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Abstract—This paper presents a properly designed branch
current based state estimator (BCBSE) used as the main core of
an accurate fault location approach (FLA) devoted to distribu-
tion networks. Contrary to the approaches available in the liter-
ature, it uses only a limited set of conventional measurements
obtained from smart meters to accurately locate faults at buses
or branches without requiring measurements provided by pha-
sor measurement units (PMUs). This is possible due to the
methods used to model the angular reference and the faulted
bus, in addition to the proper choice of the weights in the state
estimator (SE). The proposed approach is based on a searching
procedure composed of up to three stages: (D the identification
of the faulted zones; @ the identification of the bus closest to
the fault; and 3 the location of the fault itself, searching on
branches connected to the bus closest to the fault. Furthermore,
this paper presents a comprehensive assessment of the proposed
approach, even considering the presence of distributed genera-
tion, and a sensitivity study on the proper weights required by
the SE for fault location purposes, which can not be found in
the literature. Results show that the proposed BCBSE-based
FLA is robust, accurate, and aligned with the requirements of
the traditional and active distribution networks.

Index Terms—Active distribution network, branch current
based state estimator, fault location, smart meter.

I. INTRODUCTION

ISTRIBUTION networks typically have a radial topolo-

gy consisting mainly of overhead lines, which makes
them highly vulnerable to faults or short-circuits. Since a
fault is the leading cause of power supply interruptions, the
development of fault location approaches (FLAs) is of great
interest to utilities to reduce interruption times, avoid deterio-
ration of power quality indices, and improve the reliability
of the network. Under fault conditions, the protection acts to
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isolate the area affected by the fault. Therefore, it is neces-
sary to identify and locate the fault to restore the power sup-
ply and maintain the power quality indices within the lim-
its [1].

The advances in communication and metering infrastruc-
tures, required by active distribution networks (ADNs) [2],
can significantly contribute to the wide adoption of automat-
ic FLAs. The distribution management system (DMS) com-
bines these technologies to operate distribution networks to
improve power quality and reliability. To reduce the recov-
ery time after a fault in a distribution network, the available
approaches can be classified into FLAs and outage identifica-
tion approaches (OIAs), as shown in Fig. 1.

Impedance based Trouble call based

Historical data
based

Traveling wave
based
OIAs

Fault indicator

Knowledge based
based

Sparse measurement
based

Advanced measurement
infrastructure based

Fig. 1. Overview of FLAs and OlAs.

The impedance based approaches can be implemented in
traditional distribution networks and ADNs. The main issues
are the multiple fault location paradigm and the typical low
accuracy, especially when facing unbalanced loads and dis-
tributed generation (DG) [3]-[7]. The traveling wave based
approaches require a very high sampling rate for measure-
ments, mainly when applied to distribution networks, since
the accuracy of traveling wave based approaches may signifi-
cantly deteriorate in three-phase systems with several laterals
and short lines [8]-[12]. The knowledge based approaches ex-
hibit low computational cost with short execution time and
generalization capability. In contrast, this approach requires
a large amount of data for the training process [13]-[17].
The sparse measurement based approaches consider recent
advances in communication and metering devices and can
cope with conventional non-synchronized as well as synchro-
nized measurements [18]-[22].

These approaches are based on the fact that each fault
causes voltage sags and current rises with different features.
However, due to the errors inherent to the measurements, the
delays in communication, the limited number of available
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measurements, the presence of distributed generators, the
three-phase representation of the network, and the typical un-
balanced loads, the state estimation approach can be used as
a key tool to provide the estimates required for fault location
purposes. Indeed, a sparse measurements based FLA support-
ed by a properly designed state estimator (SE) that uses only
conventional non-synchronized measurements is the main fo-
cus of this paper.

Given an adequate set of measurements and network data,
SEs can provide the most likely state of a power system,
even under fault conditions, enabling network managements
[23], [24]. According to the literature, most of the SE-based
FLAs consider phasor measurements for better performance
[25]-[30]. In [25], an approach to locating the faulted branch
is presented, which considers the weighted measurement re-
sidual as a metric. This approach uses a linearized SE,
where the state variables are the complex bus voltages in
rectangular coordinates. The measurement plan adopts only
phasor measurements provided by phasor measurement units
(PMUs) placed at all network buses. In [26] and [31], an ap-
proach devoted to locating the bus closest to the fault consid-
ering the Euclidean norm as a metric is presented. This ap-
proach uses an SE whose state variables are the complex
bus voltages in rectangular coordinates and assumes that
pseudo-measurements can be neglected during fault condi-
tions. The measurement plan considers a limited number of
phasor measurements. To assess the approach, tests were per-
formed in real-time simulators [26]. In [27], an approach to
locating the faulted branches and buses in an ADN with dis-
tributed generators considers measurement residuals as the
metric. This approach uses a linearized SE, where the state
variables are the complex bus voltages in rectangular coordi-
nates. The ZIP and constant impedance models are adopted
to represent power consumption and provide pseudo-mea-
surements. Moreover, phasor measurements are considered at
the substation and DG buses. In [29], FLA using SE where
the state variables are the complex bus voltages in rectangu-
lar coordinates is presented along with an analysis of the re-
quired number of PMUs and their optimal placing, present-
ing difficulties in detecting and locating single-phase-to-
ground faults. The metric of detection and localization is the
weighted measurement residual.

