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A B S T R A C T

The growing penetration of distributed generators results in a bidirectional power flow in electrical power
systems, especially in distribution systems. In this context, technologies and applications already developed
and consolidated aimed at the operation and protection of methods should be reassessed. In this context, this
research proposes developing a fault location algorithm for distribution systems with distributed generation.
The main objective is to estimate the fault distance and fault resistance. The implemented algorithm
consists of using meters present in the distribution system, such as, for example, in the substation and
next to the distributed generators, to calculate from the system impedance information, and using a meta-
heuristic algorithm, the resistance and the distance of the short-circuit. The methodology developed brings a
differential in estimating the distance and resistance of the fault in parallel using meta-heuristic algorithms,
using a relatively simple methodology that does not require the calculation of load flows in the system.
Several sensitivity tests were considered in evaluating the proposed methodology, such as changes in the
type, application position, fault resistance, post-fault data window considered, variation in the quantity and
placement of allocated distributed generators, and the impact of the lack of synchronism between the data
used. The results obtained are promising for estimating fault distance and fault resistance.
1. Introduction

Faults, or short circuits, in distribution systems, are considered the
leading causes of interruption in electricity supply to system users and
are responsible for disturbances in power quality [1]. One of the ways
that can be effective in improving these indices is by developing and
applying algorithms for the location of short circuits. Since the more
quickly and accurately they are located, the electrical system can be
promptly reestablished, reducing the time of discontinuity of supply
and resulting damages.

In general, fault location algorithms for distribution systems are
based on fault impedance. In general, these methods are categorized
as methods based on lumped network parameters (lumped-parameters),
techniques with the representation of network sections by quadrupoles,
and methods based on data from fault recorders (fault-recorders). In
addition to the classical methods, there are alternative ways to solve
the problem that involve the use of intelligent systems (such as, for
example, artificial neural networks, fuzzy systems, and expert systems)
and meta-heuristics, such as genetic algorithms [2].

In addition to these considerations, the fault resistance calculation,
resulting from the proposed methodology, can also be better explored
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in future works for other functions applied to distribution systems.
The fault resistance is an essential element for short-circuit analysis
methods used by protection engineers since it allows the estimation of
the short-circuit current and voltage levels and thus allows a proper pa-
rameterization of the fault resistance algorithms, ensuring, for example,
coordination of protection [3].

As for research on fault location in distribution systems, it is worth
highlighting some of the works mentioned. Of these, it is essential
to emphasize that many of the factors pointed out in [4] were not
contemplated in a simplified way. For example, in [5], it is found an
approach based on impedance but focusing only on one type of fault
in a system with low complexity and penetration of DG (Distributed
Generation). In [6], there is an approach based on machine learning
to identify both the fault distance and the faulted system region. [7]
considered an approach based on system sequence components to
estimate the fault distance. [8] use an impedance-based approach,
using information from both the substation and the DG installation
locations. [1] presents an impedance-based method that considers the
data from the substation and the buses containing DG synchronized via
GPS. In addition, an algorithm is used to estimate the state of all system
loads. [9] heuristic methods were used to locate the fault. [10] denote
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Fig. 1. Methodology flowchart for short-circuit location and fault resistance estimation.

the heavy use of PMUs (Phasor Measurement Units) installed in the
system and divide the localization strategy into detecting the faulted
section and estimating the fault distance. In [11], the faulted system
region is detected based on information from the circuit breakers. [12]
use support vector machines to identify the faulty areas, and [13] infer
about the faulty section through the positive and negative sequence
components. [14] presents the use of waveforms and signal energies
to detect missing sections. [15] uses genetic algorithms to allocate
intelligent electronic devices to support fault location efficiently. [16]
brings light to two approaches to fault location that use artificial
neural networks and traveling waves, in which the financial aspects
for implementing each strategy are presented, among other things.
In [17], an Adaptive Neuro-Fuzzy Inference System was used in a 20 kV
distribution system. Finally, [18] also detect the missing regions using
deep learning models.

