the accuracy influencing element of the simple reactance method, 
     

|  |   
. 

Except Rf and Cm, the fault location accuracy is affected by the incremental current 

   .     is determined by the current during the fault and pre-fault current (3.3), and 

the pre-fault current depends on the pre-fault load angle. Thus, the accuracy of 

simple reactance method can be affected by the pre-fault load angle. Both the 

network impedance method and the two ended method obtain fault location by 

solving a set of equations. The pre-fault load angle does not have an impact on such 

equations. 

 

In order to evaluate the effect of loading angle, both the remote end short circuit 

level and the fault resistance are kept constant and set to 30GVA and 5Ω 

respectively.  
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Figure 3.9. Effect of load angle with loading angle=1
o
 

 

Figure 3.10. Effect of load angle with loading angle=3
o
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Figure 3.11. Effect of load angle with loading angle=5
o
 

 

Figure 3.12. Effect of load angle with loading angle=10
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Load angle  1 3 5 10 

Simple Reactance method 3.86% 6.81% 9.58% 15.80% 

Takagi method 2.40% 2.40% 2.39% 2.20% 

Network Impedance method 0.41% 0.40% 0.40% 0.40% 

Two ended method 0.10% 0.10% 0.09% 0.09% 

Table 3.3. Maximum estimation error under different pre-fault loading conditions 

Figure 3.9 to Figure 3.12 and Table 3.3 illustrate the performance of the alternative 

fault location algorithms under various load angle scenarios. It can be clearly seen 

that the accuracy of the simple reactance method suffers under increased pre-fault 

load angle. The maximum error reaches 15.8% when the load angle is 10 degrees. 

The other three techniques are immune to this factor, with the error levels remaining 

unchanged. 

3.4 Conclusion 

In this chapter, evaluation and comparative analysis of the Takagi method with three 

other phasor based methods, namely the simple reactance method, the network 

impedance method and the two ended method, have been presented. 

 

The simple reactance method reduces the effect of fault resistance by using the 

imaginary part of calculated line impedance. Compared with the Takagi method, the 

simple reactance method has lower accuracy and it suffers from the effects of 
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varying remote end short circuit level and pre-fault load angle. The maximum error 

reaches 49.01% in the case where Rf=25Ω and n=99%. The simple reactance method 

is relatively simple to implement as only the during fault data is required.  

 

Results illustrate that Takagi method has a comparatively good and consistent level 

of accuracy as it reduces the effect of fault resistance and pre-fault load angle 

compared with the simple reactance method. However, the fault location error 

increases with fault resistance. The maximum error reaches 8.4% when Rf increases 

to 25Ω. Both local and remote end short circuit level affects the fault current 

distribution factor Cm, the angle of which directly affects the fault location accuracy. 

The implementation cost of both Takagi method and simple reactance method is 

relatively low, as modern numerical protection relays used for distance protection 

already possess functionality to perform impedance calculation. 

 

The network impedance improves the fault location accuracy significantly compared 

to the Takagi method by taking into account the known value of SCL2. The 

maximum error is only 0.76% for all evaluations. However, the value of SCL2 is 

often uncertain and may vary with the changes in system configuration. It is also 

more expensive to implement compared to Takagi method and simple reactance 

method. A communication channel is required in cases where the instantaneous value 

of the remote end short circuit level is needed.  

 

The two ended method provides the most accurate fault location which is less than 

0.13% for all evaluations. It does not suffer from the effects of fault resistance, fault 
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distance, uncertain remote end short circuit level or pre-fault load angle. However, it 

is most expensive and may be difficult to implement, as communication and GPS 

technology may be required.  

 

After comparative analysis of several typical impedance fault location methods, The 

Takagi method improves upon the accuracy of fault location of the simple reactance 

method, but with the similar requirements. Only local data is required, the numerical 

and computational complexity is moderate and it is relatively easy to implement on a 

modern numerical protection relay. Thus it is one of the most widely used fault 

location techniques in modern transmission/distribution system. Evaluation results 

prove that both the network impedance method and the two ended method can 

provide better accuracy than the Takagi method, especially in the cases of high fault 

resistance. However, for the network impedance method, the value of SCL2 is 

required, which is not highly certain in power system. The two ended method is 

relatively expensive to implement as it requires extra devices such as communication 

channel and GPS facilities.  

 

Due to these reasons, the novel impedance based fault location methods using local 

end data are developed and demonstrated as part of this PhD project. The target of 

these methods is to improve upon the existing impedance based single ended 

techniques in terms of accuracy, while maintaining low implementation cost and 

complexity (characteristic of impedance based techniques).  
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Chapter 4. Fault location through analysis of data 

from inter-pole states during circuit breaker 

operation 

4.1 Introduction 

As mentioned in Chapter 2, single ended impedance based fault location methods are 

relatively straightforward to implement in the field. A novel fault location method on 

this type is introduced in this chapter. While the implementation advantages of 

single-ended impedance based method are preserved by only requiring local end data, 

the accuracy has been greatly improved and the effects of the negative factors, in 

terms of Rf and SCL2, are significantly reduced.  

 

To achieve improvements over existing techniques, the proposed technique utilises 

voltage and current data recorded during the various stages of circuit breaker 

operation until the final clearance of the fault is achieved. The fault clearing process 

of circuit breaker is separated into a number of individual states, termed interpole 

states [1, 2]. Recorded data is divided into appropriate intervals and analysed to 
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obtain individual current and voltage phasors during each state.  

 

A fault location estimation system, based on modelling of these interpole states has 

been developed and showed improved accuracy. In the following sections of this 

chapter, a detailed description of the method based on circuit breaker interpole states 

is included, followed by the case study and systematic evaluation of the method’s 

performance. Some challenges related to the implementation of the methods are also 

discussed. 

4.2  Interpole states 

4.2.1  Definitions 

There are three possible circuit breaker opening sequences in transmission lines 

supplied from two ends: (a) local circuit breaker opens before remote end, (b) remote 

end circuit breaker opens before local end and, (c) two sides open simultaneously. 

The number of possible states depends on the opening sequence. For example, in 

sequence (a) 4 different states could arise, while in sequence (c) 7 different states are 

possible. All states can be modelled by using a superposition method, as described 

later in section 4.2.2. In this chapter, sequence (a) will be considered only. Other 

opening sequences result in analogous calculations.  

 

During the opening operation of a three-phase circuit breaker, the individual phase 

currents are not interrupted simultaneously, as the current zero crossings of the 
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consecutive phases is displaced by 120[1, 2]. Figure 4.1 presents this effect in an 

ideal system. In this case, the circuit breaker is set to initiate the opening operation at 

100ms. The time interval between current zero crossings is 3.33ms in a 50Hz system.  

 

Figure 4.1.Circuit breaker operation (ideal theoretical case) 

In reality, several factors, such as fault resistance, fault type and circuit breaker pole 

contact opening times, may impact on the duration of the interpole states. Figure 4.2 

shows three phase current wave during the circuit breaker operation taken from 

EMTP/ATP simulation. A single phase to earth fault is simulated. The duration of 

state 2 and state 3 are 4.1ms and 1.1ms respectively. 
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Figure 4.2 Circuit breaker operation (EMTP/ATP simulation) 

According to the status of the individual circuit breaker poles, there are effectively 

four individual system states during the opening process, namely: 

– state 1: All poles are closed (no contacts have separated); 

– state 2: One pole is open, two poles are closed; 

– state 3: Two poles are open, one pole is closed; 

– state 4: All poles are open. 

4.2.2  Modelling of interpole states 

For the modelling of interpole states the superposition method has been applied. As 

the lumped R-L line model does not consider the effect of shunt capacitance, the 

accuracy of this model is not as high as distributed line model. However, for 

representing short length transmission lines, the effect of shunt capacitance can be 

easily neglected and such transmission lines can be modelled by lumped R-L models 

without significant loss of accuracy. In this thesis, two line models (lumped and 



Chapter 4 Fault location through analysis of data from inter-pole during circuit breaker 

operation 

- 73 - 

distributed) are used to represent 400kV, 100km transmission line interpole states. In 

fault location technique based on circuit breaker operation analysis (presented in this 

chapter), a lumped R-L type model has been considered, while in fault location 

technique based on auto reclose operation (presented in Chapter 5), a distributed line 

type model is considered. 

 

The tripping sequence of three phases depends on pre-fault load flow, fault inception 

time, fault type and fault resistance. Considering the phase status, there are three 

possible contact opening sequences: F-H-H, H-F-H and H-H-F, where F and H 

denote faulty and healthy phase respectively. 

 

Pre-fault data is required to facilitate the use of superposition. In this section, the 

F-H-H sequence is investigated. The details of H-F-H and H-H-F sequence 

calculations are introduced in Appendix B. 

 

4.2.2.1 Modelling resistive fault on power lines using phase 

coordinates 

In three phase power lines, the general short circuit fault resistance model R, as 

shown in Figure 4.3, can be represented using a     matrix [3-6] using phase 

coordinates.  
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Figure 4.3.Fault resistance model 

The three phase current through the fault resistance If, is presented in (4.1).  

 

         
 

  
     (4.1) 

 

In equation (4.1), Rf is the fault resistance; Ef is the phase-earth voltage at the fault 

point. K is     fault matrix, which elements are depending on fault types 

 

  [
         
         
         

] (4.2) 

 

The calculation of the fault matrix K can be divided into two steps: 

1. Denote the phase(s) which is(are) involved in the fault 

    {
                          
                             

 i,j =a, b, c 
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Note that i,j represent phases.  

 

2. Replace the diagonal elements by the value calculated in the equation 

 

    ∑|   |

   

   

         (4.3) 

 

Table 4.1 shows the values of K of all fault types [5]. 

 

In the modelling of interpole states, the resistive fault model will be used.   
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Fault types K 

a-e [
   
   
   

] 

b-e [
   
   
   

] 

c-e [
   
   
   

] 

a-b [
    
    
   

] 

b-c [
   
    
    

] 

c-a [
    
   
    

] 

a-b-e [
    
    
   

] 

b-c-e [
   
    
    

] 

c-a-e [
    
   
    

] 

a-b-c [
     
     
     

] 

Table 4.1. Fault matrix for different fault types 
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4.2.2.2  State 1 

In state 1, all three poles of the circuit breaker are closed. According to the 

superposition method, the state 1 network can be seen as the sum of the pre-fault 

network and the state 1 superimposed network, which is shown in Figure 4.4.  

 

In the superimposed network (Figure 4.4b), the value of Ef is equal to the voltage at 

the fault location in the pre-fault network (Figure 4.4a), which can be expressed as: 

 

            (4.4) 

 

Note that n denotes the fault location as a fraction of the line length.  

 

Table 2.1 shows the statistical occurrence of different categories of short circuit 

faults [7]. From the table, it is clear that single phase to earth fault represents the vast 

majority of faults that are encountered on overhead systems. Therefore, in this 

section, the single phase to earth fault is incorporated. All fault types can be dealt 

with by changing the element of K, as shown in Table 4.1. Equation (4.5) represents 

the fault impedance matrix, where Rf is the fault/earth loop resistance. For a single 

phase to ground fault, K is represented by the matrix (4.6). 

 

   
 

  
          (4.5) 

  [
   
   
   

] (4.6) 
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a) Pre-fault network 

 

b) State 1 superimposed network 

 

c) State 1 combined network 

Figure 4.4. Superposition method in state 1 
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In the superimposed network (Figure 4.4b), the Thevenin equivalent impedance Zt 

from the fault point F towards two ends (the total impedance of the parallel 

connection from F to L side and F to R side), can be calculated as: 

 

   
                        

            
 (4.7) 

 

The fault current If in the superimposed network can also be obtained as: 

 

   
  
  

 (4.8) 

 

Combining equations (4.5) and (4.8) gives:  

 

   
 

 

  
   

 

  
 

 

  
 

 (4.9) 

 

Consequently, the fault current If can be inherently obtained by (4.8). The 

sending-end current    
 in the superimposed network can be calculated using the 

principle of a current divider as: 

 

   
     

            
            

 (4.10) 
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Then the sending-end voltage    
 is: 

 

   
             

     (4.11) 

 

According to the superposition theory, the local voltage     and current     in 

state 1 are: 

 

          
  (4.12) 

          
  (4.13) 

  

4.2.2.3  State 2 

In state 2, one pole of the circuit breaker is open. According to superposition theory, 

the state 2 network can be represented as the sum of the state 1 network (refer to 

Figure 4.4c) and the state 2 superimposed network, which is depicted in Figure 4.5a. 

 

 

a). State 2 superimposed network 
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b). State 2 combined network 

Figure 4.5. Superposition method in state 2 

In the superimposed network (Figure 4.5a), the open phase is represented as a 

controlled current source    
 , which has the same amplitude as the fault current in 

state 1 but the opposite direction. Note that      denotes the phase A current in state 

1.  

 

    
        (4.14) 

   
 

  
  (4.15) 

 

The Thevenin equivalent impedance Zth on the right hand side of the circuit breaker 

can be calculated using simple principles of series and parallel connection of 

impedances as shown below: 

 

    
 

   
 

            

     (4.16) 
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The phase B and C superimposed voltages at the local end (    
      

 ) can be 

calculated as follows:  

 

    
           

           
           

  (4.17) 

    
           

           
           

  (4.18) 

    
         

         
         

  (4.19) 

    
         

         
         

  (4.20) 

 

Note that       are the element of Zth; Zsm and Zss are the mutual and self- 

impedances of Zloc. After combining equations (4.17) to (4.20), the remaining 

parameters in the superimposed network can be calculated as: 

 

[
    
 

    
 ]       

  [
         
         

]  [
                  
                 

] (4.21) 

   
  [

    
 

    
 

    
 

] (4.22) 

   
        

  (4.23) 

 

The pre-fault component of state 2 is effectively state 1. Thus, V2L and I2L are: 

 

           
  (4.24) 

           
  (4.25) 
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4.2.2.4  State 3 

The calculations in state 3 are analogous to those in state 2. In this case two poles are 

open (refer to Figure 4.6). In the superimposed network, phase A pole remains open 

as in state 2 (current equals to 0) and since the pole of phase B has been tripped in 

this state, it is represented by a controlled current source. Note that      denotes the 

phase B current of state 2. 

