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Abstract—This paper presents an approach to assess automatic
fault location methods in power distribution systems. The proposed approach allows to consider the aleatory errors inherent
to calculated, forecasted and measured values, typically required
by the fault location methods for a more realistic and consistent evaluation. These errors can follow different mathematical
distributions, according their source and the assumptions made.
In order to demonstrate the proposed approach, a real power
distribution system is considered, and additionally, one method
that requires measurements at the power substation and one
method that requires sparse voltage measurements are assessed.
Index Terms—Aleatory erros, Fault location, Power distribution
systems.

I. I NTRODUCTION
Faults or short-circuits are the main source of interruptions in
power supply of distribution systems. Therefore, the development of efﬁcient automatic fault location methods are of great
interest for power utilities. The fault location approaches can
be classiﬁed according to the information required. If meters
are not available, the fault location is based on screening of
customer complaints and visual inspection of the system [1].
The classical impedance based methods requires measurements
obtained at the substation and, the system topology and parameters. These methods are based on circuit simpliﬁcations
and approximations regarding the loads [2], [3]. More recently, a number of methods based on measurements have
been proposed. Apart from measurements in substation, these
methods requires additional sparse meters, the system topology,
parameters and loads [4], [5], [8], however, they do not require
simpliﬁcations on the system.
According to literature, the automatic fault location approaches are generally evaluated considering that perfect measurements, parameters and loads, when required, are available
[2], [3], [5], [7]. Usually, fault location methods are evaluated
considering different types of faults, values of resistances and
fault positions. Thus, for each simulated fault, the calculated
fault position is compared to the actual fault position and
an error is obtained. In some cases, different load levels are
considered, however, errors in load forecasting, measurements
and system parameters are rarely modeled and assessed [4]–[8].
In this context, this paper presents an approach to assess
automatic fault location methods in power distribution systems.
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This approach allows to consider the aleatory errors inherent
to calculated, forecasted and measured values. Therefore, it
is aligned with the trends of the modern smart grids and
results in a more realistic and consistent evaluation of fault
location methods. The aleatory errors can follow different
mathematical distributions, according to the assumptions made.
Typically, normal and uniform distributions assumed [8], [13].
Monte Carlo simulations are used to statistically assess the
fault location methods. In order to demonstrate the proposed
approach, it is applied to the impedance based method proposed
in [3] and to the measurement based method proposed in [8].
These methods were chosen due to its different natures and
required data.
This paper is organized as follows. In the next section, both
fault location methods are brieﬂy described and its requirements
are discussed. In section III the main sources of errors related to
fault location methods are highlighted and quantiﬁed. In section
IV, the main results are presented and discussed. Finally, in
section V the conclusions are drawn.
II. FAULT L OCATION A PPROACHES AND R EQUIREMENTS
In this section the two fault location methods assessed in this
paper are described. The impedance based method proposed
in [3] and the measurement based method proposed in [8]
were chosen. In the ﬁrst method, the voltages and currents
at fundamental frequency measured at the substation before
and during the fault are used with the system topology and
line parameters to calculate the impedance and, consequently,
the distance between the substation and the fault location [3].
This method requires the same type of information and is
based on similar circuit simpliﬁcations assumed by classical
impedance approaches, therefore, it can be classiﬁed as a classical approach [2]–[5]. The second method requires the system
topology and parameters, a set of sparse voltage amplitudes
measured before and during the fault as well as the loads [6],
[8]. This method can be classiﬁed as a method for modern
systems, since it requires more measurements, communication
infrastructure and it doesn’t assumes circuit simpliﬁcations.
A. Method of Morales et al. [3]
This method performs a scanning on the branches of the
power distribution system calculating the fault reactance in
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different locations. Assuming the fault impedance is mostly
resistive, the fault location is that associated to the smallest calculated reactance. In this method the loads are aggregated and
allocated in a terminal bus. The equivalent power distribution
system is simpliﬁed and represented according to Fig. 1, where
the aggregated loads are represented by a diagonal matrix ZL ,
the analyzed branch is represented by the impedance matrix Z,
and Zu and Zd indicates, respectively, the branches upstream
and downstream the analyzed branch.

Fig. 1. Simpliﬁed network adopted by Morales et al. [3].

