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Precise PMU-Based Localization and Classification of
Short-Circuit Faults in Power Distribution Systems

Denis Sodin , Miha Smolnikar, Urban Rudež , Member, IEEE, and Andrej Čampa

Abstract—Knowing the exact location of a short-circuit fault in a
power distribution system (PDS) is essential for rapid restoration of
service to customers and has a direct impact on the operational costs
and reliability of the system. In this paper a phasor measurement
unit (PMU) based method for fault localization and classification is
presented. By introducing the concept of a virtual bus, the exact
fault location on the line is determined rather than just a bus
closest to the fault. Moreover, after determining the fault location,
a generic fault model (GFM) is introduced to classify the type of
fault by solving a minimization problem, which also provides fault
impedances as a result. These can then be further used to determine
if the fault occurred on the lateral instead of the main feeder without
using additional PMU at the end of that lateral. The effectiveness
of the proposed approach is verified by simulating various fault
scenarios in two test systems based on real PDSs using a real-time
digital simulator. In addition, a sensitivity analysis of the method
is performed for different noise levels in the input parameters to
verify its applicability to the real system.

Index Terms—Fault classification, fault localization, phasor
measurement unit (PMU).

I. INTRODUCTION

POWER distribution systems (PDSs) are susceptible to var-
ious types of faults [1], caused by unpredictable events

such as severe weather (sleet, lightning, high winds), tree or
animal contact, lack of maintenance, equipment failure, etc.
Faults can be either temporary (the fault is successfully cleared
by automatic reclosing of the circuit breaker) or permanent. In
the first case, an immediate response by the distribution system
operator (DSO) is not required, as the fault is self-cleared and
the customers are only affected by a power outage for a short
period of time. Nevertheless, recurring faults at the same location
may indicate poor management of vegetation in a particular part
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of the network or mechanical problems with equipment, such
as aged or damaged insulation, which may be rectified before
they escalate to a permanent fault. A permanent fault, on the
other hand, always requires a repair crew to be dispatched to
the fault location in order to manually clear the fault and restore
power supply to customers as quickly as possible. In both cases,
precise fault localization is of paramount importance to mini-
mize the downtime of the affected part of the system, mitigate
economic losses and improve power quality indices such as
system average interruption duration (SAIDI) and customer av-
erage interruption duration (CAIDI). As a result, much research
has been put into developing new, more efficient methods of
fault localization [2]. In the past, these were generally divided
into two groups [3]: Travelling wave and impedance-based
methods. While travelling wave methods are very accurate in
transmission networks, their application in distribution networks
becomes very complicated due to the numerous laterals and the
resulting reflected waves [4]. In addition, these methods require
expensive measurement equipment with high sampling rates
capable of detecting wavefronts travelling at near the speed of
light. Impedance-based methods [5], on the other hand, rely on
calculating the impedance between the substation and the fault.
They are therefore simple and inexpensive to implement in real
systems, but usually have the problem of providing multiple
possible solutions.

With the advent of smart grids and the rapid increase in
the use of phasor measurement units (PMUs), a new group of
methods has recently emerged. Their main advantage is the use
of measurements that are precisely synchronized to a common
time reference, which allows direct comparison between mea-
surements from different devices. In addition, the use of phasors
(which also contain phase angle information) has been shown
to provide more accurate results than simple Root Mean Square
(RMS) values [6]. Several algorithms based on synchronized
PMU data have already been proposed and are briefly discussed
below.

A. Review of Related Work

Table I shows the current state of the art in PMU-based fault
localization. The first column of the table lists the leading authors
and refers to related research.

In the second column, the methods are divided into five
subcategories based on the ascending order of precision with
which each method can localize the fault in the network. The
first subcategory is labelled area and denotes methods that
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TABLE I
SUMMARY OF THE RELATED WORK

are only able to determine a large area or cluster of buses as
potential fault candidates [7], [8], [9], [10], [11]. The next two
subcategories, line and bus, can locate the fault with better but
comparable precision. As the name implies, the methods in the
line subcategory [12], [13], [14] return the faulty line as a result.
However, they do not tell anything about the exact position on
the line, so a particular line still needs to be inspected manually
to pinpoint the fault. Bus methods [14], [15], [16], [17], [18],
[19], on the other hand, point to the bus closest to the fault
and therefore give perfect results for faults that occur on buses.
However, if the fault occurs on the line instead, lines connected
to the identified faulty bus must still be inspected manually. The
fourth subcategory, [20], [21], [22], [23], called exact location,
provides even more accurate results, as the methods in this
subcategory are able to precisely pinpoint the location of the
fault, regardless of whether the fault occurs in one of the buses or
somewhere on the line. However, even for most of these methods
in the relevant literature, this is only true if the fault occurs on a
line that is monitored from both ends. This means that all faults
on lateral lines that are not monitored are still referred to as if they
occurred on the bus from which the lateral line originates. For
this reason, we introduce another subcategory in the table, which
contains methods that can also pinpoint faults on non-monitored
laterals.

Another benchmark for comparing methods in this paper is
whether the method is able to determine the location of fault
without the use of simulations. Methods that collect and examine
data from multiple measurement devices throughout the PDS
often operate on the basis of a hypothetical placement of faults
at different locations and by varying the fault impedances at that
location. The corresponding state (power flow) is then calculated
using power system simulation tools for each change in fault
location or fault impedance. Finally, the simulation results are
compared with field measurements to test each hypothesis, and

the scenario with the closest similarity is announced as the
solution to the problem. Since such an approach can be very
computationally intensive, we indicate in the third column of the
table whether or not each of the methods is based on hypothesis
testing.