 

    
    (4.26) 

    
        (4.27) 

 

The phase C superimposed voltage at the local end can be represented as: 

 

    
           

           
           

  (4.28) 

    
         

         
         

  (4.29) 

 

The phase C superimposed current is:  

 

    
  

     
            

         
 (4.30) 

 

Consequently, the local end currents of state 3 superimposed network are as follows: 

 

   
  [

    
 

    
 

    
 

] (4.31) 
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  (4.32) 

 

According to superposition theory, the voltage V3L and current I3L in state 3 can be 

calculated as:  

 

           
  (4.33) 

           
  (4.34) 

 

 

 

a) State 3 superimposed network 
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b) State 3 combined network 

Figure 4.6. Superposition method in state 3 

4.2.2.5 State 4 

In state 4, all circuit breaker poles are open (as shown in Figure 4.7). In the 

superimposed network, the current of phase C is represented by a controlled source. 

The other two phases are already open. Consequently, the superimposed current and 

voltage are calculated from (4.35) - (4.39).  

 

    
    (4.35) 

    
    (4.36) 

    
        (4.37) 

   
  [

    
 

    
 

    
 

] (4.38) 

   
        

  (4.39) 
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a). State 4 superimposed network 

 

b). State 4 combined network 

Figure 4.7. Superposition method in state 4 

Thus, the voltage V4L and current I4L in state 4 can be obtained as below: 

 

           
  (4.40) 

           
  (4.41) 
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Source impedances Zloc and Zrem can be represented by SCL1 and SCL2. ZL and 

SCL1 are assumed to be known in this method. Accordingly, the local voltages and 

currents during states 1, 2, 3 and 4 can be calculated if the remaining three 

parameters n, Rf and SCL2 are established. Equation (4.5) represents the fault 

impedance and fault type which is expressed by fault resistance Rf and the fault 

matrix K. This enables the algorithm to deal with all fault types by changing the 

relevant elements in K. 

4.3 Fault location algorithm 

4.3.1  Basic principles 

The basic concept of the fault location algorithm, which is illustrated in Figure 4.8, is 

to compare the calculated voltages and currents during the consecutive interpole 

states with simulated data, and to record the possible fault locations, fault resistances 

and remote end short circuit level. The number of possible solutions reduces as the 

analysis of interpole states progresses from states 1 through to 4. The fault location 

estimation system contains three sections: 

– transmission line modelling; 

– comparison; 

– recording of candidate solution(s). 

The transmission line modelling stage is based on the local voltage and current 

calculation using the impedance based algorithm as described in section 4.2.2. The 

transmission line modelling is used to iteratively calculate the voltage and current 
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data associated with the range of potential n, Rf and SCL2. The comparison section 

matches the voltage and current data calculated by the transmission line modelling 

with simulated data. If the matching process is successful, the recording section 

stores the corresponding values of n, Rf and SCL2. The three sections repeat until the 

assumed range of values for all three parameters is completed. After this iteration 

(for one of the interpole states), the new ranges for the three parameters are formed 

and the algorithm proceeds to the next interpole state. As progress through each of 

the interpole states is made, the possible range of values for each of the unknown 

parameters reduces and the final accurate solution is obtained including fault location, 

fault resistance and remote end short circuit level.  

 

It should also be noted that in the comparison process, a certain tolerance has to be 

assumed which determines the range of possible solutions in subsequent stages. This 

will be discussed in more depth in the following sections. 
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Figure 4.8. Fault location algorithm 

4.3.2  Range pre-estimation 

The main principle of the proposed fault location method is to compare the simulated 

data with the results of voltage and current phasor model-based computations, and to 

obtain the most likely combination of Rf, n and SCL2. Before state 1, the analysis of 

simulated data is used to initially limit the ranges of each variable using a 

conventional impedance-based fault location method (e.g. Takagi method can be 

used). 
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The range of SCL2 in this study is assumed to be between 5GVA and 30GVA, which 

is assumed to be representative of most transmission system fault levels, but could be 

extended if required. The parameter n (fault location) pre-estimation range is 

calculated using the Takagi fault location algorithm [8] as shown in (4.42).  

 

   
         

  

              
 (4.42) 

 

Where,    and    are the faulty voltage and current.    is the line impedance, and 

     is the superimposed current, which is equal to fault current minus pre-fault 

current (                      ).     
  is conjugate of      

 

Figure 4.9. Accuracy of Takagi method for different values of fault location and 

resistance (SCL2 30GVA) 

Figure 4.9 shows the accuracy of the Takagi method for various scenarios. In 
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5GVA. Consequently, SCL2 is set as 30GVA, which is the maximum value in SCL2 

range. It is found that in the majority of cases the accuracy is very high but the error 

can be significant for high resistive faults (e.g. 25.2%  when Rf=100Ω). 

Consequently, the initial fault location pre-estimation range is set to  [   

              ]. Note that in cases where            , the range is set to 

[           ], while in the case of              , the range is set to 

[             ]. 

 

To establish the initial range for Rf, the assumed minimum and maximum values for 

n and SCL2 are used in conjunction with equations describing state 1 from (4.4) to 

(4.13) and measured values of voltage and current. For all four possible 

combinations of n and SCL2 (i.e. n_min, SCL2_min; n_min, SCL2_max; n_max, 

SCL2_min; n_max, SCL2_max) four different Rf values are calculated and the 

minimum and maximum values of the four are used to form the boundaries of the 

initial Rf range. 

4.3.3  Comparison 

The fault location, fault resistance and remote end short circuit level are obtained 

once there is a match between the simulated data and calculated data. However, the 

calculated data based on the same settings of fault location, fault resistance and 

remote end short circuit level as the simulation model may not match the simulated 

data exactly due to the unexpected errors in simulated data (in terms of fundamental 

frequency phasor extraction, sensor/sampling error, etc.). Therefore, the comparison 
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tolerance ( ) is introduced. Both calculated data and simulated data are represented 

in the form of phasor which contains magnitude and angle. In the comparison, the 

angles and magnitude of both voltage and current are applied as to increase the 

certainty of the comparisons. 

 

The criteria for the comparison of the simulated data and the output of the fault 

location estimation system are expressed by (4.43) and (4.44): 

 

                               (4.43) 

                               (4.44) 

 

Where: 

      :  Magnitude of measured current. 

      :   Angle of measured current. 

      :  Magnitude of calculated current.  

      :   Angle of calculated current. 

 :   Assumed comparison tolerance 

Note that the voltage comparison takes the same principle as current.  

 

In order to prove the concept of the proposed fault location technique, the simulated 

data has been obtained using steady state transmission line model calculations. For 

each result obtained from the fault location estimation system which matches the 

simulated data (taking into account the assumed tolerance  ), the three values n, 

SCL2 and Rf are recorded as a potential correct solution (candidate). In reality the 
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measured phasors used in this method are obtained from the voltage and current time 

sampled values. 

 

It is possible that more than one combination of Rf, SCL2 and n could result in the 

same voltage values as the correct combination group in individual states. 

Fortunately, voltage and current calculations in each state are based on independent 

sets of equations, which mean that only a small set of candidates in the vicinity of the 

correct solution will proceed to the final state.  

 

The comparison tolerance   determines the amount of possible combinations of Rf, 

SCL2 and n in each state. Higher value of comparison tolerance results in higher 

number of possible combination groups. Table 4.2 shows an example of the number 

of possible combination groups resulting from different comparison tolerances. In the 

example, a single phase to earth fault is assumed to have occurred in 400kV, 100km 

transmission line. The fault is located at midpoint of the line (50% of the total line 

length). 

 

Number of possible groups 

Comparison tolerance 

1% 0.5% 0.3% 0.1% 

State 1 8598 3079 715 190 

State 2 1219 224 78 30 

State 3 896 199 50 5 

State 4 398 102 20 - 

Table 4.2. Effect of comparison tolerance  
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It can be seen that higher value of comparison tolerance brings more possible 

combination groups at each state. Because the most probable combination groups 

should be identified only, the comparison tolerance should be relatively small. 

However, if the tolerance is too small, the match may fail. In the example shown in 

Table 4.2, the match of state 4 fails when tolerance is set as 0.1%. Therefore, in order 

to establish the optimal value, the tolerance is iteratively increased from an initially 

small value until the number of possible combination groups of each state is 

sufficient. Through large amount of simulation based tests, it was established that the 

method is most effective when the number of possible combinations in each of the 

four states are 200, 40, 20 and 10 respectively. This is achieved when the initial 

comparison tolerance set to 0.1%. 

 

The number of possible combination groups of Rf, SCL2 and n reduces as the fault 

location algorithm progresses through the various stages of operation. However, 

there may be still more than one candidate group in the final state (state 4) because of 

the non-zero value of comparison tolerance. In order to achieve the final most 

accurate value for fault location, an averaging method is incorporated to assist in the 

final fault location estimation. By listing the final range of fault locations, it is found 

that all individual estimates within the final range are concentrated around the actual 

fault location value; this has been verified through exhaustive testing. An example in 

the case study section will illustrate this comprehensively.  
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4.3.4  Summary of operation of the fault location system 

The proposed fault location method can be summarised as follows: 

1. Obtain state 1 simulated data from the record of the real event or CT/VT 

outputs in real time (fundamental frequency phasors from steady state 

transmission line model are used for development and testing as reported in 

this chapter).  

2. Pre-estimate Rf, SCL2 and n ranges using state 1 simulated data and the existing 

modified Takagi method. 

3. Calculate the network voltages and currents in state 1 by using n, SCL2 and Rf 

in pre-estimated range. 

4. Compare calculated voltages and currents with simulated data and record the 

values of n, SCL2 and Rf for results falling within the assumed comparison 

error   in terms of 3-phase voltages and currents. 

5. Iteratively repeat steps 2 and 3 until the whole pre-estimated range of n, SCL2 

and Rf is used. 

6. Update ranges for n, SCL2 and Rf based on all possible candidates recorded in 

stage 1.  

7. Subsequently obtain simulated data for states 2, then 3 and 4, repeating steps 

2-5 each time in an analogous way until the final set of candidate combinations 

of n, SCL2 and Rf is obtained. 

8. Obtain the final results by averaging all possible combinations of n, SCL and Rf 

resulting from state 4 
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Note:   

1. It is assumed that the local source impedance is known. In practice, this 

could be calculated from the state 1 superimposed network. 

2. The ranges of unknown parameters in step 4 are: 

– n: 0-100% of line length in steps of 0.1% 

– SCL2: 5-35 GVA in steps of 0.5 GVA (for 400kV application) 

– Rf : 0-100Ω in steps of 0.1Ω 

4.4 Case study and performance comparisons 

In order to assess the accuracy of the method, a steady state model of a 100km, 

400kV double supplied transmission line with a single phase to ground fault has been 

simulated in MATLAB. The local short circuit level is 5GVA. The zero sequence 

line impedance ZL0=0.108+j0.88 Ω/km and the positive sequence line impedance 

ZL1=0.018+j0.31Ω/km.  

In order to prove the concept of this novel fault location algorithm, the simulated 

data is obtained by the steady state simulation of interpole states. The amounts of 

possible combination groups are set as 200, 40, 20 and 10 for states 1 to 4 

respectively. The final result is obtained by averaging the possible candidates 

remaining at state 4. 

4.4.1 Case study 

An example fault has been applied to test the performance of the proposed algorithm. 

The settings for the measured (in this case simulated) data are:  
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- fault location: 50km (50% of line length from measurement point) 

- Rf: 5 (high resistive fault) 

- SCL1: 5GVA 

- SCL2: 30GVA 

- load angle:     

 

Table 4.3 shows the simulated data from the steady state transmission line model. 

From the table, it can be judged that the fault occurred in phase A; and the circuit 

breaker phase tripping sequence is A-B-C, i.e. Faulty-Healthy-Healthy (F-H-H).  

 

 state 1 state 2 state 3 state 4 

Va[kV] 256.06 + 13.09i 42.60 – 64.68i 24.16 – 60.46i 14.64 – 54.13i 

Vb[kV] –130.06 – 308.56i –132.79 – 307.41i –255.51 – 305.46i –272.61 – 297.57i 

Vc[kV] –212.34 + 251.23i –215.07 + 252.38i –218.38 + 252.70i –272.30 + 273.07i 

Ia[kA] 6.65 – j8.97 0 0 0 

Ib[kA] –0.4845 – 1.4572i 0.2164 – 2.9177i 0 0 

Ic[kA] –1.0171 + 1.1453i –0.3162 – 0.3152i –0.3139 – 1.1995i 0 

Table 4.3. Simulated voltage and current phasor data 

The simulated data is achieved through the steady state modelling of interpole states. 

Table 4.3 shows the simulated data of the example case. The pre-estimation ranges of 

n, Rf and SCL2 are established using the simulated data, which have been shown in 

Table 4.5.  
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Unknown parameters Pre-estimated range 

Fault location (n) 24.6% – 75.0% 

Fault resistance (Rf) 0.5 – 30 

Remote end short circuit level (SCL2) 5GVA – 35GVA 

Table 4.4 Pre-estimation ranges of n, Rf and SCL2 

The interpole state model generates voltage and current by assuming different values 

of n, Rf and SCL2 iteratively within the pre-estimated ranges. The generated data is 

then compared with the simulated data. The possible values of such three parameters 

are recorded when the match is found (i.e. current and voltage phasors are within 

certain assumed tolerance). After the iterations from the pre-estimated ranges are 

complete, new ranges are established for state 2. The above actions are subsequently 

repeated until the final state is reached. The ranges of each state have been shown in 

Table 4.5. As expected, the number of candidates is gradually reduced and the values 

of n, SCL2 and Rf gravitate towards the correct solution as the calculation progresses 

from state 1 to state 4.  

 

Number of 

Candidates 

n 

(km) 

Rf 

() 

SCL2 

(GVA) 

state 1 224 46.7 –52.7 4–7 29–31 

state 2 60 48.9–51.1 5–5 29–31 

state 3 25 49.0–51.0 5–5 29–30 

state 4 11 49.5–50.5 5–5 30 

Final result 1 50 5 30 

Table 4.5. Results of fault location estimation system 
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In the final state, 11 possible fault locations remain, and the final result is obtained 

by the averaging method. A very accurate result has been achieved in this example as 

the simulated data has been achieved from the simplified steady state transmission 

line modelling, which does not contain any errors, resulting from measurement or 

sensor/sampling. In practical implementations, the fault location accuracy is likely to 

be influenced by these factors but this, to higher or lesser degree, applies to all 

impedance based fault location methods. 

