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Based on Matching During-Fault Voltage Sags
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Abstract—A fault location algorithm for distribution feeders
based on matching during-fault voltage sags is presented. The
basic principle of the algorithm is based on the fact that when
a fault occurs on the feeder, voltage sags propagate presenting
different characteristics for each feeder node. Knowing the voltage
sag characteristics, it is possible to locate the faulty node or the
faulty area of the feeder. This voltage-based approach ensures the
efficiency and robustness of the algorithm, which provides suit-
able and accurate results. An overhead, three-phase, three-wire,
13.8 kV, 134-node, real-life feeder model is used to evaluate the
algorithm. Test results show that the algorithm is quite suitable
due to not only the faulted point being located, but also a faulted
area being identified providing important information to direct
the maintenance crew seeking to repair any fault inflicted damage.

Index Terms—Fault location, power distribution, voltage mea-
surement, voltage sags.

I. INTRODUCTION

F AULTS on distribution feeders cause the protection
system to react interrupting the power supply. Generally,

severe weather conditions such as lightning and thunderstorms,
animals or trees touching energized parts of the network, as
well as aging and inadequate maintenance of network compo-
nents, are the main fault causes [1]. Usually, pinpointing the
fault or the faulted area is a hard task to be accomplished. This
may causes degradation of reliability indices, which depend on
the interruptions duration, such as: system average interruption
duration index (SAIDI), customer average interruption duration
index (CAIDI) and customer total average interruption duration
index (CTAIDI) [1].

In order to pinpoint the fault, some proposed fault location al-
gorithms are based on phasors of fundamental frequency of volt-
ages and currents measured at the feeder root node, as well as
apparent impedance computation [2]–[5]. A technique based on
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the integration of information from fault indicators placed along
the feeder, computation of apparent impedance using voltage
and current phasors measured at the feeder root node along with
statistical frequency of fault occurrence on the feeder is pro-
posed in [6]. An iterative fault location algorithm based on su-
perimposed components of voltages and currents is proposed in
[7]. Iterative algorithms that compute the fault distance based on
fundamental frequency phasors of voltages and currents mea-
sured at the feeder root node, as well as diagnosis and anal-
ysis of waveforms matching along with rejected loads after the
fault clearing are proposed in [8]–[10]. A program, which is
for the analysis of electric power systems in association with
methods for database search, pattern recognition techniques,
usage of during-fault voltage magnitudes and phase angles mea-
sured at the feeder root node, is proposed in [11]. Reference
[12] presents an algorithm for fault location in automated dis-
tribution systems. This algorithm uses the voltages and cur-
rents recorded at the sending and receiving nodes of all con-
sidered line sections. A methodology employing voltage and
current measurements at several points along the feeder, ori-
ented graph theory, and analysis of electric circuits is presented
in [13]. Reference [14] presents a methodology based on infor-
mation from fault detectors placed along the feeder and fuzzy
logic to handle the information. A fault locator based on fault
generated high frequency noise signal is proposed in [15]. Ref-
erences [16] and [17] present fault location techniques for trans-
mission lines using measurements of voltages. Reference [18]
presents a technique for locating single-line-to-ground faults
on distribution feeders by using fault simulations and voltage
matching. The usage of this technique is straightforward for lo-
cating single-line-to-ground faults, and its efficiency is demon-
strated by the presented results. The applicability of this tech-
nique is not so trivial for locating other fault types, such as
three-phase or line-to-line faults, due to the complexity of calcu-
lating the fault resistances required for the fault location process.

The fault location algorithm proposed in this paper is based
on matching during-fault voltage sag magnitudes. Its applica-
bility is straightforward for any fault types because no fault
impedance is required in the fault modeling used in the algo-
rithm. In order to locate a fault, the algorithm uses the pre-
and during-fault fundamental frequency phasors of voltages
and currents recorded at the feeder root node, the during-fault
voltage sag magnitudes measured at some remote nodes along
the feeder, as well as a feeder database containing parameters
such as feeder topology, line section impedance and nominal
power of the transformer connected to the feeder. Section II
presents a brief fault location and distribution network back-
ground. The fault location algorithm is presented in Section III.
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The main requirements of the algorithm are presented in Sec-
tion IV. In order to assess the efficiency and robustness of the
algorithm, results and analyses of simulations performed for an
overhead, three-phase, three-wire, 13.8 kV, 134-node, real-life
feeder are presented in Sections V and VI. Conclusions are
presented in Section VII.