In the fourth column of the table, we look at the ability of
the methods to classify faults. Fault classification can either be
coarse, i.e., it determines only the type of fault, or it can also
involve the computation of fault impedances. In this paper, we
consider three different options. The methods labelled� provide
the classification of the fault, the methods labelled × do not, and
the methods labelled REQ require that the type of fault is known
in advance in order to perform fault localization.

The precision of fault localization method is often directly
related to the number of PMUs used and consequently to the cost
of implementing the method in a real environment. Compared
to transmission networks, distribution networks consist of many
more buses, so installing a PMU in each of these buses may
not be financially feasible. For this reason, PMU placement
optimization is often considered. The fifth column of the table
indicates whether the method assumes that each bus is equipped
with the PMU or whether the method considers PMU placement
optimization.

The last column of the table does not refer to the performance
of the fault localization method, but simply indicates which tool
the authors used to test their proposed approach in the laboratory.

B. Paper Contributions

This paper presents a methodology for improved fault lo-
calization and classification. The approach is inspired by the
previous work in [19], where the bus closest to the fault is
determined as faulted. To increase accuracy, a full π model of
the lines that includes capacitance (shunt admittance) is used
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Fig. 1. Complete three-phase π-segment representation of a line.

instead of the simplified serial impedance model. This was done
because it was shown in [24] that the capacitive effect on fault
localization in distribution networks is not negligible. The goal
of this work is to improve the localization capability of the
existing method by also investigating faults on lines (between
buses) and faults on lateral lines that are not covered by PMUs.
Moreover, we intuitively extend the localization functionality
by adding a completely new feature, the fault classifier. The
contributions of the paper can be listed as follows.
� Improved fault localization algorithm capable of determin-

ing the exact location on the line rather than just the bus
closest to the fault.

� Introduction of a generic fault model (GFM) capable of
identifying the faulted phases as well as determining fault
impedances.

� Novel approach of localizing faults on the laterals that are
not being monitored.

II. MATHEMATICAL BACKGROUND OF THE π-SEGMENT

MODEL OF A LINE

Consider a three-phase distribution line represented by its
complete π-segment model. Using the notations in Fig. 1, we
can define the impedance matrix Z and the admittance matrix
Y of this segment as follows:

Z =

⎡
⎢⎣Zaa Zab Zac

Zba Zbb Zbc

Zca Zcb Zcc

⎤
⎥⎦ , Y =

⎡
⎢⎣Yaa Yab Yac

Yba Ybb Ybc

Yca Ycb Ycc

⎤
⎥⎦ . (1)

Zaa, Zbb, Zcc are the serial impedances of the phases, Yaa, Ybb,
Ycc are the shunt capacitances of the phases, Zab, Zbc, Zac, Zba,
Zcb, Zca are the phase to phase impedances, and Yab, Ybc, Yac,
Yba, Ycb, Yca are the phase to phase admittances.

Note that no simplification is made in terms of symmetry
between phases to account for unbalanced conditions in distri-
bution systems such as non-transposed lines and parts with one
or two phases. The voltages and currents over the π-segment at
the receiving and sending ends (indices re and se, respectively)
are calculated as follows:

[
Uabc,re

Iabc,re

]
= Π−1 ·

[
Uabc,se

Iabc,se

]
=

[
D −B

−C A

]
·
[
Uabc,se

Iabc,se

]
(2)

Fig. 2. Voltages and currents in sending and recieving ends of the π-segment.

for the forward calculation, and[
Uabc,se

Iabc,se

]
= Π ·

[
Uabc,re

Iabc,re

]
=

[
A B

C D

]
·
[
Uabc,re

Iabc,re

]
(3)

for the backward calculation. Theπ-segment parameter matrices
A, B, C, D are defined as follows:

A = D = I +
1

2
Z ·Y,

B = Z,

C = Y +
1

4
Y · Z ·Y,

and I is a 3× 3 unitary matrix. According to Fig. 2,Uabc,re, Iabc,re

are the voltages and currents of all three phases at the receiving
end of π-segment:

Uabc,re =

⎡
⎢⎣Ua,re

Ub,re

Uc,re

⎤
⎥⎦ , Iabc,re =

⎡
⎢⎣Ia,re

Ib,re

Ic,re

⎤
⎥⎦ .

Similarly, Uabc,se, Iabc,se are the voltages and currents at the
sending end of the π-segment:

Uabc,se =

⎡
⎢⎣Ua,se

Ub,se

Uc,se

⎤
⎥⎦ , Iabc,se =

⎡
⎢⎣Ia,se

Ib,se

Ic,se

⎤
⎥⎦ .