Considering the branch currents as state variables, an ap-
proach to locating the nearest neighbor bus to the fault is
proposed in [32]. This approach adopts the normalized resid-
ual as the metric, needing a very large measurement plan to
guarantee the good performance of the approach. This mea-
surement plan adopts both conventional as well as phasor
measurements. In [30], an approach to locating the faulted
branch is presented, which considers the normalized residual
as the metric. First, this approach runs the SE to find the
bus closest to the fault considering phasor measurements.
Then, it calculates an angular index to identify the exact lo-
cation of the fault on the branch. In [28], a graph-based
faulted line location approach is proposed. This measure-
ment plan adopts a limited number of phasor measurements.
Based on the graph model of the reduced searching region,
the SE is performed in a hierarchical structure to locate the
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fault, considering the weighted measurement residual as the
metric.

In summary, to the best of the author’s knowledge, the lit-
erature presents approaches based only on synchronized mea-
surements provided by PMUs, and the ones that use conven-
tional non-synchronized as well as synchronized measure-
ments provided by PMUs (used to improve accuracy). In
this context, this paper proposes an approach that uses only
a limited set of conventional non-synchronized measure-
ments and a properly designed SE to improve the quality of
the fault location without requiring measurements provided
by PMUs.

The proposed approach adopts a branch current based SE
(BCBSE) with proper methods to model the angular refer-
ence and the faulted bus, in addition to the adequate choice
of the weights for the measurements and pseudo-measure-
ments. Furthermore, under fault conditions, all the contribu-
tions of the shunt admittances of the branches are considered
in modeling of equivalent current measurements. These mod-
eling aspects are fundamental to achieving high accuracy in
fault location without requiring measurements from PMUs.
The proposed approach allows for accurately locating faults
at buses or branches. The weighted sum of squared residuals
J(x) is used as the fault location index (FLI), which can be
applied even in the presence of a reduced set of measure-
ments, i.e., a redundant set of measurements is not required.
The BCBSE is adopted because it results in a constant Jaco-
bian matrix, which improves the overall computational per-
formance. Furthermore, the proposed approach is based on a
searching procedure composed of up to three stages: (D the
identification of the faulted zone; @ the identification of the
bus closest to the fault; and @ the location of the fault it-
self, searching on branches adjacent to the bus closest to the
fault. This procedure, together with the constant Jacobian
matrix, results in a reduced computational burden, even con-
sidering that the computational time is not a hard constraint
for FLAs. Moreover, this paper presents a comprehensive as-
sessment of the proposed approach considers the presence of
DGs, and also a sensitivity study on the weights required by
the SE for fault location purposes, which to the best of the
author’s knowledge, can not be found in the literature.

The remainder of this paper is structured as follows. Sec-
tion II describes the proposed BCBSE, highlighting a simple
and accurate way to specify the angular reference and model
the equivalent measurements. The proposed FLA, along with
the modeling of the fault and the FLI, is detailed in Section
III. In Section 1V, the performance of the proposed FLA is
assessed considering several case studies under fault condi-
tions. Finally, the conclusions are drawn in Section V.

II. PROPOSED BCBSE

In a distribution network under normal conditions, the bus
voltage magnitudes are close to the nominal values, and the
voltage angles are typically small. Under these conditions,
the classical state estimation methods are expected to per-
form very well [24]. On the other hand, under fault condi-
tions, the voltages and currents can significantly deviate
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from nominal values and may lead the methods to present
convergence issues once these methods are solved via Gauss-
Newton methods. In order to avoid that, FLAs based on SE
typically assume the availability of PMUs and adopt a linear
formulation. These linear SEs are solved by non-iterative (di-
rect) procedures and, by definition, they can not present con-
vergence issues even under severe fault conditions.

Given that PMUs are not expected to be widely available
in distribution networks, the main idea in this paper is to use
only conventional non-synchronized measurements obtained
from smart meters and pseudo-measurements. For that, the
so-called branch current based state estimator (BCBSE) is
adopted, and a set of cautions in modeling is used to prevent
convergence issues when running under fault conditions.
Thus, special attention is given to the specification of the an-
gular reference, the modeling of the voltage magnitude mea-
surements, and the modeling of the fault condition.