II. FAULT LOCATION AND DISTRIBUTION

NETWORK BACKGROUND

One way that can be used by utilities to minimize the
degradation of reliability indices is to deploy fast and efficient
algorithms and techniques for fault location. A procedure
widely used by electric utilities is the trial and error fault
location method. Based on the knowledge of operators, several
opening and closing operations of reconfiguration switches are
performed for locating and isolating the fault. In most cases, the
trial and error based-method is a very lengthy process resulting
in long outages. After electric utilities have introduced the call
centers, the trial and error procedure for fault location was
improved based on customer complaints affected by outages.
Even with this new information received at the call centers,
more improvements are required to enhance the fault location
procedure. Due to this necessity and supported by the fast
evolution of the technology for acquisition, processing, and
transmission of signal measurements along feeders, several
algorithms and techniques for fault location on distribution
feeders have been proposed [2]–[15], [18].

Generally, overhead distribution networks are nontransposed
and the line impedances are unbalanced. They are typically
configured in radial topology with several line sections having
three, two or single-phase laterals, different load types, and low
X/R ratio. An accurate fault location technique must be able to
handle in an efficient way such networks.

III. BASIC ALGORITHM FOR FAULT LOCATION

Aiming to meet these mentioned requirements, the proposed
algorithm was developed based on the Backward/Forward
Sweep Load Flow method [19] along with voltage sag mea-
surements at some feeder nodes. The Backward/Forward Sweep
Load Flow method, which calculates the branch currents in
one backward sweep (from end branches to substation) and
the nodal voltages in one forward sweep (from substation to
last nodes), was chosen because it is suitable and efficient
to analyze distribution networks. The basic principle of the
algorithm is that, when a fault occurs in the feeder, voltage sags
propagate presenting different magnitudes and phase angle
for each feeder node. The different voltage sags experienced
by each feeder node are allowing the algorithm to use sparse
voltage measurements from a reduced set of measurement de-
vices strategically placed along the feeder providing sufficient
data for accurate results.

The steps of the fault location algorithm are as follows.
Step 1) Read the phasors of voltages (pre- and during-fault)

and currents (pre- and during-fault) for the root
node, the voltage sag magnitudes measured for
some nodes along the feeder, as well as the faulted
phase and fault type.

Step 2) Collect the feeder data into a database and make it
available for further computations.

Step 3) Select the load model to be used and set the related
event scenarios.

Step 4) Estimate the power rating for each feeder trans-
former.

Step 5) Attribute voltages at all nodes based on the during-
fault voltages measured at the feeder root.

Step 6) Calculate the fault current.
Step 7) Inject the fault current at the analyzed node.
Step 8) Execute the during-fault load flow.
Step 9) Check whether the calculated currents for the root

node are equal to the measured current for this node.
If not, go to Step 6). If yes, calculate the mismatches
between measured and calculated voltages for the
measurement nodes.

Step 10) Change the analyzed node and go to Step 5), re-
peating the process until the last node is analyzed.

Step 11) Considering the fault at each analyzed node, calcu-
late the fault location indices [i.e., the difference
between the biggest and the smallest voltage mis-
matches (Step 9)] for all measurement nodes.

Step 12) Classify in a decreasing ranking the fault location
indices in order to identify the likely faulted node.

Step 13) Select as the faulted node the one having the biggest
fault location index (Step 12).

Section IV clarifies how each of the mentioned steps
should be carried out in order to accomplish the fault location
algorithm.

IV. MAIN REQUIREMENTS OF THE ALGORITHM

A. Voltage and Current Measurements on the Feeder

The proposed algorithm uses voltage and current measure-
ments at the feeder root node as well as sparse voltage mea-
surements at some nodes along the feeder. Pre- and during-fault
voltage and current phasors must be recorded at the feeder root
node. Pre-fault phasor quantities are used in the computation
of the total pre-fault complex power of the feeder. This power
is used in the distribution transformer power rating estimation.
During-fault phasor quantities are used in the fault location pro-
cedure. Sparse measurements at some feeder nodes provide the
during-fault voltage sag magnitudes used by the algorithm in
order to find the faulted point.