Since the aggregated loads, ZL , are calculated from currents
and voltages measured at substation and branch parameters, the
accuracy of this method is affected by errors in measurements
and system parameters.
B. Method of Trindade et al. [8]
Unlike impedance based methods that provide the fault
position, this method provides the bus closest to the fault
location. This method is based on short-circuit theory and
amplitude voltage sags measured on several buses. Based on
a voltage sag measured in bus i, the fault current for a fault on
bus k is calculated by (1), where Zik is the 3 × 3 impedance
sub-matrix associated to buses i and k, and P stands for prefault measurements.
IF (k) = (Zik )−1 · VP
i − Vi



(1)

If Nv voltage meters are available, Nv fault currents can
be calculated based on the assumption that the bus k is the
closest to the fault. If the fault is close to bus k, all of the Nv
calculated fault currents are expected to present very similar
values, which are close to the actual fault current. On the other
hand, if the fault is far from bus k, there will be an error on the
fault current calculated from the measurements obtained in the
i-th bus. Based on the aforementioned concept, a fault-location
index δk can be used to identify the bus closest to the fault.
This index is deﬁned by (2).
δk =

Nv 
X

InF (k) − IF (k)



(2)

n=1

InF (k)

where
is the fault current calculated from (1) considering the meter n allocated on bus i, and IF (k) is the average of all
fault currents calculated assuming a fault on bus k. Therefore,
the lower δk is associated with the faulted bus. This method
requires the three-phase bus impedance matrix including the
load impedances and sparse voltage measurements, therefore,
its performance can be affected by errors in lines and loads
parameters and amplitude voltage measurements.

III. E VALUATING FAULT L OCATION M ETHODS
A literature review indicates that fault location approaches
are generally evaluated considering that perfect measurements,
parameters and loads, when required, are available [2], [3], [5],
[7]. Frequently, fault location methods are evaluated considering different fault resistances and positions. For each simulated
fault, the calculated position is compared to the actual fault
position and an error is obtained. In some cases, different
load levels are evaluated, however, errors in load forecasting,
measurements and parameters are rarely modeled and evaluated
[5]–[8].
As stated before, the performance of fault location approaches can be affected by inaccuracies in measurements,
system parameters and loads. In the following, the main source
of errors are discussed and quantiﬁed according to typical
values recommended in literature and it is proposed a simple
approach to estimate these errors. This proposed approach
allows to consider the aleatory errors inherent to measured and
forecasted values. This proposal derives from the measurement
theory and it can results in a more realistic and consistent
evaluation of fault location methods. The aleatory errors can
follow different mathematical distributions, according to the
assumptions made. Thus, for example, for measurements and
loads the errors can follow a normal distribution [8], [13],
while for parameters the errors can follow normal or uniform
distributions, depending on the source of the errors.
A. Errors in Measurements and Loads
Errors in measurements are associated with the accuracy of
metering system including meters, instrument transformer, A/D
converters, connection cables, sensors and the communication
infrastructure [10]. In practice, just the main of these effects
are considered, since most of them are hard to be modeled.
Currently, the typical accuracy of meters are between 0.1% to
2% for magnitudes and ±2◦ for phase angles [17]. The errors
associated with the instrument transformers are in general lower
than 1.2% [16]. On the other hand, the errors associated with
load forecasting depends on the quality of the available data.
According to literature, these errors can range from 20% to
50% if data comes from measured monthly consumption and
can range from 2% to 10% if the data comes from low voltage
smart meters [13]–[15].
B. Error in Parameters
The errors in parameters can be adequately represented by
errors in the length of the cables. A very common source of
errors in parameters are associated with typos during database
building. Besides that, errors can be associated to weather and
operational conditions. The weather and load conditions can
change the temperature of the cables, changing their lengths
and, consequently, the resistance and reactance of these cables.
According to literature, the length of the cables can vary up
to 3% depending on the weather and load conditions [11].
Another very important operational aspect that can cause errors
in parameters is the frequency of the voltages and currents of
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C. Estimating the Errors
The actual measurements, loads and parameters will be generated by adding aleatory errors to their true values. Therefore,
ziactual = zitrue + bi × σi