This article proposes estimating fault distance and resistance using
an impedance-based algorithm with the support of metaheuristic al-
gorithms. The implemented algorithm consists of using meters present
in the system, such as, for example, in the substation and next to the
distributed generators, calculating from the information of the system
impedance, and using a meta-heuristic algorithm, the resistance and
the distance of the short circuit. Several sensitivity tests are presented
that reflect, among other things, the impact of distributed generation
on the methodology. The simulations considered the 34-buses IEEE
distribution system [19] and the CIGRÉ system [20]. In each, dis-
tributed generators were allocated, and several tests were performed
to understand how the proposed algorithm behaves in the face of
these sensitivity tests. The literature lacks studies on the impact of
the number and positioning of distributed generators and the lack of
synchronism between the electricity meters used to locate short circuits.
This article also presents tests taking these scenarios into account.
Based on the results obtained, the proposed methodology allows good
obtaining of distance and short-circuit resistance information.

2. Methodology

This section will present the methodology for estimating the dis-
tance and the short circuit’s resistance. Fig. 1 summarizes the steps
followed. Throughout this section, the details behind this process will
be detailed.

For this item, the modeling of a distribution line found in [21]
will be presented again. Next, the considerations about the proposed
algorithm for estimating resistance and fault location will be shown.

Estimating the fault resistance will be essential for this application
because the short-circuit modeling in the system considers both the
location of the fault occurrence and the fault resistance. Thus, in the lo-
calization process, both information is obtained through the developed
methodology.

Fig. 2 presents the electrical model referring to a section of a line
of any distribution system.

Applying Kirchhoff’s current law at node m:
[

𝐼
]

=
[

𝐼
]

+ 1∕2[𝑌 ]
[
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. (1)
2
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where

[𝑎] = [𝑈 ] + 1∕2[𝑍𝑎𝑏𝑐 𝑛−𝑚][𝑌𝑎𝑏𝑐 𝑛−𝑚] (6)

[𝑏] = [𝑍𝑎𝑏𝑐 𝑛−𝑚], (7)

[𝑐] = [𝑌𝑎𝑏𝑐 𝑛−𝑚] + 1∕4[𝑌𝑎𝑏𝑐 𝑛−𝑚][𝑍𝑎𝑏𝑐 𝑛−𝑚][𝑌𝑎𝑏𝑐 𝑛−𝑚], (8)

[𝑑] = [𝑈 ] + 1∕2[𝑍𝑎𝑏𝑐 𝑛−𝑚][𝑌𝑎𝑏𝑐 𝑛−𝑚], (9)

and
{

[

𝑉𝐿𝐺 𝑎𝑏𝑐
]

𝑚 = [𝑎]
[
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]

𝑛 − [𝑏]
[

𝐼𝑎𝑏𝑐
]

𝑛
[

𝐼𝑎𝑏𝑐
]

𝑚 = −[𝑐]
[

𝑉𝐿𝐺 𝑎𝑏𝑐
]

𝑛 + [𝑑]
[

𝐼𝑎𝑏𝑐
]

𝑛

. (10)

Initially, the algorithm will be applied to the first stretch of line in
the system between the reference slash k and the slash k + 1. Thus, for
k = 1, it will be between Bars 1 and 2. Thus, 𝑍𝑎𝑏𝑐 01−02, 𝑌𝑎𝑏𝑐 01−02, and
𝑍𝑎𝑏𝑐 01−02, and 𝑍𝐵𝑈𝑆 . A cycle of voltage and postfault current signals
from the reference bus and the bus, or buses, will be considered on
which distributed generation is installed.

To obtain the voltage and current phasors for the three-phase signals
of Bus 1, post-fault cycle windows will be used in conjunction with the
Discrete Fourier Transform (DFT). This method can also be applied to
the buses containing distributed generation, as shown in Fig. 3.

The fault location algorithms based on impedance present a strategy
for searching the system, and the algorithm that will be presented
and implemented also follows this line. Initially, the first section of
the system from the substation is analyzed. It is evaluated whether
the fault occurred in this section or another section of the system.
Thus, this algorithm has two steps. The first is to apply it to the
first section and the second to other system sections. This algorithm
considers as available information, in addition to the impedance and
admittance matrices shunt of the system, the three-phase voltage and
current signals referring to Bus 01, as well as the three-phase current
signals coming from the distributed generators installed in the system.
In this way, the mathematical development to estimate the position
of the faults in the possible sections of the system will take these
assumptions into account.