For simplicity, we will omit the subscript abc from now on,
keeping in mind that all voltages and currents are three-phase
values. Instead, we will use the subscript i to denote the bus
whose values we are observing. To be consistent with the labels
used in [19], we will also use the superscripts f and b to indicate
when we are dealing with forward or backward direction of
calculation. The voltages and currents of the i-th bus are then
calculated in the forward and backward directions as follows:[

Uf
i

If
i

]
= Π−1

i−1 ·
[
Uf

i−1

If
i−1

]
,

[
Ub

i

Ib
i

]
= Πi ·

[
Ub

i+1

Ib
i+1

]
. (4)

III. METHODOLOGY

In this section, four segments of the proposed fault local-
ization and classification methodology are explained in detail
(Sections III-A through III-D). Finally, a complete flowchart of
the method is presented in Section III-E.
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A. Existing Fault Localization Method

In the study [19], the voltage and current variations recorded
by the PMUs before and during (superscripts pre and post,
respectively) the fault were used, so that

ΔUi = Upost
i −Upre

i , (5)

ΔIi = Ipost
i − Ipre

i . (6)

To determine the fault location, the voltage and current variations
for the forward direction (from the beginning to the end of the
feeder) were calculated as follows:

ΔUf
i = ΔUf

i−1 − Zi−1 ·ΔIf
i−1, (7)

ΔIf
i = ΔIf

i−1 −Ylat
i ·ΔUf

i , (8)

whereZi is the simplified serial impedance model of i-th line and
Ylat

i is the equivalent admittance of lateral i. Similarly, for the
calculation in backward direction (from the end to the beginning
of feeder), the following equations were used:

ΔUb
i = ΔUb

i+1 + Zi ·ΔIb
i+1, (9)

ΔIb
i = ΔIb

i+1 +Ylat
i ·ΔUb

i . (10)

Finally, the voltage discrepancy from both calculations for all
buses was defined as follows:

Φi = |ΔUf
i −ΔUb

i |, (11)

and the bus with the minimum value of Φ was considered as the
fault location. In our approach, modified equations are used to
account for the complete π-model of the lines, i.e.:[

ΔUf
i

ΔIf
i

]
= Π−1

i−1 ·
[
ΔUf

i−1

ΔIf
i−1

]
−
[

0

Ylat
i ·ΔUf

i

]
(12)

for the forward direction, and[
ΔUb

i

ΔIb
i

]
= Πi ·

[
ΔUb

i+1

ΔIb
i+1

]
+

[
0

Ylat
i ·ΔUb

i

]
(13)

for the backward direction, but the basic idea of determining the
bus with the minimum value of Φ remains.

Two important remarks should be made at this point. First, the
existing method did not consider faults outside the buses. That
is, if a fault occurred somewhere on the line between two buses,
only the bus closest to the fault was determined, not its exact
location as well. Such an approach may be appropriate for urban
areas where buses are not far apart, but it may be inadequate
for rural areas where lines are much longer. Another important
aspect of [19] is the concept of minimum spanning tree (MST),
which is the path connecting all PMUs in the network. Consider
the 16-bus system shown in Fig. 3 and two PMUs installed on
buses 1 and 14. The MST of this configuration covers all buses
on the main feeder between the PMUs, i.e., buses 1 to 14, but
not the laterals stemming from them (in this case, lateral with
buses 15 and 16). Since the existing method can only determine
MST buses as faulty, faults on the laterals that are not part of the
MST are seen as if they occurred instead in the MST bus from
which the lateral originates. One way to solve this problem is
to install additional PMUs and increase the number of MST

Fig. 3. Single-line diagram of 16-bus MV distribution network.

Fig. 4. Splitting the line into two parts and introduction of a virtual bus.

buses. For example, if you install a PMU in bus 16, buses 15
and 16 also become MST buses and can be designated as fault
locations. However, installing additional PMU at the end of each
lateral and turning every bus in the network into an MST bus
for the sole purpose of fault localization would be difficult to
justify financially. Therefore, the authors of [19] suggest that
MST should be extended strategically; for long lateral lines that
include many buses. In contrast, we will show later in this paper
(Section III-D) that fault localization is also possible for the
lines that are not part of MST without additional PMUs. If they
are part of first-degree laterals, i.e. laterals that do not further
split into additional branches, the proposed extension provides a
unique solution, otherwise one obtains a potential fault location
on each of the sublaterals. In this way, an additional layer of
the network becomes observable without additional investment.
First, however, we present a method for locating a fault on the
line between two MST buses.

B. Introduction of the Virtual Bus and Fault Localization on
the Lines

From the previous subsection, it is clear that the fault location
in [19] is determined to be the MST bus with the minimum value
of the voltage discrepancy. However, since the term bus refers to
a part of the grid involving either a load / source, a lateral line, or
a change in cable type, rather than any point on the line, the exact
location of the fault cannot be determined. This deficiency can
be efficiently addressed by introducing a virtual bus between
two actual MST buses (a bus closest to the fault, determined
in the previous step, and an adjacent bus). Imagine that a line
between two buses is virtually divided into two parts, one of
length αl and the other of length (1− α)l, as shown in Fig. 4,
where α is a fraction of the total line length l, i.e., α ∈ [0, 1].
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Evidently, the variables A, B, C, D must be recalculated for
each of the newly introduced π-segments to account for their
corresponding length, and can be expressed as follows:

AI = DI = I +
1

2
Z ·Yα2,

BI = Zα,

CI = Yα+
1

4
Y · Z ·Yα3,

for the first π-segment and

AII = DII = I +
1

2
Z ·Y(1− α)2,

BII = Z(1− α),

CII = Y(1− α) +
1

4
Y · Z ·Y(1− α)3,

for the second π-segment. Now, the calculation of the voltages
of the virtual bus v in the forward and backward directions is
possible, similar to the (2) and (3) as follows:[
ΔUf

v(α)

ΔIf
v(α)

]
= Π−1

i,I ·
[
ΔUf

i

ΔIf
i

]
=

[
Di,I −Bi,I

−Ci,I Ai,I

]
·
[
ΔUf

i

ΔIf
i

]
,

(14)[
ΔUb

v(α)

ΔIb
v(α)

]
= Πi,II ·

[
ΔUb

i+1

ΔIb
i+1

]
=

[
Ai,II Bi,II

Ci,II Di,II

]
·
[
ΔUb

i+1

ΔIb
i+1

]
.