Since the algorithm requires the voltage and current phasors
recorded at the feeder root node, these quantities need to be
recorded in a time-synchronized way. Additionally, the algo-
rithm requires the voltage sag magnitudes recorded at sparse
measurement nodes, but these recorded quantities neither need
to be synchronized among themselves nor with the quantities
recorded at the feeder root node, which may be synchronized
using GPS means. However, it is required that the quantities de-
livered to the algorithm be recorded for the same fault event. For
this purpose, a mobile telephone network can be used to provide
the time stamp for the sampled voltage sag magnitudes and to
transmit the recorded quantities, since they will be transmitted to
a central point for the algorithm processing when a fault occurs.
The recorded quantities are processed at the measurement site
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Fig. 1. Basic architecture of the fault locator.

before the transmission. Additionally, the sparse measurement
devices are triggered to record when the voltage drops below a
pre-established threshold value. Similarly, the measurement de-
vice placed at the feeder root node is triggered to record when
the current rises above a pre-established threshold value. Fig. 1
illustrates in a simplified way the data recording architecture for
a fault locator by using the proposed algorithm.

B. Feeder Database

The feeder database contains topological information, such as
the line section length and places where transformers and pro-
tective devices are installed on the feeder as well as electric pa-
rameters, such as line section impedances, transformer nominal
power and nominal voltage.

C. Load Modeling

Usually, loads connected at a distribution feeder are specified
based on their complex power demand. These loads can be three,
two or single-phase. In this paper, the load models with constant
power, constant current and constant impedance are defined as
follows:

(1)

where

nominal complex power;

load nominal voltage;

voltage applied to the load.

In (1), defines the load type and is for constant power,
is for the constant current, and is for the constant

impedance.

Mixed loads are modeled by means of a combination of the
three load types previously defined in (1), as follows:

(2)
where

ratio of the constant power load;

ratio of the constant current load;

ratio of the constant impedance load;

.

D. Distribution Transformer Power Rating

The difficulty in estimating the exact loading of the trans-
formers is one of the error sources in the fault location algo-
rithm. The proposed transformer power rating estimation is per-
formed by using an iterative routine based on (3)

(3)
where

transformer apparent power;

estimated apparent power;

measured power factor at the feeder root node;

total number of transformers installed on the
feeder;

average loading of the th transformer.

The apparent power measured at the feeder root node cannot
be used directly in (3) because it is composed of demand power
and losses. Thus, the estimated power in (3) is calculated in an
iterative way. Fig. 2 depicts the procedure employed for esti-
mating the transformer power rating. The load flow method used
in the transformer power rating estimation routine is presented
in [19]. The variables in Fig. 2 are defined as follows:

estimated complex power for the feeder root
node in iteration ;

pre-fault complex power measured at the feeder
root node;

pre-fault complex power for the feeder root node
calculated using power flow phasor quantities in
iteration ;

iteration counter.

The following assumptions are considered regarding Fig. 2:
• initial estimate of the transformer power rating is carried

out by means of (3), where ;
• in order to start the load flow, the initial voltage for all

nodes is equal to the voltages measured at the feeder root
node;

• the convergence is achieved when
and
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Fig. 2. Transformer power rating estimation.

Fig. 3. Distribution line representation.

, where is a
specified tolerance;

• final estimate of the transformer power rating is carried out
by means of (3), where .

E. Fault Current Computation

Fig. 3 shows a distribution line with loads connected at nodes
and , and a three-phase fault at node . Nodal voltages and

load currents as well as the total during-fault current measured
at the feeder root node are considered to be known during the
fault location algorithm computation.

At each iteration of the algorithm, the fault current is com-
puted as follows:

(4)

where
total during-fault current measured at the feeder
root node;

load current of the th transformer;

total number of transformers installed on the
feeder.

Fig. 4. Current injections at nodes with loads and at the analyzed node.

In the proposed algorithm, a fault is handled as a load con-
nected to the feeder. In each iteration, the fault current calcu-
lated using (4) is injected at the analyzed node, as shown in
Fig. 4. The usage of current injection does not require any as-
sumption related to the fault impedance, since it does not play a
role in the fault modeling.

F. During-Fault Load Flow

The load flow method presented in [19] considers the feeder
root node as a reference node, and voltages for this node are
known. The initial voltage of all nodes in the fault location al-
gorithm is set as the during-fault voltage phasors measured at
the feeder root node. The iterative load flow algorithm steps for
radial distribution feeders are as follows.

1) Calculate the load current at each node.
2) Perform a backward sweep for calculating the branch cur-

rents. It is carried out starting from the end sections of the
last laterals and moving toward the feeder root node.