Based on Fig. 3:
[

𝑉𝐿𝐺 𝑎𝑏𝑐
]′′
02 = [𝑎]

[

𝑉𝐿𝐺 𝑎𝑏𝑐
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[

𝐼𝑎𝑏𝑐
]′
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[

𝐼𝑎𝑏𝑐
]′′
02 = −[𝑐]

[

𝑉𝐿𝐺 𝑎𝑏𝑐
]′
01 + [𝑑]

[

𝐼𝑎𝑏𝑐
]′
01

. (11)

In which:

[𝑎] = [𝑈 ] + 1∕2[𝑍𝑎𝑏𝑐 01−02][𝑌𝑎𝑏𝑐 01−02], (12)

[𝑏] = [𝑍𝑎𝑏𝑐 01−02], (13)

[𝑐] = [𝑌𝑎𝑏𝑐 01−02] + 1∕4[𝑌𝑎𝑏𝑐 01−02][𝑍𝑎𝑏𝑐 01−02][𝑌𝑎𝑏𝑐 01−02], (14)

and

[𝑑] = [𝑈 ] + 1∕2[𝑍 ][𝑌 ]. (15)
𝑎𝑏𝑐 01−02 𝑎𝑏𝑐 01−02
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Fig. 2. Electrical model of distribution system section [21].
Fig. 3. Electrical model of a distribution system considering the presence of distributed generation and a short circuit.
Fig. 4. Simplified representation of the faulted section, considering the presence of distributed generation and fault resistance.
Considering a solid fault applied at a distance 𝐷 from 𝐵𝑎𝑟 01, the
voltage [𝑉𝐹 𝑎𝑏𝑐] will be:
[

𝑉𝐹 𝑎𝑏𝑐
]

= [𝑎(𝐷)]
[

𝑉𝐿𝐺 𝑎𝑏𝑐
]′
01 − [𝑏(𝐷)]

[

𝐼𝑎𝑏𝑐
]′
01 , (16)

for

[𝑎(𝐷)] = [𝑈 ] + 1∕2𝐿2[𝑍𝑎𝑏𝑐 01−02][𝑌𝑎𝑏𝑐 01−02] (17)

and

[𝑏(𝐷)] = [𝑍𝑎𝑏𝑐 01−02(𝐷)] = 𝐷[𝑍𝑎𝑏𝑐 01−02]. (18)

However, Eq. (16) does not represent well the effect of fault re-
sistance in the calculation of

[

𝑉𝐹 𝑎𝑏𝑐
]

, and not even the impact of
distributed generation. For each type of fault (Phase-to-Ground - PG,
Phase-to-Phase - PP, Phase-to-Phase-to-Ground - PPG, Three-Phase -
PPP, and Three-Phase-to-Ground - PPPG), the fault resistance [𝑅] is rep-
resented according to Table 1. Table 1 is used through a previous fault
type classification step. It should be noted that fault-type classification
was not the focus of this approach; therefore, this methodology assumes
that this classification has already been carried out.

Considering distributed generation as a current source and also the
effect of fault resistance, Fig. 3 will be redone (and giving rise to Fig. 4)
assuming the fault occurring between the Buses 01 and 02.

From the simulations carried out using the PSCAD software, consid-
ering the analysis of several applied short-circuit situations, we arrived
3

Table 1
Representation of [𝑅] according to the phases directly involved in the fault.

