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Integrating the self-healing capability realizes the automated protec-
tion of smart distribution systems. This article presents a fault location
scheme for low voltage (LV) distribution systems based on the informa-
tion collected from the smart meters. First, a fault condition is detected
and classified by processing the current signal at the secondary side of
the distribution transformer by an intelligent electronic device. Then,
the faulty feeder and section are determined by calculating the fault-
imposed component of nodal voltages. The reliable performance of the
proposed scheme is verified through several case studies using a real
semi-rural distribution system.

Introduction: Distribution systems are vulnerable to various faults, such
as short circuits, overloads, and equipment failures, which can disrupt
the power supply and pose significant risks to equipment and person-
nel. Thus, the protection of distribution systems is a critical aspect of
ensuring the safe and reliable delivery of electricity to consumers. Tra-
ditionally, current-based protective devices such as overcurrent relays
and fuses detect abnormal conditions and quickly isolate the faulty area
to limit the fault impact and minimize downtime. However, locating the
faults is a challenging task as they are located without any measurement,
for example, by using the fuse and fault locator operation or relay tar-
gets [1]. It increases the average duration of interruptions experienced
by customers served by the distribution system. According to the U.S.
energy information administration report, the system average interrup-
tion duration index (SAIDI) for the U.S. distribution system in 2021 will
be 475.8 and 125.7 min with and without considering major event days,
respectively [2].

To improve the SAIDI, several fault location schemes are proposed in
the literature [3, 4]. However, the vast majority of these schemes are pre-
sented for medium voltage (MV) distribution systems, and less attention
is paid by researchers to developing fault location schemes for low volt-
age (LV) distribution systems with more complex structures and lower
measurements. The complexity is due to the integration of single-phase
loads and residential photovoltaic (PV) systems (imbalance), the pres-
ence of different types of conductors (heterogeneity), and the increased
number of branches. These features degrade the performance of some
MYV fault location schemes; for example, the calculated distance by the
impedance-based methods may determine multiple possible fault loca-
tions.

The fault location process of LV grids in many utilities is still based
on customer phone calls. To automate this process, a few schemes are
presented that can be categorized into three groups: i) learning-based, ii)
reflectometry-based and iii) sparse measurements-based schemes. The
first group of schemes use a learning method including gradient boost-
ing trees [5], extreme gradient boosting [6], deep neural networks [7],
and similarity criteria in the principal component subspace [8]. How-
ever, they suffer from the need for a training dataset. The second group
schemes consist of injecting a high-frequency component and logging
the line response [9], intelligent processing of time domain reflectometry
by using very high sampling frequency equipment [10], and chaotic re-
flection measurement [11]. However, the performance of reflectometry-
based schemes may determine multiple fault locations with an increased
number of branches. The third group schemes use distributed measure-
ments to locate a fault condition. In [12], current measurement units are
installed at the head end of each branch to determine the amplitude and
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Fig. 1 Singe-line diagram of the study low voltage smart distribution system

direction of the fault current. The current angle difference in two ends
of feeder sections is the basis of the scheme presented in [13]. How-
ever, these schemes suffer from the need for current phasor measurement
units (PMUs) that are not available in the LV distribution systems. With
emerging smart distribution systems, advanced sensing, communication,
and control technologies are integrated to enhance grid intelligence, flex-
ibility, and reliability. The key components of smart grids such as smart
meters, advanced sensors, and automation systems enable monitoring
and data-driven decision-making, aiding to self-heal the smart distribu-
tion systems after the fault occurrence. By analyzing the voltage ampli-
tude measurement by smart meters installed in feeder nodes, [14, 15]
locate the fault. However, they suffer from disability in locating a fault
in the first and last sectors of a feeder. Initiated by a customer phone call,
a fault is located in [16] by using the status of receiving data from smart
meters. However, it suffers from accurate faulty section identification in
complex distribution systems and longer downtime due to dependency
on customer phone calls. Moreover, except for the scheme in [13], none
of the schemes of the three groups consider double-line and double-line
to ground faults.

To address the limitations of third group schemes including the need
for PMU, the inability to locate a fault in all sections of the feeder, the
inability to locate a fault in a complex grid, and no evaluation for all
types of fault, this article presents a fault location scheme for LV smart
distribution systems based on the collected data from smart meters. In
the first step, a fault condition is detected and classified based on the
fault-imposed component of the secondary side current of the distribu-
tion transformer by an intelligent electronic device (IED). Then, the IED
processes the collected voltage measurements from smart meters to de-
termine the faulty feeder and section. The proposed fault location tech-
nique is based on the fault-imposed component of nodal voltages.