A. Basic Algorithm of BCBSE

The state variables of the BCBSE are the real and imagi-
nary parts of the voltages at the reference bus plus the real
and imaginary parts of the branch currents, i.€., (¥, 00 V,ofime
Einres b )» Where the subscript km denotes the branch con-
necting buses k and m; the subscripts re and im denote the
real and imaginary parts, respectively; and the subscript ref
denotes the reference bus [33]. The measurement model for
the BCBSE is shown in (1).

z“(x)=Hx+e (1)

This linear relationship between the state vector x and the
equivalent measurement vector z*(x) leads to a constant Ja-
cobian matrix H, which is composed of system impedances,
zeros, and ones, and vector e contains the errors inherent to
the measurements [33]. Indeed, the Jacobian matrix H will
be constant given that a proper representation of the voltage
magnitude measurements is adopted [34], [35]. The weight-
ed least square (WLS) solution for the state variables can be
obtained via the Gauss-Newton method by iteratively solv-
ing the normal equation (2), where the equivalent measure-
ments z(x") are updated at each iteration 7. Furthermore,
as the variances of the equivalent measurements can be as-
sumed to be constant, as proposed in [34], the weighting ma-
trix W and, consequently, the gain matrix, H"WH, can also
be kept constant during the iterative solution process. This
simplifies the calculations and significantly reduces the com-
putational burden of the state estimation process. The basic
algorithm for the BCBSE is shown in Fig. 2, where x* is
the estimated state. It can be observed that the gain matrix is
built and factorized just once outside the iterative process.

X" =(H"WH) ' H" "Wz (x") )

The conventional measurements in the state estimation
process are the active and reactive power injections and pow-
er flows and the voltage magnitudes. For the BCBSE, these
conventional measurements are converted into equivalent cur-
rents and voltages [33]. If PMUs are available, the measured
complex voltages and currents are used directly without con-
version.

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 6, November 2023

Build Wand H

‘ Compute and factorize H' WH ‘
!

‘ Set the first guess to be x, and =0 ‘

T
>y

‘ Calculate z°9(x") ‘

|
Update y=n+1 ‘ ‘ Obtain X! according to (2) ‘

Is x""! converged?

Fig. 2. Basic algorithm for BCBSE.

B. Equivalent Measurements

1) Equivalent Current Measurements

Consider a three-phase branch km with shunt admittances
and loads connected at terminal buses k& and m, as shown in
Fig. 3. In obtaining the equivalent current injection measure-
ments, the active and reactive power injections are measured
at the loads. These power injections are then converted into
equivalent current injections as shown in (3).

*
a,mea | : _a,mea
P t)9k
‘ja.ﬂ
k
joea | Tiect s jive Jon
lk k,re ] k,im . k’
2 ibeeq b e+ igr e >h
i;:.,eq = lk.re +.]lk,im = Y - Yk VkJ7 (3)
. v,
N -c,eq ~c.eq k e
ii’eq lk,re +.]lk,im . Vk
c.mea | : _c,mea
Py T4
>
vli,’?

where l?’;‘)q is the equivalent current injection of each phase j
at terminal bus k; v;" is the voltage phasor of each phase j at
terminal bus k and iteration #; p;"* and ¢, are the active
and reactive power injections of each phase j at terminal bus
k, respectively; and Y, is a 3 x 3 matrix containing the associ-
ation of the shunt admittances of the branches ¥ and the
shunt admittances connected to the buses ¥;”. As a result,
the vector ¥,/ contains the currents injected by the shunt el-
ements at bus .

>0 v > v 4
1 k Ui m [
i i it
k km m
Load === Z, == =Load
I ‘ Lim ‘ [ I
_.\h l sh l sh sh
Yk 2 Ykm 2 Ykm Ym

Fig. 3. General model of a three-phase distribution branch.

In a similar way, to obtain the equivalent current flow
measurements, the active power and reactive power flowing
through the branches are measured close to the terminal bus-
es. These power flows are then converted into equivalent cur-
rent flows as shown in (4).
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where ?,{;,f" is the equivalent current flow of each phase j on
branch km; and p};" and ¢}’ are the active and reactive
power flows of each phase j on branch km, respectively.

As observed in (3) and (4), both the active and reactive
power measurements are required to obtain the equivalent
current measurements. If either of the two power measure-
ments is missing, a pseudo-measurement with adequate vari-
ance can be used. Note that (3) and (4) include all available
phases. To represent single- and two-phase branches as three-
phase elements, the concept of dummy nodes and dummy
lines can be adopted [36]. Finally, if the shunt elements are
discarded, (3) and (4) can be simplified, as presented in
[33]-[35].

2) Equivalent Voltage Measurements

According to [35], at least four approaches can be found
in the literature to represent voltage magnitude measure-
ments in the BCBSE. Based on the results presented in [35],
the approach proposed in [34] will be adopted in this paper
because it results in constant coefficients in the Jacobian ma-
trix. Moreover, as shown in this paper, it does not deterio-
rate the convergence of the BCBSE under fault conditions.
As proposed in [34], the conversion of voltage magnitude
measurements ;" into the equivalent voltage measure-
ments v{*, vi, vi“ for each phase of bus k is done accord-
ing to (5).

a a a : a

V;:’ 4 Vk,re Cos ¢k Vk, im sin ¢k

b, _ b b b : b
Vi | = | Vi COS @y | — | VL, SIN G Q)

c,eq c c ¢ : c

vk vk, re Ccos ¢k vk im sm ¢k

where v}, =v;"“cos 6] for each phase j;V,,=v;"“sin 0] for
each phase j; and ¢, is the rotation angle, which is constant
and equal to the angles of the bus voltages at the first guess
of the BCBSE. The angle 6] is used to artificially create a
complex voltage measurement from the measured voltage
magnitudes. It can be observed that this angle is updated at
every iteration x of the solution process.

