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Abstract—Fault location in distribution systems is an important
function for outage management and service restoration directly
impacting feeder reliability. In this paper, a fault location method
based on matching calculated voltage sag data and data gathered at
some nodes in the network is proposed. A method for characterization of voltage sags is utilized to reduce amount of transferred data.
The proposed method can pinpoint fault location precisely, and is
applicable to any complex distribution systems with load taps, laterals, and sub-laterals, single-phase loads, as well as networks with
heterogeneous lines. The performance of the proposed method is
demonstrated on the IEEE 123-node distribution test system via
computer simulations in Alternate Transients Program software.
Index Terms—Distribution system, fault location, voltage sag
characteristic.

I. INTRODUCTION

F

OLLOWING the detection of a sustained fault in distribution systems, its location must be determined for service
restoration and damage repair. Unlike protective relaying that is
an online application requiring real-time operation, fault location is typically an offline application for which the accuracy is
the main objective [1]. Yet, it is also true that the faster the fault
location is determined, the sooner the faulted area is identified
and isolated from the healthy parts of the feeder. As a result,
the service reliability and customer satisfaction indices will be
improved.
To date, a number of methods have been proposed for fault location on transmission lines but they are not easily applicable to
distribution systems. This is mainly due to the existence of short
and heterogeneous lines, presence of laterals, load taps, and
comparatively a lower degree of instrumentation in distribution
systems. Therefore, a number of fault location methods have
been proposed in the past specifically for distribution systems.
In [2]–[4], the apparent impedance, defined as the ratio of selected voltage to selected current based on the fault type and
faulted phases, is utilized for locating faults on distribution systems. Heterogeneity of the lines is not considered in [2]. [3] neglects the dynamic nature of the loads, and the presence of laterals has not been addressed in [4]. A detailed review of this
category of methods has been provided in [5]. The common
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drawback is that the fault location results in multiple estimations due to their reliance solely on measured voltage and current signals at the substation. In [6], data collected from fault
indicators along the network, which determine the direction of
the fault, are utilized to solve the multiple fault location estimation problem. Installation of fault indicators at the beginning
of each tap increases the implementation cost and may not be a
preferred solution.
In [7] and [8], a method based on direct circuit analysis, was
suggested. Although it is suitable for unbalanced distribution
systems, it does not yield unique results for fault location.
In [9] and [10], a method using superimposed components
of the voltages and currents is proposed. In this method, an assumed fault point is varied systematically until the actual fault
point is found. The fault is located based on the fact that the
amount of the superimposed current in healthy lines should be
minimum. This method also suffers from multiple fault location
estimations.
Methods based on intelligent systems such as neural networks
and fuzzy logics as powerful tools for classification purposes are
proposed in [11], [12]. In [11], the faulted area is detected by
training an adaptive neuro-fuzzy inference system (ANFIS) net
with extracted features based on knowledge about protective device settings. In [12] using the learning algorithm for multivariable data analysis (LAMDA) classification technique, multiple
fault location estimation problem is obviated. This method requires a large number of training data and a re-training process
subsequent to a change in power system structure.
In [13]–[15], methods based on traveling waves generated by
the fault have been suggested. The time difference between successive captured traveling waves data is used for locating the
fault. These methods need high frequency sampling which depends on the tower configuration (propagation velocity) and desired accuracy. This high frequency sampling requirement increases implementation cost. Presence of laterals and load taps
that reflect traveling waves, which may be confused with those
created by the fault, is another difficulty related to application
of these methods on distribution systems. These methods may
be more applicable to transmission lines where lines are longer,
and equipped with better monitoring devices [16].
The fact that fault causes voltage sags with different characteristics at different nodes has been utilized for fault location in
[17], [18]. Only the amplitude of the voltage sag has been used
which makes the fault location method susceptible to inaccuracies. The method can identify the faulted node but it cannot
pinpoint the fault.
In this paper, a fault location approach for distribution systems is proposed based on gathered data from meters installed
at some points along the feeder. These meters should be able
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to capture voltage phasors such as power quality meters. A mobile telephone network or some other smart grid communication architecture may be used to transmit the recorded data to
the control center. The method can pinpoint the fault quickly
and precisely and does not suffer from multiple fault location
estimation imprecision.
Pre-fault and during-fault voltage and current phasors at
the root node (substation), as well as knowledge about faulted
phase(s) and fault type are utilized. Pre-fault measurements are
used for estimating load variations and updating load models.
During-fault data is used for finding the location of the fault.
Voltage sags are also gathered from meters installed at some
selected nodes along the feeder.
Fault at each node (one at a time) in the modeled network is
applied and voltage sags are calculated using a load flow program. The fault location is determined by comparing how well
each calculated case matches up to what was actually observed
by the meters in the network. The case that shows the highest
similarity is considered the location of the fault.
In implementing the proposed method, several issues should
be addressed, which are discussed in Sections II–VI.
The performance of the proposed method is demonstrated
using the 123-node IEEE test system simulated in the Alternate
Transients Program (ATP) environment.
II. VOLTAGE SAG CHARACTERIZATION
Faults at different locations on the feeder produce voltage
sags with different magnitudes. However, in some cases, they
may produce voltage sags with the same magnitude.
is the
Fig. 1 shows a simple model of a faulted network.
source impedance seen at the meter location, is the impedance
is the fault resisbetween meter location and the fault, and
tance. Voltage sag is captured at the meter location. Two cases
are assumed for further analysis. A fault occurs at a location
where