Proposed scheme: Figure 1 shows the single-line diagram of the study
test system, which is a semi-rural three-phase four-wire LV distribution
system [17]. It consists of three feeders and 33 nodes and includes three-
phase, two-phase, and single-phase lines with various cable types and
lengths. To capture the benefits of PV systems [18, 19], 18 single-phase
residential PV units are integrated into the study system. These PV units,
as well as 48 single-phase loads, are unsymmetrically distributed along
the feeders. The study smart test system is equipped with 32 single-
and multi-phase smart meters at all nodes for voltage measurement and
one IED at the root node (node 1) for current measurement and data
processing. The use of IED reduces the computational burden of the
distribution system control center.

Fault detection and classification: A fault condition is detected by the
IED. It monitors the symmetrical components of node 1 current which
are calculated as
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where 1,1, I,1, and L are the normalized positive-sequence, negative-
sequence, and zero-sequence components of node 1 current, respec-
tively. 1,1, Ip1, and 1., are the phase current measurements at node 1, and
o = 1£120°. Ly is the base current for normalization and is calculated
as Ihase = Sbase/Voase> Where Spase and Vpase are the base power and volt-
age and are chosen to be 250 kVA and 400/+/3 V, respectively. Then,

ELECTRONICS LETTERS December 2023 Vol. 59 No. 24 wileyonlinelibrary.com/iet-el 1


https://orcid.org/0000-0001-9970-2157
https://orcid.org/0000-0002-8410-2068
mailto:sadeghkhani@pel.iaun.ac.ir
http://wileyonlinelibrary.com/iet-el
http://crossmark.crossref.org/dialog/?doi=10.1049%2Fell2.13062&domain=pdf&date_stamp=2023-12-17

Sample LV Feeder Current

Calculate Symmetrical Components Using [1]]

l

[ Calculate Fault-Imposed Current Using (2) ]
ES—

ﬁvr:

Single-Pt
mge 1ase to Thrpp Phase Fault
nd Fault
«ts VU

Single- Phasc to Single- Phasc to
Fault Ground Fault Ground Fault
Classification

Faulty Line Location

Send Voltage Measurement
Request to Smart Meters by [ED

Calculate Fault-Imposed Voltage
in all Nodes Using (3)

Determine the Faulty Line based
on Maximum AV e

Fig. 2 Flowchart of the proposed protection scheme

the fault-imposed components of current symmetrical components are
calculated by using the Delta filter [20] as

AIP[k] = |I"[k] = I""[k — ka] |, @

where k; is the number of time delay samples of the Delta filter. The
fault-imposed component is near zero during normal operation, while it
changes to a non-zero value during a fault condition. Also, it reduces
the impact of the presence of zero-sequence current in normal operating
conditions due to the inherent imbalance of LV systems on the perfor-
mance of fault classification in the next step. A fault condition is verified
if AI]'Z'{l > &, where £ is the fault detection threshold.

To classify the fault, the phase current measurements are monitored.
If the amplitude of the current in all phases increases, the fault is classi-
fied as a three-phase fault. If the amplitude of the current in one phase
increases, it is classified as a single-phase-to-ground fault. In the case
of increasing the amplitude of current in two phases, the fault-imposed
component of zero-sequence current is monitored. A fault is classified
as a double-line to ground fault if AIl' > y, where y is the double-line
classification threshold. Otherwise, it is classified as a double-line fault.

Fault location: In normal operating conditions, the smart meters peri-
odically send their voltage amplitudes to the IED. Although they are ca-
pable of providing this measurement every 1 to 10 s, the communication
limitations decrease this measurement frequency to 15 min [7]. When a
fault condition is verified, the IED sends a request to all smart meters
to send their voltage measurements. The node with the lowest voltage
amplitude is not necessarily the faulty node. To address this issue, this
article presents a fault location index (FLI) based on the fault-imposed
components of nodal voltages as

FLL = [ AV 1| = [pe = vtk = 11] 3

where FLI; is the fault location index in node i and Al/,.pu is the fault-
imposed component of normalized voltage in node i. When a fault oc-
curs in a certain section, the faulty node has the highest voltage change
with respect to the normal condition, as after the fault location, there is
no significant voltage support due to the radial structure; thus, closer to
the fault location, the higher AVP". By comparing the collected nodal
voltages during the fault condition with the previous collected nodal
voltages during normal operation, the IED finds the faulty node: AVP"
is calculated for all nodes; the section before the node with the highest
FLI is determined as the faulty section. Figure 2 shows the flowchart of
the proposed protection scheme for LV grids.

