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A Fault Localization Method for Single-phase to Ground Faults in LV
Smart Distribution Grids

Nikolaos Sapountzoglou · Bertrand Raison · Nuno Silva

Abstract A fault localization method for single-phase to
ground short-circuit (SC) faults in low voltage (LV) smart
distribution grids is presented in this paper. Both the use of
rms voltage phase measurements and an analysis of sym-
metrical components of the voltage were investigated and
compared in this study. Phase measurements were found to
be more suitable for single-phase to ground faults. The de-
scribed method is a three-step process beginning with the
identification of the faulty branch, followed by the localiza-
tion of the sector in which the fault occurred and concluding
with the estimation of the fault distance from the beginning
of the feeder. Fault resistance values of 0.1, 1, 5, 10, 50,
100, 500 and 1000 Ω were tested. An heterogeneity anal-
ysis was performed to test the effect of the use of various
conductors on the method. Faults in all three phases were
implemented and simulated on a real-case of a semi-rural
LV distribution network of Portugal, provided by Efacec.
Finally, the method presented an average estimation accu-
racy of 89.33% and an increased accuracy of 93.11% for
low impedance faults (up to 10 Ω of fault resistance).

1 Introduction

Electricity interruptions have huge economic and social im-
pact. Production loss, restart costs, equipment damage and
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raw materials spoilage can be very costly. At the same time,
uncomfortable temperatures at work or home, loss of leisure
time and risk to health and safety (e.g. interrupting hospital
service or industrial operations) are some of the aspects of
electricity interruptions societal impact [1].

Faults that appear in distribution networks are responsi-
ble for the majority of customer interruptions [2]. Weather
conditions (hurricane, lightning, etc.), component wearing
and accidents are some of the causes of such faults. Two in-
dices are used: a) the system average interruption duration
index (SAIDI) and b) the Value of Lost Load (VoLL), to
measure the impact of electricity interruptions in terms of
time and cost repsectively. A maximum SAIDI of 371 min
was noticed in Europe in 2016 [3]. Additionally, according
to [4], the annual average of VoLL in Europe in 2013 was
8.37 e/kWh.

For the aforementioned reasons, a fault should be de-
tected, located and isolated as quickly as possible. All three
of them are key elements of a self-healing smart grid and
they include the following steps:

a) detecting the fault usually through threshold crossing de-
tection techniques,

b) localizing the fault with any of the five most popular
methods [5]: impedance based which are the most widely
used [6–8], knowledge based [9–11], traveling wave [12,
13], methods based on sparse measurements [14–16] and
hybrid methods [17, 18] and

c) isolating the fault by sending a crew to verify the local-
ization of the fault and fix the problem

Due to their increased complexity and the lack of avail-
able sensors, the LV distribution grids, have not been on
the center of researchers’ attention, with few exceptions [7,
15, 16, 19]. The vast majority of the studies focuses on the
Medium Voltage (MV) distribution network. Furthermore,
some of the most widely used methods such as the impedance
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based method, present some drawbacks; a typical example
is the identification of multiple locations of the same dis-
tance from the feeder as possible fault locations. Finally,
since high impedance faults are very difficult to detect as
the fault current magnitude is very close to the one under
normal operation, the vast majority of the fault localization
studies examined only low impedance faults.

In order to address the above problems, a fault localiza-
tion method for LV distribution grids based on an idea ini-
tially developed for MV networks [20], is proposed in this
paper. Single-phase to ground SC faults were studied since
they are the most frequent type of faults in a distribution
grid [2]. Finally, high impedance faults with fault resistance
values of up to 1000 Ω were included in the study.

The paper is divided in five Sections. In the following
Section the characteristics of the grid under study are pre-
sented. The fault localization method is presented in Section
three. The method accuracy is analyzed in the results Sec-
tion. The paper concludes with a synopsis of the achieve-
ments accomplished during this study.

2 Grid Characteristics

For the purpose of this study, a real case semi-rural radial
LV distribution grid of Portugal was used. The connection to
the MV is achieved through a distribution transformer. The
grid is a three-phase-four-wire one with a solidly grounded
neutral. It consists of three main feeders and a total of thirty
three nodes with eighteen microgenerators (single-phase PV
installations) and forty eight single-phase loads. The single
line diagram of the LV distribution grid is presented in Fig.
1 along with the considered as available measurements and
the fault locations under study. Two basic assumptions were
made at this point: a) phase rms voltage measurements were
available at each node of the grid and b) the measurements
were synchronous and non erroneous.