Fault type Representation for [𝑅]

AG
⎡

⎢

⎢

⎣

𝑅 0 0
0 0 0
0 0 0

⎤

⎥

⎥

⎦

BG
⎡

⎢

⎢

⎣

0 0 0
0 𝑅 0
0 0 0

⎤

⎥

⎥

⎦

CG
⎡

⎢

⎢

⎣

0 0 0
0 0 0
0 0 𝑅

⎤

⎥

⎥

⎦

AB or ABG
⎡

⎢

⎢

⎣

𝑅 𝑅 0
𝑅 𝑅 0
0 0 0

⎤

⎥

⎥

⎦

BC or BCG
⎡

⎢

⎢

⎣

0 0 0
0 𝑅 𝑅
0 𝑅 𝑅

⎤

⎥

⎥

⎦

AC or ACG
⎡

⎢

⎢

⎣

𝑅 0 𝑅
0 0 0
𝑅 0 𝑅

⎤

⎥

⎥

⎦

ABC or ABCG
⎡

⎢

⎢

⎣

𝑅 𝑅 𝑅
𝑅 𝑅 𝑅
𝑅 𝑅 𝑅

⎤

⎥

⎥

⎦
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at (16) in Eq. (19), in which it was possible to emulate the effect of
distance and resistance of the fault on

[

𝑉𝐹 𝑎𝑏𝑐
]

:

[

𝑉𝐹 𝑎𝑏𝑐
]

= [𝑎(𝐷)]
[

𝑉𝐿𝐺 𝑎𝑏𝑐
]′
01 − ([𝑏(𝐷)] + [𝑅])

[

𝐼𝑎𝑏𝑐
]′
01 − [𝑅]

𝑁
∑

𝑖=1
[𝐼𝑎𝑏𝑐 𝐺𝐷]𝑖, .

(19)

here ∑𝑁
𝑖=1[𝐼𝑎𝑏𝑐 𝐺𝐷]𝑖 is the sum of all N phasors of the generators

ownstream of the section under analysis.
During the occurrence of the fault, depending on the value of the

ault resistance, a greater or lesser part of the upstream current, as well
s the downstream current, will pass through the short circuit. In this
ay, being 𝑝𝑖𝑛𝑣(∗) the pseudo-inverse operator, 𝛼 and 𝛽 are defined as:

= (𝑍(1 −𝐷) + [𝑍]𝐷) ∗ 𝑝𝑖𝑛𝑣(𝑍(1 −𝐷) + [𝑅] + [𝑍]𝐷), 𝑎𝑛𝑑 (20)

𝛽 = (𝑍(𝐷) + [𝑍]𝑈 ) ∗ 𝑝𝑖𝑛𝑣(𝑍(𝐷) + [𝑅] + [𝑍]𝑈 ). (21)

[𝑍]𝐷 represents the equivalent impedance upstream of the section
under analysis, and [𝑍]𝑈 is the equivalent impedance downstream
of the section. [𝑍]𝐷 is calculated by multiplying the distance be-
tween the substation and the hypothetical fault location by the average
impedance of all three-phase sections of the system, and [𝑍]𝑈 is cal-
culated by multiplying the distance between the hypothetical fault
location and the remainder of the most significant three-phase section
downstream of the fault by the average impedance of all three-phase
sections in the system.

Thus, 𝛼 and 𝛽 will weigh the contribution of the substation and the
DG in the fault according to the short-circuit resistance. For a short-
circuit resistance tending to zero, 𝛼 and 𝛽 will tend to 1 (100% of the
currents coming from the substation and the DGs will be considered).
For a short-circuit resistance tending to infinity 𝛼 and 𝑏𝑒𝑡𝑎 will tend
to 0 (0% of the currents coming from the substation and the DGs will
be considered). In this way, the voltage at the hypothetical fault point
will be deemed to be:

[

𝑉𝐹 𝑎𝑏𝑐
]

= [𝑎(𝐿)]
[

𝑉𝐿𝐺 𝑎𝑏𝑐
]′
01 − ([𝑏(𝐿)] + [𝑅])𝛼

[

𝐼𝑎𝑏𝑐
]′
01 − [𝑅]𝛽

𝑁
∑

𝑖=1
[𝐼𝑎𝑏𝑐 𝐺𝐷]𝑖 .

(22)

It is worth clarifying that in Eq. (22), the objective was to make
the proposed mathematical model more sensitive to the fault resistance
value. Thus, the addition of alpha and beta terms was made. The idea
behind alpha and beta was to bring the concept of a current divider
into Eq. (19) so that for a huge fault resistance, a tiny fraction of the
current from the substation (or distributed generators) will contribute
to the short circuit.