It should be noted that according to the International Renewable En-
ergy Agency (IRENA) grid code for renewable-powered systems [21],
the low-voltage ride through (LVRT) capability is now required for dis-

Table 1. Fault-imposed components during an a-b fault at sec-
tions 13-20

at At aty at at aty

1 al

1.0509 0.8709 0.0006 1.2254 1.1955 0.0290

Fault location index in phase B (pu)

Feeder 1 Feeder 2 Feeder 3
SM2 0.2135 SM3 0.2785 SM4 0.2201
SM5 0.2094 SM6 0.2741 SM8 0.2179
SM9 0.2069 SM12 0.2594 SM15 0.2152
SM16 0.2058 SM19 0.2578 SM23 0.2093
SM24 0.2047 SM26 0.257 SM28 0.1899
SM29 0.2031 SM30 — SM32 0.1877
SM10 0.2049 SM7 0.4532 SM14 0.2161
SM11 0.2056 SM13 0.4939 SM22 0.2054
SM17 — SM20 0.5023
SM18 0.204 SM27 0.5002
SM25 0.2026 SM31 0.4927

SM33 —

SM21 0.4763

Abbreviations: PMU, phasor measurement unit; SM, smart meter.

tributed energy resources connected to low-voltage distribution systems
to improve system reliability. However, there is no requirement for volt-
age support by injecting reactive power during LVRT events.

In addition, according to the EN 50160 standard [22], the permissible
voltage drop in LV grids is 10% of the nominal voltage. It means that by
using the limited measurement capability of available commercial smart
meters, that is, voltage magnitude reports every 15 min, the detection
of high-impedance faults (HIFs) is not possible as the voltage magni-
tude is inside the permissible range. However, since an IED is installed
at the secondary side of the distribution transformer, an available HIF
detection method such as those proposed in [23] can be integrated into
the proposed scheme. Nevertheless, the detection of HIFs is out of the
scope of this article.

Performance evaluation: To evaluate the performance of the proposed
scheme, the study test system in Figure 1 is simulated in the MAT-
LAB/Simulink environment. Several single- and multi-phase fault sce-
narios at different points of the feeder with various fault resistances
and several no-fault scenarios including large load and PV switchings
are conducted to determine thresholds of fault detection & and double-
line classification y; they are chosen to be 0.11 and 0.015 pu, respec-
tively. The fault-imposed components should be calculated at the early
stages of semi-steady-state conditions during the fault but before any
operation of protective devices; in this article, the calculations are per-
formed 150 ms after the fault occurrence [14]. Regarding the sampling
frequency of 1 kHz of the IED, £, is chosen to be 150 samples. In the
first case study, a solid double-line (a-b) fault occurs at sections 13-20
(the section between nodes 13 and 20) as a fault in the middle of a feeder.
Table 1 presents the fault-imposed components of sequence and phase
components of node 1 current as well as fault-imposed nodal voltages at
phase b. The “—" line represents the lack of a smart meter at phase b in
that node due to the absence of one (two) phase(s). A[;}’ exceed £ and
the fault is detected. Since only fault-imposed components of phases a
and b exceed the threshold and there is no fault-imposed zero-sequence
component, the fault is correctly classified as an a—b fault. Then, the
IED processes the collected data from smart meters. The voltage magni-
tude of the smart meter at node 20 (SM20) has the highest AVP". Thus,
sections 13-20 are correctly determined to be the faulty section.

In the next case study, a single-phase to ground fault (c-g) with a
fault resistance of 1 2 is simulated at sections 18-25 as a fault in the
last section of a feeder. As presented in Table 2, the fault is correctly
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Table 2. Fault-imposed components during a c—g fault at sec-
tions 18-25

Table 4. Fault-imposed components during a b—c—g fault at sec-
tions 19-26

ALY ALY ALY ALY ALY ALY

pu pu pu i pu pu
AIpl Alnl AIz/ A]a/ A[bl AIC/

0.1424 0.0339 0.0838 0.0418 0.0503 0.2048

0.1162 0.0228 0.0270 0.0472 0.1045 0.0937

Fault location index in phase C (pu)

Fault location index in phase B (pu)

