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Abstract: Electrical faults on transmission and distribution lines are detected and isolated by 
system protective devices. Once the fault has been cleared, outage times can be reduced if the 
location of the fault can be determined more quickly. The techniques and application 
considerations for determining the location of a fault on ac transmission and distribution lines are 
outlined in this guide. Traditional approaches and the primary measurement techniques used in 
modern devices are reviewed: one- and two-terminal impedance-based methods and traveling-
wave methods. Application considerations include: two- and three-terminal lines, series-
compensated lines, parallel lines, untransposed lines, underground cables, fault resistance 
effects, and other power system conditions, including those unique to distribution systems.  
 
Keywords: fault location, IEEE C37.114™, relays, synchrophasor, system protection, travelling 
waves 
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Important Notices and Disclaimers Concerning IEEE Standards Documents 

IEEE documents are made available for use subject to important notices and legal disclaimers. These 
notices and disclaimers, or a reference to this page, appear in all standards and may be found under the 
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Standards 
Documents.” 

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards 
Documents 

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are 
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards 
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a 
consensus development process, approved by the American National Standards Institute (“ANSI”), which 
brings together volunteers representing varied viewpoints and interests to achieve the final product. 
Volunteers are not necessarily members of the Institute and participate without compensation from IEEE. 
While IEEE administers the process and establishes rules to promote fairness in the consensus development 
process, IEEE does not independently evaluate, test, or verify the accuracy of any of the information or the 
soundness of any judgments contained in its standards. 

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and 
expressly disclaims all warranties (express, implied and statutory) not included in this or any other 
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness 
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness 
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. 
IEEE standards documents are supplied “AS IS” and “WITH ALL FAULTS.” 

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there 
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related 
to the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved 
and issued is subject to change brought about through developments in the state of the art and comments 
received from users of the standard.  

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other 
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any 
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his 
or her own independent judgment in the exercise of reasonable care in any given circumstances or, as 
appropriate, seek the advice of a competent professional in determining the appropriateness of a given 
IEEE standard. 

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, 
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: 
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; 
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, 
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR 
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE 
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND 
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE. 

Translations  

The IEEE consensus development process involves the review of documents in English only. In the event 
that an IEEE standard is translated, only the English version published by IEEE should be considered the 
approved IEEE standard. 
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Official statements  

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board 
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its 
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE. At lectures, 
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall 
make it clear that his or her views should be considered the personal views of that individual rather than the 
formal position of IEEE.  

Comments on standards 

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of 
membership affiliation with IEEE. However, IEEE does not provide consulting information or advice 
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a 
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a 
consensus of concerned interests, it is important that any responses to comments and questions also receive 
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and 
Standards Coordinating Committees are not able to provide an instant response to comments or questions 
except in those cases where the matter has previously been addressed. For the same reason, IEEE does not 
respond to interpretation requests. Any person who would like to participate in revisions to an IEEE 
standard is welcome to join the relevant IEEE working group. 

Comments on standards should be submitted to the following address: 

 Secretary, IEEE-SA Standards Board  
 445 Hoes Lane  
 Piscataway, NJ 08854 USA 

Laws and regulations  

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with 
the provisions of any IEEE Standards document does not imply compliance to any applicable regulatory 
requirements.  Implementers of the standard are responsible for observing or referring to the applicable 
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not 
in compliance with applicable laws, and these documents may not be construed as doing so. 

Copyrights 

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws. 
They are made available by IEEE and are adopted for a wide variety of both public and private uses.  These 
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization, 
and the promotion of engineering practices and methods. By making these documents available for use and 
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the 
documents. 

Photocopies  

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to 
photocopy portions of any individual standard for company or organizational internal use or individual, 
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance 
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission 
to photocopy portions of any individual standard for educational classroom use can also be obtained 
through the Copyright Clearance Center. 
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Updating of IEEE Standards documents  

Users of IEEE Standards documents should be aware that these documents may be superseded at any time 
by the issuance of new editions or may be amended from time to time through the issuance of amendments, 
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the 
document together with any amendments, corrigenda, or errata then in effect.  