Two are the basic characteristics of this grid that com-
plexify its analysis: imbalance and heterogeneity. The im-
balance term was used to describe the fact that load and
microgenerators of different sizes are spread assymetrically
throughout the grid. The per feeder and per phase connec-
tion distribution of load contracted power (kVA) and mi-
crogenerator installed power (kW ) is presented in Table 1.
At the same time, eleven different types of conductors in
terms of resistance and reactance connect the nodes with
each other with lengths ranging from 35 to a maximum of
210 m thus attributing to the grid an heterogeneous nature.

As it will be explained later, the localization method was
based only on the rms voltage profile across the faulty line.
Hence, the phasor mode was selected to perform the simu-
lations in order to reduce the computational time. Further-
more, the faults were studied on their steady state, 150 ms

micro-generation
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Fig. 1: Single line diagram of the LV grid with the SC fault cases. Two
categories of faults are presented: a) faults close to the beginning of the
feeder (green symbols) and b) faults towards the middle of the end of
the feeder (blue symbols).

Table 1: Grid loads and µgens

Feeder Contracted Power (kVA) Installed Power (kW )
Sa Sb Sc Pa Pb Pc

1 31.05 41.40 48.30 3.68 8.83 14.49

2 3.45 41.40 24.15 10.58 7.13 7.08

3 10.35 13.80 17.25 10.58 7.13 7.08

Total 75.90 96.60 89.70 17.94 15.96 23.27

after their occurrence. This time frame secured that the fault
would appear on a steady state and before any protective
device had isolated the installed microgeneration units; an
action from the protective elements is expected around 200
ms from the fault occurrence. This way the influence of the
microgeneration participation on the voltage profile could
be studied.

At this point and before proceeding to the following Sec-
tion, it is necessary to introduce two notions: the branches
and sectors of the grid. The branch of a grid is defined as a
unique line path from the beginning of the feeder to each ter-
minal node (e.g. first branch: from node one to node twenty
nine and fifth branch: from node one to node thirty). The
nine different branches are presented in Fig. 1. Moreover,
the sector is defined as the section of the grid between two
consecutive available measurements. In this case, since volt-
age measurements are available at each node, the sector is
the line connecting two adjacent nodes (e.g. first sector: from
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node one to node two and second sector: from node two to
node five).

3 Fault Localization Method

Once an alarm signal indicates the occurrence of a fault
in one of the grid feeders, the fault localization process is
initiated. This process is divided in three distinct steps: a)
faulty branch identification, b) faulty sector localization and
c) fault distance estimation. All these steps were solely based
on rms voltage measurements.

3.1 Faulty Branch Identification

Identifying the faulty branch within a feeder with multiple
branches is the first and most important step of the fault
localization process. It is expected that the branch under
fault would present the highest voltage drop within the faulty
feeder. The branch to which the node with the lowest volt-
age belonged was identified and this branch was considered
to be the one under fault.

3.2 Faulty Sector Localization

Following the faulty branch identification process, the faulty
sector localization method is where the core idea of this
study lies. The basic principle is based on the fact that across
the line of a faulty branch, voltage is expected to drop lin-
early up until the faulty sector and stabilize to a certain value

x 

0 

Fig. 2: Theoretical voltage profile across a faulty line for a single-phase
to ground SC fault for two cases of fault resistance values: zero (“0”)
and non-zero (“x”).

after the faulty sector. In Fig 2, the theoretical voltage pro-
file and the form of its curve is presented. For 0 Ω of fault
resistance, the voltage will drop to zero after the faulty sec-
tor since there will be no current flowing through this part of
the grid; all the current will flow from the line to the ground
through their established connection during the fault leaving
no circulating current in the part of the line after the fault’s
location. However, for any value “x” of fault resistance, the
voltage will stabilize to a higher value.

As mentioned in the Introduction, this idea was con-
ceived in the context of the MV grid which is less complex
than the LV grid. Although in reality the unbalanced and/or
heterogeneous nature of the LV grid can affect the form of
the voltage profile, the basic principle of the voltage stabi-
lizing to a value after the faulty sector, still applies. Such an
example is provided in Fig. 3 where the available measure-
ments across the line are depicted with circles.The linear in-
terpolation method was used to create the lines connecting
these points. The change in the slope of the voltage curve is
obvious as it decreases to almost zero after the faulty sector;
the faulty sector is indicated by an orange line in Fig. 3.