(1)
And in another case, the fault is characterized with

Fig. 1. Simple faulted network model.

can be equal, the phase angles are not the same. As the fault is
mainly affected by the resistive part, it produces different angle
shift in comparison with line impedance. This difference occurs
because the line impedance also has an inductive part that is
usually bigger or equal to the resistive part.
Using phase angle shifts in addition to voltage sag magnitudes doubles the volume of the required data. For instance, in
case of a single-phase fault in addition to transmitting voltage
sag magnitude to the distribution control center, phase angle
shift of the faulted phase should be transmitted as well. In the
case of three-phase faults, the phase angle shifts for all three
phases are required. Therefore, a method should be used to reduce the volume of the required data while preserving the required information.
In [19] a method for three-phase voltage sag characterization has been suggested. A brief description of the method is
as follows.
1) The sag type is determined. In [19] each type has been
explained in detail. The basic distinction is between types
, and . Type is an equal drop in three phases, type
is a drop in two phases, and type is a large drop in one
phase with a small drop in the other two phases.
and , a further subdivision is needed to
For types
include the symmetrical phase (the phase with the large
voltage drop for type , the phase without voltage drop for
type ). The resulting six types of three-phase unbalanced
is a drop in phase
sags are shown in Fig. 2 [20]. Type
a, type
is a drop in phases b and c and so on. Voltage
dip type is determined using the phase angle obtained from
measurements

(2)

(6)

In (2),
implies that fault 2 is farther from the meter
location. According to Fig. 1, voltage phasors captured by the
meter are

where is rounded to the nearest integer number and
and
are the positive and negative sequence voltages,
respectively. can be a number from 0 to 5 that implies
,
, ,
, , and
, respectively.
the type
is calculated which is a
2) The characteristic voltage
phasor that quantifies the severity of the voltage sag. It is
defined as

(3)
(4)

(7)

Some values of Rf1 and Rf2 may exist so that
(5)
In fact, if
is smaller than
such that voltage drop
and
equals to that of
and
, magnitude of
on
will be equal to
. While voltage amplitudes

where
(8)
3) The positive and negative factor
is an additional
phasor to quantify a three-phase unbalanced sag where the
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Fig. 2. Types C and D voltage sags for different phases.

system’s positive and negative sequence impedances are
not equal. It is defined as
(9)
If the negative and positive sequence impedances are equal,
is close to unity in all cases. The phasor diagrams in
Fig. 2 are given for
and
.
The absolute value and the argument of the characteristic
are referred to as “magnitude” and “phase-angle
voltage
jump” of the voltage dip, respectively.
Knowing and , it is possible to rebuild the three-phase
value of the voltage sag. However, in the proposed fault location method the decision is made based on the comparison of
recorded and calculated voltage sag data. This comparison can
be done based on which has enough information about amis the
plitude and phase angle jump of the voltage sag. So
only required data that should be transferred to the distribution
control center.
By using this voltage sag characterization method the volume
of transferred data and the data that algorithm deals with is even
less than transferring only the voltage sag magnitudes. In the
latter, it is necessary to send magnitude of three phases in the
case of three-phase faults and magnitudes of two faulted phases
in the case of two-phase faults.
Reduction in the volume of recorded data by the meters
is another advantage of this method. If this characterization
method is not used voltage magnitudes and phase angle jumps
of all phases need to be recorded. By using the characterization
method only needs to be recorded. Therefore the volume of
recorded data reduces.
Moreover, computational burden of the method reduces as
well. Because, instead of comparing calculated and recorded
voltage angle and amplitude of three phases, only the characterneed to be compared. As these comparisons
istic voltages
are carried out for the assumed fault at each node of the network,
the computational burden reduces drastically.
III. ESTIMATION OF THE FAULT RESISTANCE
To estimate the fault resistance, the following procedure at
each node (one at a time) should be carried out. As there is no
prior knowledge about the location of the fault the following
process is conducted for each node of the network, one at a time.