(15)

Note, that the computation of the voltages and currents for both
forward and backward directions now depends on the variableα,
consequently the voltage discrepancy also becomes a function
of the variable α, i.e.:

Φ(α) = |ΔUf
v(α)−ΔUb

v(α)|. (16)

By changing the position of the bus v from the beginning to
the end of the line, the exact fault location on the line can be
determined; again, by finding the location with minimal voltage
discrepancy. Finding a minimum can be accomplished either by
a minimization process or by a simple brute force method of
changing the location incrementally by changing the value of
the variable α from 0 to 1. In both cases, the desired accuracy
can be achieved by setting the termination condition, e.g., the
location of the faulted bus is determined within ‰ of the total
line length. Of course, this condition can be adjusted and may
vary depending on the line lengths considered.

C. Introduction of Generic Fault Model in Faulted Bus and
Classification of Fault by Optimization Procedure

Once the fault location is determined, whether the actual
physical MST bus or the virtual bus somewhere on the MST line,
the fault impedances can be calculated by exploiting the fact that
the voltage discrepancy of each bus should converge to 0 if the
fault currents are properly accounted for in the equations (note
that the voltage discrepancy between forward and backward
calculations in each bus is a direct result of the (12) and (13)
being an incomplete representation of the fault location, i.e., the

Fig. 5. GFM of possible fault combinations.

fault currents are not included in the equations of the faulted
bus). To address this deficiency, a GFM containing all possible
combinations of fault types, as shown in Fig. 5, is included in the
bus k determined to be faulty in the previous two subsections.
According to the figure, the vector of fault currents Iw

fault, where w
indicates the direction of the computation, can then be expressed
in an expanded form as:

Iw
fault =

⎡
⎢⎣I

w
a

Iw
b

Iw
c

⎤
⎥⎦ =

⎡
⎢⎣I

w
a-g + Iw

a-b − Iw
c-a

Iw
b-g + Iw

b-c − Iw
a-b

Iw
c-g + Iw

c-a − Iw
b-c

⎤
⎥⎦ , (17)

where each of the contributing currents is calculated as follows:

Iw
x-g =

Uw,post
x,k

Zx-g
, x ∈ {a, b, c} ∧ w ∈ {f, b}, (18)

Iw
x-y =

Uw,post
y,k − Uw,post

x,k

Zx-y
, x, y ∈ {a, b, c} ∧ x �= y. (19)

Here Uw,post
x,k and Uw,post

y,k are voltages of phases x and y in bus k
during the fault, Zx-g and Iw

x-g are the fault impedances and fault
currents between phase x and ground, and Zx-y and Iw

x-y are the
fault impedances and fault currents between phase x and phase
y, respectively.

Fault currents If
fault and Ib

fault are now included in the (12) and
(13) to fully and correctly represent the faulty bus k and then
read:[

ΔUf
k

ΔIf
k

]
= Π−1

k−1 ·
[
ΔUf

k−1

ΔIf
k−1

]
−
[

0

Ylat
k ·ΔUf

k + If
fault

]
, (20)

[
ΔUb

k

ΔIb
k

]
= Πk ·

[
ΔUb

k+1

ΔIb
k+1

]
+

[
0

Ylat
k ·ΔUb

k + Ib
fault

]
. (21)

Using (12) and (13) for buses without fault and (20) and (21)
for a faulty bus k, we obtain a complete representation of the
network. This means that the voltages in each of the buses should
be the same regardless of the direction of computation, and
consequently the voltage discrepancies between forward and
backward computations should converge to zero. This knowl-
edge can then be used to define an optimization problem with
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the objective function to be minimized:

∑
i∈{1,2,...,n}

|ΔUf
i −ΔUb

i |, (22)

where n is the total number of MST buses. In other words,
the objective function reaches its minimum when the GFM
fault currents are correctly determined. From (18) and (19), it
can be seen that the only unknowns in the calculation of the
fault currents are the unknown impedances of the GFM. Thus,
by taking the impedances Za-b, Zb-c, Zc-a, Za-g, Zb-g and Zc-g in
Fig. 5 as optimization variables and minimizing the objective
function (22), their values are determined directly. From the
known values of fault impedances, the type of fault is also
revealed.

At this point, it should be noted what happens if the fault
occurs on the lateral that is not part of the MST. In this case, the
GFM parameters are still calculated as if the fault was located
in the previously determined MST bus, regardless of the fact
that the actual fault location is somewhere on the lateral that
stems from this bus. This in turn leads to overestimating the fault
impedances by the value of the lateral impedance between the
MST bus and the fault location. How we can efficiently exploit
this fact is explained in the next subsection.