In BCBSE, as the state variables are the voltages of the
reference bus and the branch currents, the equivalent voltage
measurements need to be modeled as voltage drops from the
reference bus ref to the measured bus k. For that, v/, and

Vi 10 (5) are rewritten as (6) and (7), respectively.

Vi quf COs 9,‘,’4 Fonre L im

VZ, re vlr)ef Cos erf - z Ry, i im, re | = Xi| i | | (6)
L V;( re vlr:ef cos ercef- m & Qv L lchm re- L izm, im-

VZ, im Vﬁef sin 927” Lo re i Zm im

VZ, im | = V]:ef sin erf - 2 Xon| Timre | T Rin| T || (7)
LViim viysindy, | et L L i
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where v/;e, and 0{6_,- are the voltage magnitude and angle in a
given phase j of the reference bus, respectively; Q. is the
set of branches connecting bus k to reference bus; #,,,. and
#, i are the real and imaginary parts of the currents of each
phase j on branch km, respectively; and Z, =R, +]jX,, is
the series impedance matrix of the branch km. Based on the
above, the derivatives of the Jacobian matrix are obtained
from (5), (6) and (7) and, therefore, the elements of the Jaco-
bian matrix are constant. The values that go in z*(x") are
obtained from (5) and, hence, they are updated at every itera-

tion #.

C. Weights for Equivalent Measurements

In power system state estimation under normal conditions,
more accurate measurements are recommended to be associ-
ated with higher weights, and less accurate measurements
such as pseudo-measurements are associated with lower
weights. The inverse of the variances of the measurements is
typically used as weight [23], [24].

In this paper, given that measurements are converted into
equivalent measurements, considering the error propagation
theory, the variances and covariances of the equivalent mea-
surements are calculated from the variances of the measure-
ments and used to compose the weighting matrix W of the
equivalent measurements [34], [37]. A detailed discussion on
that, as well as the adopted equations, can be found in [34].

D. Angular Reference

According to [38], under normal conditions, the angular
reference in distribution network SEs can be specified in
two ways. In the first way, the angular reference is placed
on the network substation. As only the voltage magnitudes
are measured in the substation, voltage angles are assumed
to be displaced at 120°. In the second way, the network up-
stream of the substation (sub) is represented by a Thevenin
equivalent. Then, the angular reference is placed at an inter-
nal bus (inf) of this equivalent. The idea is illustrated in Fig.
4. As this internal bus is, by definition, a balanced bus, it
presents complex voltages with the same magnitude and dis-
placed value of 120°, i.e., vi, =V, =V, 0,,=0:,—120°, and
0y=0,,+120° In this approach, the unbalances inherent to
the distribution networks, or even the unbalances inherent to
asymmetrical faults, are not masked and can adequately fit
the measurements obtained under fault conditions. The im-
pedance matrix Z, is obtained from the three- and single-
phase short-circuit levels of the substation [38].

0 (int) 1 (sub) k

Vint Vsub Vi

Fig. 4. Angular reference placed at internal bus of Thevenin equivalent
representing network upstream of substation.

Given that under asymmetrical fault conditions the unbal-
ances in currents and voltages can be severe, the second way
is recommended in this paper. As it will be shown, it contrib-
utes to maintaining the good convergence features of the
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BCBSE under asymmetrical fault conditions and allows a
proper fitting to the available measurements.

E. Modeling Fault

In this paper, a fault at bus &k is modeled by including
pseudo-measurements representing the fault currents as injec-
tions at bus k. To consider the effect of the symmetrical or
asymmetrical faults, these pseudo-measurements are included
in all phases of bus k. The pseudo-measurements are ob-
tained according to (8).

- Y-
a,mea . _a,mea
Doy )i )
>a,n
- faul faul vsub
-, fault sa.fault | s -a,fault N
lkf u Ulve T 10 im N V(;Z',Z
3 b fault | b fault phmea g jghme | R
l-z.fauh = | ke +-]lk;im = % + 5 Ysub VS&Z
- wc.fault | : -c.fault Vaub S
l‘;,fault Ure TIim . ver
¢, mea s C.mea
pbﬂqb)
Lo
L vsuh i

(®)
where 7/ is the fault current injection of each phase j at
bus k; p-l and ¢’} are the active and reactive power injec-
tions of each phase j at the substation, respectively; and v/,
is the voltage phasor of each phase j at the substation and it-
eration 7.

Since the angular reference is placed at an internal bus of
the Thevenin equivalent described in Section II-D, the volt-
ages at the substation and the fault currents are updated at
every iteration #. In cases where the distribution network has
DGs, the fault current is modeled as the summation of the
contributions of all available power sources. An equation
similar to (8) is applied to every DG.

