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Abstract—This paper presents an alternative fault location
algorithm to estimate short-circuit faults location in electrical
distribution networks using only voltage sags data. The proposed
algorithm uses voltage sags profile as a means to locate fault. The
possible fault locations is estimated by incorporating the
measured voltage sags magnitude and its corresponding phase

angle into an equation of voltage sag as a function of fault distance.

A ranking procedure is also introduced to rank possible fault
locations due the same electrical distance. The uncertainty of fault
resistance is also considered in this algorithm. The performance of
the technique is presented by testing it using an actual
underground distribution network. The simulation results
indicated a possibility of practical implementation.

Index Terms— Fault location, distribution networks, voltage
magnitude, phase shift.

1. INTRODUCTION

lectric power distribution feeders are frequently subjected

to short circuit fault caused by variety of conditions such as

adverse weather conditions, animal contacts, equipment
failure and accident. When fault occurs, it causes disturbance to
the power supply and interruptions to the system. Such
interruption often leads to losses to the utilities and customers.
In order to minimize the losses and provides high quality of
service, it is crucial for utilities to locate fault as quickly as
possible.

The need of fast and accurate fault location leads to proposal
of various automated fault location techniques and algorithms.
Unfortunately most of the developed techniques and algorithms
are for transmission system, which cannot be easily adopted for
distribution network due to the limitation of monitoring in
distribution system as well as complexity of the network.
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Distribution system often monitored only at the primary
substation that caused limitation of data that can be used to
assist in locating fault. Distribution network also complicated
due to various factors such as non-homogeneity of line,
uncertainty on fault resistance value, lateral branches,
distributed loads and loading variation. All of these factors
limited the used of some fault location techniques.

Due to the complexity of distribution network, automated
fault locations utilizing data from real time measurement of the
system have been proposed. These techniques are like Artificial
Neural Network, Fuzzy Logic and Genetic Algorithms [1]-[3].
These techniques depend on external information such as from
SCADA system, circuit breaker operation in substation, and
feeder measurements. The accuracy of this technique is highly
depending on the amount and accuracy of the data. These
techniques may not be suitable for most distribution network
that has limited monitoring equipments.

More suitable techniques for distribution network with
limited data were proposed in [4]-[6]. The techniques are
involving iterative calculation to locate fault. Due to single
measurement, multiple possible fault locations are obtained
using the proposed technique. The most likely fault location is
found by identifying the operated protective device such as
re-closer and fuses upon fault occurrence. The devices can be
identified based on the waveform pattern of the measured
current when fault occurs. By knowing the operated device and
its location, the most likely fault location can be selected from
the possible locations.

Fault location utilizing power quality data also has been
proposed in literature [7]-[9]. The underlying principal of these
methods is based on the fact that fault at different locations
presents different voltage sag characteristic as seen at a
measured location [10]. By identifying the patterns at different
location, the location of fault can be determined. The earliest
reported work on fault location using voltage sag data was in
[7]. In this method, a fault in transmission line system is located
based on voltage sag data from measurements at various
locations. Similar approach also has been proposed, but applied
for distribution network [8]. The algorithm is based on
matching during-fault voltage sag magnitudes to find fault
location. As in [7], the proposed algorithm requires multiple
measurements of voltage sags. The most recent method of fault
location using voltage sag data was proposed in [9]. Different
from [8] and [7], the method requires single measurement of
voltage sag at the primary substation. In this method, an
algorithm was introduced to identify the possible faulted
section by matching the measured one with the voltage sag
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patterns in the database. Since the method only identifies a
faulted section, maintenance crew needs to patrol along the
suspected faulted section to find the exact location of fault. The
locating process may consume time if the section is long and
may delay the restoration process.

This paper presents a fault location technique based on
similar approach as in [7]-[9]. However, different from [9], the
non-linearity of the voltage sag function is considered. The
propose technique not only locate a faulted section, but at the
same time estimate the distance of fault from sending end of the
suspected faulted section. The voltage sags waveform captured
by power quality monitoring equipment at the primary
substation before and during the fault are used for this
technique. Due to single measurement and uncertainty of fault
resistance the proposed technique may produces multiple fault
locations. This problem is addressed by a ranking procedure
introduced in this research. The locations are ranked
accordingly to provide the inspection sequence.