4.4.2 Performance comparison of the proposed method with 

selected conventional algorithms 

Table 4.6 and Table 4.5 shows the performances under varying parameters n, SCL2 

and Rf  for the Takagi method (A), Network Impedance method (B) and the 

proposed method (C). Chapter 3 has evaluated the performance of both Takagi and 

Network Impedance methods. For ease of comparison these results are brought into 

the combined Table 4.6 (single phase-to-earth fault) and Table 4.5 

(phase-to-phase-to-earth fault). The results demonstrate clearly that the proposed 

method provides the highest accuracy among the three algorithms. It is also not 

influenced by fault resistance or remote end short circuit level. In case of single 

phase to earth fault, the maximum error is less 0.08% when Rf=100, and 

SCL2=5GVA. In case of double phase to earth fault, the maximum error is less 0.11% 

when Rf=100, and SCL2=15GVA. The proposed method improves the fault 

location accuracy significantly compared with Takagi method, especially when Rf 

increases to 100. The maximum error of network impedance based method is under 
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0.90% and 0.94% when Rf reaches 100. However, the proposed method does not 

require the value of SCL2 as input.  

Simulation settings Maximum estimated error (%) 

Rf (Ω) SCL2(GVA) n (%) A B C 

0.1 5 0–100 0.22 0.25 0.01 

0.1 15 0–100 0.18 0.24 0.02 

0.1 30 0–100 0.17 0.20 0.01 

5 5 0–100 1.02 0.26 0.01 

5 15 0–100 2.98 0.30 0.04 

5 30 0–100 4.95 0.60 0.04 

25 5 0–100 5.40 0.28 0.02 

25 15 0–100 11.6 0.50 0.00 

25 30 0–100 15.54 0.79 0.02 

100 5 0–100 15.53 0.39 0.08 

100 15 0–100 23.20 0.60 0.02 

100 30 0–100 25.20 0.90 0.03 

Table 4.6. Performance comparison results of single phase–to–earth fault 

Simulation settings Maximum estimated error (%) 

Rf (Ω) SCL2(GVA) n (%) A B C 

0.1 5 0–100 0.47 0.42 0.02 

0.1 15 0–100 0.74 0.75 0.03 

0.1 30 0–100 0.78 0.79 0.04 

5 5 0–100 3.70 0.46 0.01 

5 15 0–100 2.60 0.49 0.05 

5 30 0–100 2.89 0.77 0.02 

25 5 0–100 6.25 0.79 0.03 

25 15 0–100 7.86 0.69 0.02 

25 30 0–100 8.99 0.68 0.03 

100 5 0–100 12.90 0.69 0.06 

100 15 0–100 16.70 0.88 0.11 

100 30 0–100 21.18 0.94 0.03 

Table 4.7. Performance comparison results of phase-to-phase-to-earth fault 
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4.5 Limitations of the proposed method 

As stated in section 4.2.1, the time interval between interpole states is theoretically 

3.33ms in 50Hz system, which is 1/6 of the fundamental cycle. If there are no errors 

(i.e. non-fundamental frequency components, DC offset, unexpected high frequency 

oscillations) in the waveform, then the extraction of accurate phasor data from such a 

short time period of data should not be a problem. Sinusoidal wave based algorithms 

[9-11], which calculate fundamental phasors using a small number of samples, can 

be used in such circumstances. However, the natural response of the power system 

may produce imperfections such that errors in extracted waveforms when only a 

small portion of the cycle is available will be introduced. Conventional phasor 

extraction technique (DFT) [12] may reduce such errors, however, typically one full 

fundamental cycle is required for such algorithms to complete the extraction of the 

data. During the interpole states, the time window of 1/6 cycle is still a significant 

challenge for existing techniques; the location scheme based on analysis of 

auto-reclose schemes reported in the next chapter helps to address any potential 

shortcomings associated with phasor extraction. Recently, a number of algorithms 

have been investigated and proposed that attempt to reduce the time window required. 

[13] has reported upon techniques which apply the direct quadrature transformation. 

These techniques reduce the time for phasor extraction to 1/3 of a cycle of data. [14] 

reports upon a technique which applies short window orthogonal filters. The 

minimum time window required is a quarter of a cycle. Using these techniques, it is 

believed that this problem can be addressed in the near future.  
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4.6 Conclusion 

A new fault location algorithm, which analyses the interpole states of circuit breakers 

during fault clearing operation, has been developed. It compares calculated data with 

simulated data; once a match is found within a specified tolerance error, all possible 

fault locations, fault resistances and remote end short circuit level are recorded. The 

ranges of all possible values are reduced through the analysis of the consecutive 

interpole stages. Accurate fault location is obtained after the final state. The 

algorithm is based on single ended data. Furthermore, it not only eliminates but also 

quantifies the negative effects of conventional single ended methods. It is relatively 

economical to implement. Only local end data is needed. Results show that the 

algorithm is capable of accurate fault location in situations where the remote source 

impedance and fault resistance are unknown. This chapter includes am example case 

study, demonstrating the theoretically ideal accuracy of the method. It compares very 

favourably against two well-established (and used in practice) fault location methods, 

and therefore, displays good promise of achieving very high accuracy, which can be 

implemented at low cost.  
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Chapter 5. Fault location through analysis of data 

from auto-reclose operations 

5.1 Introduction 

An improved fault location method based on the analysis of circuit breaker operation 

has been presented in Chapter 4. The performance of the method has been verified 

using a steady state transmission line model representation [1]. However, the interval 

between interpole state transitions is typically of the order of 3.33ms in a 50Hz 

system (this time could vary depending on the individual fault conditions and on 

circuit breaker performance). It is difficult to extract fundamental frequency phasors 

from such a short time window and the effectiveness of the proposed method may 

therefore be questionable in real-world applications, which has been highlighted in 

Chapter 4, although short-time phasor extraction techniques continue to improve, as 

was also highlighted in the previous chapter. 

 

Accordingly, in this chapter, it is proposed to enhance and extend the proposed 

method using data recorded during the auto-reclose sequences. For permanent faults 

on overhead systems (which are of most interest from a fault location perspective), 
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auto-reclose data will provide more information related to the fault and thus 

improving the fault location accuracy. Reclosing onto the same fault provides a 

number of additional cycles of current and voltage waveforms during the fault and 

during the subsequent opening sequence after the failed reclose. 

 

Auto-reclose schemes applied to transmission lines are effective in terms of 

improving the availability of the power system. Single phase auto-reclose scheme 

(SPAR) and three phase auto-reclose scheme (TPAR) have been widely implemented 

in many parts of the world [2-8]. The overall fault clearing process can be viewed as 

being separated into a number of discrete states, governed and demarcated by the 

activities of the protection, switchgear and auto-reclose schemes. In this chapter, the 

development and testing of a fault location technique based on the analysis of data 

from the auto-reclose operations is reported. Both TPAR and SPAR schemes are 

investigated. 

5.2 Overview of auto-reclose scheme operation  

Auto-reclose schemes applied to transmission line system are effective in terms of 

improving the availability of the power system [9, 10]. Generally, three types of 

faults can occur in a transmission line, namely: transient faults, semi-transient faults 

and permanent faults [6-8]. Transient faults are most common, occupying over 90% 

of all faults in an overhead system [11]. The prevailing cause of transient faults is 

atmospheric lightning. The insulator strings are normally flashed over through 

lightning induced over voltages that form an arc, usually over deliberately designed 

weak-points (or “arcing horns”) in the insulation – normally connected in parallel 
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with the insulator string. The arc is seldom extinguished by itself. This type of 

transient fault must be cleared by tripping the line temporarily to de-ionise the fault 

path. In the majority of cases the line can be energised again without the fault 

recurring. A semi-transient fault requires more than one de-energised interval. 

Permanent faults account for only about 5% of all faults in practice and normally 

require time-consuming (and costly) repair work [11].  

 

Due to the fact that over 90% faults are transient and most transient faults can be 

cleared by the tripping action only, auto-reclose scheme provide significant 

advantages in terms of system availability and avoidance of unnecessary 

maintenance and fault finding activities. It minimises the outage time and 

maintenance cost so as to improve system reliability. The choice of single phase or 

three phase reclosing depends on many factors. In this thesis, both reclosing practices 

are investigated.  

5.2.1  Auto-reclosing mechanism 

The transient fault is cleared by tripping the line to de-ionise the arc path. 

De-ionising time of the fault path depends on several factors, such as fault duration, 

fault current magnitude, wind speed, air humidity and pressure, circuit voltage, 

capacitive coupling to adjacent conductors, etc. Among these factors, the circuit 

voltage is the predominant factor influencing de-ionising time. In order to ensure that 

the fault path is thoroughly de-ionised, auto reclosing requires a dead time, which 

must exceed the de-ionising time.  
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Figure 5.1 illustrates the individual processes involved in an individual auto 

reclosing action following a fault [12]. A system fault is induced at time t1. The line 

relay detects the fault and begins to operate. The circuit breaker receives the tripping 

command from relay at time t2 and starts to clear the fault by opening the contacts 

and thus interrupting the fault path and CB is completely tripped at t3. At time t4, the 

line relay is reset and the auto-reclosing device begins to operate. There is a delay 

before the circuit breaker begins to reclose to ensure the dead time exceeds the 

de-ionising time. At time t5, circuit breaker begins to reclose and at time t6, the 

contacts of the circuit breaker are fully closed. After t6, the system is restored back to 

nominal operation if the fault was transient. In the case of a permanent fault, the line 

relay will detect the fault again and open the circuit breaker permanently. 

 

 

Figure 5.1.Progress of auto-reclosing action 
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5.2.2  Single phase auto-reclose scheme (SPAR) 

In SPAR schemes, only the faulted phase is tripped [13], as the majority of faults in 

transmission systems are single phase to earth faults. In a transmission line with 

infeed sources at both ends, which is a typical situation, the circuit breaker poles 

corresponding to the faulted phase should theoretically open and reclose 

simultaneously at both ends of the circuit (for both transient and permanent faults). 

However, in the case of a permanent fault, the measurement devices, protection 

relays and circuit breakers will suffer stress at least on two occasions (in some cases 

more, when multiple reclosing is attempted). With the assistance of communications 

facilities, Guo [14] proposed a modified SPAR scheme, which recloses one side of 

the protected transmission line first. If the reclosed side protection device judges the 

fault to be permanent, the circuit breaker of the reclosing side will be tripped and the 

reclosing attempt at the opposite end will be prevented using the communication 

channel. Otherwise, the remote circuit breaker will be permitted to reclose if it is 

detected that the fault is transient in nature and the local end circuit breaker had 

reclosed successfully. Following Guo’s modified scheme, the SPAR operation 

practice ensures that there is an interval between the reclosing attempts of the circuit 

breakers at the opposite ends of the protected line. This interval can be assumed to be 

sufficiently long to enable extraction of the fundamental frequency component from 

the waveform during fault conditions.  

 

Figure 5.2 and Figure 5.3 illustrate the local-end currents as observed during 

operation of the SPAR scheme. Figure 5.2 presents the situation where the local 
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circuit breaker is first to reclose, while Figure 5.3 shows the situation where the 

remote circuit breaker is first to reclose. Both figures depict a permanent fault 

scenario. The various states (A to E) in the figures will be described the following 

section. 

 

Figure 5.2. Currents for local CB reclosing first for a permanent fault scenario (SPAR) 

 

Figure 5.3. Currents for remote CB reclosing first for a permanent fault scenario 

(SPAR) 
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5.2.3  Three Phase Auto- Reclose Scheme (TPAR) 

In TPAR schemes, all three phases are always tripped regardless of the type of fault. 

In a transmission line with infeed sources at both ends, and for similar reasons as 

explained earlier relating to SPAR schemes, the circuit breakers at both ends do not 

reclose simultaneously. In the case of an intermittent fault, one circuit breaker 

recloses first, followed by a synchronism check and reclose of the second circuit 

breaker. In the case of a permanent fault, the first reclosed circuit breaker trips again 

to clear the fault and the other circuit breaker remains open. Figure 5.4 and Figure 

5.5 show the local currents as measured throughout the entire process of a TPAR 

operation for a permanent fault. Figure 5.4 presents the situation where the local 

circuit breaker is first to reclose , while Figure 5.5 illustrates the situation where the 

remote circuit breaker is first to reclose.  

 

 

Figure 5.4. Currents for local CB reclosing first for permanent fault (TPAR) 
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Figure 5.5. Currents for remote CB reclosing first for permanent fault (TPAR) 

In both SPAR and TPAR schemes (refer to Figures 5.2 to 5.5), there are effectively 

five individual system states for a permanent fault scenario, as follows: 

 

 State A: Pre-fault, both line end circuit breakers closed 

 State B: During fault state, both circuit breakers remain closed 

 State C: Isolation, both circuit breakers opened, fault cleared 

 State D: One circuit breaker reclosed, other remains open (“dead-line 

charging state”).  

 State E: Isolation, the reclosed circuit breaker trips again in response to the 

presence of a permanent fault.  

 

States A, B and D are the most interesting states from the perspective of the 

developed fault location algorithm. Consequently, it is proposed to simplify the fault 

location system and only analyse states A, B and D, which are re-denoted as the 
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pre-fault state, state 1 and state 2. During operation of the auto-reclose scheme, state 

2 can differ because of the different possible operation sequences of the circuit 

breakers. 

5.3 Transmission line model for auto-reclose scheme 

operation 

The proposed fault location algorithm described in this chapter is designed for a 

double-ended transmission line, which is representative of the vast majority of 

interconnected transmission system applications. The superposition method has been 

applied in both state 1 and state 2 calculations. The calculation approach used for the 

auto reclosing states is analogous to the interpole state analysis presented earlier in 

chapter 4. However, in order to improve the accuracy of transmission line modelling, 

the distributed line model has been used instead of a lumped line model in this 

section. The method is applicable for all fault types by changing the elements of the 

fault matrix K, which has been introduced in section 4.2.2.1. As for the previous 

chapter, operation for a single phase to earth fault is presented as an example, as this 

is the predominant type of fault in overhead lines. The performance of the method for 

other fault types will be presented and evaluated in Chapter 6. As before, the method 

relies on the comparison of calculated states (based on the impedance model) with 

actual measurements taken during each state. This section describes how the various 

system states are modelled. 
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5.3.1  State 1 calculation 

There are four different situations that must be considered for the operation of an 

auto-reclose scheme on a transmission line (as depicted in Figure 5.2 to Figure 5.5). 

In state 1, circuit breakers at both ends remain closed. Thus, the state 1 simulation for 

all situations is identical. 

 

According to superposition theory, the state 1 network (during fault state) can be 

represented as the sum of the pre-fault state network and the superimposed network, 

as shown in Figure 5.6. In the pre-fault network, VL and VR are the local and remote 

end voltages. Using the equations (5.1) and (5.2), VR and IR can be determined. Zc 

and   are the surge impedance and the propagation constant of the transmission line 

and d is length of the transmission line. 