(3)

where zitrue is the true value of i-th measurement, load or
parameter. The true values for measurements will be obtained
from simulation, for example, using ATP (Alternative Transient
Program), while the true values for loads and parameters will
be obtained from database. Considering a normal distribution,
the value σi is the standard deviation of the i-th measurement,
load or parameter and will be deﬁned according to typical errors
associated to these values. Finally, bi is a randomly generated
number following a speciﬁed mathematical distribution, for
instance, bi ∈ N(0, 1) for a normal distribution with zero mean
and unitary standard deviation [13], [14].
The standard deviation associated to amplitude measurements obtained from modern digital meters, forecasted loads
as well as parameters is computed from (4), where ρ = 3
for a normal distribution and e% is the error associated with
measurements, loads or parameters. The standard deviations
associated with measured angles will be calculated according to
(5). For an uniform distribution, ρ is set to 1 and, therefore, σi is
the maximum error of the i-th measurement, load or parameter.
z true × e%
σi = i
ρ × 100
eangle
σi =
ρ

(4)
(5)

In this paper, e% will be set to 2% for amplitude measurements,
3% for the length of the cables, and 20% or 50% for forecasted
loads. For the phase angles, eangle , will be set to 2◦ . These
values were speciﬁed according to literature recommendation,
however, they need to be adequate to the features of each power
distribution system.

The errors presented in ﬁgures are calculated by |dcalc − dact |,
where dcalc is the calculated distance and dact is the actual
distance of the faults. In order to conduct a fair evaluation, 100
simulations considering aleatory errors were simulated for each
fault position. In the results, the ideal case refers to simulations
considering the perfect loads, measurements and parameters.
The results are presented considering one method at a time.
The methods are not compared since this is out of the scope
of this paper.
A. Method of Morales et al. [3]
As discussed previously, this method can be affected by
errors in measurements and parameters. For that, aleatory errors
following normal and uniform distributions are assessed.
1) Errors in Measurements: Fig. 3 presents the errors in
the fault location while the errors in measurements follow a
normal distribution and the true values are used for parameters.
It is possible to observe that the mean errors for fault location
increase for all simulated faults. The far the fault is from
substation, the bigger the scattering of the fault location errors.
180
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the system. According to literature, power distribution systems
operating above their surge impedance loading and hence
absorbing more reactive power can operate with frequencies
ranging form 47.5 to 53 Hz for countries whose nominal frequency is 50 Hz [12], which means that the frequency in power
distribution systems can vary up to ±6% from values calculated
in nominal frequencies. As the reactances are function of this
frequency, they can change during operation.
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The fault location errors considering that the errors in
measurements follow an uniform distribution are shown in
Fig. 4. In general, it can be observed that the errors increase
regarding the uniform distribution. For instance, in bus 56
the maximum error increased from 120 to 200 meters. The
maximum fault location error increase from 170 to 300 meters,
which is distinguished, since the maximum length of the feeder
is 4270 meters. Therefore, the way the measurements errors are
considered, can signiﬁcantly change the conclusions about the
performance of this approach.
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The simulations were performed in a real-life overhead threephase 13.8 kV, 7.065 MVA, 4270 meters long distribution
feeder containing 134 nodes shown in Fig. 2 [6]. This feeder
was modeled in ATP (Alternative Transient Program) [9], where
the faults were simulated. The available meters are indicated in
ﬁgure.
Both fault location methods were assessed by applying
single-phase faults to buses 4, 17, 26, 38, 56, 63, 67, 82, 90,
98, 103, 107, 115 and 123 with fault resistance equal to 1Ω.
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Fig. 3. Errors in fault location with errors in measurements - normal
distribution.
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Fig. 4. Errors in fault location with errors in measurements - uniform
distribution.
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Fig. 2. Real power distribution system (134 nodes).

2) Errors in Parameters: Fig. 5 shows that the accuracy of
this method is slightly affected by the errors in line parameters.
Note that the error for the ideal case is close to the mean error
obtained after 100 simulations. Besides, the scattering of the
errors is low. These results were obtained considering that the
errors follow a normal distribution and the true values were
adopted for measurements.
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Fig. 6. Errors in fault location with errors in line parameters - uniform
distribuiton.
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Fig. 5. Errors in fault location with errors in line parameters - normal
distribuiton.

Results obtained assuming an uniform distribution and
aleatory errors in parameters are presented in Fig. 6. As it can
be observed, similarly to the previous case, the errors in the
line parameters does not signiﬁcantly affect the accuracy of
this method.
Comparing the results presented in this section, it can be
observed that the scattering of the fault location errors obtained
considering aleatory errors in line parameters are smaller compared to the scattering of the fault location errors obtained
considering aleatory errors in measurements. Therefore, the
errors in measurements are more signiﬁcant than the errors in
parameters for the method proposed by Morales et al. in [3].