II. BASIC PRINCIPLE OF THE TECHNIQUE

The basic principle of voltage sag characteristic used in this
proposed technique is based on the relationship between fault
location and voltage sags, measured at the primary substation.
This is possible since voltage sag changes as fault occur at
different location as seen at the monitored location [10].

A. Fault Location in Distribution System

Most of underground distribution networks consist of
different type of cables and size. As a result, the impedance is
not distributed equally through-out the network. Due to this, the
process of locating fault using the voltage sag concept needs to
consider each cable as a separate function of fault distance
between two adjacent nodes (section). Each section has its own
voltage sag as a function of fault distance.

To illustrate the fault location approach for a distribution
system, a network with one main line and 2 lateral branches is
considered, as shown in Fig. 1. Each section, which represented
by a-b, b-c and so on is assumed has it owns impedance value.
A power quality device is placed at the primary substation
network of node a to monitor and record voltage sags activities
during fault.
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Fig. 1. Typical distribution network

When fault occurs for example on section i-j, a voltage sags
is detected at node a. The fault location can be estimated by
matching this voltage sags with previous voltage sags due to
actual fault at that section. However, if the actual fault never
occurs at this location, the location cannot be determined using

this approach. Instead of using actual fault data, this work used
fault analysis to generate voltage sag and its corresponding
fault location. This data are stored in database. The actual
voltage sag due to fault can be compared with the generated
ones in database. By using simulation, fault can be simulated at
any location and therefore any voltage sags value can be
compared.

Since fault could occur at any locations, the problem is to
decide how many fault locations need to be simulated and
stored the voltage sags into the database. If the simulated
locations are too many, the database can be too huge that can
lead to a high processing time of finding the possible location.
On the other hand, if the simulated faults not cover the entire
system, there is a possibility of getting incorrect location. In
order to resolve this problem, a function representing the
changes of voltage sags over a distance as monitored at the
primary substation between two adjacent nodes of a section is
used as the basis of this work.

In order to derive the equation of voltage sags as a function
of fault distance, a few locations between two adjacent nodes
are simulated with fault. The lowest magnitude and its
corresponding phase angle of the three phases are taken. Using
the obtained voltage magnitudes and its corresponding fault
locations measured from node i, curve fitting method is used to
estimate the equation of the voltage sags as a function of fault
distance measured at node a. This equation derivation is
illustrated in Fig. 2. In the figure, voltage magnitude as a
function of distance between node i-j is obtained by simulating
fault at 0.0, 0.25, 0.5, 0.75, and 1.0 per-unit of distance from
node i. From initial study, it was found out that the curve can be
a non-linear as in Fig. 2, or almost linear or constant changes,
which depends on the impedance of the line of the section.
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Fig. 2. Estimated voltage sag profile curve for section i-j

By having the general equation of voltage magnitude
between two adjacent node nodes, the distance of fault from
node i is can be estimated by incorporating the measured
voltage at node a into the equation. This is illustrated in Fig. 1,
where voltage magnitude of ¥, (the lowest voltage magnitude)

at node a produces the distance of fault measured from node i.
The equation of phase angle can also be created in the same
way as the voltage magnitude equation and use to estimate fault
location. The reason of using both types of equations is to
compare the distances in order to identify the most likely fault
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location.

Since this technique considers single measurement at the
primary substation, multiple possible faulty sections could be
produced. This occurs for networks that have parallel branches
likes the network shown in Fig. 2. If fault occur at one of the
parallel branches, the electrical impedance as viewed from the
monitored node to the location of fault are the same, which
produce the same voltage. For example, if fault occurs at the
main line of section i-j, there is possibility of getting the same
voltage as if fault occurs at branch 1 or branch 2. Considering
this problem, the possible faulty sections are ranked according
to a sequence of inspection.