 

           (5.1) 

           (5.2) 

 

Where,                          
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a). pre-fault network 

 

b). superimposed network 

 

c). Faulted network 

Figure 5.6. State 1 calculation using superposition theory 
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The pre-fault network is separated into two sections at the fault point, which are:  

- the local end to fault point section [
    
    

] and; 

- fault point to remote end section [
    
    

].  

Where,              ;  

              ; 

   
 

  
        -1; 

                  ; 

                  ; 

   
 

  
            -1; 

n is the fault location as a fraction of the total line length.  

 

   is the voltage at the fault point in pre-fault network, which is equal to: 

 

             (5.3) 

 

In the superposition network (Figure 5.6b), the local end and remote end voltages are 

zero. Considering the distributed network from the fault point to both local and 

remote ends, the following relationships (5.4) and (5.5) may be obtained:  

 

[
  
   
]  [

    
    

] [
 
   
] (5.4) 

[
  
   
]  [

    
    

] [
 
   
] (5.5) 
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Where:       ,  

            , 

     ,  

            ,  

     , 

            , 

     , 

             

 

From (5.4) and (5.5), If1 and If2 can be expressed as a function of Vf 

 

      
       (5.6) 

      
       (5.7) 

 

Considering the path from the fault point to earth we can derive:  

 

              (5.8) 

           (5.9) 

     
    (5.10) 

  

By combining the above equations (5.6) to (5.10), Vf and If1 can be resolved. 

Consequently, the local end voltage and current in the superimposed network are: 
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[
   
 

   
 ]  [

    
    

] [
  
    

] (5.11) 

 

The remote end voltage and current in the superimposed network are:  

 

[
   
 

   
 ]  [

    
    

] [
  
    

] (5.12) 

 

According to the superposition theory, the local voltage     and current     in 

state 1 are: 

 

          
  (5.13) 

          
  (5.14) 

 

The remote voltage     and current     in state 1 are: 

 

          
  (5.15) 

          
  (5.16) 

 

5.3.2  State 2 calculation 

In state 2, both SPAR and TPAR schemes have two possible situations depending on 

which of the line end circuit breakers recloses first. In summary, there are four 

possible scenarios that may occur in state 2, which are categorised as A, B, C and D 

scenarios, as follows: 
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A. SPAR local end recloses first; 

B. SPAR remote end recloses first; 

C. TPAR local end recloses first; 

D. TPAR remote end recloses first. 

5.3.2.1  SPAR with local end CB reclosing first  

In this scenario, the faulty phase of the remote circuit breaker is open and the local 

circuit breaker remains closed (after reclosing). Superposition theory has been 

applied in this situation. As shown in Figure 5.7, the state 2 network is the sum of 

state 1 and state 2 superimposed networks.  

 

a) State 2 superimposed network 

 

b) State 2 network during reclose 

Figure 5.7. Scenario of SPAR with local CB reclosing first 
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In the state 2 superimposed network, the tripped pole of the circuit breaker is 

represented as a controlled current source, with the current equal to: 

 

   
           (5.17) 

 

In Figure 5.7a, the distributed network section from the fault point to the local end is 

represented as: 

 

[
  
   
]  [

    
    

] [
 
   
] (5.18) 

Where,      , 

            , 

     ,  

             

 

The fault path from the fault point to earth is represented as: 

 

          
      (5.19) 

        
     (5.20) 

 

From (5.19) and (5.20) we can obtain: 

 

           (  
        

  )   (5.21) 

 

The network section from the remote relay point to the fault point is represented as: 
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             (5.22) 

   
             (5.23) 

 

Eliminating Vf from (5.22) and (5.23) and using (5.21) gives:  

 

   
        (5.24) 

   
         (5.25) 

 

Where, If2 is 3×1 matrix and X, Y are 3×3 matrixes, represented as: 

 

  [  
        

  ]        (5.26) 

  [  
        

  ]        (5.27) 

 

X and Y depend on n, Rf and Zrem. Note that Zrem is the remote end source impedance 

which can be calculated from SCL2. Assuming n, Rf and Zrem are known, Vf can be 

solved using equations (5.17), (5.21), (5.24) to (5.27).  

 

In the superimposed network, the network section from the fault point to the local 

end can be represented as: 

 

[
  
   
]  [

    
    

] [
 
   
 ] (5.28) 

 

It is assumed that    
     . Equation (5.28) can be solved for    

   and 
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consequently,    
         

   According to superposition theory, the local voltage 

    and current     in state 2 are:  

 

           
  (5.29) 

           
  (5.30) 

 

5.3.2.2  Situations B, C and D  

The calculation of situation A, which is SPAR with local end CB reclosing first, has 

been introduced. The calculations used in other situations (B, C and D) are similar to 

situation A. Open CBs are represented as current sources and the superposition 

method is applied to derive the voltage and current phasors. The detailed solutions 

for situation B, C and D are included in Appendix C.  

 

Accordingly, the local voltage and current during both states 1 and 2 can be 

estimated assuming the values of n, Rf and SCL2 are known. This is the basis of the 

novel fault location method; when the local voltages and currents match the 

model-estimated values, then the corresponding n, Rf and SCL2 can be estimated 

with high accuracy. Analogous calculations are also possible for all fault types by 

changing the elements in fault matrix K (4.2). 
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5.4 Fault location process and algorithm 

5.4.1  Basic principle 

There are three main elements within the algorithm: fault data processing; initial 

range estimation; and final fault location estimation. As the basic concept of this 

method is similar to the fault location technique based on interopole states, the 

algorithm has been shown in Figure 4.8.  

 

The fault data processing element extracts the fundamental frequency phasor from 

the actual sampled fault recorder data. In this research, the frequency phasor is 

extracted by applying the weighted LSM method [15], which is explained in 

Appendix A2.  

 

The initial range estimation element which narrows down the search space by 

establishing initial ranges of n, Rf and SCL2 using simulated data, has been utilised in 

this algorithm. The details of initial range estimation have been introduced in section 

4.3.2. This reduces the computational burden of the method.  

 

Similar to the fault location algorithm based on interpole states, the fault location 

element itself comprises three main stages of operation, which are transmission line 

modelling, comparison and storing of interim outputs for use in the following states. 

Transmission line modelling has been described in section 5.3, which estimates local 

voltage and current for various combination groups of n, Rf and SCL2.  
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Both voltage and current are used for comparison between simulated data and 

algorithm-calculated phasor data. This comparison is applied separately to magnitude 

and angle of the complex phasors, which has been shown in (4.43) and (4.44). The 

tolerance used in the comparison determines the number of candidate solutions (each 

solution comprising a value for Rf, SCL2 and n). Greater tolerances will result in a 

greater number of candidate solutions. The tolerance is iteratively increased from an 

initial setting value until the number of candidate solutions at each state is greater 

than a certain value. In the following case study, the initial comparison tolerance is 

set to 0.1% and the minimum number of candidate solutions for state 1 and state 2 

are 100 and 10 respectively. 

  

The modelling, comparison and storing stages are repeated until the solution is found 

and the comparison condition is satisfied. As progress through each of the states is 

made, the possible ranges of locations reduce and the final accurate fault location is 

obtained.  

 

In the initial fault location technique developed through this research, which 

analysed only initial circuit breaker opening with no consideration of auto-reclose 

states (introduced in chapter 4), the final result is obtained by applying an averaging 

method of the candidates remaining after the final state, and the accurate results from 

numerous evaluations have proven the effectiveness of the method. In this method 

reported in this chapter, which extends analysis to include auto reclose operations, 

the results are again obtained by averaging the values remaining at the final state. 
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5.4.2 Summary of operation of the fault location estimation 

system 

The operation of the fault location system which includes analysis of auto reclose 

operational states can be summarised as follows: 

1. Obtain state 1 simulated data from a record of the actual event or CT/VT outputs 

in real time (during development and systematic performance assessment, 

EMTP/ATP simulated results are used at this stage).  

2. Pre-estimate Rf, SCL2 and n ranges using state 1 simulated data. 

3. Select the corresponding situation according to auto-reclose scheme operation – 

in practical implementation this information could be derived by the protection 

relay algorithm or else from external indications (e.g. circuit breaker status). 

4. Simulate the network in state 1 using the impedance-based model applying 

systematically n, SCL2 and Rf values from the pre-estimated ranges. 

5. Compare the simulation outputs with the calculated data and record the values of 

n, SCL and Rf if the result falls within the assumed comparison error. 

6. Repeat steps 4 and 5 until the whole range of n, SCL and Rf have been covered. 

7. Obtain updated ranges which cover all possible values for n, SCL and Rf.  

8. Obtain simulated data for state 2 and repeat steps 4-6 until the final possible 

ranges of fault location n, SCL2 and Rf generated by step 7 have been covered. 

9. Update the ranges of n, SCL2 and Rf. 

10. Through application of the averaging process, the final values of n, SCL2 and Rf 

are obtained 
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Note:   

- SCL1is assumed to be a known input parameter in the transmission line 

modelling process used by the developed method. The influence of inaccurate 

SCL1 will be discussed in Chapter 6.  

- The ranges and increment settings of n, SCL2 and Rf are currently set as listed: 

 Fault position n: 0-100% of line length in steps of 0.1% 

 Remote source short circuit level SCL: 5-30 GVA in steps of 0.5GVA 

 Fault resistance Rf : 0.1Ω. The selections of the increment settings will 

be discussed in Chapter 6.  

5.5 Case study 

In this section, ATP simulated data is used to evaluate the performance of the 

proposed fault location algorithm. A modified Least Squared Method introduced in 

chapter 2 is applied to extract the fundamental frequency phasors from the 

EMTP/ATP generated waveforms.  

 

A double supplied transmission line model has been utilised. The voltage level is 

400kV; the length is 100km; SCL1 is set as 5GVA and the X/R ratio of both local 

and remote ends is 30. The zero sequence line impedance ZL0=(0.10+j0.76)Ω/km and 

the positive sequence line impedance is ZL1=(0.02+j0.25)Ω/km. The zero shunt 

capacitance is YL0=(0+j2.5)µS/km and positive shunt capacitance is 

YL1=(0+j4.7)µS/km. The model is similar to the one in section 4.4, but utilises the 

distributed line model which covers the effect of shunt capacitance.  
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5.5.1 Example fault location estimation 

In the example, the fault position is assumed at 50km (50% of line length from 

measurement point), the fault resistance Rf is set as 5Ω, the remote end short circuit 

level is set as 15GVA and load angle is    . In this example, the increments of n, Rf 

and SCL2 are 0.1km, 0.1 and 0.5GVA respectively. The example is based on an 

SPAR scheme, assuming that the local end recloses first. Figure 5.8 illustrates the 

local three phase current produced by the ATP simulation. 

 

Figure 5.8. Three phase currents for auto-reclose example 

Table 5.1 presents the progression and convergence of the estimated ranges of values 

during the state-by-state estimation process. 
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Pre-estimated 

range 

State 1 

range 

State 2 

range 

Averaged 

value 

n (%) 25.10–75.10 44.30–57.20 49.40–50.50 44.95 

Rf (Ω) 3–7 3.7–6.3 4.8–5.3 4.90 

SCL2 (GVA) 5–30 12–20 15–15 15.0 

Table 5.1. Results of fault location estimation system 

It is clear that each progression produces a drastic reduction in the number of 

candidates. In this example, the final output value is computed by averaging the 11 

candidates from state 2.  

5.5.2  Systematic performance evaluation 

In order to systematically assess the performance of the proposed auto-reclose based 

fault location method, all possible auto-reclose scheme scenarios have been 

simulated (i.e. SPAR LOCAL, SPAR REMOTE, TPAR LOCAL, and TPAR 

REMOTE - note that, for example, SPAR LOCAL denotes a SPAR scheme where 

the local end CB recloses first). In each auto-reclose scheme all possible fault 

positions (from 0%-100% of protected line) and fault resistances (from 0-100) were 

considered. SCL2 is set as 15GVA in the simulation in this section. In theory, the 

varying of SCL2 does not affect the fault location accuracy of the proposed method. 

The evaluations of varying the values of SCL2 are carried out in Chapter 6. The 

estimated fault location errors used in this chapter are defined as 

 

      
                                              

           
      (5.31) 
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Figure 5.9 to Figure 5.12 illustrates the performance for all considered cases and 

Takagi method. It is clear that the proposed method can achieve very high accuracy 

in the majority of situations, with average error being well under 1% (often under 

0.1%) in all cases. It is only in scenarios where Rf and n are high (representative of 

high resistance faults close to the remote end of the line) that relatively larger errors 

(up to 1%) are encountered. In Chapter 6, evaluations of possible negative factors, in 

terms variations of Rf and SCL2, inaccurate SCL1 settings and measurement error, 

will be carried out.  

 

Figure 5.9. Results of SPAR local 
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Figure 5.10. Results of SPAR remote 

 

Figure 5.11. Results of TPAR local 
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Figure 5.12. Results of TPAR remote 

5.6 Conclusion 

A novel fault location algorithm, which analyses the different states arising during 

the operation of the auto-reclose schemes, has been developed. It compares 

calculated data with simulated data and iteratively proceeds until a match is found 

within a specified tolerance error. The ranges of all possible values are reduced 

through the analysis of the consecutive auto-reclose scheme stages. When a match is 

found within the specified tolerance, all possible fault locations, fault resistances and 

remote source impedances are recorded. The most possible fault positions are 

obtained at the final state and an averaging technique is used to select the final output 

value. The algorithm is based on a single ended data and can not only eliminate, but 

also quantify, the negative effects of conventional single ended methods.  
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Chapter 6.  Evaluation of sensitivity of auto-reclose 

based location to variations in input parameters 

6.1 Introduction 

A novel fault location algorithm, which analyses the different states arising during 

the operation of auto-reclose schemes, has been introduced in Chapter 5. It obtains 

fault location using only local end data. It is immune to changes in fault resistance 

and uncertainty and variability in remote end short circuit level. A number of case 

studies have illustrated the performance and accuracy of the method. As the the 

accuracy evaluation is carried out to assess the impact (possibly negative) of various 

primary system related factors, simulated data has been processed as from a perfect 

measurement instrument (i.e. sensor/sampling errors have not been included). 

 

The increments of n, Rf and SCL2 within the ranges used for these parameters 

obviously influences the accuracy of fault location error. All values in the ranges are 

multiple of the corresponding increments. However, the real values of each of the 

three target parameters may not be exact multiples of the increments, which causes a 

mismatch between the values of possible elements in the ranges and the actual values. 
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This can contribute to an error in the overall fault location accuracy. The selections 

of increments will be made by considering this effect in this chapter. 