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten 
years old and has not undergone a revision process, it is reasonable to conclude that its contents, although 
still of some value, do not wholly reflect the present state of the art. Users are cautioned to check to 
determine that they have the latest edition of any IEEE standard. 

In order to determine whether a given document is the current edition and whether it has been amended 
through the issuance of amendments, corrigenda, or errata, visit the IEEE-SA Website at 
http://ieeexplore.ieee.org/xpl/standards.jsp or contact IEEE at the address listed previously. For more 
information about the IEEE SA or IEEE’s standards development process, visit the IEEE-SA Website at 
http://standards.ieee.org. 

Errata  

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL: 
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata 
periodically. 

Patents 

Attention is called to the possibility that implementation of this standard may require use of subject matter 
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to 
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant 
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the 
IEEE-SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may 
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without 
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of 
any unfair discrimination to applicants desiring to obtain such licenses. 

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not 
responsible for identifying Essential Patent Claims for which a license may be required, for conducting 
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or 
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing 
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that 
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely 
their own responsibility. Further information may be obtained from the IEEE Standards Association. 
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Introduction 

This introduction is not part of IEEE Std C37.114-2014, IEEE Guide for Determining Fault Location on AC 
Transmission and Distribution Lines. 

This guide outlines the techniques and application considerations for determining the location of a fault on 
ac transmission and distribution lines. The guide reviews traditional approaches and the primary 
measurement techniques used in modern devices: one- and two-terminal impedance-based methods and 
traveling-wave methods. Application considerations include: two- and three-terminal lines, series-
compensated lines, parallel lines, untransposed lines, underground cables, fault resistance effects, and other 
power system conditions, including those unique to distribution systems. 
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IEEE Guide for Determining Fault Location on  

AC Transmission and Distribution Lines 

 

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security, 

health, or environmental protection, or ensure against interference with or from other devices or 

networks. Implementers of IEEE Standards documents are responsible for determining and 

complying with all appropriate safety, security, environmental, health, and interference protection 

practices and all applicable laws and regulations. 

This IEEE document is made available for use subject to important notices and legal disclaimers. 

These notices and disclaimers appear in all publications containing this document and may be 

found under the heading “Important Notice” or “Important Notices and Disclaimers Concerning 

IEEE Documents.” They can also be obtained on request from IEEE or viewed at 

http://standards.ieee.org/IPR/disclaimers.html. 

 

1. Overview 

1.1 Scope 

This guide outlines the techniques and application considerations for determining the location of a 

fault on ac transmission and distribution lines. This document reviews traditional approaches and 

the primary measurement techniques used in modern devices: one-terminal and two-terminal 

impedance-based methods, synchronized sampling methods and traveling-wave methods. 

Application considerations include: two- and three-terminal lines, series-compensated lines, parallel 

lines, untransposed lines, tapped lines, underground cables, fault resistance effects, and other power 

system conditions, including those unique to distribution systems. 
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1.2 Purpose 

The guide assists power system engineers and operators in applying fault-locating techniques on 

their systems. Users learn the strengths and limitations of fault location data and when further 

analysis is required using additional methods and when more data must be gathered. This guide 

assists in fault location and therefore faster restoration of power systems through improved 

understanding of fault-locating techniques. 

 

1.3 Techniques and requirements for fault-locating devices 

This guide discusses various approaches to determine fault location, with emphasis on automatic 

methods performed by microprocessor devices. The following are some tools techniques used to 

determine fault location: 

―  Microprocessor devices 

―  Short-circuit analysis software 

―  Customer calls (distribution) 

―  Line inspection 

A device capable of determining the physical fault location has different requirements than a fault 

detection device: 

―  The speed to determine fault location is for human users (seconds or minutes), while relays 

usually need to detect faults within 10 ms to 50 ms. Consequently, additional information 

and more demanding and slower numerical techniques become available. 
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―  A best fault data window can be selected to reduce errors. 

―  Communications enable transmitting data to a remote site using dedicated low-speed data 

communications or supervisory control and data acquisition (SCADA). 

―  More accurate phasor calculations can be achieved by using digital filtering of the voltage 

and current samples that would introduce an unacceptable delay for the relaying 

applications. 