III. DESCRIPTION OF THE TECHNIQUE

The equation of voltage sag as a function of fault distance is
assumed to be a second order of a polynomial equation.
Although there is a linear type changes, this second degree
equation still valid. However, for a constant type changes,
different approach is taken. The general equations of voltage
sags as a function fault distance are as follows:

V= aV,Odtg +ay,dy +ay, ®
¢ =ay0d; +ayds+a,, )

where,

V' voltage magnitude
¢ phase angle

d, , d, fault distance (in per unit) for voltage magnitude and

phase angle equation respectively

a,,,a, ,,a, , coefficients of the voltage magnitude equation

0,121,122,

a, ,,a,,,a,, coefficients of the phase angle equation

1,62
For non-linear changes, the fault distance can be calculated
by solving the quadratic equation (1) and (2). Since there will

be two possible answers for each equation, the selected solution
of distance should fulfil the following condition:

0.0<d, <10 and 00<d, <1.0 (3)

For constant changes, the distance of the fault from
particular node cannot be calculated since at any fault location
in the section the voltage or phase angle is remains the same.
However, if one of the equations is not a constant type, the
distance can be estimated either using solution of (1) or (2). On
the other hand, if both types of equations are a constant type,
only the section where fault occur is possible to be estimated.

The type of voltage sag changes can be identified by
checking the coefficients in (1) and (2). If the following
conditions occur, fault is assumed occur at node or close to a
node.

Vi-vil<a  |o,-#<a “)

where V, and ¢, are represent voltage magnitude and phase

angle of node & respectively. These data are simulated ones and
stored in the database. « is the specified threshold value to
determine the matching between the actual value from the
simulated one. The threshold is required because it is not
possible to obtain exactly the same value of both the simulation
and actual measurement.

A. Algorithm of the Proposed Technique

The fault location estimation process is illustrated in the flow
chart of Fig. 3. It starts with the extraction of voltage sags
waveform into fundamental components using Fast Fourier
Transform (FFT). The RMS value of the voltage magnitude is
calculated once every cycle for each phase. When the
magnitude detected to be lower than threshold value of the
nominal voltage for example 0.9 pu, the sags waveform is
captured and stored until the magnitude recovers back to a
minimum of threshold value.

The obtained fundamental voltage components are then used
to estimate the type of fault. The main reason of fault type
identification is to narrow down the search area. Only the
respective database of the fault type needs to be checked rather
than checking the entire databases.
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Fig. 3. Flow chart of the fault section estimation

After the fault has been identified, the lowest voltage
magnitude and its corresponding phase angle are selected for
the input to the algorithm. The search algorithm consists of
global search and local search. In the global search, faulted
sections and the possible fault resistance are estimated based on
the simulated voltage sags in the database. The measured
voltage sag magnitude is compared with the simulated data of
voltage sag magnitude in the database to find all the possible
fault location candidates. In the local search, the obtained
candidates from the global search are evaluated further to find
the final possible fault location/locations by considering the



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

phase angle equation as well.

Finally, the selected locations are ranked accordingly. The
final result is all the possible faulty sections ranked according
to inspection priority. This ranking is important to assist the
technical crew to start at particular location for visual
inspection. In the case the first choice is not the actual faulty
location, the other locations need to be checked until the correct
fault location is found.

IV. SEARCH ALGORITHM

A. Global Search - Selection of Possible Faulted Section

The global search finds section where its curve of voltage
magnitude intersects with the measured magnitude (7, ). In

order to explain this, consider Fig. 4. There are three curves
representing an equation of voltage magnitude as a function of
fault distance for three different fault resistance values.
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Fig. 4. General pattern of voltage magnitude with different fault resistance
values

The intersections of v, with all the curves mean that there are

possibility that fault could occur on section i-j with the fault
resistance ranging from 0.0 pu to 2.0 pu. Hence, the section i-j
is taken as the candidate with the fault resistance between 0.0
puto 1.0 puand 1.0 pu to 2.0 pu as the possible fault resistance.

