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Fault Location Using the Distributed Parameter
Transmission Line Model
A. Gopalakrishnan, M. Kezunovic, S. M. McKenna, and D. M. Hamai

Abstract—Earlier work at Texas A&M University led to the development of transmission line fault location algorithms that were
based on synchronized sampling of the voltage and current data
from the two ends of the line. The line models used in the algorithms were based on lumped parameter models for electrically
short lines, or lossless distributed parameter models for electrically long lines. In this paper, the lossless line model is modified
to account for the series losses in the line. The line model equations
are then solved in the time domain to accurately locate the fault.
Testing of the modified algorithm is performed on a power system
belonging to the Western Area Power Administration. Extensive
EMTP based simulations are used to generate data that are supplied as inputs to the fault location algorithm. To make the testing
as realistic as possible, detailed models of instrument transformers
are used in the simulation of the various fault cases.
Index Terms—Electromagnetic transients, fault location, modeling, synchronized sampling.

I. INTRODUCTION

R

ESEARCHERS in power systems have investigated fault
location techniques for a number of years. By accurately
locating a fault, the amount of time spent by line repair crews in
searching for the fault can be kept at a minimum. Thus service
can be restored quickly.
Fault location techniques can be classified into those that use
data from just one end of the transmission line and those that
use data from both (all) ends of the line. Protective relays are
basically single-ended fault locators. The accuracy of singleended fault locators is affected by the assumptions that are made
about the fault impedance, the source impedance and the in feed
into the fault from the remote end source.
Two- or multi-ended fault location techniques are therefore
more accurate than single-ended methods. The unknown fault
resistance can be eliminated from the line model equations to
estimate the location of the fault.
Multi-terminal fault location algorithms differ in the method
in which they handle the voltage and current data.
Most algorithms are based on the computation of the postfault, fundamental frequency voltage and current phasor. The
required phasors are computed by either filtering the transient
data [1]–[5], or by numerical processing techniques, [6]–[8].
The second class of algorithms are based on traveling wave
methods. Lee [9], proposed and tested a method that time-tags
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the arrival of the first high-frequency pulse due to a fault, at each
end of the line. From a knowledge of the surge impedance of the
line, the length of the line and the difference between the time
of arrival of the first pulse at each line end, the fault location can
be determined. Magnago, [10] proposed the use of wavelets to
decompose the sampled voltage and current data to determine
the time of arrival of the high frequency fault pulse.
Algorithms that use raw samples of voltage and current data
are proposed in [11]–[14]. These methods apply the voltage and
current samples to a specific model of the line. The unknown
distance to the fault is then solved for in the time-domain. Cory
and Ibe [11] proposed a distributed parameter line model for the
transmission line. The voltage and current data from one end of
the line is applied to this model and a profile of the voltage and
current is built along the line. The method of characteristics is
used to solve for the voltage profile. Criteria functions are computed from the voltage profiles to determine the fault position.
Although the series resistance is used in the line model, the sampling frequency that is used is around 300 kHz, which does not
make it suitable for field implementation.
In this paper, we present an extension to the fault location
methods reported in [12] and [13]. The series line resistance,
that was previously ignored, is modeled. Unlike the method,
proposed by Ibe and Cory [11], data is acquired from both ends
of the transmission line synchronously. The voltage and current profile is built as before and the fault position is computed
from the profiles alone. The sampling frequency requirements
are also quite modest, and in the range of 20 kHz. While this
is still outside the capability of conventional monitoring equipment, it can be achieved by using special data acquisition hardware. The proposed algorithm is first tested using a model of
a simple, 200 mile long three-phase transmission line and then
a model of a complex power system belonging to the Western
Area Power Administration (the Appendix). Simulations were
carried out using the EMTP, with instrument transformers as
part of the simulations.
II. FAULT LOCATION ALGORITHM
In this section, the fault location algorithm is described. Usually, the length of the transmission line determines the model of
the line that will be used for either simulation or other applications like fault location. At Texas A&M, two kinds of algorithms
were developed to handle these two cases.
• The short line algorithm for lines shorter than 50 miles:
The line model used in this case is the simple lumped parameter element. A fully coupled, three-phase series –
element represents the line. The details of the algorithm
can be found in [12] and [13].
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Fig. 1. Unfaulted long transmission line.