―  High accuracy is needed for efficient dispatch of repair crews. Unlike protective relays, 

which need to detect whether faults are in the zones established by current transformer 

locations, pilot channels, and reach coordination, fault location data must be very accurate to 

save the time and reduce the expenses of the crews searching in bad weather and/or over 

rough terrain. 

In this guide, the following are examined: 

―  Data and equipment required 

―  Commonly used algorithms 

―  Accuracy limitations of one-ended and two-ended impedance-based fault location methods 

―  Synchronized sampling method 

―  Traveling-wave methods and other methods 

―  Issues regarding distribution systems and underground cables 
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1.4 How to determine line parameters 

1.4.1 Line parameters for impedance estimation 

Accurate fault location based upon impedance estimation will depend on the accuracy of calculated 

transmission impedances. The common method of calculation is based on equations developed by J. 

R. Carson, et al., and published in 1926 [B3]1. There are many good textbooks devoted to the topic of 

power system analysis‖that‖will‖show‖the‖development‖of‖Carson’s‖equations‖used‖for‖determining‖

the line impedances. It is not necessary to show the development of these equations here. Relay 

engineers have used the equations for many years to model power systems for performing short-

circuit studies. A typical short-circuit computer program would utilize short or medium length line 

impedances derived from calculations based upon the assumption of fully transposed lines over a 

homogeneous right-of-way. The only significant details added to the model are the effects of zero-

sequence mutual coupling between parallel sections of lines. The results obtained from these 

impedance models for determining relay coordination and performing postmortem analysis are 

very good. The question that remains is whether these calculated impedances are sufficient to obtain 

the desired level of accuracy in the location of faults. Accuracy to within 1% of error has been 

claimed for the calculated impedances (Eriksson, Saha, and Rockfeller et al. [B5]). 

Another method of determining the line impedance parameters involves the direct measurement of 

the open circuit, and short-circuit voltages and currents. The accuracy is about the same as 

calculations‖ based‖ on‖ Carson’s‖ equations.‖ This‖ method‖ would requires special equipment and 

network conditions (i.e., the line must be taken out of service) to set up the tests. 

A third method involves the estimation of the line parameters through the solution of two-port 

equations based on synchronized phasor measurement obtained from direct measurements from a 

digital relay or a fault recorder. The use of controlled tests to obtain the data and using the higher 

sampling rate of a digital recorder can result in impedance parameters with a high accuracy. It 

should be noted that all three techniques rely on an accurate value for the length of the line. 

1 The numbers in brackets correspond to those of the bibliography in Annex A. 
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It‖is‖suggested‖that‖the‖calculations‖for‖most‖lines‖can‖still‖be‖made‖using‖Carson’s‖equations.‖These‖

parameters can then be verified using the synchronized phasors of method three or by experience 

from the calculation of the locations from faults with verifiable locations. In spite of the accuracy of 

the line impedance parameters, the accuracy of fault location will be dependent upon the location 

technique employed, the sampling rate of the data collected, and the presence of unknown variables, 

most notably the amount of fault resistance. 

Line parameter errors introduced on lines without transpositions are described in 5.12. 

 

1.4.2 Parameters required for the traveling-wave fault locating 

When a current-based traveling-wave fault locator is commissioned, the remote units are 

programmed with the substation and line name, sensitivity, and default sampling settings. No 

specific line parameters (impedances, etc.) are required for the remote units. The host personal 

computer (PC), on command, can receive the data from each of the remote units. Once the PC has 

the data files, the information is analyzed and the line length can be determined. The only inputs 

required to analyze fault data with the traveling-wave fault locator are line length and wave 

velocity. The individual line length can be determined by energizing the line. The procedure is to 

energize the line in a radial fashion and then measure the time the reflected wave takes to return to 

the source. The known line length is compared with the length determined by the timing of the 

reflected wave. This method may not always give accurate results due to the effects of pre-insertion 

resistors and the closing point on the voltage sine wave. It is not always necessary to rely solely on 

this method because the line length calibration can also be determined from evaluation of any faults 

occurring on adjacent line sections. 
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2. References 

The following referenced documents are indispensable for the application of this standard. For 

dated references, only the edition cited applies. For undated references, the latest edition of the 

referenced document (including any amendments or corrigenda) applies. 