B. Local Search - Selection of Faulted Section and Fault
Resistance

The obtained faulted section candidate with it’s correspond
fault resistance range are further evaluated to determine the
final possible faulted sections with the possible fault resistance.
This is done by solving (1) and (2) iteratively with different
fault resistance values. The one that fulfill (3) will be
considered as the most possible faulted section together with
the fault resistance.

C. Ranking Procedure

The ranking process is based on the degree of matching
between the simulated data with the actual measurement. The
matching is measured by calculating the mismatch between the
distance obtained from (1) and (2):

o =|d, - dy| (5)

The matching is considered 100% accurate if o ~0.0. The
lower the value of o, the higher the matching will be. The
candidate with to lowest value of ¢ is considered as the most
matching pair and assigned as the first rank.

All the obtained locations are considered for inspection due
to various uncertainty factors in the process of fault location.
These including uncertainty in the fault resistance value, error
in measurement, different between actual measurement data
and simulated ones.

V. SIMULATION TESTS AND RESULTS

The proposed method was evaluated using an underground
rural distribution network. The one-line diagram of the tested
network is shown in Fig. 5. The network consists of a 132 kV
source, one units of step down 132/11kV transformer and one
main feeder with 3 branches. All cables in the network are
three-phase balanced underground system. The network is
divided into 4 branches with total 17 line sections and 17 nodes.
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Fig. 5. Subsystem of 11 kV distribution networks
The system is modelled and simulated using

PSCAD/EMTDC software. Loads were modelled as constant
impedance. At the measured node 2, the obtained voltage
waveform is process using Fast Fourier Transform (FFT) to
calculate the voltage sag magnitude and phase angle during the
fault. The lowest value voltage magnitude is taken as an input
to the algorithm together with its corresponding phase angle.

In this paper, the performance of the algorithm is measured
by testing fault at the middle of each line for all section in the
system. In this test, SLGF is simulated at all section on the
middle of the line. SLGF is applied for the test since it is most
frequent type of fault happen in distribution system. A fault
resistance of 0 2, 5 Q, 10 Q, 20 Q and 25 Q are applied for the
simulated fault. .

A. Overall Ranking

The overall ranking of the correct selected faulted section is
presented in the form of bar graph in Fig. 6 and Fig. 7. The
x-axis presenting the section and the y-axis is for the rank
number of the correct fault section. The first, second, third,
forth and fifth bar for each section is representing the fault
resistance of 0, 5, 10, 20 and 25 ohm respectively.

From the graphs, it can be seen that there is no direct
relationship between the ranking numbers of the correct
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location with the value of fault resistance. The high value of
fault resistance does not necessary increase the ranking number.
This occurs on sections 12-13, 14-17 and 15-16 where the 20 Q
fault resistance produced higher ranking as compared to the 25
Q fault resistance. On the other hand, other sections like 5-6,
8-9, 10-11 and 14-15 show the higher fault resistance increases
the number of ranking. The higher ranking of the correct fault
section for this test case is four, which is for sections 8-9 and
12-13. Although the rank is quite high, it is much better than
guessing the location of the faulted line. After the fourth
attempt of visual inspection the fault can be located correctly
and appropriate action can be taken.
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Fig. 6. Ranking of the actual faulty section with different fault resistance from
section 2-3 to section 9-10.
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Fig. 7. Ranking of the actual faulty section with different fault resistance from
section 10-11 to section 15-16

There are also sections where their ranking number does not
change with different fault resistance. This can be seen on
sections 2-3, 3-4, 6-7, 9-10 and 18-19. There are two possible
reasons. The first one is because the involve sections not in
parallel with any other line section. The second possible reason
is that the section is selected as the first rank due to the
distances obtained from voltage magnitude and phase angle are
nearly the same.