 

In this chapter, the performance of the proposed algorithm is evaluated in order to 

investigate the impact of factors that usually are detrimental to conventional single 

ended methods. These include variations in Rf and variations in SCL2. Comparisons 

between the Takagi method, the network impedance method and the proposed 

method will be carried out to show the improvements of the proposed method over 

both of the other methods.  

 

SCL1is assumed to be a known input parameter in the transmission line modelling 

process used by the developed method, and this can be measured at the local end (or 

the data can be estimated using techniques reported in [1-3], or made available from 

the utility company). Inaccurate estimates of SCL1 will introduce an error to the 

voltage and current calculations in the transmission line modelling stage. 

Additionally, the instrument transformers (CTs and VTs) are likely to introduce 

errors. The proposed fault location algorithm relies on the comparison of calculated 

voltage and current phasors (obtained from a transmission line impedance model) 

with the phasors extracted from the simulated waveforms. Therefore, the effects of 

both inaccurate SCL1 and errors from measurement devices are investigated and 

quantified in this chapter.  

 

The transmission line model used in Chapter 5 will be utilised in the evaluations in 

this chapter. The possible fault location in the simulation is from 0-100%. The value 
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of SCL1 is required as a known input parameter to this algorithm; the value is set as 

5GVA in all simulations of this chapter. The weighted least squares method [4] is 

applied to extract the fundamental frequency component from the EMTP/ATP 

generated waveforms. The details of this extraction algorithm are shown in Appendix 

A. 

 

As all possible situations of auto-reclose scheme (i.e. SPAR LOCAL, SPAR 

REMOTE, TPAR LOCAL and TPAR REMOTE) are based on the same fault 

location principle and the single phase to earth fault is the most-likely fault type in 

practice the SPAR LOCAL is employed as the default situation in all evaluations 

reported in this chapter. The estimated fault location errors used in this chapter are 

defined as: 

 

      
                                                

           
      (6.1) 

 

6.2 Selecting the increment values in the algorithm 

As already stated, a mismatch between the values of possible elements in the ranges 

and in the actual values may lead to a fault location error and this is determined by 

the value of increment that is used. The value of maximum mismatch can reach half 

of the incremental value. In theory, smaller incremental values will result in higher 

fault location accuracy by reducing the magnitude of mismatch. However, the use of 

smaller incremental values for the possible locations of the fault will lead to longer 
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algorithm execution times. The selection of the value of the increment must, 

therefore, consider a trade-off between the algorithm execution time and accuracy.  

6.2.1 Selecting the fault location increment value 

It is clear that the value chosen for the fault location increment will directly 

determine the accuracy level of the results. Therefore, the optimal value of the fault 

position increment has been established through systematic simulation. The possible 

incremental value candidates of n were set to 1%, 0.5%, 0.1% and 0.01%. In order to 

quantify the effect of these increments on fault location accuracy, the value of n, 

which causes the maximum mismatch between the estimated and actual fault position, 

was used in the simulation (i.e. fault position was set in the midpoint between two 

adjacent increments). Table 6.1 presents various assumed incremental values and 

corresponding assumed faults positions along the line. In all simulations, Rf is set to 

5Ω and SCL2 is set to 15GVA. 

 

 
n increment (%) 

1% 0.5% 0.1% 0.01% 

Simulated 

fault location 

(%) 

1.5 1.25 1.05 1.005 

10.5 10.25 10.05 10.005 

35.5 35.25 35.05 35.005 

50.5 50.25 50.05 50.005 

75.5 75.25 75.05 75.005 

90.5 90.25 90.05 90.005 

99.5 99.25 99.05 99.005 

Table 6.1 Simulation settings for the evaluations of n increment 
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Figure 6.1 shows the estimated fault location errors for the assumed values of n and 

its increment. In general, the results illustrate that the estimated fault location error 

increases as the increment setting increases. By summarising the performance for 

different incremental values, the maximum errors associated with increments of 1% 

and 0.5% are 1.35% and 0.87% respectively. Comparatively, the cases where the 

increments are 0.1% and 0.01% deliver much better fault location accuracy; the 

maximum errors in this case are 0.27% and 0.20% respectively. In the evaluation, as 

expected, the 0.01% case delivers the best results. However, the algorithm execution 

time for an incremental value of 0.01% case can be up to 10 times longer than the 

execution time for an incremental value of 0.1% (as the number of potential 

candidates to analyse increases by the same factor). At the same time the differences 

in the maximum error for these two cases are not significant enough to justify 

potential tenfold deterioration in calculation speed. Therefore, by considering both 

speed and accuracy of the proposed method, the increment of 0.1% was considered 

to achieve the optimal trade-off. 

 

Figure 6.1 Impact of different n increments on the method accuracy 
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6.2.2 Selecting the fault resistance increment value  

The possible incremental value candidates of Rf are set to 0.01Ω, 0.1Ω, 0.5Ω and 1Ω. 

In order to quantify the maximum effects on fault location accuracy that is 

introduced by these increments, the value of Rf, which causes the maximum 

mismatch is used in the simulation.  

 

Table 6.2 presents incremental values and corresponding Rf settings in the simulation. 

The values Rf used in the simulation are categorised into three groups: groups A, B 

and C. As SCL2 is an unknown parameter in the algorithm and the initial range is set 

from 5-30GVA, the investigation of the Rf increment will be executed for different 

SCL2 values of 5GVA, 15GVA and 30GVA in the simulation. 
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Increment values (Ω) 

Rf in simulation (Ω) 

Group A Group B Group C 

0.01 0.005 5.005 99.995 

0.1 0.05 5.05 99.95 

0.5 0.25 5.25 99.75 

1 0.5 5.5 99.5 

Table 6.2. Simulation settings for the evaluations of Rf increment 

 

Figure 6.2 to Figure 6.4 show the estimated fault location errors of each group for 

different values of SCL2. Table 6.3 summarises the results in terms of maximum 

error. In general, both the figures and table illustrate that the estimated fault location 

error increases as the increment setting increases. Groups A, B and C represent 

different fault resistance levels. By summarising the performances fir different 

incremental values, the maximum errors associated with increments of 0.5Ω and 1Ω 

are 1.05% and 2.55% for all groups. Comparatively, the cases where the increments 

are 0.01Ω and 0.1Ω deliver relatively good fault location accuracy; the maximum 

errors of which are less than 0.27% and 0.36% for all groups. In the evaluation, the 

0.01Ω case causes the minimum mismatch and delivers the best results. However, 

the algorithm execution times for an incremental value of 0.01Ω case can be up to 10 

times the execution time for an incremental value of 0.1Ω, while there are no notable 

changes in the maximum errors for these two cases. Therefore, by considering both 

efficiency and accuracy of the proposed method, the Rf increment is set as 0.1Ω.  
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SCL2 = 5GVA 

SCL2 = 15GVA 

SCL2 = 30 GVA 

Figure 6.2. Impact of different Rf increment on Group A 
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SCL2 = 5GVA 

SCL2 = 15GVA 

SCL2 = 30GVA 

Figure 6.3. Impact of different Rf increment on Group B 
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SCL2 = 5GVA 

SCL2 = 15GVA 

SCL2 = 30GVA 

Figure 6.4. Impact of different Rf increment on Group C 
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Increment 

(Ω) 

Maximum errors (%) 

Group A Group B Group C 

5 

GVA 

15 

GVA 

30 

GVA 

5 

GVA 

15 

GVA 

30 

GVA 

5 

GVA 

15 

GVA 

30 

GVA 

0.01 0.27 0.22 0.21 0.1 0.08 0.08 0.16 0.14 0.13 

0.1 0.34 0.32 0.24 0.24 0.24 0.20 0.32 0.30 0.31 

0.5 0.9 1.05 0.85 0.85 0.65 0.69 0.50 0.45 0.45 

1 2.35 2.45 2.55 1.8 1.60 1.85 0.52 0.81 0.85 

Table 6.3. Results of Rf increment evaluation 

6.2.3  Selecting the remote end short circuit level increment 

value 

It is clear that the SCL2 increment may influence the results of the proposed method. 

To investigate this, the possible increment candidates of SCL2 are set as 0.25GVA, 

0.5GVA, 1GVA and 2GVA. In order to achieve the maximum effect on fault 

location accuracy introduced by increments, the value of SCL2 which is associated 

with the maximum mismatches will be used in the simulation. 

 

Table 6.4 presents the list of incremental values and corresponding possible SCL2 

settings in the simulation. The SCL2 values used in the simulation are also 

categorised into three groups: A, B and C. The initial range of SCL2 is 5-30GVA. 
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The investigation of the impact of the incremental value of SCL2 is carried out for 

different values of Rf: 0.1Ω, 5Ω and 100Ω in each group.  

 

Increments 

(GVA) 

SCL2 in simulation 

Group A Group B 
Group C 

0.25 
5.125 15.125 29.125 

0.5 
5.25 15.25 29.25 

1 
5.5 15.5 29.5 

2 
6 16 30 

Table 6.4. Simulation settings for the evaluations of SCL2 increment 

 

Figure 6.5 to Figure 6.7 show the estimated fault location errors for each group with 

different Rf values. Table 6.5 summarises the results by using the maximum error. In 

general, both the figures and table illustrate that the estimated fault location error 

increases with the magnitude of increment values. Group A, B and C represents 

different remote end short circuit level levels. The maximum errors brought by 

1GVA and 2GVA are 5.33% and 8.00% for all groups. Comparatively, the increment 

setting of 0.25GVA and 0.5GVA delivers good results, the maximum fault location 

errors are less than 0.50% and 0.57% for all groups. In the evaluation, the 0.25GVA 

increment causes the minimum mismatch and brings the best results. However, the 

algorithm executing time of 0.25GVA case can be double that of 0.5GVA, while 
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there are no significant changes of errors brought by such two cases. Therefore, by 

considering both efficiency and accuracy of the proposed method, the SCL2 

increment is set as 0.5GVA.  
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Rf=0.1Ω 

Rf=5Ω 

Rf=100Ω 

Figure 6.5. Impact of different SCL2 increment on Group A 
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Rf=0.1Ω 

Rf=5Ω 

Rf=5Ω 

Figure 6.6. Impact of different SCL2 increment on Group B 
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Rf=0.1Ω 

Rf=0.1Ω 

Rf=100Ω 

Figure 6.7. Impact of different SCL2 increment on Group C 
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Increment 

(GVA) 

Maximum errors (%) 

Group A Group B Group C 

0.1Ω 5Ω 100Ω 0.1Ω 5Ω 100Ω 0.1Ω 5Ω 100Ω 

0.25 0.17 0.32 0.50 0.23 0.20 0.37 0.28 0.13 0.26 

0.5 0.35 0.35 0.57 0.30 0.21 0.47 0.32 0.15 0.56 

1 0.80 2.10 5.33 0.31 0.28 2.30 0.36 0.2 0.57 

2 0.95 3.75 8.00 0.45 0.48 3.60 0.47 0.25 1.00 

Table 6.5. Results of SCL2 increment evaluation 

6.3 Evaluations of the effects of fault resistance and 

uncertain remote end short circuit level  

As introduced in Chapter 3, single ended impedance based methods may suffer from 

variability in resistance and uncertainty relating to both end short circuit level. SCL1 

can be calculated/measured by using local end data. Some single end methods can 

avoid this effect but requiring extra information, i.e. SCL2. As introduced in Chapter 

5, the proposed fault location algorithm, based on analysis of data from auto-reclose 

operations, only requires local end data, and does not suffer from the negative effects, 

in terms of Rf and uncertain SCL2. Moreover, the impact of such effects can be fully 

quantified for the proposed method. In this section, the effects of varying SCL2 and 

varying Rf will be evaluated for the proposed method; and the impacts are quantified.  
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6.3.1 Effect of varying remote end short circuit level and 

fault resistance 

In order to investigate and prove that success the proposed method is immune to the 

change of Rf and SCL2, the effects of varying SCL2 and Rf will be carried out in this 

section. In the simulation, the range of Rf is set from 0.01-100The values of 

SCL2 are set as 5GVA, 15GVA and 30GVA respectively. 

 

Figure 6.8. Evaluation results of SCL2 = 5GVA 

 

Figure 6.9. Evaluation results of SCL2 = 15GVA 
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Figure 6.10. Evaluation results of SCL2 = 30GVA 

 

Rf ( 

Maximum estimated fault location error (%) 

SCL2=5GVA SCL2=15GVA SCL2=30GVA 

0.01 0.50 0.50 0.30 

0.03 0.45 0.43 0.20 

0.1 0.17 0.16 0.07 

0.5 0.11 0.25 0.07 

1 0.10 0.05 0.14 

2 0.20 0.22 0.18 

5 0.22 0.21 0.18 

10 0.27 0.20 0.37 

25 0.21 0.20 0.12 

100 0.30 0.30 0.10 

Table 6.6. Summary of the performances with the effect of varying SCL2 and Rf 
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Figure 6.8 to Figure 6.10 show the estimated fault location errors with different 

values of SCL2 and Rf and Table 6.6 summarises the evaluation results by using 

maximum estimated fault location errors. Note that the maximum estimated fault 

location error is the maximum value of the errors of possible fault positions 

(0%-100%) based on each SCL2 and Rf settings. The evaluation results illustrate that 

the change of Rf does not influences the estimated fault location error significantly. 

The maximum change of the error based on different Rf values are less than 0.45% 

when SCL2 = 15GVA.  Similarly, the results illustrates that the change of SCL2 

does not influences the estimated fault location error significantly as well. The 

maximum change of the error based on different values of SCL2 is less than 0.25% 

when Rf=0.03Ω. The evaluation results show that the varying SCL2 and Rf do not 

influences the performance of the proposed method.  

6.3.2 Estimation of remote end short circuit level and fault 

resistance  

This proposed method improves fault location accuracy by eliminating the effects of 

Rf and unknown SCL2. Furthermore, it can actually provide an estimate for these 

parameters based upon the observed data. The estimation error of these parameters 

are defined as follows: 

 

      
                              

            
      (6.2) 

 

Table 6.7 summarises the maximum estimation errors of Rf and SCL2. The error of Rf 
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estimation varies in different fault conditions. Results show that the SCL2 can be 

accurately estimated, the maximum error of which is less than 1.2%. The error of Rf 

estimation differs from the actual fault resistance level. 

 

In general, small change of Rf may not bring notable change of calculated voltage 

and current used for comparison, which will result an error in Rf estimation. 