 

2. Definitions, acronyms, and abbreviations 

2.1 Definitions 

For the purposes of this document guide, the following terms and definitions apply. The 

Authoritative IEEE Standards Dictionary Online Terms, [B3]3, should be consulted referenced for terms 

not defined in this clause.2 

dc thumping: A procedure of applying dc voltage pulses to an underground cable with the intent of 

locating a cable irregularity with a listening device. 

digital recorder: A device that can perform analog-to-digital conversions and store the information 

in digital form for later retrieval. 

distributed intelligence: Gathering data from many different devices for analysis and decision 

making in a central device. 

evolving fault: A fault where the phases involved change over time. For example, a phase-to-

ground fault becomes a phase-to-phase-to-ground fault. 

2 IEEE Standards Dictionary Online subscription is available at: http://www.ieee.org/portal/innovate/products/standard/ 

standards_dictionary.html. 

3 The numbers in brackets correspond to those of the bibliography in Annex A. 

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 13:08:41 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE C37.114-2014

http://www.ieee.org/portal/innovate/products/standard/%20standards_dictionary.html.
http://www.ieee.org/portal/innovate/products/standard/%20standards_dictionary.html.
http://www.avadocuments.com/doc/ieee-c37-114-2014
http://www.avadocuments.com/doc/ieee-c37-114-2014


 

 

fault location error: Percentage error in fault location estimate based on the total line length: e 

(error) = (instrument reading – exact distance to the fault) / total line length. 

3.1.6 GPS time synchronization: A method of using a time signal from the global positioning 

system (GPS) satellite system for time-synchronizing equipment. 

homogeneous line: A transmission line where impedance is distributed uniformly on the whole 

length. 

homogeneous system: A transmission system where the local and remote source sequence 

impedances have the same system angle as the line sequence impedance. 

intelligent electronic device (IED): Any device incorporating one or more processors with the 

capability to receive or send data/control from or to an external source (e.g., electronic multifunction 

meters, digital relays, controllers). 

nomograph: A graph that plots measured fault location versus actual fault location by compensating 

for known system errors. 

Peterson’s coil: A tunable reactor used for impedance grounding a distribution or transmission 

system that is usually tuned to be in the resonance with the capacitance to ground of all the system 

components. 

pre-insertion resistor: A resistor that is inserted in parallel with each set of breaker contacts during 

the closing stroke of the breaker. 

series-compensated line: A transmission line with series capacitors. 

superposition current: The summation current at any point in a linear network that results from the 

voltages applied at various points in the network. 
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synchronized phasor or synchrophasor: A phasor calculated from data samples using a standard 

time signal as the reference for the measurement. 

3.1.14 synchronous phasor: Phasor measurements taken at some point in time that can be referenced 

to measurements from other locations taken at the same point in time. 

time code stamping: Associating an accurate time with a particular event. 

time synchronization: A method of using a time signal from an accurate time source for time-

synchronizing equipment. 

traveling wave: The resulting wave when the electric variation in a circuit takes the form of 

translation of energy along a conductor, such energy being always equally divided between current 

and potential forms. 

 

2.2 Acronyms and abbreviations 

CVT capacitive voltage transformers 

DMS distribution management system 

HMI human-machine interface 

MOV metal oxide varistors 

PMU phasor measurement units 

SCADA supervisory control and data acquisition 

SLG single-line to ground 
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3. One-ended impedance-based measurement techniques 

3.1 Background 

One-ended impedance-based fault locators calculate the fault location from the apparent impedance 

seen looking into the line from one end. To locate all fault types, the phase-to-ground voltages and 

currents in each phase must be measured. (If only line-to-line voltages are available, it is possible to 

locate phase-to-phase faults, and additionally, if the zero-sequence source impedance, Z0, is known, 

the location for phase-to-ground faults can also be estimated). 

If the fault resistance is assumed to be zero, we can use one of the impedance calculations in Table 1 

to estimate fault location. The exact mathematical equations for fault location taking into account 

fault resistance and load are found in 3.3. 