In order to understand why certain sections are selected
correctly in the first rank, the overall pattern of the voltage
magnitude or phase angle as a function of fault distance is
plotted. The graph is shown in Fig. 8, where the points in the
graphs are representing the voltage magnitude and phase angle

(measured at the primary substation) due to fault at the specific
location between the two adjacent nodes.
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Fig. 8. Overall pattern of voltage sag magnitude and phase angle as a function
of fault location between two adjacent nodes (fault resistance 10 ohm)

It can be seen clearly that the value of voltage magnitude or
phase angle for sections 2-3, 3-4, 6-7 and 18-19 (shown by a
straight line) do not overlap with other section values. Any fault
on these sections will produce a voltage sag in the range of that
section only. Thus, a single section where fault most likely
occur can be identified. The fault in this section can be
estimated accurately without getting other possible faulted
section. On the other hand, if fault occurs at other than these
sections, multiple possible sections will be selected.

The graph in Fig. 9 is an example of other section in a
close-up look. There are three important observations can be
seen in the pattern shown in Fig. 8 and 9, which are as follows:

i) Non-overlapping range of voltage magnitude or phase
angle with other section, for example section 2-3, 3-4, 6-7
and 18-19. As a result only one possible faulty section will
be selected.

ii) Overlapping range voltage magnitude or phase angle with
other section, for example section 4-14 with 5-6 and 6-7.
This condition will produce multiple possible fault
location.

iii) Overlapping values, for example section 4-5 with section
4-14 and section 7-12 with section 7-8. The reason behind
this is because the overlap section has the same value of
sequence impedance per unit length. The different is on
the length. Any fault on the overlap characteristic will
produce at least 2 possible faulted sections.
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Fig. 9. Close-up looks of voltage magnitude and phase angle function for other
sections in the system

B. Error Estimation

An estimation of error fault location between two adjacent
nodes is calculated using (6). The fault location is based on the
calculation of (1), which based on the voltage magnitude as a
function of fault distance.

estimated _ dcalculaled |
Yerror =

x100 (6)
|Total Lenght of Secti0n|
The graphs in Fig. 10 and Fig. 11 show the obtained error
estimation of fault on the middle of the section for the network.
It can be observed that at fault resistance zero, the estimation
error is very low and at some section it can’t be seen at all in the
graph. In general, the increment of the fault resistance increases
the estimation error. However, the increment of fault resistance
value does not necessary increase the error estimation. This can
been seen for example on section 5-6, where the 20 ohm fault
resistance produced higher error estimation as compared to 25
ohm fault resistance.

The highest error estimation calculated occurs for section 7-8
with the highest fault resistance, which is around 4.4 %. This
error is quite low and therefore the fault distance can be
estimated within a high accuracy. The accuracy of the
estimated distance is highly depending to the length of the line.
It can be seen a long line for example sections 2-3, 3-4 and 4-14
have a low estimation error, which is less than 1% for all fault
resistance values. This is because these sections have a long
line compared to the others. On the other hand, section 4-5 and
7-8 have a short line. Despite the accuracy of the estimated fault
distance, at less a faulted section can be determined correctly.
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Fig. 10. Error estimation for fault on the middle of the line for section 2-3 to
section 8-9
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Fig. 11. Error estimation for fault on the middle of the line for section 10-11 to
section 15-16

VI. CONCLUSION

In this paper, a new technique based on voltage sags
characteristic has been presented to estimate fault location for
distribution system. The technique produces a ranked of
multiple possible faulty sections. At the same time, the location
of fault measured from particular node is also calculated. The
effect of fault resistance is also being considered. The test
showed promising results with a low error estimation and low
ranking number.

The technique is economical since it uses a single
measurement at the primary substation. More over, an existing
voltage sags monitoring equipment at the primary substation
can be utilised to obtain the voltage sags. Since the technique
depends on the pre-developed database, any changes such as
load variations or network reconfiguration can be adapted by
this technique by updating the database.

REFERENCES

[1] Hong-Tzer Yang;, Wen-Yeau Chang; Ching-Lien Huang, “A new neural
networks approach to on-line fault section estimation using information of
protective relays and circuit breakers”, IEEE Trans on Power Delivery,
vol. 9, No 1, Jan 1994, Page(s):220-230.