• The long line algorithm for lines longer than 150 miles:
The shunt capacitance of the line begins to play an important part in the modeling of the transmission line, and
therefore cannot be neglected. The parameters of the line
have to be modeled as being distributed along the length
of the line.
This leads to a model of the type shown in Fig. 1.
The development of the algorithm is carried out for the single
phase line shown in the figure above. , and are the series
resistance, series inductance and the shunt capacitance of the
line, measured in , and per unit length respectively. They
are assumed to be constant, but distributed uniformly along the
line. The conductance of the line is neglected.
The voltage and current along the line are functions of the distance from the end of the line and the time . If we represent
and the current by
, these quantithe voltage by
ties can be related to the parameters of the line by the so-called
Telegrapher’s Equations:
(1)
(2)
Partial differential (1) and (2) can be solved using the method
of characteristics proposed by Collatz [15] explained below. To
solve the equations, the required boundary conditions are the
voltage and current samples from the two ends of the line over a
period of around one clock cycle from the time of occurrence of
,
the fault. Let these quantities be denoted by
for the sending end of the line and by
,
for the
receiving end of the line (Fig. 1). The fault location problem is
formulated as the process of finding the point on the line where
the voltage computed using the sending end data and the voltage
computed using the receiving end data are the same, or closest
to each other, when compared to other points in the line.
A. Method of Characteristics
We first make the following change of variables:

Fig. 2.

Characteristics in the x–t plane.

to simple differential equations. The two curves are called the
characteristics of the solution.
For the system of (4) and (5), the characteristics are found to
which are straight lines in the – plane. If we denote
be
the length of the two characteristics by and , respectively, the
differential equation relations between and can be written as
(6)
(7)
The solution of (6) and (7) requires the discretization of the continuous time system. First, consider the Fig. 2 that shows the
characteristics for a few points in the – plane. Let the axis
be discretized by the index and the axis by the index .
We now want to develop an expression for the voltage and
at time . Based on Fig. 2,
current at the point
(8)
(9)
where
(10)
Therefore,
(11)
This allows us to integrate (6) and (7) using the trapezoidal rule,
which after substituting for the voltage and current, yields the
following explicit expressions:

(3)
to get the modified Telegrapher’s Equations:

(12)
(4)
(5)

The method of characteristics involves finding two curves, each
of which is a function of the time and position . These curves
are so chosen that the partial differential (4) and (5) reduce

(13)
is the surge impedance of the transmission
where
line. From (12) and (13), we see that the voltage and current at
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Fig. 4. Refining the fault location.

Fig. 3.

Location of approximate fault point.

any point
in the line, at time , is a function of the voltage
, at two difand current at the previous point in the line,
and
. Thus, starting from the ends
ferent times, namely
of the line, we can successively apply (12) and (13) to compute
the voltage and current profile.
B. Steps in Fault Location
We now present the steps involved in the location of the fault
using the method of characteristics.
• Modal Decomposition: The phase impedance and admittance
matrices are used to determine the current transformation
matrix and the voltage transformation matrix . The samples of phase voltage and current are transformed into ground
mode and aerial mode values. We now have three decoupled
single phase transmission lines.
• Discretization of the Transmission Line: Based on the sampling frequency of the data acquisition, the transmission line
(each mode) is discretized into a finite number of points.
For a value of the surge velocity equal to the speed of light
m/s), and a sampling interval of 50 s, the length of
(
each discrete segment is given by (10) to be approximately
9.32 miles. The method is therefore highly dependent on the
sampling frequency.
• Locate the Approximate Fault Point: For each discrete point
determined above, compute the voltage due to the sending
and
.
end voltage and current, namely
Repeat the procedure using the receiving end data, namely
and
. Plot the square of the difference
between the two voltages so computed. Typically, a plot
of the type shown in Fig. 3 is obtained. The discrete point
that shows the least error is picked as the approximate fault
point.
• Refining the Fault Location: This step involves reconstruction of the voltage and current data at the two discrete points
that are on either side of the approximate fault point that was
determined in the previous step. The adjacent points are deand
in Fig. 4. The actual fault locanoted by
around
tion is assumed to be in the segment of length
.
the approximate fault point
Now, the short line algorithm is applied to the segment
. It should be noted that before applying the
of length

Fig. 5. Reconstruction of Phase A voltage at point P . The solid line is the
EMTP output, while the dashed line is the voltage as computed by the algorithm.
Reconstruction begins when the fault is detected at the end S of the line.