Table 1 —Simple impedance equations 

 

Voltage and current data are used to determine the impedance to the fault location, as shown in 

Table 1. By knowing the line impedance per unit, the distance to the fault per unit can be 

determined. A correct fault location estimate, unfortunately, is affected by many factors not 

represented by these equations: 
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a) The combined effect of the load current and fault resistance (reactance effect). The value of 

the fault resistance may be particularly high for ground faults, which represent the majority 

of the faults on overhead lines. 

b) Inaccurate fault type (faulted phases) identification. 

c) Influence of zero-sequence mutual effects on the components. 

d) Uncertainty about the line parameters, particularly zero-sequence impedance. It is often 

difficult to obtain an accurate zero-sequence impedance (Z0L) for the line. The value of Z0L 

is affected by soil resistivity, which can be difficult to measure and may be changeable. A 

20% error in Z0L can introduce a 15% error in the calculated fault location. In addition, this 

impedance is not uniformly distributed along the line length. (100 to 1 variation in earth 

resistivity produces about a 2 to 1 change in Z0.) 

e) Insufficient accuracy of the line model (e.g., untransposed lines are represented as being 

transposed, and charging capacitance is not considered). 

f) Presence of shunt reactors and capacitors. 

g) Load flow unbalance. 

h) Series-compensated and multi-terminal lines. 

i) Measurement errors, current and voltage transformer errors, and bit resolution of analog to 

digital conversion (A/D) system. 

j) The filtering system necessary to extract the phase voltages and current phasors. For 

example, if the fault voltages and currents do not reach steady-state value (as in a fault with 

time varying resistance) or if the fault is cleared with a delay smaller than the filter nominal 

response time, then the estimated fault location could have substantial errors. 
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k) Clock sampling rate of the device. 

To improve the fault location estimate, it is important to eliminate or reduce errors caused by 

inadequate assumptions or inaccurate data applied to fault location algorithms. The algorithms will 

be more accurate if more information about the system is available. 

 

3.2 Implementation: data and equipment required 

One-ended fault location methods require the following equipment for implementation: 

―  A microprocessor-based relay or other device that measures three-phase voltages and 

currents and calculates a fault location estimate 

―‖ A Dial-up communications or SCADA interface to remotely obtain the fault location 

estimate 

The following data or information is required from the equipment: 

―  Phase-to-ground voltages and phase currents. Some algorithms can accommodate delta-

connected voltages, but only if zero-sequence source impedance is known at the time of fault 

(Schweitzer [B55]). 

―  Correct fault type must be known (e.g., a-g, b-g, c-g, a-b). 

―  Some methods require pre-fault load data. 
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3.3 Determination of measurement error 

3.3.1 Background 

There are different methods for determining the measured fault location error. Following are three 

methods for determining the measurement error that will be described further, including their 

advantages and the intended use for each method: 

a) Absolute error 

b) Relative error based on line length 

c) Traditional relative error 

While absolute error gives a value regardless of the line length, relative errors are more useful to 

compare various fault location methodologies independently of the power system. For example, for 

a 10-mile short line, a calculation error of 5 miles is large. For a 200-mile-long line, a calculation error 

of 5 miles is relatively small. 

 

3.3.2 Absolute error 

Absolute error is defined as: 

 

 
(New) 
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where 

ea is the absolute error – per unit (p.u.), percentage (%), or distance (miles or kilometers) 

mm is the measured fault location – per unit (p.u.), percentage (%), or distance (miles or 

kilometers) 

mt is the true fault location – per unit (p.u.), percentage (%), or distance (miles or 

kilometers) 

Understanding a range of error values, for a particular fault location methodology used in a 

particular power system, could provide useful guidance to the crew that needs to travel to an actual 

location of the fault to fix a problem. 

 

3.3.3 Relative error based on line length 

The fault location error based on line length is calculated as follows: 

 
(New) 

 

where 

el is the relative error based on line length – per unit (p.u.), percentage (%), or distance 

(miles or kilometers) 

L is the line length – per unit (p.u.), percentage (%), or distance (miles or kilometers) 
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3.3.4 Traditional relative error 

The traditional fault location error is calculated as follows: 

 
(New) 

 

where 

et is the traditional relative error – per unit (p.u.) or percentage (%) 

Unless this relative error is used within the context of pure statistical analysis, it is less intuitive to 

practical application in locating faults. 