D. Extension of Fault Localization Beyond the Minimum
Spanning Tree

With the methodology presented so far, we are able to de-
termine the exact location of a fault, whether on the bus or
somewhere on the line, for the MST. In this subsection, we
extend fault localization beyond the MST without using addi-
tional PMUs at the end of laterals (without increasing the number
of MST buses) in order to reduce implementation costs in the
real environment. The idea is to use the calculated impedances
from the previous subsection and the fact that short-circuit
faults are purely resistive. Thus, if the calculated imaginary
part (reactance) of the affected GFM impedance is close to
zero, we can conclude that the fault location is actually on an
MST. However, if the impedance also contains an imaginary
part, the fault location must be on the lateral originating from
the previously determined MST bus. This is a consequence of
trying to model both the part of the network (between the actual
fault location and an MST bus) and the fault itself using only a
GFM. The fact that the lines themselves also have an inductive
and capacitive component then reflects in the imaginary part
of the calculated fault impedance not being zero. Therefore, by
finding the position on the lateral where the absolute value of
the fault reactance is lowest, one can determine the location
of faults on laterals as well. Note that this extension is only
applicable to short-circuit faults where we can assume that the
impedance change is purely resistive. For power quality type
of events such as capacitor bank switching, load switching or
distributed energy source switching, which were also considered
in [19], the same assumption cannot be made and an additional
PMU is still required at the end of the lateral to locate such an
event.

Fig. 6. Simplified flowchart of the proposed fault localization and classifica-
tion method.

Using the concept of the virtual bus introduced in Section
III-B, we can again calculate voltages and currents for any point
along the lateral. However, since the PMU is not present at the
end of the lateral, only the forward calculation, starting from the
previously determined MST bus, is used. Once the voltages and
currents on the lateral are known, the fault impedances at the
new location can be easily determined using the (18) and (19).
To avoid testing every single line of the lateral and to speed
up the process, it is recommended to first assume that the fault
location is in the physical buses of the lateral and calculate the
corresponding fault impedances. Only when the reactance of
the fault impedance changes sign from one bus to the other, the
interconnecting line between them is tested in more detail using
the virtual bus. Due to a numerical error, the reactance may not
be exactly 0 in any of the buses. Therefore, we terminate the
procedure and return the position of the fault on the lateral when
the sign of the observed reactance changes in two consecutive
virtual buses. It should be noted that the presented procedure no
longer provides a unique solution when the lateral splits into two
or more sublaterals, but returns a possible solution for each of
them. Nevertheless, for the same number of PMUs, the presented
novel use of the fault reactance still provides one level deeper
insight into the network compared to existing methods.

E. Algorithm

The steps of the proposed method are shown in the flowchart
in Fig 6. The PMU measurements are first checked for the
presence of a fault. As mentioned earlier, this paper is only
concerned with short-circuit faults, therefore, simple overcurrent
and zero-sequence current detection methods are applied as fault
detectors and necessary preliminary step for fault localization.
Once the fault is detected, an MST bus closest to the fault
location is determined using the equations of Section III-A. If the
voltage discrepancy is above a certain threshold, all MST lines
originating from this bus are checked as potential fault locations
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using the refined fault localization procedure from Section III-B.
Next, regardless of whether the fault is on one of the MST buses
or anywhere on the MST line, the fault impedances are calculated
using the optimization procedure from Section III-C. Finally, if
the reactance of the fault in the determined MST bus is not
close to zero, the lateral stemming from it is checked for a fault
location using the procedure from Section III-D.

Note that the proposed method works under the following
assumptions:
� synchronized phasors of voltages and currents before and

during the fault are measured in at least two locations of
the network;

� network topology, load/source locations and line parame-
ters are available from the distribution system database;

� power profile at each bus is available as a pseudo-
measurement (either through a demand/generation fore-
cast, a state estimation method, or an actual smart meter
(SM) measurement).

IV. PERFORMANCE EVALUATION AND COMPARATIVE STUDY

The purpose of this section is twofold. First, it aims to ver-
ify the proposed fault localization and classification functions
under ideal conditions, i.e., without uncertainties in the input
parameters. Second, the precision of the proposed approach is
compared with that of [19], which will be referred to as State
of the Art (SotA) in the following. Note that faults occurring on
the MST buses are excluded from the study, since in these cases
the proposed method and SotA are essentially identical.

A. Simulation Environment and Power Network Specifics

In order to verify the proposed method, a simulation model
of a distribution network was created in the Real Time Digital
Simulator (RTDS) software environment RSCAD [25], which is
specifically designed to solve electromagnetic transient (EMT)
simulations in real time. RTDS is essentially a powerful com-
puter whose processing units operate in parallel to achieve a
continuous solution of the test model matrix equations with a
time step of only 50 μs. In addition to the ability to simulate
transient events such as faults, the RTDS provides software
replicas of PMUs that faithfully mimic real PMUs by meeting
the requirements of PMU standards for measurements [26] and
communications [27]. Such simulations reproduce the operation
of the method in the field and allow the creation of algorithm
scripts that can be directly transferred from the test to the real
environment. In our laboratory tests, the PMUs were configured
to class P (protection) and reporting rate of 50 samples/s.

The topology of the 5.2 kV distribution network used to com-
pare the effectiveness of the methods has already been shown
in a single line diagram, Fig. 3. The model is based on a real
three-phase, medium voltage (MV), low-impedance grounded
distribution network, consisting of 16 buses and including both
underground and overhead lines. Each of the lines is modelled
with its own π-segment, while all loads are represented with
constant impedances. The short-circuit level of the network
is 54 MVA. In the simulations, the primary and secondary

Fig. 7. Localization of a bus closest to fault using SotA - Section III-A.

substations are monitored by PMUs, whereas each of the load
buses is equipped with SM.