In this way, the calculation of
[

𝑉𝐹 𝑎𝑏𝑐
]

depends on 𝐷 and 𝑅, which
are initially unknown variables.

In this work, it is proposed to determine the location of occurrence
of the fault by observing the behavior of

[

𝑉𝐹 𝑎𝑏𝑐
]

with the variation of
𝐷 and 𝑅.

Thus, the algorithm will start its estimation from the first section of
the substation, setting D and R equal to zero. For each value of D and
R,

[

𝑉𝐹 𝑎𝑏𝑐
]

is calculated. After that, R is kept, and D is incremented by
a given value, obtaining:

𝐷 = 𝐷 + 𝛥𝐷. (23)

This process will repeat until

𝐷 ≤ 𝐷𝑠𝑢𝑝. (24)

After D reaches this upper limit, the process is redone to

𝑅 = 𝑅 + 𝛥𝑅 (25)

until
4

𝑅 ≤ 𝑅𝑠𝑢𝑝. (26)
At each simulation, the value of 𝑚𝑎𝑥(𝑎𝑏𝑠(
[

𝑉𝐹 𝑎𝑏𝑐
]

)) of the phases
directly involved in the fault will be saved. The fault will then be
located for the situation of (R, D) that presents the smallest value of
𝑚𝑎𝑥(

[

𝑉𝐹 𝑎𝑏𝑐
]

). To optimize the search for D and R values, metaheuristic
algorithms were used to obtain these values.

As for the choice of the metaheuristic to be used, tests were carried
out using the Genetic Algorithm [22], Particle Swarm Optimization
(Particle Swarm Optimization) [23], and Simulated Annealing (Simulated
Annealing - SA) [24]. These algorithms were used from [25]. The
metaheuristic is used to minimize the objective function defined as
max(abs([VF abc])). Thus, it offers adequate support in choosing the
value of D and R that minimizes this expression. In this sense, three
different meta-heuristics were tested in this article to observe the
impact of using different algorithms in obtaining D and R. The meta-
heuristics were chosen based on the implicit characteristics of each
methodology, adapting them to the desired objective function. In the
fault location process, both the fault distance (D) and the fault re-
sistance are calculated sequentially by the metaheuristic optimization
algorithm.

The SA algorithm was chosen for the general tests because it has
an excellent problem-solving capacity and can avoid local minima.
However, as will be demonstrated in the experiments, other meta-
heuristics can be used so that the fault locator still maintains a suitable
identification of D and R.

3. Results

In this section, the results obtained will be presented. The results
refer to two distribution systems with different characteristics. The
presented results consider the average error and the standard deviation
of all the stretches in the respective test systems used to validate the
exposed methodology.

3.1. Results for the 34-bus IEEE distribution system

To exemplify and denote the potentiality of the proposed methodol-
ogy, in the experiments reported in detail, the 34-bus IEEE distribution
system [19] will be used, represented in Fig. 5 with its original notation
for each one of the bars. For modeling the distribution system (using the
software PSCAD™/EMTDC™ [26]), the voltage regulators were removed.
It is worth mentioning that, although they were disregarded in the sim-
ulations, both the voltage regulators and the loads and lateral branches
were considered in the definition of the system sections. Two wind
turbines with fixed speed (positioned according to the IEEE system
naming standard of 34 buses on buses 852 and 848) were also added,
with electrical characteristics and placements as found in [27]. The
wind turbine is Type III, with converters in the medium [26] model.
All loads were modeled as constant impedance.

In the simulations carried out in this system, short circuits were
applied in the three-phase sections every 1 km and also considered
short circuits with fault resistance of 0 Ω, 25 Ω, 50 Ω, 100 Ω, 200 Ω,
500 Ω, and 1000 Ω. In addition, all 11 types of faults (single-phase, two-
phase, two-phase-ground, three-phase, and three-phase-ground) were
considered. It was considered 256 samples per cycle. The white noise
of 48 dB was added to all simulated three-phase voltage and current
signals to better characterize the three-phase voltage and current sig-
nals. This value of 48 dB was chosen since, according to [28,29], the
noise in measuring equipment is typically between 70 dB and 48 dB. In
all, 420 simulations were applied to the system for each type of fault.