In order to transform the above critical observation re-
garding the slope into an algorithm and identify the faulty
sector, the two following criteria were developed:

1) if the difference between two consecutive voltage mea-
surements was positive, signifying a change in the sign
of the slope, then the previous sector was the one under
fault and

2) if the absolute value of the difference between two ad-
jacent voltage measurements was the lowest within the

Fig. 3: Snapshot of the voltage profile along the branch length for a
single-phase to ground fault (AG) between nodes 19 and 26 of a fault
resistance of 1 Ω at 01h01m0.15s.
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branch, signifying a stabilization of the curve, then the
previous sector was the one under fault.

The slope of the curve is almost always negative since
voltage is decreasing. However, a positive value, of the slope
after the faulty sector, is possible under the presence of mi-
crogeneration units in this part of the grid thus explaining
the choice of the first criterion; the effect of microgenera-
tion units is thoroughly explained in Section V.

3.3 Fault Distance Estimation

The last step in localizing the fault, after identifying the
faulty branch and sector, is to estimate its location within the
faulty sector. To achieve that purpose, a graphic method was
implemented. From the linearly interpolated curve of Fig. 3
the lines of the sectors adjacent to one under fault were lin-
early extrapolated (green dashed lines) and their intersection
point was used to estimate the location of the fault inside the
sector.

To measure the method accuracy the following formula
described in [21] was used:

error(%) =
|destimated−dactual |

ltotal
·100 (1)

where the estimated distance is compared to the actual
one and the result is normalized over the total length of the
line. In Fig. 3, the fault occurs at 01h01m with a fault re-
sistance of 1 Ω and it is located in the fifth sector of the
fifth branch and at a distance of 405 m from the beginning
of the feeder. The estimated distance for this case is 404.4 m
presenting an accuracy of 99.38% or a deviation of 0.6 m.

As a last step, a threshold check was applied to ensure
that the estimated location falls within the limits of the iden-
tified faulty sector. This corrective process helped minimize
false estimations. The results of the entire fault localization
method are presented in the following Section.

4 Results

In order to verify the robustness of the method, the effects of
the following parameters on the method were investigated.
First of all, positive sequence component of the voltage was
considered as an alternative to the phase rms voltage. Sec-
ondly, the effect of using conductors of different types in
terms of resistance, reactance and length was examined. Fur-
thermore, based on the load and microgeneration profiles
during a given day as shown in Fig. 4, five scenarios of dif-
ferent combinations of load and microgeneration penetra-
tion were selected: a) at 04h (0% load, 0% µgen), b) at 01h
(28% load, 0% µgen), c) at 20h (90% load, 0% µgen), d) at
14h (60% load, 49% µgen) and e) at 12h (50% load, 100%

µgen). Scenario (a) was used for an heterogeneity analy-
sis, (b,c) and (d,e) to monitor how the developed method
is affected by an increase of load or microgeneration respec-
tively. Moreover, it was assumed that a maximum of 30% of
the loads would operate simultaneously. Finally, the effect
of increasing the fault resistance was studied by simulating
faults with fault resistance values of: 0.1, 1, 5, 10, 50, 100,
500 and 1000 Ω . The results are discussed analytically in
the following subsections.
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Fig. 4: Grid characteristics

4.1 Phase Voltage vs. Positive Sequence Component

Both the phase voltage measurements and the positive se-
quence component were used for all the different single-
phase to ground fault cases and scenarios. In Table 2, the
results for both methods are presented. It is demonstrated
that the phase rms voltage measurements were more suit-
able for single-phase to ground faults since they presented a
higher precision rate in identifying the faulty branch which
is the most important step of the method. The rest of the
results are presented on the basis of the phase rms voltage
measurements.

Table 2: Method accuracy (%)

Overall Less than 50 Ω

vphase vpos vphase vpos

branch 75.00 66.88 91.67 89.58

sector 58.61 82.87 81.82 99.53

distance 89.33 86.73 93.11 88.68

4.2 High Impedance vs. Low Impedance Faults

Microgeneration units are expected to contribute to the grid’s
voltage by increasing it while loads will cause a voltage
drop. Higher impedance faults (>50 Ω ) strongly affect the
voltage profile bringing it very close to the normal operating
conditions. In that way the effect of the microgeneration or
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the loads on the voltages profile was amplified thus enhanc-
ing the error in localizing the correct sector and estimating
the fault’s location.

From Table 2, it is clear that for faults of a fault resis-
tance of less than 50 Ω the precision of the method in identi-
fying the correct branch and sector is significantly increased
by 16.67% and 23.21% respectively. This means that by in-
creasing the fault resistance, misidentification of a faulty
branch and or mislocalization of a faulty sector are to be
expected. An illustrative example is provided in Fig. 5.