According to equation (6.2), low actual values of fault resistance may result in a high 

estimation error when expressed as percentage, but the absolute error may still be 

relatively low. In low fault resistance conditions, the maximum of which can reach 

20%. As the actual fault resistance increases, the error decreases. When Rf value 

increases to 100Ω, the maximum error decreases to 0.08%. It should be noted that 

the primary target of the algorithm is fault location, the ability to estimate Rf and 

SCL2 are merely by-products of the algorithm.  

Simulation settings Maximum Estimation Error 

Rf 

(Ω) 

SCL2 

(GVA) 

n 

(%) 

Rf 

(%) 

SCL2  

(%) 

n 

(%) 

0.1 5 0-100 20 0 0.17 

0.1 15 0-100 16 0.5 0.16 

0.1 30 0-100 12 1.2 0.07 

5 5 0-100 3 0 0.20 

5 15 0-100 2.8 0.6 0.21 

5 30 0-100 2.8 0.6 0.18 

25 5 0-100 0.12 0 0.20 

25 15 0-100 0.12 0 0.21 

25 30 0-100 0.12 1.2 0.18 

100 5 0-100 0.06 0 0.30 

100 15 0-100 0.02 0 0.30 

100 30 0-100 0.08 0.7 0.10 

Table 6.7. Estimation of Rf and SCL2 
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6.4 Comparison with conventional single end impedance 

based methods 

Chapter 3 has comparatively analysis the performances of conventional impedance 

based method. The success of Takagi method is that it improves fault location 

accuracy by reducing the effect of fault resistance significantly. The network 

impedance method improves the fault location accuracy by requiring SCL2 as known 

input. In this section, the comparison among Takagi method, the network impedance 

method and proposed method will be carried out.  

 

Table 6.8 and Table 6.9 show the comparison results of Takagi method (denoted A in 

the table), network impedance method (B) and proposed method (C) by using the 

maximum and average estimated fault location error. The results illustrate that all 

methods have good accuracy in low fault resistance conditions (Rf=0.1Ω), the 

maximum error of which are less than 0.28%, 0.24% and 0.17% and the average 

error of which are less than 0.07%, 0.07% and 0.05%. The errors of Takagi method 

increase as the values of Rf. The worst case occurs when Rf =100Ω and SCL2 = 

30GVA, the maximum value of error reaches 25.2%. With the same case, the 

maximum errors of proposed method and network impedance method are only 0.10% 

and 0.90%. Results illustrate that the proposed method improves the fault location 

accuracy over Takagi method significantly. The proposed method has great accuracy 

level, the average errors of all simulated cases is 0.05% while the average error of 

Takagi method is 2.50%. The network impedance method has good accuracy level; 

the average error of all cases is 0.18%. Comparatively, the proposed method locates 
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the fault only with local end data, while the network impedance requires known 

SCL2 as extra condition.  

 

Simulation settings Maximum Estimated error (%) 

Rf (Ω) SCL2(GVA) n (%) A B C 

0.1 5 0-100 0.20 0.20 0.17 

0.1 15 0-100 0.28 0.24 0.16 

0.1 30 0-100 0.17 0.20 0.07 

5 5 0-100 1.12 0.26 0.20 

5 15 0-100 2.78 0.30 0.21 

5 30 0-100 5.45 0.60 0.18 

25 5 0-100 5.50 0.28 0.20 

25 15 0-100 11.3 0.50 0.21 

25 30 0-100 15.64 0.79 0.18 

100 5 0-100 16.3 0.39 0.30 

100 15 0-100 21.20 0.89 0.30 

100 30 0-100 25.20 0.90 0.10 

Table 6.8. Comparison among Takagi method, network impedance method and 

proposed method: maximum error 

  



Chapter 6 Evaluation of sensitivity of auto-reclose based location to variations in input parameters 

- 157 - 

Simulation settings Average Estimated error (%) 

Rf (Ω) SCL2(GVA) n (%) A B C 

0.1 5 0-100 0.07 0.07 0.05 

0.1 15 0-100 0.06 0.07 0.02 

0.1 30 0-100 0.06 0.07 0.01 

5 5 0-100 0.31 0.08 0.06 

5 15 0-100 0.70 0.09 0.05 

5 30 0-100 0.95 0.11 0.03 

25 5 0-100 1.69 0.09 0.06 

25 15 0-100 2.93 0.12 0.03 

25 30 0-100 3.50 0.30 0.02 

100 5 0-100 5.15 0.35 0.14 

100 15 0-100 7.04 0.40 0.09 

100 30 0-100 7.60 0.40 0.03 

Average error of all cases 2.50 0.18 0.05 

Table 6.9. Comparison among Takagi method, network impedance method and 

proposed method: average error  

6.5 Effect of variations local end short circuit level 

Local end short circuit level (SCL1) is assumed to be a known parameter that can be 

input to the developed fault location algorithm. The accuracy of the SCL1 data is 

important and impacts upon the final result of the new method. In this section, the 

performance of the proposed method when there are inaccuracies in SCL1 is 

investigated. To facilitate this investigation, defined errors set of 1%, 3%, 5% and 10% 

in the calculated/estimated values of SCL1 are used.  

 

In the simulation, the SCL2 level is set to 15GVA, the range of fault distances is set 

from 0% to 100% and the range of Rf is set from 0.01Ω to 100Ω. Figure 6.11 to 
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Figure 6.14 show the results of the proposed algorithm when three different levels of 

inaccuracy are introduced to the SCL1 input data. The corresponding maximum 

estimated fault location errors for each of these three scenarios are 0.63%, 1.17%, 2.4% 

and 4.75%; the average estimated fault location errors are 0.15%, 0.23%, 0.46% and 

0.76%. This data is also contained in Table 6.10. Results illustrate that the estimated 

fault location error increases as the error in the SCL1. A number of techniques [1-3] 

have been developed that strive to estimate the infeed level. It is believed that the 

accuracy of the local end short circuit level data input to the fault locator can be 

improved in the future. Recently, [5] has reported a technique that measures the 

infeed level by using digital signal processing chip, the maximum error of which is 

less than 5% through massive tests. Also, investigation on accurately estimating (or 

measuring) local end short circuit level can be carried out as future work leading on 

from this project.  

 

Figure 6.11. Inaccurate SCL1 estimation error of 1% 

0
20

40
60

80
100

0.01
0.03

0.1
0.5

1
2

5
10

25
100

0

1

2

3

4

5

Actual fault position (%)Fault resistance Rf (Ω)

E
s
ti
m

a
te

d
 f

a
u

lt
 l
o

c
a

ti
o

n
 e

rr
o

r 
(%

)



Chapter 6 Evaluation of sensitivity of auto-reclose based location to variations in input parameters 

- 159 - 

 

Figure 6.12. Inaccurate SCL1 estimation error of 3% 

 

Figure 6.13. Inaccurate SCL1 estimation error of 5% 

 

Figure 6.14. Inaccurate SCL1 estimation error of 10% 
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SCL1 error Maximum Estimated Error Average Estimated Error 

1% 0.63% 0.15% 

3% 1.17% 0.25% 

5% 2.40% 0.47% 

10% 4.75% 0.76% 

Table 6.10. Summary of the effect of inaccurate SCL1 estimation 

6.6 Effect of measurement error 

The errors associated with current transformers (CT) and voltage transformers (VT) 

will directly pollute the measured current and voltage. The accuracy of majority 

impedance based fault location techniques can’t avoid this effect. In this section, the 

evaluation of the effect of measurement errors is carried out. The measurement errors 

for both voltage and current are set to 1%, 3% and 5% [6, 7]. Note that the results are 

obtained by applying the worse cases that polarity of CT and VT errors is opposite 

(i.e. CT: 5%, VT: -5%). In the simulation, SCL2 is set as 15GVA and the range of Rf 

is set from 0.01Ω to 100Ω.  

 

Figure 6.15 to Figure 6.17 present the evaluation results and Table 6.11 shows the 

maximum and average error in location for each of the defined measurement errors. 

As expected, both maximum and average fault location estimation errors increase as 

the measurement errors increase, value of which reaches 8.5% and 2.24% when the 

error of CT and VT reaches 5% and the value of Rf reaches 100Ω. The measurement 

error is the negative factor to majority existing impedance based fault location 

methods. The proposed method can’t overcome this weakness. However, new 
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measurement transducers, often using optical and other non-conventional techniques, 

are continually being developed and implemented [8-10] recently. It is believed that 

the negative effect can be reduced as the development of measurement instrument. 

 

Figure 6.15. Measurement error of 1% 

 

Figure 6.16. Measurement error of 3% 
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Figure 6.17. Measurement error of 5% 

Measurement error Maximum Estimated Error Average Estimated Error 

1% 2.04% 0.62% 

3% 5.61% 1.46% 

5% 8.5% 2.20% 

Table 6.11. Summary of the effect of measurement error 

6.7 Evaluation of fault location performance for all fault 

types  

Section 4.2.2.1 described the modeling of resistive faults on transmission lines, 

which makes it possible to create a transmission line model for all fault types. Recall 

that the basic principle of the proposed method is to compare the computed voltage 

and current with the actual fault data. The single phase to earth fault is the 

most-likely happened in the system and has been widely evaluated in above sections. 
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However, the proposed method is capable of performing location for all fault types. 

In this section, phase-phase, phase-phase to earth and three-phases to earth faults will 

be evaluated. Consequently, only the TPAR LOCAL scenario is used in this section. 

Moreover, as it has been proven in the previous section, that the level of SCL2 does 

not influence the performance of the proposed method; accordingly, SCL2 is set to a 

value of 15GVA in the simulations. 

 

Figure 6.18 to Figure 6.20 show the fault location results for a number of possible 

fault locations and fault resistance. Table 6.12 summaries the performances of the 

possible fault types by using maximum and average errors. Note that PP, PPE and 

TPE denote phase-phase fault, phase-phase to earth fault and three-phases to earth 

fault in the table. In general, good accuracy of fault location can be achieved for all 

fault types, the maximum errors of PP, PPE and TPE are less than 0.46%, 0.44% and 

0.35%, and the average errors of PP, PPE and TPE are less than 0.20%, 0.18% and 

0.09% respectively. To conclude, the proposed method is capable of accurate fault 

location for all fault types.  

 

Figure 6.18. Estimated fault location errors of phase-phase fault 
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Figure 6.19. Estimated fault location errors of phase-phase to earth fault 

 

Figure 6.20. Estimated fault location errors of three phases to earth fault 
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Rf (Ω) 

Maximum Error (%) Average Error (%) 

PP PPE TPE PP PPE TPE 

0.01Ω 0.45 0.44 0.23 0.10 0.11 0.05 

0.03Ω 0.26 0.43 0.33 0.06 0.11 0.04 

0.1Ω 0.38 0.42 0.23 0.07 0.12 0.03 

0.5Ω 0.32 0.53 0.23 0.10 0.10 0.04 

1Ω 0.30 0.40 0.35 0.10 0.11 0.06 

2Ω 0.31 0.41 0.32 0.11 0.13 0.06 

5Ω 0.46 0.37 0.32 0.16 0.1 0.09 

10Ω 0.40 0.25 0.25 0.20 0.12 0.07 

25Ω 0.42 0.17 0.17 0.16 0.06 0.05 

100Ω 0.32 0.34 0.12 0.15 0.18 0.05 

Table 6.12. Summary of all fault types 

6.8 Conclusion 

The incremental values that are selected as the basis for the ranges of n, Rf and SCL2 

obviously influence the accuracy of the fault location and the magnitude of the errors 

that may be produced. Accordingly, the influence of these incremental values on 

fault location accuracy has been evaluated in this chapter. The evaluation results 

have shown that, as one would expect, selecting smaller incremental values produces 

more accurate results, but also leads to longer algorithm execution times. After 

considering both aspects (accuracy and processing time), the increments for of n, 

SCL2 and Rf have been selected as 0.1%, 0.5GVA and 0.1Ω respectively. The 
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maximum estimated error based the settings is less than 0.57%, and the execution 

time, based on a PC platform (with Matlab 2009 running on Intel core i7 processor 

@ 2.66Hz with 3G RAM) is less than 15 minutes. All other evaluations in this 

chapter are based on these incremental settings.  

 

The performance of the proposed method has also been compared with conventional 

fault location methods (Takagi method and network impedance method). Results 

illustrate that the proposed method improves the accuracy significantly over the 

Takagi method. Compared to the network impedance method, the proposed method 

has similar accuracy level; however, the value of SCL2 does not need to be known.  

 

Inaccurate input values for SCL1 introduce errors within the voltage and current 

calculations used in the transmission line modelling elements of the process, as the 

basic principle of the proposed method is to compare the calculated data with 

simulated data. A number of evaluations have been carried out to quantify the impact 

of errors between the assumed input values of SCL1 and its actual prevailing value 

when the fault occurs. Investigations into accurate local end short circuit level 

estimation should be carried out as future work to reduce this negative effect and 

work is also being carried out into this by other researchers [1-3, 5].  

 

The measurement devices (CT and VT) may also introduce errors. In this chapter, the 

effects of measurement error has been evaluated and the results shown the error of 

the proposed method increases with measurement error, again as one would expect. 

It is believed that the negative factor influences all impedance based fault location 
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techniques, and that no impedance based methods of fault location is immune to this 

weakness. Steps to improve the accuracy of measurement transducers should assist in 

reducing such errors and new devices, often using optical and other non-conventional 

techniques, are continually being developed and implemented [8-10]. 
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Chapter 7.  Conclusions and future work  

7.1 Conclusions 

This dissertation has presented new techniques for location of faults in transmission 

lines. It has been presented in the context of a detailed review of travelling wave and 

impedance based fault location methods, which are the main fault location 

techniques that have been implemented in practice.  

 

The travelling wave based method, estimates fault distance by detecting and 

analysing the relative times of arrival of various high frequency travelling wave 

signals and reflections that are initiated by faults. It has been demonstrated to possess 

great accuracy in certain applications, but may be expensive and can sometimes be 

difficult to install or retrofit within existing substations. Impedance based methods 

do not possess the high levels of accuracy associated with travelling wave based 

techniques. However, they can be relatively efficient from an economic perspective 

and are easier to implement (often embedded within manufacturers’ relays or fault 

recorder devices). Such methods estimate the distance to faults using only 

fundamental current and voltage phasor data. A large number of impedance based 

techniques have been developed to improve upon accuracy and mitigate the impact 
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of negative effects on the location process. 

 

Several existing impedance based fault location techniques have been presented and 

reviewed in this dissertation. The Takagi method provides very good performance in 

the majority of situations; it is relatively economical and easy to implement within 

modern numerical protection relays and fault recorders. However, its accuracy is 

compromised by a number factors, including uncertainty associated with the assumed  

both ends short circuit level, varying performance as the distance to fault varies and 

degradations to performance caused by certain ranges of values of fault resistance. 