The following lower and upper bounds were adopted for R and D:

0 Ω < 𝑅 < 1.000 Ω; 𝑎𝑛𝑑 (27)

0 < 𝐷 < 1. (28)

Such variables represent the resistance of the fault (R) and the

distance of the fault at the beginning of a section of the system (D).
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Fig. 5. 34-buses distribution system.
Fig. 6. Parsed post-fault data windows.

hus, for each simulated short circuit, the section where the fault
istance D is between 0 and 1 is searched when scanning the system
ections. The search universe for fault resistance is between 0 and 1000

to observe in the results how the algorithm behaves for very high
alues of fault resistance.

.1.1. The effect of the chosen post-fault data window and fault type
This section considers several post-fault data windows to evaluate

he algorithm’s performance. Several tests are performed to observe the
ffect of the post-fault data window and the DC component of exponen-
ial decay on the algorithm’s performance. A single-phase short circuit
phase A to ground) with fault resistance of 25 Ω was considered.

Fig. 6 presents all post-fault data windows used, where W1 repre-
sents the first post-fault data window, considering a cycle based on the
fundamental frequency (60 Hz), being the other windows (W2, W3,
and W4) obtained from a half-cycle displacement of this first one. A
sampling rate of 256 samples/cycle was considered.

Table 2 presents the algorithm’s performance for each considered
window. Are presented for each window about the error (in km), the
mean, and the standard deviation, respectively. It is observed that the
windows that offered the best performance for the algorithm were W4
nd W2, with W4 being the best of all those evaluated (based on the
5

Table 2
Performance of the proposed algorithm when varying the post-fault data window.

Fault type Mean error (km) Standard deviation

W1 2.54 1.68
W2 0.21 0.36
W3 0.28 0.27
W4 0.21 0.16

Table 3
General performance of the proposed algorithm when varying the fault type.

Fault type Mean error (km) Standard deviation

AG 0.21 0.16
BG 1.00 0.62
CG 1.40 0.58
AB 1.96 1.24
BC 0.70 0.67
AC 0.43 0.38
ABG 0.96 1.00
BCG 0.25 0.16
ACG 0.24 0.17
ABC 0.54 0.36
ABCG 0.51 0.38

mean and deviation default calculated). A justification for this behavior
stems from the probable decrease in the oscillatory transient caused by
the fault situation already in this W4 window.

3.1.2. Fault type effect
Next, it shows how an unbalanced distribution system can interfere

with the algorithm’s performance against different types of faults. The
presented results consider 𝑅𝑔 equal to 25 Ω and the window W4, with
a sampling frequency of 60 Hz (256 samples per cycle).

Table 3 summarizes the locator’s statistical data for each of the
11 applied fault types. The algorithm’s performance changes according
to the kind of fault, which is consistent with the strongly unbalanced
tested system.

3.1.3. Effect of fault resistance
Fig. 7 shows the algorithm’s performance for different values of 𝑅𝑔

ranging from 0 Ω to 1000 Ω. For faults of up to 100 Ω, there is a
satisfactory correlation between the estimated fault distance and the
actual fault distance. For faults with 𝑅𝑔 of 200, 500, and 1000 Ω, there
is a total saturation in the estimated distance of the fault. Thus, the
proposed algorithm satisfactorily meets up to 100 Ω shortages. It is

worth noting that good performance is presented by the algorithm up
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Fig. 7. Performance of the algorithm in estimating the distance of a single-phase A to
ground short circuits for 𝑅𝑔 of 0, 25, 50, 100, 200, 500, and 1000 Ω.

Fig. 8. Performance of the algorithm in estimating the distance of a three-phase-to-
arth short circuits for 𝑅𝑔 of 0, 25, 50, and 100 Ω.

to a fault resistance of 50 Ω [30]. Fig. 8 shows the behavior of the
fault locator for three-phase-to-earth faults considering different values
of fault resistance. It is observed that, regardless of the fault resistance
adopted in the simulations, the algorithm’s behavior remains the same
for this fault type.