Fig. 3. Rf estimation procedure.

First, a fault with
is applied at an assumed faulted
node (Start from node 1 to the last node, a node at a time). The
steady state fault current at the root node (substation) is calculated using short circuit analysis method [21]. This calculated
fault current is compared with the recorded current at the substation
(10)
where
is the amplitude of the calculated current
phasor at the substation.
is the amplitude of the recorded current phasor at
the substation.
If the amplitude of the calculated current is smaller than that
of the recorded current, the assumed node cannot be the candidate location for the fault. This is because, when the fault with
at that location cannot produce the same amount of curit definitely cannot
rent recorded at the substation, for
do so. If å does not fall within the convergence tolerance,
must be increased (say
) and another iteration should
be performed. By extrapolating/ interpolating the two solutions,
is reached as shown in
closer estimate to the actual value of
for which falls within
Fig. 3. By continuing the process, the
the convergence tolerance can be determined.
IV. LOAD VARIATION
In order to take into account, the variation of the loads, in [9]
a method has been suggested which is based on captured data at
the substation. It neglects power losses in the lines, which makes
it inaccurate. Here, a method based on the captured data at the
substation that considers power losses in the lines is suggested.
Load factor is defined as
(11)
where
(12)
is the number of load taps and
former rating.

is their nominal trans-
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is the pre-fault apparent power of the loads calculated at the substation, defined as follows:
(13)
where
(14)

is the difference between the amplitude of
where
and calcuthe characteristic voltage of recorded
is the difference belated voltage sags
tween the phase angle of the characteristic voltage of recorded
and calculated voltage sags
is the difference between the phase angle of recorded and calculated current at root node.
The following criterion is defined for faulted node detection:

and
are the pre-fault line
where
voltage and current at the substation calculated using a load
flow program. And
(15)
where is a diagonal matrix whose diagonal elements are the
impedance of each line, and is the line currents calculated
using pre-fault load flow program. is a row-matrix whose elis the transpose of the matrix Now load
ements are 1 and
at each tap is estimated as
(16)
Knowing new for each load, pre-fault load flow is conducted
and (10), (13)–(15) are updated until converges which means
(17)
where is convergence tolerance and

is the iteration number.

V. IMPLEMENTATION OF THE PROPOSED METHOD
In the proposed fault location method, the characteristic
of the voltage sag, captured at some nodes along
voltage
the feeder, is sent to the distribution control center. In the
distribution control center, when the occurrence of the fault
is detected, the pre-fault data recorded at the root node (substation) is used for updating load models. The measured
, which was sent
during-fault characteristic voltage
to the control center, and the calculated characteristic voltage
obtained using short circuit analysis program are
compared.
at the
To calculate the characteristic voltage
control center, the fault at each node is applied one at a time
values estimated using the method explained in
with the
Section III. The node at which applying the fault produces the
best match between the calculated and the recorded characteristic voltages is the actual faulted node.
In some cases, when the fault occurs at those parts of the main
close to
feeder connecting the root node to the meters with
zero, all meters show almost the same voltage, which is equal
to zero. In this case, phase angle of the current at root node is
used to determine the location of the fault. This case will be
explained in more detail in the part of the case study section.
In fact this case shows another advantage of using phase angle
shift in addition to amplitude of voltage sag.
The following equation quantifies similarity between calculated and recorded voltage sag data:
(18)