Two sets of simulation tests are performed. The first set (pre-
sented in this section) is performed under ideal conditions and
is designed to show the superior performance of the proposed
method compared to SotA for any fault that occurs outside
the MST buses. The second set (performed on a larger 48-bus
network and presented in the next section) evaluates the accuracy
of proposed method in a real environment where the input
parameters are not 100% accurate, i.e., the performance of the
method in the presence of errors in the power profiles, line
parameters and measurements. In each set of tests, several cases
are investigated considering different fault scenarios and fault
impedances.

B. Evaluation of the Proposed Extension of Fault Localization
Method on the Minimum Spanning Tree

In this part, it is assumed that the data collected in the field are
free of errors. To demonstrate the effectiveness of the proposed
extension of the fault localization method, three different types
of faults were simulated in three different parts of the network.
Fig. 7 shows the results of SotA for all three cases, where black
dots denote the case of a single line-to-ground fault on 15% of the
line length between buses 3 and 4, blue squares denote the case of
a double line-to-ground fault on 60% of the line length between
buses 9 and 10, and magenta asterisks denote the case of a line-
to-line fault on 45% of the line length between buses 12 and 13.
SotA correctly identifies bus 3 for the single line-to-ground fault,
bus 10 for the double line-to-ground fault, and bus 12 for the
line-to-line fault as the one closest to the fault, but, as mentioned
earlier, it cannot determine the exact location of the fault on the
line. For this reason, after determining the fault bus on MST, the
voltage discrepancy in the lines to the adjacent buses is examined
using the Section III-B step. The results of our approach for the
same three cases are shown in the subplots of Fig. 8. In addition
to the bus determined by SotA to be faulty and its neighbouring
buses, the horizontal axes show the percentage of the line length
connecting them. The results of SotA from Fig. 7 are shown here
with red circles and the minimum value (solution) is marked with
a black ring. On the other hand, the green line and ring are used
to show the voltage discrepancy along the lines and the solution
with the proposed method, respectively. The vertical dotted blue



SODIN et al.: PRECISE PMU-BASED LOCALIZATION AND CLASSIFICATION OF SHORT-CIRCUIT FAULTS IN POWER DISTRIBUTION SYSTEMS 3269

Fig. 8. Comparison of SotA and the proposed localization of the exact position
on the line for (a) single line-to-ground fault, (b) double line-to-ground fault,
(c) line-to-line fault.

TABLE II
CALCULATED FAULT IMPEDANCES FOR LINE-TO-GROUND FAULTS

line shows the simulated position of the line. It is clear that the
minimum voltage discrepancy of proposed method matches the
exact position of the fault in each of the cases and therefore
outperforms SotA in terms of precision.

C. Evaluation of the Proposed Fault Classification Method

The proposed fault classification and fault impedance cal-
culation functions are entirely new features added to SotA
and are essential to our method of locating faults outside the
MST. To verify their effectiveness, we simulated one of each
common fault types and calculated the fault impedances of the
introduced GFM according to Section III-C. The results of the
line-to-ground faults are shown in Table II.

TABLE III
CALCULATED FAULT IMPEDANCES FOR LINE-TO-LINE FAULTS

Fig. 9. Voltage discrepancy for a single line-to-ground fault in bus 10 before
and after the optimization process.

The first column shows the impedances set in the simula-
tion environment. As mentioned earlier, the short-circuit faults
are purely resistive, so only the resistive component has been
assigned. The following three columns show the GFM fault
impedances, which are the result from the optimization process.
We can observe a very good agreement between the assigned and
the computed values for all cases. Moreover, the impedances of
the GFM not involved in the fault have converged to very high
values, which is also correct as this indicates that these phases
are not involved in a fault. Since in the considered network
faults with impedance values above ∼100 Ω no longer trigger
the operation of the circuit breaker, we treat any calculated
impedance above this threshold as not participating in the fault.
From this, it is easy to classify the event as either a single, double,
or triple line-to-ground fault.

Next, in Table III we present the results for line-to-line
faults. Again, we find very good agreement between the set
and calculated values, with the impedances of the GFM that
are not involved in the faults being even higher compared to the
line-to-ground faults.

Finally, we would like to highlight the fact that the voltage
discrepancy Φi in each bus converges to 0 after the optimization
process. In Fig. 9, the voltage discrepancy before the opti-
mization process is shown with black squares and the voltage
discrepancy after optimization is shown with green asterisks
for a single phase-to-ground fault in bus 10. When the GFM is
included in the faulted bus and the fault impedances are correctly
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Fig. 10. Refined localization on the lateral using Section III-D for a single
line-to-ground fault.

determined by the optimization process all voltage discrepancy
values are indeed close to 0 as expected.