This method can be affected by the set of measurements
available, as well as by the errors in measurements, line
parameters and loads. The effects of these errors are assessed
in this section.
1) Errors in Measurements: Fig. 7 presents the errors in
the fault location for the method proposed by Trindade et al.
while the aleatory errors in measurements follow a normal
distribution. The true values are assumed for the remaining
data. Remember that this method indicates the bus closest to
the fault instead of the fault position.
The fault location errors assuming that the errors in measurements follow an uniform distribution are shown in the Fig.
8.
Comparing Fig. 7 and Fig. 8, it can be observed that, in
general, the uniform distribution results in slightly bigger errors
for fault location. For instance, the maximum error in bus 98
increased from 250 to 400 meters, while in bus 38 the fault
location error remained in 250 meters. This discrepant behavior
is highly associated to the number and position of the available
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Fig. 7. Errors in fault location with errors in measurements - normal
distribution.
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Fig. 10. Errors in fault location with errors in line parameters - uniform
distribution.

fault location errors assuming that the errors in loads follow
a normal distribution. In general, it can be observed that
this fault location method is not signiﬁcantly affected by the
errors in load impedances. The results considering an uniform
distribution and e% = ±50% are shown in Fig. 13. In this case,
the aleatory errors in loads just affect the fault location errors
in buses 17, 56 and 107.
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Fig. 11. Errors in fault location with ±20 errors in loads - normal distribution.
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measurements. Additionally, the uniform distribution results in
bigger fault location errors if the measurements contain errors.
2) Errors in Parameters: Fig. 9 shows the accuracy of
this method with the errors in line parameters following a
normal distribution. According to this ﬁgure, the errors in line
parameters have affected only the fault location on the buses
17 and 56. The same general behavior can be observed if the
errors in parameters follow an uniform distribution, as can be
seen in Fig. 10. For instance, in this case, buses 17, 56 and
107 has presented errors in fault location. Therefore, as in the
method proposed by Morales, errors in line parameters are not
signiﬁcate for this method.
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Fig. 12. Errors in fault location with ±50 errors in loads - normal distribution.
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3) Errors in Loads: The method proposed by Trindade et
al. requires the impedance matrices to perform short circuit
calculations. Therefore, aleatory errors following a normal
distribution were added in the load impedances. In general,
the load forecasting depends on the available data and the
adopted approach. In this section, the errors e% were considered
equal to ±20% and ±50%. Fig. 11 and Fig. 12 show the

Error (m)

Fig. 9. Errors in fault location with errors in line parameters - normal
distribution.
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Fig. 13. Errors in fault location with ±50 errors in loads - uniform distribution.

Comparing the results presented in this section, it can be
observed that the aleatory errors in measurement are more
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signiﬁcant than the aleatory errors in load and parameters for
the method proposed by Trindade et al. in [8].
V. C ONCLUSIONS
An approach that allows assessing the impact of the aleatory
errors inherent to calculated, forecasted and measured values
in automatic fault location methods was presented. Thus, the
errors in measurements, parameters and loads can be adequately
considered, which leads to a more realistic evaluation of the
fault location methods. Therefore, the proposed approach is
aligned with the trends and requirements of the modern smart
grids. The aleatory errors can be modeled according to different
mathematical distributions, depending on the source of the
errors and on the assumptions made. For instance, the errors
in line parameters, measurements and forecasted loads can be
modeled by normal or uniform distributions. Therefore, in order
to perform a more realistic and fair assessment of automatic
fault locations methods, the proposed approach can be very
useful.
In order to demonstrate the proposed approach, it was
applied to the impedance based method proposed in [3] and
to the measurement based method proposed in [8]. The results
indicate that the several sources of errors can result in different
impacts depending on the features of the method and on the
power distribution system. In general, the following can be
stated: (i) Uniform distributions leads to more conservative
results; (ii) Despite the recommendations available in literature,
the amplitude of the errors depends on the distribution power
system and the measurements set; (iii) In the both assessed
fault location methods, the errors in measurements seems to
be the most important. However, for the measurement based
method, this behavior depends on the number and the location
of the voltage measurements available; (iv) In general, as
observed for the evaluated methods, errors in parameters and
load are less signiﬁcant, however, this can not be generalized.
Therefore, a complete analysis following the proposed approach
is recommended for the evaluation of automatic fault location
approaches.
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