(19)
where Error is defined in (18) and is a small number just to
prevent division by zero in (19).
The node that has the largest Flag value in (19) (or smallest
Error) is the faulted node. This node is one end of the faulted
line (END A).
Those lines connected to END A are considered possible
, calfaulted lines. To pinpoint the fault, the fault with the
culated based on the method described in Section III, is applied
at the end of these lines and moved toward END A. This trend
starts from the line whose end has the largest Flag value among
candidate nodes. The place in which the Flag value in (19) becomes larger than that of END A is the location of the fault.
If there is no such location, it means the fault has happened at
END A.
Fig. 4 shows the flowchart of the proposed algorithm. At first
and informathe measured characteristic voltage
tion about the type of fault and faulted phases are provided to the
method. The method presented in [22] could be used to detect
type and inception of the fault. In the next step, the load models
are updated as explained in Section IV. The variable “Counter”
is defined to check whether the process is performed for each
node of the network.
It is notable that some nodes can be easily omitted from the
list of candidate nodes for fault location. For instance, those
nodes that are single phase cannot be a candidate node for
line-to-line faults. Step (5) checks these situations.
Moreover, as explained in Section III, if the calculated fault
is less than the recorded fault current at
current with
the root node, that node cannot be a candidate for fault location.
Steps (6) and (7) check these cases.
Steps (8) and (9) quantify the similarity between the calculated and recorded voltage sag data. Step (10) checks whether
the process has been conducted for each node of the network.
One end of the faulted line (END A) is detected in step (11).
Finally, the fault location is pinpointed at step (12) based on the
process explained above.

VI. CASE STUDIES
To study accuracy and performance of the proposed fault location method, the 123-node power distribution network shown
in Fig. 5 is considered. This network is based on the IEEE
123-node distribution test system [23]. The network is composed of single, two, and three-phase lines with several laterals
and sub-laterals, unbalanced loading with all combinations of
load types (PQ, constant , constant ). The heterogeneity of
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Fig. 5. Simulated 123-node distribution system with power quality meters at
nodes 37, 79, and 108.

posed in [24] that can be adopted. To take into account topology
change of the network due to change in status of the switches
located along the feeder, the same process should be followed
for each possible configuration of the network.
The network was simulated in the ATP environment and the
simulated fault data were exported to MATLAB where the full
cycle Fourier filter was used to calculate the phasors.
Different fault scenarios were conducted to study the accuracy of the proposed method. Different fault types with different
were applied at a number of locations on the circuit.
Five cases are selected for illustration in the paper:
1) single line to ground fault (b–g) at line between node#24
and node#25;
2) line to line fault (a–c) line between node#97 and node#99;
3) three phase fault at the line between node#8 and node#9;
4) single line-ground fault (a–g) with ARC at the line between
node#109 and node#116;
5) single line-ground fault (c–g) at node#29 with load variation.
The results are also compared with those of the apparent
impedance-based fault location algorithm presented in [6].
A. Single Line-Ground Fault (b–g) at the Line Between
Node#24 and Node#25

Fig. 4. Flowchart of the proposed fault location algorithm.

the lines is modeled by using lines with different impedance
values along the feeder. It is assumed that there are three meters at nodes 37, 79, and 108 that can capture voltage sag data
and send to the control center. Meters are located at nodes that
capture different voltage sag levels due to faults at various locations. A systematic approach for meter placement has been pro-

In this case a single line-ground fault (b–g) at line between
node#24 and node#25, 10 feet or 0.0364 of the faulted line from
node#24 (2210 feet from the root node) with
at
is applied. The voltage and current at root node (node#1)
as well as voltage sag data at nodes 37, 79, and 108 are captured
and fault location algorithm is applied according to Fig. 4. Fig. 6
shows node#24 has the largest Flag value in (19) that means it is
the actual location of the fault (END A). The possible nodes for
other end are 23 and 25, which are ends of the lines connected
to node#24 (END A).
Using method explained in Section V for pinpointing the
fault, the fault is detected 6.2 feet or 0.0225 of the faulted line
from node#24 (2206.2 feet from root node).
Comparison of the impedance-based method versus the
methods proposed in this paper shows a significant difference
in the resulting fault location effort. The impedance-based
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Fig. 8. Flag values obtained for case C.

C. Three Phase Fault at the Line Between Node#8 and Node#9

Fig. 7. Flag values obtained for case B.

method estimates lines between nodes 77–79, 89–90, 23–26,
and 24–25 as possible locations for the fault.
To reduce the multiple fault location estimation in this network, 39 fault indicators would need to be installed at laterals
and sublaterals with all data being sent to the control center. In
contrast, the proposed algorithm only needs data from 3 meters
for this network.