The network impedance method can improves upon the performance in these 

respects. It does not suffer from the change of fault resistance and both end short 

circuit level. However, the value of remote end short circuit level, which does not 

have a high certainty (if not measured and communicated during the fault), is 

required as a known input. The performances of Takagi and network impedance 

method are used to compare with the novel fault location techniques introduced in 

this dissertation.  

 

The novel single ended fault location algorithm presented in this dissertation 

analyses the interpole states of circuit breakers during fault clearing operation (on 

both first clearance and subsequent clearance during circuit breaker operations). It 

has been shown how it compares calculated data with simulated data from the initial 

“during fault” state prior to the beginning of interruption in order to establish a range 

of possible fault locations (and supplementary estimations of remote end short circuit 

level and fault resistance). When a match is found within a specified tolerance error 
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from analysis of the initial “during fault” state, the range of corresponding possible 

fault locations, fault resistances and remote source impedances are recorded. The 

ranges of all possible values are subsequently reduced through analysis of the 

consecutive interpole stages as each pole of the circuit breaker opens consecutively 

to finally interrupt the flow of current in all three phases. The final, most accurate, 

fault location is obtained following on from analysis of the final state. The method 

also has been extended to analyse reclose and subsequent clearances in order to 

further improve the accuracy of location. The new method not only eliminates but 

also quantifies the negative effects of conventional single ended methods. 

Furthermore, it inherits the advantages of conventional single ended fault location 

method, in that it is relatively economical to implement. Only local end data is 

needed.  

 

Case studies were included and excellent levels of accuracy have been obtained. 

Furthermore, a large number of results have been shown to compare favourably 

against both the Takagi and the network impedance based methods, with tests carried 

out for many locations and different values of Rf and SCL2. Accordingly it is claimed 

that the developed technique exhibits the potential for achieving a very high accuracy 

of location, which can be implemented at low cost.  

 

However, it is acknowledge that there remain challenges associated with the 

developed methods. During the interpole states, it is difficult to extract accurate 

fundamental phasor data from such a short time window (theoretically 1/6 of a cycle, 

corresponding to 3.33 ms or 2.78 ms of data in a 50 Hz or 60 Hz system) at the 
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present stage of development and using the signal processing techniques available at 

this time. However, a number of techniques have been, and continue to be, developed 

to reduce the required time window for the phasor extraction process relatively 

recently. Paper [1] has reported on techniques which reduce the time delay for phasor 

extraction down to 1/3 of a cycle of the fundamental waveform. Paper [2] reports on 

a technique which further reduces the time required to 1/4 of a cycle (note that these 

techniques are in the presence of noise – it is of course possible to extract a phasor 

from as little as two consecutive samples if it is known that the input waveform is a 

perfect sinusoid). Perhaps a suitable DSP method will be developed in the future to 

enable the phasor extraction from even shorter time windows.  

 

The initial investigations into the use of inter-pole states to analyse single circuit 

breaker operations following a fault has been extended to develop an enhanced 

method that analyses data from auto-reclose scheme operation. This is a prudent 

approach to take as permanent faults, which are of most interest from a fault location 

perspective, will provide more data relating to the fault due to the reclose onto the 

fault providing several more cycles of fault waveform data and further inter-pole 

status data as the circuit breaker opens for the second time during the same fault 

event. The basic principle is similar to the original fault location method and uses 

interpole states in the same fashion. Calculated data is compared with simulated data 

and the process proceeds iteratively as described earlier until a match is achieved 

within a specified tolerance error. The ranges of all possible values are reduced 

through the analysis of the consecutive auto-reclose scheme stages.  
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A 400kV, 100km transmission line model, simulated using EMTP/ATP, has been 

used to evaluate the performance of the based. The evaluations results verify that that 

the method displays high levels of immunity to the effect of Rf, n and uncertain SCL2 

over a wide range of different n (from 0-100% along the line), Rf (0-100Ω) and SCL2 

(5-30GVA). The majority of the estimated fault location errors of the proposed 

method are less than 0.5%.  

 

The results of the evaluation also quantify the ability of the method to estimate 

values for Rf and SCL2 in addition to the location of the faults. The results (from 

Table 6.7) shows that the maximum estimation error of fault resistance for low 

resistance fault conditions may be high (up to 20% when Rf =0.1Ω). The estimation 

error decreases with the value of fault resistance, the maximum estimation error of 

high resistance fault (Rf =100Ω) is less than 0.08%. Comparatively, SCL2 can be 

accurately estimated under all conditions, the maximum error in the evaluations 

(from Table 6.7) is less than 1.2%. It should be noted that the primary target of the 

algorithm is fault location, the ability to estimate Rf and SCL2 are merely by-products 

of the algorithm. 

 

As previously stated, the performance of the method has been compared extensively 

with the Takagi and network impedance methods. Comparatively, the results of the 

Takagi method shows that Rf, n and uncertain SCL2 have greater impact on the 

accuracy: the maximum estimated error can be as high as 25.2% when the fault 

position is close to remote end (99%) with high fault resistance (100Ω). In the same 

case, the maximum error of the proposed method is 0.15%. Considering the average 
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error across all simulated cases shows that the proposed method has an accuracy of 

0.05%, while the Takagi method has an accuracy of 2.50% (Refer to Table 6.9). The 

network impedance method has a generally good accuracy level; the average error 

across all simulated cases is 0.18%. However, an extra condition associated with this 

method is that an accurate estimation of SCL2 has to be known.  

 

Investigations into the effects of inaccurate input data defining SCL1 and 

measurement errors inherent in CTs and VTs have also been carried out. The 

estimated fault location error increases in line with increasing errors in estimations of 

SCL1. The results of evaluations illustrate that the estimated error can reach 4.75% in 

the case where Rf = 100Ω and there is a 10% estimation error of SCL1. With respect 

to CT and VT measurement errors, the estimated fault location error increases with 

measurement error, as anticipated. From the results of evaluation, the maximum error 

is less than 8.5% when CT and VT errors are 5% (the worst case errors evaluated, 

which is in line with protection class CT and VT standards [3]). However, it is 

believed that such errors could be reduced as the development of sensor technology 

continues in the future. Advanced DSP techniques, techniques for accurately 

estimating short circuit levels from measurement data [4-6] and advances in current 

and voltage measurement techniques [7-9] could all contribute to reduction, or 

eliminate of these errors in the future. 

7.2  Future work plan 

As with any research work, there is always more work that can be done. There are 

several possible expansions and improvements that are suggested for the methods 
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and concepts proposed and demonstrated in this thesis.  

– Future work should focus on investigation and development of DSP techniques 

that are capable of extracting accurate fundamental frequency component over 

extremely short time windows (1/6 cycle). Recently, a number of techniques 

have been proposed that can reduce the time window required to extract the 

phasor data [10-13]. However, challenges remain with these techniques, for 

example high sampling frequencies are often required, and the effects of 

unexpected high frequency oscillations and decaying DC offset components in 

the signal may still impact negatively on such techniques, so more work remains 

to be done in this area.   

– Further investigation into the effect of the circuit breakers at the line ends 

operating simultaneously. In the majority transmission systems, the feeders are 

typically supplied from both line ends (or more than two line ends in 

multi-terminal feeders). At the present stage, the proposed method based on 

circuit breaker operation is designed to operate in a two ended circuits and 

assumes that the local circuit breaker opens completely before the contacts of the 

remote end circuit breaker start to separate. However, it is noted that this 

situation, where one CB completely trips before another starts to operate, cannot 

be guaranteed. Further investigations into the effect of the timing of circuit 

breaker operations should be carried out.  

– The evaluation of the performance of proposed fault location algorithms using 

recorded data from actual power systems is a natural next step for this work. In 

this thesis, EMTP/ATP simulated data has been used to evaluate the 

performance of the proposed method based on auto-reclosing operation. As the 
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final target of this method is implementation in practice, evaluations using actual 

power system data must be carried out as future work.  

– Development of an executable program that implements proposed fault location 

method. In this thesis, a Matlab user interface program has been designed which 

can read EMTP/ATP generated sampled values and COMTRADE sampled 

value data. As the final target is the implementation of the fault locator in a 

practical system, an executable program should be designed.  

– Integration of the fault location system with IEC 61850 measurement data 

should be carried out. IEC 61850 [14, 15] is a rapidly emerging suite of 

protocols for communication between protection, control and sensor devices and 

is gaining widespread acceptance by both manufacturers and utilities. Some 

researchers have already proposed integration of fault location functions with the 

IEC 60850 protocol [16-18]. An IEC 61850 compliant interface to the fault 

location systems proposed and developed in this thesis should be designed as an 

element of future work.  

– Further investigation into the implementation of the method on double circuit 

lines should be carried out. According to the principles of the proposed method, 

it is believed that it is capable of application to double circuit transmission lines, 

as long as the mutual coupling effect of the adjacent circuit is modelled 

correctly.  

– Further investigation into the application of the proposed algorithms in location 

of transient faults (e.g. by considering the effect of trapped charge in healthy 

phases). 
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Appendix A:  Fundamental frequency phasor 

extraction techniques 

The estimate of fault location using impedance based methods is a function of the 

measured voltage and current. In modern power system, the majority of 

computer-based protection and control functions are based on fundamental phasors 

of voltage and current. The extraction of these fundamental phasors is therefore 

required to satisfy a number of requirements, such as ability to quickly identify 

certain situations or phenomena, to provide immunity against frequency excursions 

or transients, to remain insensitive to signal pollution arising from high harmonic 

content, high frequency oscillations and exponential decaying DC offset components 

of the measured signal. There are various techniques have been developed to extract 

fundamental phasors, such as sinusoidal wave based methods [1-3], Fourier analysis 

based methods [4-8] and least squares based method [9-11]. In this section, the 

leading techniques, which are Discrete Fourier Transform (DFT) [8] and Modified 

Least Squared Method (LSM) [11] are introduced and analysed.  
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A.1 DFT 

The DFT is basic algorithm can be directly used in modern digital protection systems 

[8, 12]. Such methods have the ability to extract fundamental frequency components, 

and other frequency components if desired, from voltage and current waveforms.  

The discrete voltage/current wave can be expressed in (A.1).  

 

        
       ∑  

 

 

                (A.1) 

Where: 

X0, τ– magnitude and time constant of decaying DC component 

N – number of harmonics considered;  

ω – 2π/T, the radial system frequency;  

ϕm,  Xm – initial phase angle and magnitude of the m
th

 harmonic. 

Ts– time  

 

It is assumed that the transformation period is equal to the fundamental frequency 

period. Thus, the function of fundamental frequency phasor extraction can be 

represented as:  

 

     
 

 
∑     

   

   

         (A.2) 

 

An EMTP/ATP-generated fault current waveform is used to illustrate the result of 
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fundamental phasor extraction using DFT algorithm. Figure A.1 shows the extracted 

phasor magnitude versus the example input waveform. The result displays good 

extraction accuracy, but only from the point beyond which the waveform becomes of 

stable amplitude (i.e. after the DC component decays to zero). In the presence of the 

decaying DC offset component (which persists for a short period after fault inception 

and is dependent on point of wave of fault occurrence and the X/R ratio of the fault 

current path), the extracted magnitude is not stable. The accuracy of conventional 

DFT methods may therefore be compromised by the presence of decaying DC offset 

components. 

 

 

Figure A.1. Result of DFT estimation 

A.2  Weighted LSM algorithm 

As already stated, a fault current waveform in a transmission system typically 

contains a decaying DC component which has an unpredictable initial magnitude and 
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an uncertain time constant.  

 

Some DSP techniques [13-20] have been designed to reduce or remove the effects of 

decaying DC offset and improve the accuracy of fundamental phasor extraction 

processes. [13] designed a digital mimic filter, which uses a pre-defined time 

constant, to reduce such effects. However, in this method, the effect of DC offset will 

not be completely eliminated in cases where the assumed time constant value 

deviates from the actual value. [14-17] attempt to reduce DC effects by estimating 

the time constant with two extra samples. And [18, 19] uses extra harmonic phasor to 

reduce DC effect. Reference [20] introduce a method which uses only one cycle to 

obtain accurate fundamental phasor without DC effect. However, potential pure DC 

component may influence its performance.  

 

[11] reports the development of an algorithm, which is termed “modified Least 

Square Method”, and this is utilised within the impedance based fault location 

methods reported in this thesis. This algorithm is based on a recursive full period 

least square filter. This estimates the fundamental phasor components with a high 

accuracy by rejecting the exponentially decaying DC component with additional 

adaptive correction for DC component. The advantage of this algorithm is that it 

removes the decaying DC component regardless of time constant and initial 

magnitude.  

 

Assume that the signal model can be represented as shown:  
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     ∑  

 

 

              (A.3) 

Where: 

X0, τ – magnitude and time constant of the decaying DC component 

K – number of considered harmonics; 

ω = 2π / T, the radial system frequency;  

ϕm, Xm – initial phase angle and magnitude of the m
th

 harmonic. 

 

To estimate the fundamental phasor from M consecutive samples of the signal, a 

three-state LSM algorithm with the signal model matrix H(k) is composed as 

follows: 

 

       [                       ]             (A.4) 

Where,              
  

 
      ,  

              
  

 
      ,  

                   
  
  

 

 

The vector of estimates can be obtained using the following fundamental equation 

(A.5) through one full cycle window size (M=N):  

 

 ̂                  (A.5) 

 

Where                   , 
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     [                         ] , 

 ̂    [                 ]
 ,  

 

Note that T represents the action of matrix transposition. 

 

For this three-state LSM method, P(k) represents the full matrix, within which the 

off-diagonal elements are dependent on the exponential component. Consequently, 

the accuracy of XR and XI are highly dependent on the constant τ and fault inception 

time T1.  

 

A modified LSM method, which aims to convert P(k) into the form of a diagonal 

matrix, has been developed to reduce the effect of the constant τ and fault inception 

time T1. In theory, the weighted LSM estimator hG is the original LSM estimator 

multiplying the weighted factor G. In this method, the factor       and       

have been introduced instead of the weighted factor G. The LSM estimator is defined 

as follows: 

 

        [                       ]         (A.6) 

Where,            (
  

 
     )       , 

            (
  

 
     )       , 

               ,     
  

  
 

 

The requirement for PG(k) is diagonal, which could be represented as:  
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      [    ]
 
   

        ,                (A.7) 

 

Based on the above condition,       and      could define as:  

 

      
∑      

  

 
       

   

        ∑           
   

 (A.8) 

      
 ∑      

  

 
       

   

        ∑           
   

 (A.9) 

Where,     
  

  
 

 

In the above equations,       and       could can be determined if         

could can be solved. During the given transient, the time constant does not change 

physically. As a consequence,        can be calculated as,  

 

         
     

       
 (A.10) 

      
 

 
∑       

   

   

 (A.11) 

 

Note that       is for a sum of N elements of the geometric progression.   