4.3 Imbalance Analysis

Load and microgeneration participation, as discussed in Sec-
tion 2, can affect the method since they affect the form of
the voltage curve. The less elements present in the faulted
branch the more accurate the method will be. Since micro-
generation units increase the voltage they can, at some ex-
tent, mitigate the effect of increased load participation which
tend to lower the voltage of the grid. Such an example is
presented in Fig. 5. It is shown that increased load effects
are more severe than the ones caused by microgeneration
presence; in Fig. 5 the difference between 12 and 14 h when
microgeneration increases from 49% to 100% is almost neg-
ligible. Especially for high impedance faults, increased pen-
etration of either load or microgeneration units, is likely to
lead to a misidentification of the faulty branch or a misslo-
calization of the faulty sector. The latter will cause a signif-
icant increase of the distance estimation error.

Fig. 5: Distance estimation error for a single-phase to ground fault
(AG) between nodes 19 and 26. Filled markers indicate a mislocal-
ized sector. The figure only shows results for a successful faulty branch
identification.

4.4 Heterogeneity Analysis

A study was done without any load and microgeneration
present in the grid in order to investigate the effect of the
heterogeneity of the grid on the method. One parameter was
set: the distance of the fault from the beginning of each
feeder. Two fault cases were studied: single-phase to ground
SC faults at a distance of a) 270 m and b) 400 m from the be-
ginning of the feeder. The comparative results are presented
in Table 3. Different distances were chosen since an increase
of the fault distance would include a bigger variety of con-
ductors per branch. An analysis was made for one branch
per feeder; for the case of 400 m, two branches were se-
lected from the second feeder since the maximum length of
a branch within the first feeder is 340 m. Branch five be-
longing at the second feeder (f2, br5) was chosen because
the differences in resistance and reactance between the con-
ductors composing it were not that important. For the exact
opposite reason, branch nine of feeder three was selected
(f3, br9). Additionally, branch nine is also the longest of the
grid.

Two basic conclusions can be drawn from Table 3. First
of all, depending on the composition of a branch and how
heterogeneous it is, a cost of a maximum of almost 5% in the
accuracy of the method is possible. Increasing the number
of different conductors in a line also increases the the risk of
loosing in precision if the conductors composing the branch
are of quite different type. For example, an increase of the
fault distance from 270 m to 400 m within branch nine which
is quite heterogeneous would cost about 4.8% in accuracy of
the estimation. Secondly, it should be underlined that since
there were no loads or microgeneration units participating
in this case, the increase of the fault resistance did not affect
the localization method in any way. This is due to the fact
that the stabilization of the curve to an exactly zero slope
after the faulty sector was guaranteed.

5 Conclusions

A localization method for single-phase to ground SC faults
in a LV distribution grid was developed in this study. Two
approaches regarding the voltage measurements to be used
were examined: the rms phase measurements and the posi-
tive sequence component of voltage. Different combinations
of load and microgeneration participation were taken into
account. Additionally, both low and high impedance faults
were implemented (R f from 0.1 to 1000 Ω ). Finally, the ef-
fect of the heterogeneity of the grid was analyzed as well.
The basic conclusions can be summarized in the following
points :

1) Phase rms voltage measurements are more suitable for
single-phase to ground faults than any of the symmetrical
components of the voltage.
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Table 3: Distance estimation error (%) due to heterogeneity of the grid

R f (Ω)
270 m 400 m

f1, br1 f2, br6 f3, br9 f2, br5 f2, br 6 f3, br9

0.1 4.52 0.20 0.01 0.03 4.40 4.79

1 4.54 0.20 0.01 0.01 4.40 4.79

5 4.54 0.20 0.00 0.00 4.40 4.79

10 4.55 0.20 0.00 0.00 4.40 4.79

50 4.55 0.20 0.00 0.00 4.40 4.79

100 4.55 0.20 0.00 0.00 4.40 4.79

500 4.55 0.20 0.00 0.00 4.40 4.79

1000 4.55 0.20 0.00 0.00 4.40 4.79

2) The distance estimation error increases by the increase
of the fault resistance. For low impedance faults distance
estimation accuracy reaches 93.11%.

3) Load and microgeneration presence might lead to misiden-
tification of the faulty branch or mislocalization of the
faulty sector decreasing the precision of the method with
load effects being more severe than the ones caused by
microgeneration.

4) The use of different type of conductors in the studied LV
grid may increase the distance estimation error up to 5%.
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