D. Evaluation of Fault Localization Beyond Minimum
Spanning Tree

To demonstrate the effectiveness of the proposed method for
the faults occurring outside the MST, we simulated a single line-
to-ground fault on 80% of the line length between bus 15 and 16.
Both SotA and step Section III-B of our method indicate MST
bus 4 as the fault location. However, since step Section III-C
shows that the reactance of the faulty phase would be 2.47Ω if
the fault was actually in this bus, we know that the fault must
be located somewhere on the lateral instead. Therefore, we first
assume the new fault location in buses 15 and 16 and obtain
fault reactances of 1.85Ω and −0.46Ω, respectively. Since the
fault reactance changes sign between buses 15 and 16, this line
is examined in more detail using a virtual bus. Fig. 10 shows
how the fault reactance changes when we change the assumed
position of a fault on the line. It is clear that the fault reactance
actually changes sign at about 80% of the line, which is again
the correct fault location.

Note that since the SotA method would indicate bus 4 as faulty,
the lines to buses 3 and 5, as well as the entire lateral 4–16,
are potential fault candidates that would need to be physically
checked. With the proposed extension, on the other hand, we
can not only say that the fault is certainly on the lateral, but
also calculate its exact location. In order for SotA to point to a
bus 16 as the one closest to the fault, an additional PMU would
have to be installed in bus 16, which in turn leads to higher
implementation costs in the real environment. But even then,
without the proposed Section III-B step, the exact localization
on the line would not be possible with SotA.

V. SENSITIVITY ANALYSIS

A. Power Network Specifics

To investigate the scalability of the method, a 48-bus MV
network was used in the sensitivity analysis. The single-line
diagram of this network, based on a real 35 kV distribution

Fig. 11. Single-line diagram of 48-bus MV distribution network.

network with a short-circuit level of 1225 MVA, is shown in
Fig. 11. Similar to the previous section, the lines are modelled
as π-segments and the loads as constant impedances. The total
length of the two feeders connecting the primary substation (bus
1) to the secondary substations (buses 25 and 8) are 21.1 km and
11.4 km, respectively. At this point, a brief discussion of the
positioning of PMUs seems appropriate. You will recall from
the methodology section that our method provides a unique
solution for first-order laterals, i.e., laterals that do not split
further into additional branches, otherwise we get a potential
fault location on each of the sub-laterals. Unlike the 16-bus
network used in Section IV, here it is impossible to cover the
entire network with only two PMUs in such a way that all the
laterals outside the MST are of first order. For example, using
only the PMUs in buses 1 and 25, parts of network 3–4, 3–26,
31–33 and 31–35 would be considered second-order laterals,
parts 4–6 and 4–27 would be third-order laterals and parts 6-8
and 6-28 would be fourth-order laterals. Two additional PMUs,
e.g., in bus 8 and bus 33, completely eliminate the problem of
higher-order laterals and allow our method to uniquely locate
all faults. However, since feeders 31–33 and 31–35 (178 m and
85 m, respectively) are relatively short compared to feeders 1–25
and 1–8, the authors considered the use of only one additional
PMU (in bus 8) sufficient for this particular case. In this way, we
obtain two solutions only for the faults downstream of bus 31
(distance from this bus for each of the two sub-laterals), while all
other faults can be localised to a unique location. The load buses
and the locations of the PMUs used in the sensitivity analysis are
marked with yellow and green circles, respectively, in Fig. 11.

B. Fault Localization Sensitivity Analysis

In this section, we investigate the robustness of the proposed
fault localization improvements to certain ranges of uncer-
tainty in the input parameters of the method. Recall that the
method requires three types of input parameters, namely pseudo-
measurements (power injections), grid model (line parameters)
and PMU measurements of voltages and currents. For each of
these parameters, four scenarios with different levels of error are
performed using the Monte Carlo approach consisting of 10000
simulations. Then, the fault localization percentage error e is
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Fig. 12. Fault location estimation error e for scenarios with error in estimated
power injection (a) scenario with 10% SD, (b) scenario with 20% SD, (c) scenario
with 50% SD, (d) scenario with 100% SD.

Fig. 13. Fault location estimation error e for scenarios with error in line
parameters (a) scenario with 5% SD, (b) scenario with 10% SD, (c) scenario
with 20% SD, (d) scenario with 30% SD.

calculated using the (23)

e =
xest − xact

l
· 100%, (23)

where xest and xact are the estimated and actual fault location
on the line and l is the total length of a faulty line. Finally, the
histogram is plotted for each scenario. A red line in each scenario
represents the probability density function corresponding to the
mean value and standard deviation (SD) σ of the percentage
error in estimating the fault location for that scenario.

Fig. 12 shows the results when errors occur in the estimation
of the power injected into the buses. Scenarios for errors with
10%, 20%, 50% and 100% SD are considered. Note that these
numbers are highly exaggerated when loads are monitored by
SMs. However, we wanted to ensure that the method works
adequately in cases where the power injection is estimated
by a state estimation or demand/generation forecasting, which
typically have a higher degree of error. We see that even for
error with 100% SD in the injected power, fairly good results are
obtained for the fault location estimation error (σ of probability
density function is 7.41%).

Since the system operator’s knowledge of the line parameters
is imperfect, we next consider errors in these parameters with
5%, 10%, 20%, and 30% SD. The results for these scenarios
are shown in Fig. 13. We used the error with 30% SD as the
upper boundary condition, since it was argued in [19] that the

Fig. 14. Fault location estimation error e for scenarios with error in PMU
measurements (a) 0.01% SD in amplitude, 0.003◦ SD in angle, (b) 0.025% SD
in amplitude, 0.006◦ SD in angle, (c) 0.05% SD in amplitude, 0.01◦ SD in angle,
(d) 0.1% SD in amplitude, 0.02◦ SD in angle.

impedance error with 25% SD is already beyond any normal
level of error in practice. We see that errors in the line parameters
affect the method much more than errors in the injected powers,
but again, even for the worst scenario, the results show satisfying
performance; σ of the fault location estimation error in that
scenario is 15.84%.