Finally, the following equation can be derived: 

 

 ̂            
         [                 ]

  (A.12) 
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The fundamental frequency phasor is represented as shown below: 

 

                  (A.13) 

 

An ATP generated current waveform is used to show the result of phasor 

estimation/extraction using this technique in Figure A.2. From the figure, it is clear 

that this algorithm has an excellent property of rejecting the exponentially decaying 

DC component.  

 

Figure A.2. Result of modified LSM estimation 
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Appendix B:  Interpole states modelling 

Chapter 4 has introduces a novel fault location method based on the analysis of 

circuit breaker operation. This novel fault location method is built on the interpole 

states computation, which applies the superposition method. This calculation 

algorithm is based on a lumped R-L line model with two supplies of both ends with 

the assumption that remote end circuit breaker keeps closing. A single line to ground 

fault is involved.  

 

The tripping sequence of three phases depends on load flow, fault inception time, 

fault type and fault resistance. According to phase status, there are three tripping 

sequences, which are F-H-H, H-F-H and H-H-F. F and H denote as faulty phase and 

health phase respectively. In the chapter 4, the calculation of F-H-H tripping 

sequence has been introduced. In Appendix A, the calculations of H-F-H and H-H-F 

will be presented.  

B.1 H-F-H sequence computing algorithm 

1) State 1 

In State 1, all three poles of the circuit breaker are closed. The calculation is identical 
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for all scenarios of different tripping sequences, which has been introduced from (4.4) 

– (4.12) 

 

          
  (B.1) 

          
  (B.2) 

 

Note that, VL IL are pre-fault voltage and current;    
 ,    

  are state 1 superimposed 

voltage and current 

 

2) State 2 

In state 2, one health phase (assume phase B) is tripped. According to superposition 

theory, the state 2 network is presented as the sum of state 1 network state 2 

superimposed network, which is shown in Figure B.1. 

 

In the superimposed network (Figure B.1a), the tripped pole is represented as a 

controlled current source     
 . 

 

    
        (B.3) 
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a) State 2 superimposed network 

 

b) State 2 network 

Figure B.1 State 2 network compuation 

 

In state 2 superimposed network, the Thevenin equivalent impedance Zt behind the 

circuit breaker is presented in (4.7). The remaining parameters in superimposed 

network can be calculated as:  
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  (B.6) 

 

Note that Zss and Zsm are self-impedance and mutual-impedance of Zloc. Zt11, Zt12, Zt13, 

Zt23 and Zt33 are the elements of Zt. Zf is the fault impedance, which is represented in 

(4.2). 

The pre-state of state 2 is effectively state 1. Thus, V2L and I2L are: 

 

           
  (B.7) 

           
  (B.8) 

 

3) State 3 

The computation principle of state 3 and state 4 are the same as for state 2. In state 3, 

shown in Figure B.2, two poles are open. In state 3 superimposed network, one 

health phase (phase B) pole has already been open in state 2 and therefore is valued 0 

at this stage. Pole of faulty phase (phase A) is tripped in this state, which is 

represented as the controlled current. So, the currents of state 3 superimposed 

network are 

 

    
        (B.9) 

    
    (B.10) 
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  [        ]

        
 (B.11) 

 

 

a) State 3 superimposed network 

 

b) State 3 network 

Figure B.2 State 3 network computation 
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Consequently, the voltages of state 3 superimposed network are 
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] (B.12) 

   
        

  (B.13) 

According to superposition theory, voltage V3L and current I3L at state 3 are 

calculated as:  

 

           
  (B.14) 

           
  (B.15) 

  

4) State 4 

In state 4, all circuit breaker poles are open, shown in Figure B.3. In state 4 

superimposed network, the current of health phase (phase C) is tripped and 

represented as controlled source. Consequently, the superimposed current and 

voltage are calculated as  
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a) State 4 superimposed network 

 

b) State 4 network 

Figure B.3 State 4 network computation 

Thus, the voltage V4L and current I4L in state 4 are as below: 

 

           
  (B.21) 

           
  (B.22) 
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B.2 H-H-F sequence computing algorithm 

1) State 1 

In State 1, all three poles of the circuit breaker are closed. The calculation is identical 

for all scenarios of different tripping sequences, which has been introduced from (4.4) 

– (4.12) 

 

          
  (B.23) 

          
  (B.24) 

 

Note that, Vs Is are pre-fault voltage and current;    
 ,    

  are state 1 superimposed 

voltage and current. 

 

2) State 2 

In state 2, one health phase (assume phase B) is tripped. According to superposition 

theory, the state 2 network is presented as the sum of state 1 network state 2 

superimposed network, which is shown in Figure B.4 

 

In the superimposed network (Figure B.4a), the tripped pole is represented as a 

controlled current source     
 . 

 

    
        (B.25) 
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a) State 2 superimposed network 

 

b) State 2 network 

Figure B.4 State 2 network compuation 

In state 2 superimposed network, the Thevenin equivalent impedance Zt behind the 

circuit breaker is presented in (4.7). The remaining parameters in superimposed 

network can be calculated as:  
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] (B.27) 

   
        

  (B.28) 

 

The pre-state of state 2 is effectively state 1. Thus, V2L and I2L are: 

 

           
  (B.29) 

           
  (B.30) 

  

3) State 3 

The computation principle of state 3 and state 4 are the same as for state 2. In state 3, 

shown in Figure B.5, two poles are tripped. In state 3 superimposed network, one 

health phase (phase B) pole has already been open in state 2 and therefore is valued 0 

at this stage. Pole of another health phase (phase C) is tripped in this state, which is 

represented as the controlled current. So, the currents of state 3 superimposed 

network are   

 

    
    (B.31) 

    
        (B.32) 
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 (B.33) 

 

Consequently, the voltages of state 3 superimposed network are 
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  (B.35) 

 

 

a) State 3 superimposed network 

 

b) State 3 network 

Figure B.5 State 3 network computation 
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According to superposition theory, voltage V3L and current I3L at state 3 are 

calculated as:  

 

           
  (B.36) 

           
  (B.37) 

  

4) State 4 

In state 4, all circuit breaker poles are open, shown in Figure B.6. In state 4 network, 

the current of faulty phase (phase C) is tripped. Thus, phase C represented as 

controlled source in state 4 superimposed network. Consequently, the superimposed 

current and voltage are calculated as  
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  (B.42) 

 

Thus, the voltage V4L and current I4L in state 4 are as below: 

 

           
  (B.43) 

           
  (B.44) 

 



Appendix B Interpole states modelling 

-203 - 

 

 

a). State 4 superimposed network 

 

b). State 4 network 

Figure B.6 State 4 network computation 
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Appendix C:  Auto-reclose modelling 

Chapter 5 has introduced a novel fault location technique which based on the auto 

reclose modelling. The proposed fault location algorithm is designed for a 

double-ended source transmission line, which is representative of the vast majority of 

interconnected transmission system applications. Superposition method has been 

applied in both state 1 and state 2 computations. In order to improve the accuracy of 

transmission line modelling, the distributed line model has been used instead of 

lumped line model in this section. Single phase to ground fault is involved at the 

current stage as a predominant type of fault in overhead lines. There are 4 different 

scenarios of auto-reclose scheme, which are  

– SPAR local end reclose first; 

– SPAR remote end reclose first; 

– TPAR local end reclose first; 

– TPAR remote end reclose first. 

 

The modelling of scenario A is presented in chapter 5. As state 1 of all scenarios are 

identical, state 2 modelling of other 3 scenarios will be introduced in this section.  
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C.1 SPAR remote end reclose first 

In this scenario state 2 superimposed network of the remote end CB recloses first. 

The open pole of the local circuit breaker is represented as a controlled current 

source, as shown in Figure C.1a, with the current equal to 

    
        (C.1) 

 

a) State 2 superimposed network 

 

b) State 2 network during reclose 

Figure C.1 Scenario of SPAR with remote CB reclosing first 
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In Figure C.1a, the distributed network section from the fault point to the remote end 

is represented as 

 

[
  
   
]  [

    
    

] [
 
   
] (C.2) 

        
     (C.3) 

 

Where,      ,             ,      ,              

The fault path from fault point to earth is represented as 

 

     
       

      (C.4) 

 

From equation (C.3) and (C.4), we can obtain 

 

           (  
        

  )   (C.5) 

 

The network section from the local relay point to the fault point is represented as, 

 

   
             (C.6) 

   
             (C.7) 

 

Eliminating Vf from (C.6) and (C.7) using (C.5) gives:  

 

   
        (C.8) 
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         (C.9) 

 

Where, If1 is 3×1 matrix and X, Y are 3×3 matrixes, represented as  

  [  
        

  ]        (C.10) 

  [  
        

  ]        (C.11) 

 

X and Y depend on n, Rf and Zrem. Note that Zrem is the remote end source impedance 

which can be calculated by SCL2. Assuming n, Rf and Zrem are known, Vf can be 

solved using equations (C.1), (C.5), (C.8) to (C.11).  

 

In the superimposed network, the network section from the fault point to the local 

end can be represented as: 

 

[
  
   
]  [

    
    

] [
 
   
 ] (C.12) 

 

It is assumed that    
     , Equation (C.12) can be solved for    

   and 

consequently,    
         

   According to superposition theory, the local voltage 

    and current     in state 2 are:  

 

           
  (C.13) 

           
  (C.14) 
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C.2 TPAR Local end reclose first 

In this scenario, all three phases of the local end circuit breaker reclose and the 

remote end circuit breaker remains open. Similarly to the previous cases, the 

superposition theory has been applied in this situation. In superimposed network 

(Figure C.2a), the remote opened circuit breaker is represented as a controlled 

current source.  

 

   
       (C.15) 

 

In Figure C.2a, the distributed network section from fault point to local end is 

represented as: 

 

[
  
   
]  [

    
    

] [
 
   
] (C.16) 

Where,      ,             ,      ,             , IfL=I2L 

 

The fault path from fault point to earth and fault point to local end are represented as: 

 

     
       

      (C.17) 

        
     (C.18) 

 

The fault current If2 is equal to 

 

               (C.19) 
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   (C.20) 

 

 

a) State 2 superimposed network 

 

b) State 2 network during reclose 

Figure C.2 Scenario of TPAR with local CB reclosing first 
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The network section from the remote relay point to the fault point is represented as: 

 

   
             (C.21) 

   
             (C.22) 

 

M, Cm and Dm depend on n, Rf and Zrem. Note that Zrem is the remote end source 

impedance which can be calculated by SCL2. Assuming n, Rf and Zrem are known, Vf 

can be solved using equations (C.15), (C.19), (C.20) and (C.22). Thus: 

 

   
    

     (C.23) 

   
     

      (C.24) 

 

According to superposition theory, the local end voltage and current of State 2 are: 

 

           
  (C.25) 

           
  (C.26) 

 

C.3 TPAR Remote end reclose first 

In this scenario, all three phases of the remote end circuit breaker reclose and the 

local end circuit breaker remains open. Similarly to the previous cases, the 

superposition theory has been applied in this situation. In superimposed network 

(Figure C.3a), the remote opened circuit breaker is represented as a controlled 

current source.  
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       (C.27) 

 

The network section from the fault point to the remote end is represented as: 

 

[
  
   
]  [

    
    

] [
 
   
 ] (C.28) 

        
     (C.29) 

 

Where,      ,             ,      ,              

 

The fault path from fault point to earth is represented as: 

 

     
      (C.30) 

 

In superimposed network (Figure C.3a),  

 

               (C.31) 

    
        

   (C.32) 

 

The network section from the local relay point to the fault point is represented as: 

 

[
   
 

   
 ]  [

    
    

] [
  
   
] (C.33) 

 



Appendix C Auto reclose modelling 

-212 - 

M depends on n, Rf and Zrem. Assuming n, Rf and Zrem are known,    
 

 can be solved 

using equations (C.27), (C.31) to (C.33). Thus: 

 

   
          

             
  (C.34) 

 

According to superposition theory 

 

           
  (C.35) 

           
  (C.36) 

 

 

a) State 2 superimposed network 
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b) State 2 network during reclose 

Figure C.3 Scenario of TPAR with local CB reclosing first
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Appendix D:  MATLAB user interface: design and 

operation 

In order to facilitate convenient way of testing the proposed fault location algorithm 

and to enable more effective demonstration, a MATLAB graphical user interface has 

been designed.  

 

Figure D.1 shows the user interface panel. Generally, there are four main elements 

within the user interface panel, which comprise: transmission line settings; local 

source settings; ATP simulated/COMTRADE data file selection; results presentation.  
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Figure D.1.User interface in MATLAB 
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Item Function 

Line length [km] Total length of transmission line in km 

R1[/km] Positive sequence resistance of transmission line 

X1 [/km] Positive sequence inductance of transmission line 

R0 [/km] Zero sequence resistance of transmission line 

X0 [/km] Zero sequence inductance per km of transmission line 

Y1 [/km] Positive sequence admittance per km of transmission line 

Y0 [/km] Zero sequence admittance per km of transmission line 

X/R ratio Local source X/R ratio 

SCL1 Local source short circuit level 

Z1/Z0 Local source positive impedance vs zero impedance ratio 

CT ratio Current transformer ratio 

VT ratio Voltage transformer ratio 

Open file ATP simulated/COMTRADE data file selection 

Sampling frequency Sampling frequency of selected data 

Locating Debug the fault location method 

Fault position Estimated fault position by proposed fault location method 

Fault resistance Estimated fault resistance by proposed fault location 

method 

Remote SCL Estimated remote end short circuit level by proposed fault 

location method 

TAKAGI RESULT Estimated fault location using TAKAGI method 

Reset Reset fault location algorithm 

Table D.1. User interface instruction 

Table D.1 includes some guidance regarding the usage and the settings of the user 

interface. This system can estimate fault location using simulated and/or recorded 

fault data. The system accepts data file formats of ‘*.txt’, ‘*.csv’, ‘*.dat’ and 

‘*.xlsx’.  
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The operation sequence of this tool is as follows: 

1. Select the fault recorder/simulation output data file using the “browse” utility 

 

2. Input the data file sampling frequency, transmission line and local source settings 
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3. Press the “Calculate” button to execute the fault location algorithm 

 

 

The program calculates the estimated fault position with both the proposed method 

and TAKAGI method. 