3) Perform a forward sweep for updating all nodal voltages. It
is carried out starting from the feeder root node and moving
toward the last sections of the laterals.

Since the three steps described before are executed within one
iteration, the convergence is checked.

In [19], the equations for calculating the current injections
and the equations for checking the convergence were derived
considering only loads of constant power. Since the fault loca-
tion algorithm must be able to handle loads with changing power
in a suitable way, those equations must be defined again. Based
on (2), the equations for calculating the current injections are
defined in (5), and the equations for checking the convergence
are defined in (6), as shown in (5)–(6) at the bottom of the next
page, where

complex power calculated according to Section IV-D;

shunt admittance;

feeder node;

load flow iteration index.

G. Selection of the Likely Fault Location

The selection of the likely fault location is carried out by con-
sidering all analyzed nodes during the fault location process. For
each analyzed node, the mismatches between calculated during-
fault voltage sags and measured during-fault voltage sags are
computed. The voltage mismatch, for each faulted phase, is
given by

(7)
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where

magnitude of the during-fault voltage sag, on
phase , measured at node ;

magnitude of the during-fault voltage sag, on
phase , at node calculated for a fault at node
.

Equation (7) provides three voltage mismatches for three-
phase faults, two voltage mismatches for line-to-line faults, and
one voltage mismatch for single-line-to-ground fault. Only the
mismatches for the faulted phases are calculated in order to re-
duce the amount of information handled by the algorithm for
asymmetric faults and to ensure that the faulted node is selected
based on voltage sags (i.e., the experimented voltage swells on
healthy phases for asymmetric faults will not play a role in the
final results). In ideal conditions, the voltage mismatches for the
faulted node should be zero. In real conditions, the voltage mis-
matches for the faulted node could not be zero but the magni-
tudes are almost the same. On the other hand, in some cases, the
voltage mismatches for nonfaulted nodes could be smaller than
the ones for the faulted node, but, in general, the magnitudes are
not the same. Taking into account the previous explanation and
the fact that the amount of voltage mismatches is proportional
to the fault type, the number of analyzed nodes and the quan-
tity of voltage measurement nodes, it is suitable that the voltage
mismatches be represented by only one index for each analyzed
node. Thus, the fault location index is defined by

(8)

where:

phase , , or ;

quantity of voltage measurement nodes used for
fault location purposes;

number of analyzed nodes;

small number in order to avoid division by zero.

In (8), the term ensures that
for each analyzed node, among the differences calculated for the
phases, the biggest one is chosen. Choosing the biggest differ-
ence ensures that the likely faulted node presents the smallest
difference among the biggest differences selected. Thus, the
fault location index calculated for the faulted node, by means
(8), will have the highest value among the analyzed nodes.

The total of given by (8) is equal to the amount of analyzed
nodes. The faulted area is defined by means of a ranking estab-
lished by a decreasing ordering of the fault location index for all
analyzed nodes. The likely faulted node is the one represented
by the biggest fault location index.

H. Convergence Criterion

The analysis of each analyzed node is performed in an itera-
tive way and the convergence of the algorithm is achieved when
the following conditions imposed by (9) are satisfied:

(9)

where

total during-fault current measured at the feeder
root node;

total during-fault current calculated for the
feeder root node;

specified tolerance.

V. SIMULATION RESULTS

A. Test Feeder

The overhead, three-phase, three-wire, 13.8 kV, 134-node,
real-life feeder with a total installed power of 7.065 MVA,
shown in Fig. 5, was used for assessing performance of the
proposed fault location algorithm. This feeder contains several

(5)

(6)
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Fig. 5. Real-life feeder used for evaluating the fault location algorithm.

laterals, and the furthest node is located 4270.0 m from the
substation.

B. Remote Sparse Measurements

Fault location was performed considering four voltage sag
measurement devices placed along the feeder. These measure-
ment devices were placed at nodes 20, 81, 115, and 125.