 

3.3.5 Comparison of measurement error methods 

The advantage of the definition based on line length is that the absolute fault location error is 

independent of the location of the fault. For example, for a 100-mile-long line with an error of 5 

miles, the error el is 0.05 p.u. or 5% regardless if the fault is at the beginning of the line or at the end 

of the line. 

For the traditional method, the same absolute error of 5 miles for the same line 100-mile line would 

be different depending on the fault location. For example if a fault is at 10 miles from the substation 

at the beginning of the line, the error et is 0.5 p.u. or 50%. If fault is at 90 miles from the substation at 

beginning of the line (or 10 miles from the substation at the other end of the line), the error et is 0.056 

p.u. or 5.56%. 
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For single-ended algorithms, both methods could be used. However, for double-ended methods, it 

could be confusing to use the traditional method, as the fault location could be calculated from both 

ends of the line, so the true value needs a common reference to be compared with. 

Furthermore, as for a particular power network, the combination of system source impedance ratios 

and location of the fault have a major effect on accuracy of single-ended algorithms. When 

evaluating and comparing errors of various algorithms, it is very important to take this into account. 

It may be easier to compare various algorithms having a common reference (such as the line length). 

Staging faults at the end of the line with favorable source impedance ratios could result in a 

misleading high accuracy. 

From a statistical standpoint, the interest is in the deviation of the predicted location from the true 

location based on the total (i.e., total line length). Each line is treated as the total distribution of all 

possible faults and each fault would be treated as a single sample of this distribution. The absolute 

error stated here is actually a sample error. For the purposes of fault location, it is preferred then to 

state the relative error based on the line length. Using this preferred method, the errors for several 

faults on a given line would appear uniform regardless of their location along the line. 

The reverse of this would be to apply a predicted error (based on experience) to a measured location 

to assist in a line patrol. For example, a fault is predicted to be of 23 miles on a 100-mile line. From 

experience, it could be predicted that the true location will be discovered within 5% of the line 

length. Therefore, a patrol would be instructed to expect the location to be somewhere between 18 

and 28 miles from the substation. 

 

3.4 Error due to reactance effect System parameters and main sources of 

error: fault resistance and load 

Issues in estimating the fault location using local data can be described by considering the 

simplified, single-line diagram of the system shown in Figure 1. 
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Figure 1 —One line and equivalent circuit for a three-phase  

fault on a transmission line with two sources, G and H 

 

A fault with resistance RF is on the homogeneous line with an impedance ZL between terminals G 

and H. The terminal voltages are VG and VH. The currents from both ends of the line, IG and IH, 

contribute to the total current in the fault, IF. The parts of the system behind the local and remote 

terminals are replaced with the Thevenin equivalents having the impedances ZS and ZR (source 

impedances). The voltage drop from terminal G can be written easily along with the per unit fault 

location, m: 

 

where 

VG is the voltage at terminal G 

m is the distance to the fault in per unit 
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ZL is the line impedance between terminals G and H 

IG is the line current from terminal G 

RF is the fault resistance 

IF is the total fault current 

The value of the impedance measured at terminal G may be found by dividing Equation (4) by the 

measured current, IG. 

 

where 

ZFG is the apparent impedance to the fault measured at terminal G 

If the ratio of the fault current, IF, and the current at the fault locator location, IG, is a complex 

number, the fault resistance will be represented as an impedance with a reactive component. The 

reactive component can be inductive or capacitive, depending on the angle of the ratio of the two 

currents. The reactive component will be zero only if the angle is zero. This is the case if the infeed 

current from the remote terminal, IH, is zero or is in phase with the local current, IG. The reactive 

component can produce an error in the fault location estimate as shown in Figure 2. 
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Figure 2 —Graphical interpretation of the fault  

resistance and pre-fault load errors 

In order to analyze which parameters affect the angle of IF/IG, superposition may be used to separate 

the pre-fault and fault systems. Let the pre-fault load current be represented by IL, and the difference 

(superimposed) current by ∆IG = IG – IL. Equation (5) may be rewritten as: 

 

where 

dS is the current distribution factor as shown in Equation (7) 

nS is the circuit loading factor as shown in Equation (8) 
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Thus the angle of the current ratio IF/IG, and therefore the reactive component caused by the fault 

resistance, is determined by two factors. The current distribution factor, dS is determined by the 

system impedances. If the system is homogeneous, then the angle of dS, β , is zero. If there is load 

flow on the system, the angle of nS, γ, will not be zero. However, if the magnitude of the fault 

current, IG, is much greater than the magnitude of the load current, IL, the angle γ will approach 

zero. The sum of the angles, (β + γ), will determine the reactive component caused by fault 

resistance, RF. 