[2] P. Jarventausta, P. Verho, J. Partanen, “Using fuzzy sets to model the
uncertainty in the fault location process of distribution networks”, JEEE
Trans on Power Delivery, Vol 9, No 2, April 1994 Page(s):954 - 960



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7

[3] F.S. Wen, CS. Chang, “Probabilistic approach for fault-section
estimation in power systems based on a refined genetic algorithm”, IEE
Proceedings, Vol. 144, No 2, March 1997 Page(s):160-168.

[4] Seung-Jae Lee, Myeon-Song Choi, Sang-Hee Kang, Bo-Gun Jin,
Duck-Su Lee, Bok-Shin Ahn, Nam-Seon Yoon, Ho-Yong Kim,
Sang-Bong Wee, “An intelligent and efficient fault location and diagnosis
scheme for radial distribution systems”, IEEE Trans on Power Delivery,
Vol. 19, No 2, April 2004, Page(s):524 — 532.

[5S] EC. Senger, G. Manassero, C. Goldemberg, EL. Pellini, “Automated
fault location system for primary distribution networks”, /EEE Trans on
Power Delivery, Vol. 20, No 2, April 2005, pp. 1332 — 1340.

[6] Jun Zhu, D.L. Lubkeman, A A. Girgis, “Automated fault location and
diagnosis on electric power distribution feeders”, Trans on Power
Delivery, Vol. 12, No 2, April 1997, pages 801 — 808.

[7]1 Z. Galijasevic, A. Abur, “Fault location using voltage measurements,”
IEEE Trans. Power Delivery, vol.17, pp. 441-445, April 2002.

[8] R.AF. Pereira, LGW. da Silva, M. Kezunovic, J.RS. Mantovani,
“Improved Fault Location on Distribution Feeders Based on Matching
During-Fault Voltage Sags”, IEEE Trans. Power Delivery, vol24, pp.
441-445, April 2009.

[9] H. Mokhlis, HY.Li, AR. Khalid, “The Application of Voltage Sags
Pattern to Locate a Faulted Section in Distribution Network”,
International Review of Electrical Engineering (IREE), vol. 5, n 7,
February 2010, pp 173-179.

[10] Math HJ. Boollen, “Fast assessment methods for voltage sags in
distribution systems”, [EEE Trans. Industry Application, vol. 32, pp.
1414-1423, Nov. 1996.

Hazlie Mokhlis (M’01) received his B. Eng in
Electrical Engineering in 1999 and M. Eng. Sc in 2002
from University of Malaya, Malaysia. His obtained
PhD degree from the University of Manchester, UK in
2009. Currently he is a Lecturer in the Department of
Electrical Engineering, University of Malaya. His main
research interest is in distribution automation area and
power system protection.

H.Y.Li (M’99) received PhD. degree from the
University of Bath, UK.,in 1994. Currently he is a
Lecturer in the School of Electrical and Electronics
Engineering, The University of Manchester (formerly
UMIST). His interests are power system automation
and information systems, including power system
communications, protection, integration of distributed
generation, HV measurements and signal processing.
He is a Member of IEEE and IEE.

Ab halim Abu Bakar received his B.Sc. in Electrical
Engineering in 1976 from Southampton University UK
and M.Eng. and PhD from University Technology
Malaysia in 1996 and 2003. He has 30 years of utility
experience in Malaysia before joining academia.
Currently he is a Lecturer in the Department of Electrical
Engineering, University of Malaya, Malaysia. Dr. Halim
is a Member of IEEE, CIGRE, IET and a Chartered
Engineer. His research interests include power system
protection and power system transient.

Hasmaini Mohamad was born in Kota Bharu Kelantan,
Malaysia in 1976. In 1999 and 2004, she received the
Bsc and MsEng degrees respectively from the
University of Malaya, Malaysia where she is currently
pursuing her PhD degree. Her major research interest
include islanding operation of distributed generation,
hydro power plant operating system, load sharing
technique, and load shedding scheme.