C. Effectiveness Assessment of the Fault Location Algorithm

Several tests were carried out in order to evaluate the effec-
tiveness of the fault location algorithm. For this purpose, faults
were simulated at all nodes using the ATP program [20] with
loads modeled as constant impedances. Several values for fault
resistances were used. The constant impedance model and the
same transformer power ratings used in ATP simulations were
employed in the fault location algorithm. As single phase-to-
ground faults occur more frequently, only this type of fault is
analyzed. Results for two tests regarding single line-to-ground
faults at phase A are presented. The fault location algorithm has
achieved 100% of accuracy (i.e., the faulted node was indicated
in the first position of the fault location ranking by the algo-
rithm), for the tests using fault resistances of 0.1 and 25.0 .
Fig. 6 shows the during-fault voltage magnitude calculated for
the faulted node by the ATP for a fault resistance of 0.1 as
well as the during-fault voltage magnitude computed by the al-
gorithm.

Fig. 7 shows the during-fault voltage magnitude calculated
for the faulted node by the ATP for a fault resistance of 25.0

Fig. 6. During-fault voltage magnitude calculated for the faulted node by ATP
and by the algorithm for faults with a fault resistance of 0.1 �.

Fig. 7. During-fault voltage magnitude calculated for the faulted node by ATP
and by the algorithm for faults with a fault resistance of 25.0 �.

as well as the during-fault voltage magnitude computed by the
algorithm.

The calculated magnitudes by the algorithm are practically
the same magnitudes computed by the ATP program as shown
in Figs. 6 and 7. Thus, the effectiveness of the fault location is
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Fig. 8. During-fault voltage magnitude calculated for the faulted node by ATP
and by the algorithm for faults with a fault impedance of ��� � ���� �.

Fig. 9. During-fault voltage magnitude calculated for the faulted node by ATP
and by the algorithm for faults with a fault impedance of ��� � ����� �.

Fig. 10. Phase angle of the during-fault voltage calculated for the faulted node
by the algorithm for faults with a fault impedance of ���� � ����� and ��� �
������.

ensured once the same effects that occurred in a fault are repro-
duced by the algorithm.

D. Assessment of Impedance Independence of the Algorithm

It is known that some fault location approaches are derived
under the hypothesis that the fault impedance is purely resis-
tive. In the last paragraph of section and in Section IV-E, it
is stated that no fault impedance is required in the fault mod-
eling used in the algorithm. Several tests were carried out by
using different fault impedances in order to assess the algorithm
independence of the fault impedance and to ensure that the al-
gorithm is immune to the composition of the fault impedance.
For this purposes, single line-to-ground faults (phase A) were
simulated, at all nodes, using loads modeled as constant imped-
ances in the ATP simulations. In the fault location algorithm,
the same constant impedance model along with the same trans-
former power ratings as the ones employed in ATP simulations

were used. The fault location algorithm has achieved 100% ac-
curacy. The faulted node was indicated in the first position of
the fault location ranking by the algorithm, for the tests using
fault impedances of and . Figs. 8
and 9 present the during-fault voltage magnitudes calculated by
ATP and by the algorithm for faults with the aforementioned
fault impedances.

These figures show that the calculated magnitudes by the al-
gorithm are practically the same magnitudes computed by the
ATP program. Additionally, the during-fault voltage magnitudes
shown in the figures of Section V-C are very similar to the mag-
nitudes shown in the figures of this subsection. The main dif-
ference among quantities of both subsections is related to the
phase angle. Fig. 10 shows the phase angle of during-fault volt-
ages, which were computed by the algorithm as shown in Figs. 8
and 9.

Independently of the fault impedance, the fault location algo-
rithm reproduces the same effects of the fault as ATP. Thus, the
impedance-independence of the algorithm is ensured.

VI. TESTS OF ACCURACY AND ROBUSTNESS

In order to assess the accuracy and robustness of the al-
gorithm, faults were simulated at several feeder nodes taking
into account different transformer loadings, different fault
resistances, and different fault types. Since the majority of
faults that occur in a feeder are single phase-to-ground faults,
the analysis of this type of fault is emphasized. Data generated
by means of simulations are used as measured data by the
fault location algorithm. Table I presents the parameters used
in some simulations carried out with the ATP program. ATP
simulations were carried out by taking transformer nominal
loadings into account.

A. Modeling of Lines and Loads

Nontransposed distribution lines were modeled as in-series
, and shunt capacitances were neglected in ATP simulations

as well as in the fault location algorithm. In ATP simulations,
loads were modeled as constant impedances, and in the fault
location algorithm, loads were modeled as described in Sec-
tion IV-C earlier.