Finally, given that these fault currents are indeed approxi-
mations of the actual fault currents, they are associated with
small weights. This allows the residual associated with the
fault currents to better fit the available measurements, im-
proving the fault location accuracy. A discussion of the ade-
quate weights is presented in Section IV.

III. PROPOSED FLA

The proposed approach is based on a search procedure
composed of two stages: () the identification of the faulted
zone; and @ the identification of the faulted bus. The first
stage consists of splitting the network into zones determined
by boundary buses, which are the fork buses and terminal
buses. This is done to reduce the computational burden of
the searching procedure once just the boundary buses are
tested at the first stage. An overview of the algorithm pro-
posed to identify the faulted zones at the first stage is shown
in Fig. 5.

According to Fig. 5, in the first step of the algorithm at
the first stage, all the available conventional measurements
provided by smart meters and the pseudo-measurements are
fed to the BCBSE. The measurements are obtained during
the fault, while the pseudo-measurements are obtained under
pre-fault conditions. Recall that this is the best information
available regarding unobservable areas of the distribution net-
works. In the second step, the network is split into zones de-
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termined by boundary buses. Then, the first faulted bound-
ary bus (bus i) is selected, and the fault current at this bus is
specified according to (8). Given this, the proposed BCBSE
is run, and the index J,(x) is calculated. This index quanti-
fies how the measurements, the pseudo-measurements, and
the supposed fault location fit the estimated state. Thus, the
closer the bus i is to the fault location, the lower the index
J.(x) is. This procedure is repeated only for the boundary
buses to identify the most likely faulted zones.

Feed the BCBSE with measurements under fault
condition and regular pseudo-measurements

!

Split the network into zones delimited
by the boundary buses

'
Select the first boundary bus (bus 7)

I
v

Model the fault at boundary bus 7
(see Section II-E)

|

Run the proposed BCBSE considering
the fault at boundary bus i (see Fig. 2)

I}

Calculate the index Ji(x)

Have all the boundary
buses been analyzed?

The fault is in one of the zones adjacent to
the bus with the smallest J,(x)

Fig. 5. Algorithm for identification of faulted zone at first stage.

After identifying the faulted zones, the BCBSE-based
FLA is run for the buses of the most likely faulted zones, as
proposed in Fig. 6.

‘ Select the first suspect bus in the faulted zone (bus k) ‘

[
v

‘ Model the fault at bus & (see Section II-E) ‘

!

Run the proposed BCBSE considering the fault at bus &
(see Fig. 2)
'

Calculate the index Jy(x) ‘

Have all the buses inside the
faulted zones been analyzed?

The faulted bus is the one with the smallest value
between J;(x) and Ji(x)

Fig. 6. Algorithm for fault location in faulted zone at second stage.

At the second stage, bus & (a bus inside the faulted zone)
is selected as suspect bus and the fault currents are specified
at this bus according to (8). Similar to the algorithm of Fig.
5, the proposed BCBSE is run, and the index J, (x) is calcu-
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lated. The faulted bus is the one with the smallest J, (x).

Given that faults are more prone to occur on branches in-
stead of buses, to improve the accuracy of the fault location,
fictitious buses equally spaced can be placed on branches ad-
jacent to the bus with the smallest J,(x), and the proposed
approach can be run for these fictitious buses. However, it is
worth mentioning that the spacing does not necessarily have
to be fixed and can be of any size, that is, a finer or larger
spacing. This will depend on the length of the branch. Given
this, it is important to highlight that the smaller the distance
between these fictitious buses, the greater the accuracy of
the fault location. On the other hand, increasing the number
of fictitious buses increases the computational burden. In
practice, a distance from 50 to 100 m is recommended be-
tween fictitious buses. This is a typical distance among con-
secutive poles.

In cases where there are unobservable areas in the distribu-
tion networks, classical algorithms for observability analysis,
as proposed in [23] or [24], can be used to define the exact
set of required pseudo-measurements. However, in practice,
pseudo-measurements associated with very low weights can
be used at all buses [23], [24]. This avoids the usage of the
observability analysis algorithms and does not significantly
affect the accuracy of the proposed approach.

In this paper, the index J(x), known as the weighted sum
of squared residuals [23], is adopted as the fault location
metric. To calculate J(x), it is enough that the distribution
network is minimally observable, i.e., the number of state
variables is equal to that of available measurements (actual
measurements, pseudo-measurements, virtual measurements,
and constraints related to the reference bus) [23]. According
to state estimation theory, this is the minimal amount of mea-
surements required for state estimation purposes. The index
J,(x) is calculated according to (9) using the estimates x*
provided by the BCBSE with the fault placed at bus &, and
the minimum value for J,(x) is the FLI, as shown in (10).
Recall that this index is also used to identify the faulted
zones.