Finally, we consider the impact of PMU measurements error
on method performance. Note that PMUs capture and stream
synchrophasors, which are basically vectors consisting of two
parts (amplitude and angle). In this paper, we consider scenarios
with combined percentage amplitude and absolute angle errors,
which we adopted from [19]: a scenario with 0.01% amplitude
and 0.003◦ angle error, a scenario with 0.025% amplitude and
0.006◦ angle error, a scenario with 0.05% amplitude and 0.01◦

angle error, and a scenario with 0.1% amplitude and 0.02◦ angle
error. In Fig. 14, we see that the above measurement errors do not
significantly affect localization of faults; in the worst scenario
σ of the fault location estimation error is 3.78%.

C. Fault Classification Sensitivity Analysis

To investigate the robustness of the proposed fault classifi-
cation method to uncertainties in the input parameters, we ran
10000 Monte Carlo simulations for each of the possible fault
types. Due to space constraints, only the results for the single
line-to-ground, double line-to-ground and line-to-line faults are
presented in the paper. Also, simultaneous errors of the parame-
ters were considered, with 50% SD in the power injection, 10%
SD in the line parameters, 0.1% SD in the PMU amplitude, and
0.02◦ SD in the PMU angle.

First, a single line-to-ground fault with Za-g = 0.1Ω is con-
sidered. Fig. 15(a) shows the distribution of the calculated values
Za-g. We see that for this fault, the impedance of the faulted phase
is calculated with extreme precision in all simulated cases; the
mean of the calculated values is 0.1Ω with SD of 7.73 · 10−4 Ω.
However, in some cases, the introduced errors in the input param-
eters affect the method in a way that leads to incorrect impedance
calculation of the other two non-faulted phases. As a result, the
fault is incorrectly identified as a double line-to-ground fault in
4.79% of the cases, and as a triple line-to-ground fault in 7.09%
of the cases. Nevertheless, the misidentified impedances in these
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Fig. 15. Fault impedance obtained from optimization for (a) line-to-ground
fault, (b) line-to-line fault.

Fig. 16. Fault impedances of double line-to-ground fault obtained from opti-
mization for (a) Za-g, (b) Zb-g.

cases are calculated to be at least an order of magnitude higher
than the true fault impedance.

Next, a line-to-line fault, with fault impedance Za-c = 5Ω is
considered. In all simulated cases, the method correctly iden-
tifies the fault between phases a and c. Fig. 15(b) shows the
distribution of the calculated values for the fault impedance,
which has a mean value 5.01Ω and SD of 0.1378Ω. In this
scenario, the performance of the classification is better than in
the previous scenario, as only 1.46% of the cases are incorrectly
identified as three-phase faults.

Finally, we consider a double line-to-ground fault, with fault
impedances Za-g = 0.5Ω and Zb-g = 2Ω. Fig. 16 shows the
distribution of calculated values for both impedances. Also in
this scenario, we see that the two faulted phases are correctly
identified as faulted in all simulated cases, with very satisfactory
values for impedances; the mean value of Za-g is 0.5Ω with SD
of 0.0251Ω and the mean value of Zb-g is 2.001Ω with SD of
0.0334Ω. However, due to introduced errors in input parameters
the third, non-faulted phase is also identified as faulted in 11.21%
of the cases.

D. Computation Time

Knowing the computation speed is another metric of interest
when evaluating fault localization algorithms. The computation
time is affected by many factors, such as the size of the net-
work, the programming language, the optimization technique,

the available computational power, etc. The proposed method
was implemented on a HP ZBook 15 G5 with an i7 2.2 GHz CPU,
16 GB RAM and running Windows 10. The entire workflow of
the method, from reading and parsing the PMU data streams to
the final fault classification, as shown in Fig. 6, is implemented in
Python 3.9. The optimization problem of Section III-C is solved
using the Powell method of the SciPy optimization library [28].

The total time of the method consists of three parts, namely
the time to locate the MST bus closest to the bus, the time to
locate the exact position on the line, and the time to classify
the fault. For the network presented here, the typical values are
3.9 ms, 0.29 s, and 1.32 s, respectively. With a total time for
fault localization and classification of less than 2 s, the proposed
method can be considered as near real-time.

VI. CONCLUSION

In this paper, a fault localization and classification algorithm
based on PMU measurements for power distribution systems is
developed. A concept of a virtual bus on the line is presented,
which allows more accurate fault localization in cases where
the fault occurs on an arbitrary point on a line between two
buses. In addition, the fault localization functionality is intu-
itively extended to include fault impedance calculation and fault
classification. This is achieved by introducing a generic fault
model at the previously determined fault location and solving
the optimization problem. As the complex values of the fault
impedances are determined, the location of faults occurring
at the laterals outside the MST can also be determined by
minimizing the fault reactance, thus eliminating the need for
additional PMUs at the corresponding lateral ends. The newly
introduced concepts are extensively tested on real-time digital
simulator models of two real power distribution systems. The
results show satisfactory performance and robustness of the
proposed improvements to errors in measurements and input
parameters.
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