Various techniques can be used to reduce the effect of the fault resistance, RF, most of which need to 

make certain simplifying assumptions to achieve implementation. The performance of the fault 

location algorithm, with respect to RF, is dependent on the assumptions that have been made. Some 

typical algorithms are described in 3.5. 

 

3.5 Algorithms 

3.5.1 Background 

Depending on the circuit data available, different fault location algorithms may be implemented. 

This section provides an overview of different fault location algorithms that attempt to limit the 

error due to fault resistance and load current. 
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3.5.1 Simple reactance method 

With the simple reactance method, the device measures the apparent impedance, then determines 

the ratio of the measured reactance to the reactance of the entire line. This ratio is proportional to the 

distance to the fault. The method assumes that the current through the fault resistance is in phase 

with the current at the measurement point, and there is no load prior to the fault. 

The reactance algorithm is one of the earliest algorithms that compensates for the fault resistance by 

measuring only the imaginary part of the apparent line impedance ZG. Per unit distance to the fault 

is shown in Equation (9): 

 

For the line-to-ground fault (a-g), the calculation would be as shown in Equation (10): 

 

where 

k0 is (Z0L – Z1L)/3Z1L and residual current IR = 3I0. 

The error is zero if the fault resistance is zero or if IG and IF are in phase. For a fault with a high 

resistance, the algorithm may introduce considerable reactance error, as shown in Figure 2. The 

reactance effect increases or reduces the apparent line reactance to the fault, leading to an error in 

apparent fault location. Some one-terminal data algorithms, described in 3.5.2, have been developed 

to compensate for the reactance effect. 
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3.5.2 Fault location method without using source impedances 

The above can be improved upon with elimination of load current by determining the change in 

current on occurrence of a fault. This method, which uses superposition current ∆IG, has been 

discussed in the literature by various researchers, most notably by Takagi, et al [B58]. In addition, 

Eriksson, Saha, and Rockfeller et al. [B5] use the distribution factor, dS, to represent the voltage drop 

across the fault resistance, RF. Equation (4) can be written as: 

 

Equation (12) shows the result that is obtained if both sides of Equation (11) are multiplied by the 

complex conjugate, ∆ IG*, using only the imaginary part: 

 

If the system is homogenous, the angle of the current distribution factor is nearly zero (Im(1/dS) = 0) 

and the fault location is: 

 

The current distribution factors for the parts of the network, located on either side of the fault point, 

are assumed to have the same arguments (consequently, β = 0). Put another way, this method is 

accurate if the fault current at the fault locator is in phase with the fault current at the fault. The error 

of the method is proportional to the fault resistance and sin β (see Figure 2). The value of β generally 

varies with the distance to fault and cannot be calculated unless the source impedances are 

accurately known. In general, the stronger the local source, the closer the value of β tends toward 0. 

This method compensates for the error caused by the circuit loading (complex number nS, angle γ). 
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A method in Novosel, et al. [B39] uses an assumption that the current distribution factor in the 

negative-sequence network is a real number. For the unbalanced ground faults, this method does 

not require pre-fault currents, and the zero-sequence distribution factor does not affect the fault 

location estimate. Although adequate accuracy is expected for the variety of fault cases, the 

assumptions above may lead to approximate solutions. The methods in this category compensate for 

load and fault resistance but are sensitive to an argument of the current distribution factor that is not 

equal to zero in nonhomogenous systems. One implementation of this multiplies both the numerator 

and denominator of Equation (13) by a phasor of unity magnitude and angle β. 

Another method (modified Takagi) uses the zero-sequence current (IR) instead of the superposition 

current (∆IG), and angle correction (β) derived from the source impedance data to account for a 

nonhomogeneous system: 

 

This method can improve the fault location estimate by reducing the reactance effect error. 