T, ()= (@ ()~ Hx) W (2% (x) ~ Hx"")
FLI=min{J, (x)}

)
(10)

IV. CASE STUDIES

The proposed approach was implemented in MATLAB
2017b and the tests were run considering a modified version
of the IEEE 34-bus distribution feeder [39]. In this modified
version, voltage regulators were removed and the concept of
dummy lines and dummy buses was adopted to represent sin-
gle- and two-phase branches and buses as three-phase ele-
ments [36]. Moreover, some new buses were added in order
to accommodate the distributed loads, in addition to Bus 0
included to represent the angular reference. The modified cir-
cuit resulted in a total of 52 buses, as shown in Fig. 7.

To simulate the measured values z/™, the fault, as well as
the healthy network, was simulated on the software
OpenDSS [40]. Fault scenarios were simulated varying: fault
location, fault type, fault resistance, and the presence of dis-
tributed generators. All tests were performed on a personal
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computer with 17-7500U 2.90 GHz CPU and 16 GB of
RAM.
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Fig. 7. Modified IEEE 34-bus distribution feeder.

To simulate the availability of actual measurement values
z,, deviations following normal distribution were added to
the measured values z/™ according to (11), where L, is a nor-
mally distributed random variable with zero mean and uni-
tary variance, i.e., L,~N(0, 1) [34]. The standard deviation o,
for the " measurement is calculated according to (12),
where z/™ corresponds to the values obtained from
OpenDSS, and E,,,, is the maximum percentage error associ-
ated with the inaccuracy of measurement devices, instrument
transformers, and communication infrastructure [41].

z,=z"+L,0, (11)
Z{rueE

e — 12

%= 3% 100 (12)

The initial measurement plan (Plan A) is depicted in Fig.
7. In this plan, six spot load buses (blue buses) and two dis-
tributed load buses (orange buses) have power and voltage
magnitude measurements. Also, power flow and voltage mea-
surements are considered at the substation bus, resulting in a
total of 9 measured buses. The remaining buses (black bus-
es) are zero power injection buses with the weight set to
be 10%.

All these measurements are provided by smart meters, for
which the £, on power and voltage measurements is 2%
and 1%, respectively. The E, , considered for pseudo-mea-
surements is 50% over the true power injections obtained
from the OpenDSS. The current injection representing the
fault is associated with a small weight [42], [43], i.e., 10.
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These weights are assessed and discussed later in this paper.
A second measurement plan (Plan B) containing twice the
number of meters is also considered. The new measurements
of power and voltage magnitude are placed at Buses 3, 16,
18, 20, 25, 28, 30, 32, and 48. The convergence criterion of
the BCBSE is reached if the maximum absolute value of
mismatches on the state variables is less than a specified tol-
erance, i.e., max)x"*' —x"| <, where the tolerance is 7=107".

A. Impact of Angular Reference on BCBSE Under Fault
Condition

In this subsection, the impact of the angular reference on
the convergence of the BCBSE under fault conditions is as-
sessed. Single- and three-phase faults are simulated since they
represent the most frequent and severe faults, respectively.
Three specifications of angular reference are considered.

1) Substation bus: the voltage magnitudes are measured
by a smart meter and the angles are assumed to be 120° dis-
placed at the substation.

2) Internal bus: the complex voltages present the same
magnitude and the angles are 120° displaced at internal bus
(bus behind the substation), as presented in Section II-D.

3) Substation bus (uPMU): the voltage magnitudes and an-
gles are provided by uPMU at the substation bus.

For this purpose, the complex voltages estimated by the
BCBSE (v*") considering the three specifications of angular
reference are assessed through the mean absolute error
(MAE) according to (13), where v"* is the measured com-
plex voltage, and N, is the number of buses in the network.
The smaller the MAE, the better the estimates fit the avail-
able measurements.

1 Ny T) true __ ;ext
MAE= — > |"=5—" 13
NB /121‘ v;me ( )

Figures 8 and 9 show the MAE obtained considering sin-
gle- and three-phase faults at Bus 22, respectively, and con-
sidering the two measurement plans with fault resistance
varying from 1 to 100 Q. As can be observed, greater MAEs
are obtained when the angular reference is placed at the sub-
station containing just a smart meter. Placing the angular ref-
erence at an internal bus and installing a uPMU at the sub-
station provides very similar MAEs. For instance, given a
single-phase fault with the fault resistance of 1 Q, the MAEs
considering the specification of the angular reference at the
internal bus and at the substation bus with uPMU are 2.58 x
107 and 2.45x 107, respectively. On the other hand, consid-
ering the three-phase faults, the MAEs considering the three
specifications of the angular reference present very similar
values. This confirms the importance of the approach recom-
mended in this paper to represent the angular reference, spe-
cially in the presence of asymmetrical faults. In both fault
types, it is possible to observe that the MAE decreases as
the number of measurements increases.