Feeder 1 Feeder 2 Feeder 3 Feeder 1 Feeder 2 Feeder 3
SM2 0.0306 SM3 0.0056 SM4 0.0026 SM2 0.0017 SM3 0.0075 SM4 0.0017
SM5 0.046 SM6 0.0058 SM8 0.0029 SM5 0.0017 SM6 0.019 SM8 0.0017
SM9 0.0458 SM12 0.0065 SM15 0.0031 SM9 0.0018 SM12 0.0634 SM15 0.0017
SM16 0.0457 SM19 0.0066 SM23 0.0036 SM16 0.0018 SM19 0.0693 SM23 0.0018
SM24 0.0455 SM26 0.0066 SM28 0.0045 SM24 0.0018 SM26 LOST SM28 0.002
SM29 0.0451 SM30 0.0068 SM32 0.0048 SM29 0.0018 SM30 — SM32 0.0021
SM10 — SM7 0.0174 SM14 0.003 SM10 0.0017 SM7 0.0186 SM14 0.0017
SM11 0.1588 SM13 0.0214 SM22 0.0039 SM11 0.0018 SM13 0.0223 SM22 0.0019
SM17 — SM20 0.0472 SM17 — SM20 0.0471
SM18 0.2092 SM27 0.0629 SM18 0.0018 SM27 0.0618
SM25 0.2503 SM31 0.0625 SM25 0.0018 SM31 0.0607

SM33 0.0623 SM33 —

SM21 — SM21 0.0216

Abbreviations: PMU, phasor measurement unit; SM, smart meter.

Table 3. Fault-imposed components during a three-phase fault at
sections 1—4

Abbreviations: PMU, phasor measurement unit; SM, smart meter.

Table 5. Comparison of the proposed scheme with sparse
measurements-based schemes

AL AL AL AL Al AL

5.3745 0.0845 0.0091 3.8670 3.7697 3.7578

Fault location index in phase A (pu)

Feeder 1 Feeder 2 Feeder 3
SM2 0.6389 SM3 0.6496 SM4 0.8541
SM5 0.6311 SM6 0.6418 SM8 0.8516
SM9 0.6266 SM12 0.624 SM15 —
SM16 0.6259 SM19 0.6227 SM23 —
SM24 0.6245 SM26 — SM28 —
SM29 0.6192 SM30 — SM32 —
SM10 0.628 SM7 0.6384 SM14 0.8324
SM11 0.6074 SM13 0.6369 SM22 0.7191
SM17 0.5879 SM20 0.637
SM18 — SM27 0.6317
SM25 — SM31 0

SM33 —

SM21 —

Abbreviations: PMU, phasor measurement unit; SM, smart meter.

detected as a c-g fault as only A"} exceeds the threshold. In addition, the
voltage reported by SM25 has the highest change with respect to normal
operation. Thus, sections 18-25 are determined as the faulty section.
Depending on the class, the accuracy of smart meters is within £0.2%
or +£0.5% [24]. A solid three-phase fault is simulated at sections 14 as
the first section of a feeder while the smart meter of node 2 as the faulty
node has a —0.5% error. Table 3 presents the results. The real AVY' is
0.8584 pu which is reduced to 0.8541 pu due to the measurement error.
Nevertheless, the faulty section is correctly determined as sections 1-4.
To evaluate the performance of the proposed scheme in the case of
information loss, a double-line to ground (b-c-g) fault at sections 19—
26 with fault resistance of 5 €2 is simulated while the data of node 26

[12]1 [13] [14] [15] [16] Proposed

scheme
Does the scheme require no PMU? X X v v v v
Is the scheme able to locate a fault v v X X v v
in all feeder sectors?
Can the scheme be used in a v v v v X v
complex grid?
Is the scheme evaluated for all X v X X X v

types of faults?

is not received by the IED due to smart meter/communication failure.
As presented in Table 4, the fault-imposed voltage of node 19 has the
highest value, and the fault is located between nodes 12 and 19. Thus,
the information loss results in one section error in locating the fault in
this case. Moreover, the fault is classified as a double-line to ground
fault as the zero-sequence current exceeds the double-line classification
threshold y.

Table 5 compares the features of the proposed fault location scheme
with other sparse measurement-based schemes. Unlike [14, 15], the pro-
posed scheme can locate a fault condition in the first and last sections of
a feeder. Also, unlike [16], the proposed scheme can locate the faulty
section in a complex distribution system. Moreover, unlike [12, 13],
the proposed scheme does not require PMU. In addition, unlike most of
these references, the performance of the proposed scheme is evaluated
for all types of fault.

Conclusion: Based on the available voltage measurement by smart me-
ters, this article presents a fault location scheme for a smart LV distri-
bution system. The faulty feeder and section are located by calculating
the fault-imposed component of nodal voltages using an IED installed
at the root node of the grid. The IED also detects and classifies the fault
by processing the current signal of the root node. The proposed scheme
can locate all types of faults in all sections of a feeder, even in a complex
distribution system, and without the need for the PMU. Several single-
and multi-phase fault scenarios in an unbalanced heterogeneous distribu-
tion system demonstrate the proper performance of the proposed scheme
even in the presence of measurement error up to 0.5% and information
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loss. Determination of faulty points along the section, accurate faulty
section location in the case of information loss or a limited number of
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