It is worth noting that the algorithm also estimates the fault resis-
tance in addition to the fault distance. Fig. 9 shows the estimation of the
fault resistance of the implemented algorithm for several tested values
(in detail, observe the zoom given to the boxplots of the estimates of
faults with a value of 𝑅𝑔 from 0, 25, 50 and 100 Ω). It is observed that
he algorithm estimates well up to 𝑅𝑔 of 100 Ω. An exemplary fault
esistance identification was not observed for the tests with 𝑅𝑔 of 200,
00, and 1000 Ω. Thus, the values returned for 200, 500, and 1000 Ω
ault resistors were 167, 280, and 350 Ω.

The chosen meta-heuristic for the identification of 𝐷 and 𝑅
Fig. 10 shows the performance in estimating fault distance for the

ifferent metaheuristics used. It is observed that, in general, the SA,
G, and PSO have the same performance. However, the PSO presented
ome cases with high errors. It is worth mentioning that for these tests,
he algorithms available in Matlab [25] were used in their standard
orm without any improvements.
6

Fig. 9. Algorithm performance in estimating the resistance of a single-phase A to
ground short circuits for 𝑅𝑔 from 0, 25, 50, 100, 200, 500, and 1000 Ω.

Fig. 10. Algorithm performance in estimating the distance of a single-phase A to
ground short circuit with 𝑅𝑔 of 25 Ω when using different meta-heuristics.

Table 4
Algorithm performance in estimating the distance of a single-phase A to ground short
circuits with 𝑅𝑔 of 25 Ω when considering two DGs with different placements.

Average error (km) Standard deviation

852, 848 0.2104 0.1573
832, 834 0.1847 0.1494
MID-834, 836 0.1306 0.1120

3.1.4. Effect of increasing the number and positioning of DGs
For this experiment, four scenarios were considered for positioning

the DGs. These scenarios are organized into two groups. The first group
focused on the presence of two DGs and performed a variation in
their positioning. In the second group of experiments, three DGs and
variations in their positions are also performed. It is also worth noting
that the total active power injection of the DGs was respected in all
tests according to [27].

In the tests focused only on the variation in the positioning of the
DGs, modifications were made in the position of the two wind turbines
in the first group so as not to disrespect the original allocation too
much. The following positions were considered: at bars 832 and 834
and MID-834 and 836. Table 4 presents the results obtained for each
considered case.
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Table 5
Performance of the algorithm in estimating the distance of a single-phase A to ground
short circuits with 𝑅𝑔 of 25 Ω when considering three GDs.

Average error (km) Standard deviation

852, 848 0.2104 0.1573
852, 832, 834 0.1877 0.1316
852, MID-834, 836 0.1855 0.1298

Table 6
Performance of the algorithm in estimating the distance of a single-phase A to
ground short circuits with 𝑅𝑔 of 0 and 25 Ω, when considering and disregarding the
synchronism between the measured signals.

𝑅𝑔 = 0 Ω 𝑅𝑔 = 25 Ω

Mean Standard deviation Mean Standard deviation

With sync 0.18 0.17 0.21 0.16
No sync 0.21 0.29 6.64 5.64

Table 7
Performance of the proposed algorithm when varying the fault type in the test system
under analysis.

Mean error (km) Standard deviation

AG 0.20 0.32
BG 0.20 0.33
CG 0.20 0.33
AB 0.56 0.33
BC 0.30 0.16
AC 0.31 0.16
ABG 0.24 0.12
BCG 0.24 0.20
ACG 0.25 0.20
ABC 0.25 0.17
ABCG 0.25 0.17

Three DGs were considered in the system in the second group of
ests. One was considered in position 852 (according to the original al-
ocation), and the other followed the positions made in the experiments
ith two previously mentioned DGs. In one of these scenarios, the DGs
re positioned at nodes 852, 832, and 834; in another scenario, the DGs
re allocated at nodes 852, MID-834 (positioned between bars 858 and
34), and 836. In Table 5 are results for estimating the missing distance
f these scenarios compared to the standard allocation (852 and 848).