Considering the same simulation depicted in the previous
paragraph, Figs. 10 and 11 show the number of iterations #
required for the BCBSE to reach the convergence. During
the simulation of the single-phase fault, when the angular
reference is placed at the substation containing just a smart
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meter, the number of iterations is the highest compared to
the other two specifications. For instance, given a single-
phase fault with the fault resistance of 1 €, the average num-
bers of iterations considering the angular reference at the in-
ternal bus and at the substation bus (WPMU) are 7.45 and
5.50, respectively. On the other hand, when the angular refer-
ence at the substation bus containing just a smart meter is
adopted, the average number of iterations reaches 11.45. As
the fault resistance and the number of available measure-
ments increase, the number of iterations decreases in both
fault types.
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(a)

100

1
01 25 50 75

100
Fault resistance (Q)
(®)

-=-Substation bus; -+-- Internal bus; -e- Substation bus (uWPMU)

Fig. 8. MAE considering single-phase faults at Bus 22 with two measure-
ment plans and fault resistance varying from 1 to 100 Q. (a) Plan A. (b)
Plan B.
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Fig. 9. MAE considering three-phase faults at Bus 22 with two measure-
ment plans and fault resistance varying from 1 to 100 Q. (a) Plan A. (b)
Plan B.
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Fig. 11. Number of iterations considering three-phase faults at Bus 22
with two measurement plans and fault resistance varying from 1 to 100 Q.
(a) Plan A. (b) Plan B.

In summary, the proposed approach to represent the angu-
lar reference in the BCBSE under fault conditions can pro-
vide similar results to the adoption of a pPMU at the substa-
tion with a significantly smaller cost. This approach shows
the relevance with the accuracy of the BCBSE, specially in
the presence of asymmetrical faults.

B. Assessment of BCBSE-based FLA

In this subsection, the performance of the proposed ap-
proach is assessed in terms of success percentage in correct-
ly identifying the fault location, i.e., accuracy. Each fault sce-
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nario is run 1000 times considering randomly defined noisy
measurements. Single- and three-phase faults were simulated
across the IEEE 34-bus distribution feeder considering fault
resistance varying from 1 to 100 Q. Tests were carried out
considering fault resistance up to 1000 Q, and the general
conclusions are similar. These results are not presented for a
matter of space.

As can be observed in Fig. 12(a), when the fault resistance
is less than 70 Q, the accuracy of the proposed approach is
100% for all single-phase faults. As the fault resistance in-
creases, the accuracy of the proposed approach decreases up to
94% when the fault resistance reaches 100 Q at Bus 49. The
worst performances are observed at Buses 5, 21, 31, 33, and
49. It can be concluded that as the fault resistance increases,
the accuracy slightly decreases. On the other hand, as can be
observed by comparing Fig. 12(a) and (b), the accuracy in-
creases as the number of measurements increases. Considering
Plan B, the accuracy is 100% for all assessed scenarios.

100

Accuracy (%)

40
Fy 60
ulg resjstanceg((;21 00 2
)

(@)

Accuracy (%)

(b)

Fig. 12. Accuracy of proposed approach considering single-phase faults
with Plan A and Plan B. (a) Plan A. (b) Plan B.

Similar behavior is presented by the proposed approach
when three-phase faults are assessed. According to Fig. 13,
when the fault resistance is 100 €, the accuracy of the pro-
posed approach is 99% at Bus 5 and 98% at Buses 21 and
33. Again, the accuracy of the proposed approach increases
as the number of measurements increases from Plan A to
Plan B. Besides, tests were carried out considering two-
phase faults, and the accuracies are similar.

C. Assessment of Proposed Approach Considering Fault on
Branch

The previous analysis have considered faults at buses.
However, it is well known that the faults are much more
prone to occur on branches. To locate faults on branches, the
proposed approach is run at the boundary buses in order to
identify the faulted zones.
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Fig. 13. Accuracy of proposed approach considering three-phase faults
with Plan A and Plan B. (a) Plan A. (b) Plan B.
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Then, it is run at buses belonging to these zones to identi-
fy the bus closest to the fault. Once the bus closest to the
fault is located, the proposed approach is run on branches ad-
jacent to this bus. These branches are examined by introduc-
ing a fictitious bus that sweeps them from the beginning to
the end. Based on this procedure, single- and three-phase
faults were assessed with fault resistance varying from 1 to
100 Q on Branch 21-22, as shown in Fig. 14. The length of
this branch is 3.1 km [39].

The measurement plan is Plan A. The performance assess-
ment is performed in terms of the maximum error class con-
sidering 1000 sets of randomly defined noisy measurements
that are produced for each fault scenario. For simplicity, the
fictitious buses were spaced every 100 m far from each oth-
er. However, any distance between the fictitious buses can
be adopted. When the fault resistance is less than 70 Q, the
accuracy of the proposed approach is between 0 and 100 m
considering the single-phase fault, which means that the
fault is between two consecutive fictitious buses. As the
fault resistance increases, the accuracy of the proposed ap-
proach decreases. This can be observed, for instance, in the
cases of single-phase faults with the resistance greater than
70 Q. For the adopted spacing between the fictitious buses,
the worst error was smaller than 300 m. Recall that these re-
sults can be improved by installing more meters. A similar
behavior occurs with the three-phase faults, as shown in Fig.
14(b). In this case, the maximum error was less than 100 m
for all assessed fault scenarios.