However, angle correction, β, makes the fault location accurate at only one point on the line. The 

result is that ground faults at other points on the line do not have a precise β setting to achieve 

accurate fault location. 

 

3.5.3 Fault location methods using source impedance 

The significance of the distribution factor is discounted in the method described in Eriksson, Saha, 

and Rockfeller, et al. [B5], which uses a positive-sequence model of the transmission line and source 

impedances at the two ends of the line. In this case, knowledge of the source impedances is required, 

which is not necessarily always known to the desired accuracy. 
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If the source impedances are known, the fault location can be accurately estimated without 

assumptions. One method discussed in Eriksson, Saha, and Rockfeller et al. [B5] substitutes 

Equation (7) in Equation (11). Since the current distribution factor dS is a function of the source 

impedances, the line impedance, and the unknown fault location m, a quadratic equation follows: 

 

where 

k1 complex function of local voltage 

k2 complex function of current, and 

k3 complex function of source impedances 

By separating Equation (15) into a real and an imaginary part, one has two equations with two 

unknowns, m and RF. The per unit distance to the fault m can be calculated by eliminating RF and 

solving for m. 

Methods using source impedances are not sensitive to the reactance effect (compensation for load 

and fault resistance, and argument of current distribution factor) but require the input of the source 

impedances as the setting parameters. They provide ensure very accurate results for every network 

if providing the source impedances are equal to the set value. Errors can occur when the source 

impedances are not equal to the set values used by the fault locator. 
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4. Two-terminal data methods 

4.1 Background 

Present communications technology allows for use of data from both ends of the transmission line. 

The calculation of fault location using data from two ends is fundamentally similar to the single-

ended methods except now a means exists to determine and reduce minimize or eliminate the effect 

of fault resistance and other similar factors that tend to throw off the accuracy of the estimate. These 

factors, such as nontranspositions, strong or weak sources, loading, and others, have been discussed 

earlier. There have been many articles on variations of the fundamental techniques aimed at 

improving the accuracy in locating faults. Details of many of these variations can be found in the 

articles referenced in this guide (i.e., Girgis, Hart, and Peterson et al. [B10], Aldy, et al. [B11], Hart, 

Novosel, and Udren et al. [B15], Kezunovic [B24], Lawrence, Cabeza, and Hochberg [B31], Novosel, 

et al. [B38], and Tziouvaras, Roberts, and Benmouya et al. [B61]. 
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Positive, negative, or zero sequence components may be used and the choice depends on the type of 

fault and on the extent of system imbalances such as mutual coupling (Makki, et al. [B35]). Positive-

sequence components are present in all fault types which simplifies automation because the fault 

type does not need to be calculated. Negative-sequence components are useful for mitigating the 

effects of mutual coupling and are present in most fault types except for balanced three-phase faults 

(Turner [B60]). Zero-sequence components are also useful especially when system imbalances are 

properly mitigated but are only present in unbalanced fault types. The two-terminal location 

methods are more accurate than one-terminal methods and are able to minimize or eliminate the 

effects of fault resistance, loading, and charging current. Fault type does not need to be calculated. 

Therefore, positive-sequence components are used rather than zero-sequence, thus eliminating 

adverse effects of zero-sequence components. The main drawback is the fact that data from both 

ends must be gathered at one location to be analyzed, whereas the one-terminal location can be done 

at the line terminal by the relay or other device collecting the data. Effective two-terminal fault 

location requires an efficient means of collecting oscillographic or phasor data from electronic 

devices at each end of a line following a fault and processing that data automatically. To simplify the 

procedure of providing the utility personnel with the proper information at the proper location 

(such as dispatching center) when needed, the system-wide solution is desirable (see Girgis, Hart, 

and Peterson et al. [B10]). 

This location technique, therefore, takes more time, but speed is not critical for human users. A 

response in seconds or minutes is adequate. The collected data must also be at least roughly 

synchronized from each end before analysis is performed. This can be accomplished analytically or 

through time code stamping. Factors incorporated in the calculations to handle specific error-

causing problems may further complicate analysis. Software or other analysis tools are required to 

properly identify parameters for the fault and implement a two-terminal algorithm. The two-

terminal technique has been tested in the field with accurate results (Novosel, et al. [B38], Peterson, 

et al. [B44]). 
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