refinement, the reconstructed voltage and current values must
be transformed back to the phase domain.
III. RESULTS FROM TESTING THE ALGORITHM
This section presents some results from testing the algorithm
developed in the previous section. Testing is carried out on two
systems as described below. All simulations are done in EMTP
[16].
A. Simple Transmission Line
Here, a 200 mile long transmission line is considered. Series
compensation capacitors are included in the system model. A
Phase A to ground fault is applied at the end of the transmission line, and the voltage and current, at a point 160 miles from
the sending end (40.0 miles from the fault) are recorded using
EMTP. The voltage and current profiles along the line are then
computed using (12) and (13). Fig. 5 shows the reconstruction
of the Phase A voltage at the point 160 miles distant from the
sending end. Also shown is the actual voltage as determined by
EMTP.
It is seen that the reconstruction is quite accurate, when compared to the EMTP output. Similarly accurate reconstructions
were obtained for the other voltages and currents at the point .
When applied to the fault location problem, we can therefore
and
expect that the reconstruction at the points
will be accurate enough for proper fault location.
B. Utility Transmission System
The testing of the algorithm was then carried out using data
generated from the EMTP simulation of a real power system,
belonging to Western Area Power Administration. The one line
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TABLE I
MAXIMUM FAULT LOCATION ERROR (%) A–G FAULT

TABLE II
MAXIMUM FAULT LOCATION ERROR (%) B–C FAULT

diagram of the system is shown in the Appendix. The line of interest is the 525 kV line from the Mead to Westwing sub-station.
The line is 242.4 miles long and is mutually coupled to the
345 kV Mead–Liberty line for 204.9 miles, starting from Mead.
There is also a 16.73 mile section, that is mutually coupled
to two 525 kV lines starting at Palo Verde and terminating at
Westwing. The Mead–Westwing and Mead–Liberty lines are
equipped with series compensation capacitors at each end. The
capacitors are protected by Metal Oxide Varistors (MOV’s). For
a detailed description of the system, please see [13, Section III].
The voltage and current data are acquired from the Mead 525
and 345 kV buses, the Westwing 525 kV bus and the Liberty
345 kV bus, to give a total of 4 three phase voltages and 4 three
phase currents. No data is available from the Palo Verde–Westwing double line.
On this system, extensive EMTP simulations were carried
out, with the following variations in the simulation conditions:

which are obtained for two fault impedances and two incidence
angles. The error is calculated by the formula given below:

• Fault Locations: Faults were introduced at 40.0, 79.8,
160.0, and 223.5 miles from Mead.
• Fault Types: Four types of faults were considered; viz.
Phase A to Ground, Phase B to C, Phase B to C to Ground
and Three Phase to Ground.
• Fault Incidence Angle: 0 and 90 .
• Fault Impedance: 3 and 50 .
• Series Capacitors: Capacitors In and Capacitors
Bypassed.
• Instrument Transformers: Data collected from the primary
of from the secondary of the instrument transformers. The
instrument transformer models used in this study were developed earlier [17], [18].
This gives a total of

test cases.

C. Testing Results
Tables I and II show the results for Phase A to Ground faults,
and Phase B to C faults. Each column in the tables correspond
to the following four system conditions respectively:
•
•
•
•

PC: Data from Primary, with Series Capacitors
PN: Data from Primary, without Series Capacitors
SC: Data from Secondary, with Series Capacitors
SN: Data from Secondary, without Series Capacitors

The error % is shown in each cell of the table, and below it is
the distance as computed by the fault location algorithm. The
error % is the worst case error of four different fault scenarios

Error

Actual loc Computed loc
Line Length

(14)