According to the presented results, there is a sensitivity of the fault
ocator in the position variation and the number of DGs being observed,
ven reducing the average error of the estimated fault distance. A minor
eduction of errors was also observed compared to DGs positioned
n 852, MID-834, 836. It is then evident that the position of the

distributed generators affects the result of the fault locator, and the
quantity is also a factor that can impact the algorithm’s results. It is
also evident that in the scenario with three DGs, even with changes in
the positions of the generators, it is possible to have similar results.

3.1.5. Experiments involving loss of synchronism between signals coming
from distributed generators

In this experiment, the signals from the generator positioned at
bus 852 and 848 ahead (out of phase) by a quarter of a cycle about
the substation were considered. Table 6 presents the results obtained
for the scenarios with and without synchronism. It is evident that for
the situation without fault resistance, the results are still similar, but
when considering a fault resistance of 25 Ω, the lack of synchronism
ignificantly compromises the fault locator.

.2. Results for the CIGRÉ distribution system

As part of the tests carried out considering the proposed method-
logy, the microgrid formed from the CIGRÉ test system (Conseil
7

nternational des Grands Réseaux Electriques) [20], represented in T
Fig. 11. Microgrid modeled from CIGRÉ test system.

Fig. 11, was used. In this system, two generators were allocated. They
are characterized by a synchronous generator (injecting 5 MW of active
power into the system) and a fixed-speed wind turbine (injecting 2 MW
of active power into the system). For this system, faults were applied
at most every 400 m from the feeders. The resistance between phases
and ground from 0 Ω to 50 Ω was considered, and all 11 types of short
circuits were applied. Three hundred twenty simulations were used in
the system for every fault.

Table 7 summarizes the performance of the fault location algorithm
for each of the 11 fault types when considering a short-circuit resistance
of 0 Ω. Paralleling with the 34-bus IEEE distribution system, there is
more excellent stability here for faults of the same type. For example,
phase A-ground, B-ground, and C-ground faults have similar results. It
is observed because the CIGRÉ system is much more balanced.

Fig. 12 presents the estimation of the fault resistance calculated by
the algorithm for several tested values (observe in detail by zoom the
oxplots of the fault estimates with a value of 𝑅𝑔 from 0 Ω, 5 Ω, 10 Ω, 15
Ω, 20 Ω, 25 Ω, and 50 Ω). It is observed that the algorithm has a good
stimation, at least up to the fault resistance of 25 Ω. A suitable fault
esistance identification was not observed for tests with fault resistance
f 50 Ω. A value around 29.21 Ω was returned for this resistance.

. Conclusions

This article presents a method for locating faults in distribution
ystems using an approach that makes use of system impedance in-
ormation and meta-heuristic techniques. Various sensitivity tests were
erformed.

It was found that the post-fault window used favors the algorithm,
hich in this case was the window farthest from the instant of occur-

ence of the fault (which in this case was the fourth). It is possible to
btain a strong correlation of the estimated distance with the actual
ault distance for a range of resistance values.

As for the estimation of the fault resistance, it was noted that
he developed algorithm makes a good follow-up for resistance values
ore significant than those observed in the fault distance estimation.
hus, while the measure of the fault distance saturates for a given
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Fig. 12. Performance of the algorithm in estimating the resistance of a single-phase A
to ground faults for 𝑅𝑔 from 0 Ω, 5 Ω, 10 Ω, 15 Ω, 20 Ω, 25 Ω, and 50 Ω.

fault resistance, the assessment of this resistance saturates for faults
with higher resistances. On faults without ground involvement, the
algorithm will estimate a high fault resistance (around 200 Ω).

Experiments were performed with different metaheuristics, but the
results were quite similar.

The number and placement of distributed generators may or may
not significantly affect the algorithm’s performance. Even with three
generators distributed in the system, it is possible to have similar results
with two meters allocated. The need for synchronism between the
meters is critical for the proposed methodology. Even a slight loss of
sync will have a significant impact on the results.
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