B. Line-Line Fault (a–c) at the Line Between Node#97 and
Node#99
A line-line fault (a–c) at the line between node#97 and
node#99, 50 feet or 0.25 of the faulted line from node#97 (2925
feet from root node) with
at
is applied.
Fig. 7 shows the Flag values in (19) for this case. According to
the flag values, node#97 has the largest Flag that means it is the
actual location of the fault (END A). The possible nodes for the
other end are 95 and 99 that are ends of the lines connected to
node #97 (END A). The line between nodes 97–98 cannot be
the possible location for line-line fault because it only has one
phase. Using the method explained in Section V for pinpointing
the fault, the fault is detected 53.2 feet or 0.266 of the faulted
line from node#97(2928.2 from root node).
In the case of using apparent impedance-based method, 6
places are estimated as possible locations of the fault (lines between nodes 79–80, 79–85,90–92,26–29,24–25, and 97–99)

A three phase fault 80 feet or 0.4 of the faulted line from
at
nodenode#8 (380 feet from the root node.) with
is applied at the line between node#8 and node#9.
In this case location of the fault is mainly detected based on
the phase angle shift of the current captured at the root node.
Presence of the meters helps the algorithm to conclude the fault
should have happened at main feeders and those parts that are
common in all connection from the root node to the meters. In
this way, multiple fault location estimation is prevented. Fig. 8
shows Flag values in (19) for this case.
Node#8 has the biggest Flag value that implies it is the actual
location of the fault (END A). The possible nodes for other end
are 2 and 9 that are ends of the lines connected to node #8 (END
A). The exact place of the fault is determined to be 73.6 feet
or 0.368 of the faulted line from node#8 (373.6 feet from root
node).
In the case of using apparent impedance method the fault is
estimated at 371.2 from the root node.
D. Single Line-Ground Fault (a–g) with ARC at the Line
Between Node#109 and Node#116
In this case, a single line to ground fault that includes arc is
considered at the line between node#109 and node#116, 90 feet
or 0.2769 of the faulted line from node#109 (5665 feet from the
root node) at
. Arc has been modeled according to
[25], [26] using MODELS language of ATP version of EMTP.
The dynamic arc characteristics are simulated by the following
equation:
(20)
where is the arc time constant, is instantaneous arc conductance, and is stationary arc conductance
(21)
where
(22)
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Fig. 10. Flag values obtained for case E.

Fig. 9. Flag values obtained for case D.

is the instantaneous arc current,
is characteristic arc voltage,
voltage,
and are defined as
resistance.
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is stationary arc
is characteristic arc

(23)
(24)
is ARC length.
in which
Flag values in (19) for this case are shown in Fig. 9. According to the flag values, the node #109 has the largest value
that means it is the actual location of the fault (END A). The
possible nodes for other end are 108, 110, and 116 that are ends
of the lines connected to node #109 (END A). The location of
the fault is estimated 103.7 feet or 0.3191 of the faulted line
from node#109 or 5678.7 feet from the root node.
In the case of using apparent impedance method 4, places are
estimated for location of the fault (lines between nodes, 59–60,
66–68, 109–110, and 109–116)
E. Single Line-Ground Fault (c–g) at Node#29 With Load
Variation
In this case, the impact of load variation on the proposed fault
location is studied. Load at each node is assumed as follows:

Case study results show that the proposed method can pinpoint the fault precisely. It was also shown that implementation cost of the proposed method is much less than apparent
impedance-based fault location, which needs fault indicators to
prevent multiple fault location estimations.
VII. CONCLUSION
In this paper, a fault location method based on voltage sag
data measured at a few select locations on the distribution feeder
is proposed. The accuracy of the method is demonstrated by applying different fault scenarios including arcing faults on the
123-node IEEE distribution test feeder. The demonstrated advantages of this approach are as follows.
• The algorithm provides robust results under a variety of
fault scenarios.
• It can pinpoint the fault very precisely, without suffering
from multiple fault location estimation imprecision, requiring high frequency sampling or retraining.
• The proposed method does not require additional analysis
to decide to which estimated fault section the crew should
be sent to first.
• It requires data from only a few sensors/meters located
along the feeders, so its implementation cost is low.
is estimated by using the proposed fast and
• Since the
precise approach, the
value does not affect the accuracy
of the method.

(25)
where rand is a random variable between zero and one. A single
line-ground fault (c–g) at node#29 (or 3425 feet from the root
at
1.13 s is applied. Fig. 10 shows
node) with
Flag values in (19) for this case. According to the flag values,
the location of the fault is correctly estimated, which is node 29
that has the biggest flag value.
In the case of using apparent impedance method 3, other
places are also estimated as the location of the fault (lines between nodes, 79–80, 85–86, and 97–99)
The execution time of the proposed fault location process was
37 s in the worst case and 14 s in the best case on an ordinary personal computer (PC), Processor 3 GHZ, RAM 4 GB. This shows
the proposed method is very fast for practical fault location applications. Note that most of the execution time is required to
run MATLAB on the PC, which is relatively slow software.
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