The sampling frequency is 20 kHz. All distances are measured
in miles from Mead substation. The single line to ground fault
shows a better accuracy than the multi-phase fault for most of
the testing scenarios. The accuracy of the fault location when the
data is measured at the primary of the instrument transformers
(scenarios PC and PN) is a little better than when the data is measured at the secondary (scenarios SC and SN), for a number of
cases. The largest error occurs for the Phase A to Ground Fault
at 223.5 miles from Mead, with the series capacitors included
in the simulation and with the data measured at the primary.
Other than this, there is no clear pattern in the error percentages. The testing also showed that the maximum errors were
not associated with one particular fault incidence angle or fault
impedance. Errors for the Phase B to C fault are higher in general, than the errors for the single line to ground fault. When data
is measured from the secondary of the instrument transformers,
the error percentages are lower than the cases when data is measured from the primary. The largest error is 3.791% for a fault at
79.8 miles from Mead, with the series capacitors included and
data taken from the primary. This corresponds to a error in the
fault location of 9.19 miles. The lowest errors are seen for faults
at 40.0 miles. At 79.8 and 160.0 miles from Mead, the errors
increase, and then drop again at 223.5 miles. As in the case of
the Phase A to Ground fault, there was no association between
the maximum error and any particular incidence angle or fault
impedance.
D. Factors Affecting the Fault Location Accuracy
One of the main factors affecting the fault location is the sampling frequency of the data. The sampling interval determines
the length of each discrete segment of the long transmission line,
as per Equation (10). In our algorithm however, the fault location does not stop with determining the approximate point. It
is further refined by applying the short line algorithm on a segment of the line around the approximate fault point. Therefore,
the sampling frequency does not play as important a role as it
does for the authors in [11]. However, the sampling frequency
must be high enough to ensure that the refinement of the fault location is carried out on a segment that is reasonably short. In our
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case, this segment is around 16 miles, at a sampling frequency
of 20 kHz.
The main factors affecting the accuracy of the fault location
are:
• Transposition Points in the Power System: Looking at
Fig. 6, transposition points are seen at 79.8, 160.0, 204.9
and 223.5 miles in the line. These points are sources
of reflected traveling waves, which affect the terminal
voltage and current data. Our algorithm however, considers the line to be made up of three homogeneous
sections: Mead to Fault Point, Fault Point to end of
Mutual Coupling (204.9 Miles) and from 204.9 Miles to
Westwing. If the fault is outside the mutually coupled
section, then the algorithm assumes that the line is made
up of two homogeneous sections. The reflections from
the transposition points affect the accuracy of the voltage
and current reconstruction at the points adjacent to the
approximate point, which in turn affects the accuracy of
the fault location.
• Mutual Coupling with the Palo Verde Lines: There is one
section 16.73 miles long, where the Mead–Westwing line
is coupled with two 525 kV line from Palo Verde. This
coupling is not considered by the algorithm and is another
source of error.
Not modeling components like series capacitors and
surge arresters in the fault location algorithm did not affect the accuracy of the algorithm. As can be seen from
the results, there is no clear trend to indicate if the presence or absence of the series capacitors in the simulations,
affected the errors in any way, since all voltage and current
measurements were taken from the line side of the circuit
breakers.
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to C fault. The best performance is seen for a Phase B to C fault
also—an error of 0.24 miles.
Future work on the algorithm will involve testing the algorithm with the presence of noise in the measurements. Since the
sampling frequency required is 20 kHz, it is possible to implement the algorithm using data acquisition equipment built for
this purpose. Such off-the-shelf components are available from
manufacturers like National Instruments. Since data is obtained
from both ends of the line, synchronization of the samples is
required. This is possible using GPS receivers, which will generate the sampling clock for the data acquisition equipment.
APPENDIX
SAMPLE POWER SYSTEM

IV. CONCLUSION
A fault location algorithm based on the distributed parameter
model of the transmission line has been presented. This method
extends upon the work on the lossless line model shown in [12],
[13]. It is different from the method of [11] in the sense that it
uses data from both ends of the transmission line, and also uses
a sampling frequency that is much smaller (20 kHz) compared
to the 300 kHz sampling frequency used in [11]. The method of
characteristics is used to solve the transmission line model.
The algorithm is tested on the data generated from a number
of EMTP simulations on a power system belonging to the
Western Area Power Administration. Mutual coupling is
present between two of the transmission lines for 204.9 miles
of the total 242.4 miles. The algorithm is capable of locating
faults within or outside the mutually coupled section. All it
needs is the voltage and current data from the various line
terminals. Except for antialiasing filters, no additional filtering
of data is necessary.
Testing was carried out for a number of fault scenarios. To
make the testing realistic, transient models of instrument transformers were used in the simulations, [17], [18].
The results presented show the worst case error for each scenario. The largest error is seen to be 9.19 miles, for a Phase B

Fig. 6. One line diagram of the sample power system.
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