B. Influence of the Load Model on the Algorithm

As previously mentioned in Section V-C, ATP simulations
use the constant impedance load model. Aiming at evaluating
the algorithm robustness against variations between the load
model used in ATP simulations and the one used in the algo-
rithm, six load combinations were used for representing loads
connected to the feeder. These combinations are defined ac-
cording to (2) and their parameters are presented in Table II.

In Fig. 5, all nodes were analyzed during the fault location
process for each fault indicated in Table I. In the fault location
process, the transformer power rating was estimated as detailed
in Section IV-D earlier and the average loading was equal to the
nominal power [i.e., in (3)]. Errors were not verified for
locating single-line-to-ground faults at nodes 55, 105, 113, and
134, because the pointed nodes exactly match with the faulted
node. Table III shows the maximum deviation in the distance
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TABLE I
ATP SIMULATION PARAMETERS

TABLE II
PARAMETERS OF THE LOAD COMBINATIONS USED

IN THE FAULT LOCATION ALGORITHM

Fig. 11. Distance between node 15 and the node pointed by the algorithm.

Fig. 12. Distance between node 40 and the node pointed by the algorithm.

TABLE III
MAXIMUM DEVIATION IN THE DISTANCE OBSERVED FOR LOCATING FAULTS

FOR NODES 25, 36, 85, AND 126 ALONG WITH THE LOAD COMBINATION

AND FAULT RESISTANCE USED FOR SIMULATING FAULTS IN ATP

( ) between the faulted node and the node pointed by the al-
gorithm for faults at nodes 25, 36, 85, and 126. Figs. 11 and 12
show the distance ( ), in meters, between the faulted node and
the node pointed by the algorithm for single-line-to-ground at
nodes 15 and 40.

As shown in Table III as well as Figs. 11 and 12, the biggest
distance between the faulted node and the node pointed by the
algorithm is 140 m, and in most cases, the distance is smaller
than 100 m. These errors are quite acceptable due to the faulted

Fig. 13. First 30 positions of the ranking nodes for a single-line-to-ground fault
location at node 40.

Fig. 14. Distance between the faulted node and the node pointed by the algo-
rithm for double line-to-ground faults at nodes 113 and 126.

Fig. 15. First 30 positions of the ranking nodes for a double line-to-ground
fault location at node 126.

node always being presented at the first position in the faulted
nodes ranking. Fig. 13 illustrates the ranking given by the al-
gorithm using the load combination LC5 for locating a single-
line-to-ground fault at node 40. The fault resistance is equal to
1.0 .

Fig. 13 shows that for some nodes, the fault location indices
keep constant. Thus, areas containing the likely faulted node can
be established. These areas provide the maintenance crew with
enough information for minimizing the time for fault location,
network repairs, and restoration of the power supply.

Fig. 14 shows the distance ( ) for locating a double line-to-
ground fault at nodes 113 and 126. Fig. 15 shows the faulted
nodes ranking given by the algorithm for locating the fault at
node 126. The load combination LC6 was used.

In Fig. 15, the faulted node appears in the second position of
the ranking. The node at the first position of the ranking is 40 m
away from node 126. Therefore, this result is very reliable for
fault location purposes.

The distance ( ) for fault location of a three-phase fault at
nodes 15 and 105 is shown in Fig. 16. The faulted node ranking
given by the algorithm for locating the fault at node 15, using
the load combination LC4, is shown in Fig. 17.

In Fig. 17, the faulted node is ranked in the second position
and the node of the first position of the ranking is 10 m away
from node 15. Again, this result is very reliable for fault location
purposes.
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Fig. 16. Distance between the faulted node and the node pointed by the algo-
rithm for three-phase faults at nodes 15 and 105.

Fig. 17. First 30 positions of the ranking nodes for a three-phase fault location
at node 15.

C. Influence of the Transformer Loading Uncertainness in
the Algorithm

The fault location algorithm estimates the transformer power
rating using the procedure presented in Section IV-D earlier.
Each transformer has the same percentage of loading of its
nominal power. Due to the customer behavior uncertainties, the
transformer loadings have a stochastic behavior. Several trans-
formers in the feeder may have different loadings when a fault
occurs. Aiming at assessing the influence of the uncertainness
of the transformer loading, ATP simulations were carried out
by taking into account random loading for each transformer. In
order to accomplish it, a variable with a normal distribution,
mean one, and standard deviation was randomly selected.
Thus, the complex power of each transformer used in the ATP
simulations is given by

(10)

where

random variable of a normal distribution, mean
one, and standard deviation ;

nominal apparent power of the th transformer;

power factor equal to 0.92.

According to (10) for the th transformer, the difference
between the nominal apparent power and the loading used
in ATP simulations increases when the standard deviation
is increased. Six different standard deviations were used in
ATP simulations for faults at nodes 40 and 105. The variable

randomly selected from a normal distribution of mean one
and standard deviation equal to 0.2, 0.6, and 1.0 is shown in
Fig. 18. Different values of fault resistance were used in the
ATP simulations. The transformer power rating in the fault
location algorithm was estimated as described in Section IV-D
earlier with in (3), and the load combination LC1

Fig. 18. Random variable � for � � 0.2, 0.6, and 1.0.

Fig. 19. Distance between the faulted node and node pointed by the algorithm
for faults at node 40.

Fig. 20. Ranking of the likely faulted nodes for a single-line-to-ground fault
simulated at node 40 with a fault resistance of 1.0 �, � with mean one and � �

0.2.

was used. For a fault at node 105, the algorithm points to the
faulted node. For the fault location at node 40, the distance ( )
is shown in Fig. 19.

The rankings of the fault location indices for locating three
single-line-to-ground faults are shown in Figs. 20–22. Fig. 20
shows the fault location results for a fault simulated using the
fault resistance being equal to 1.0 and, with mean one and

. The results provided by the algorithm are reliable be-
cause the pointed faulted node is 60 m away from the actual
faulted node. Besides, all nodes from the first to the sixth po-
sition of the ranking are enclosed within a geographical area
protected by a fuse. It ensures the applicability, robustness, and
reliability of the fault location algorithm.

In Fig. 21, the fault was simulated with a fault resistance of
25.0 , with mean one and . In this case, the ac-
tual faulted node is ranked at the fourth position and it is 110
m away from node 37 ranked at the first position. Even for this
error of more than 100 m, the algorithm gives good quality re-
sults because the first nine positions of the ranking belong to the
same geographical area. This fault could be located by using the
algorithm results along with the information that the fault was
cleared by a fuse and not by the circuit breaker placed at the
feeder root node.

In Fig. 22, the fault was simulated with a fault resistance of
20.0 , with mean one, and . In this case, the actual
faulted node is ranked at the third position and it is 100 m away
from node 38 ranked at the first position. The fault location error
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Fig. 21. Ranking of the likely faulted nodes for a single-line-to-ground fault
simulated at node 40 with a fault resistance of 25.0 �, � with mean one and
� � 0.6.

Fig. 22. Ranking of the likely faulted nodes for a single-line-to-ground fault
simulated at node 40 with a fault resistance of 20.0 �, � with mean one and
� � 1.0.

is 100 m. Even for this error, the algorithm provides good quality
results because the fault could be located by using the algorithm
results along with information related to the fault clearing.

D. General Comments Regarding the Results

From the previous results, it is intuitive that the bigger the
number of measurement nodes are, the better the accuracy of
the algorithm is. The accuracy increases until a certain number
of measurement nodes is reached, which is defined basically by
the feeder characteristics, such as topology, load level, amount
of lateral branches, and load taps. After this point, the increasing
measurement nodes will only guarantee the redundancy of the
measurements but may not contribute to an increase in accu-
racy. Analyzing the presented fault location rankings obtained
by using four measurement nodes, the fault location indices are
almost the same for many nodes. Thus, the accuracy of the algo-
rithm could be improved by means of increasing the number of
measurement nodes, but this may be unacceptable due to either
technical or economical constraints. The best way to improve
the algorithm accuracy without increasing the number of mea-
surement nodes is to use optimization modeling, for placement
of the measurement devices similar to what was presented in
[21] and [22].

VII. CONCLUSION

A robust and efficient algorithm that uses sparse voltage sag
measurements for fault location in electric distribution feeders
was proposed. Most utilities can implement this algorithm with
some moderate investments. The main requirements are the ex-
istence of devices for acquisition, processing, and transmission
of voltage and current signals.

Even placing the measurement devices without using opti-
mized modeling, the presented test results ensure that the pro-
posed algorithm is an excellent tool that can aid the fault loca-
tion process, mainly when the faulted point is at a hidden place
on the feeder. Generally, hidden faults are difficult to locate de-

manding a long time to restore the power supply. Often, this
situation degrades the reliability indices and can drive away the
reliability performance from the required standard.
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