D. Assessment of Proposed Approach Considering Fault on
Underground Cable Branch

A case study in a distribution network containing under-
ground cables is presented in the following.
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Fig. 14. Accuracy of proposed approach considering single- and three-
phase faults on Branch 21-22. (a) Single-phase fault. (b) Three-phase fault.

This case study is based on the 37-bus test feeder. This
feeder is an actual feeder in California, USA, with a 4.8 kV
operating voltage. It is featured by delta configuration, all
branch segments are underground, the substation voltage reg-
ulation is based on two single-phase open-delta regulators,
spot loads, and very unbalanced [39]. The underground
branch examined is Branch 702-703 with a length of 400 m
approximately.

In this case, a fictitious bus containing the fault sweeps
the branch from the beginning to the end. Based on this, sin-
gle- and three-phase faults were assessed with the fault resis-
tance varying from 1 to 100 Q on Underground Branch 702-
703, as shown in Fig. 15. In the measurement plan, 25 spot
load buses have power and voltage magnitude measure-
ments, and power flow and voltage measurements are consid-
ered at substation bus. The performance assessment is per-
formed in terms of the maximum error class considering
1000 sets of randomly defined noisy measurements that are
produced for each scenario. For simplicity, the fictitious bus-
es were spaced every 20 m far from each other. However,
any distance between the fictitious buses can be adopted.

When the fault resistance is less than 70 Q, the accuracy
of the proposed approach is between 0 and 20 m considering
the single-phase fault. As the fault resistance increases, the
accuracy of the proposed approach decreases. This can be
observed, for instance, in the cases of single-phase faults
with the resistance greater than 70 Q. In the worst cases, the
errors are smaller than 60 m. Keep in mind that these results
can be improved by installing more meters. A similar behav-
ior occurs with the three-phase faults, as can be observed in
Fig. 15(b). In this case, the maximum error was smaller than
20 m for all assessed fault scenarios.
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Fig. 15. Accuracy of proposed approach considering single- and three-
phase faults on Underground Branch 702-703. (a) Single-phase fault. (b)
Three-phase fault.

E. Assessment of Proposed Approach Considering DG

In this subsection, the proposed approach is assessed in
the presence of DGs. For that, three distributed generators
were added at Buses 14, 40, and 46 (two synchronous gener-
ators at Buses 14 and 40 and one PV at Bus 46 [21]) of the
test system shown in Fig. 7. Plan A was considered. The ca-
pacity of each DG is 500 kVA. It is worth mentioning that
the fault current now is the contribution not only of the cur-
rent of the substation but also of the DG.

As can be observed in Fig. 16, when the fault resistance
is less than 70 Q, the accuracy of the proposed approach is
100% for the single-phase fault. As the fault resistance in-
creases, the accuracy of the proposed approach decreases.
For instance, in the case of a single-phase fault with the
fault resistance greater than 70 Q and 80 Q at Buses 5 and
31, respectively, the accuracy decreases up to 98% in both
buses. Besides, it is possible to observe that, despite keeping
the same number of measurements (Plan A), with the help to
the contribution of more power sources to the fault, the accu-
racy of the proposed approach improves. In cases of three-
phase faults in the presence of DGs, the accuracy is 100%
regardless of the fault location and resistance.

F. Assessment of Weights on Proposed Approach

In the previous subsections, the weights of the measure-
ments and pseudo-measurements were set according to (11)
and (12). The weights of the zero injections and the fault
current were set to be 10 and 10, respectively. These values
were chosen from the experience of the authors with state es-
timation and FLAs. In this subsection, a sensitivity study on
these weights is presented.
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In the first case, a single-phase fault was applied across
the test system considering different weights to the pseudo-
measurements and the fault current. The Plan A was consid-
ered. For each fault scenario, a total of 1000 sets of noisy
measurements were produced and assessed. Figure 17 shows
the accuracy of the proposed approach.
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Fig. 17. Accuracy of proposed approach considering weight influence of
pseudo-measurement and zero injection versus fault current. (a) Weight in-
fluence of pseudo-measurement versus fault current. (b) Weight influence of
zero injection versus fault current.

In Fig. 17(a), the weight of the zero injections is set in
10°. The weight of the pseudo-measurements ranges from
10* to 10°, and the weight of the fault current ranges from
10 to 10*. As it is possible to be observed, when the weight
of the fault current is set to be 10, the accuracy of the pro-
posed approach does not decrease regardless of the weight
of the pseudo-measurements. As the weight of the fault cur-
rent increases, the accuracy of the proposed approach deteri-
orates up to 40%. It is worth mentioning that a fair weight
for the pseudo-measurements would be around 10*.

In Fig. 17(b), the weight of the zero injections ranges
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from 10°® to 10'%, while the weight of the fault currents rang-
es from 10 to 10*. The weight of the pseudo-measurements
is set to be 10". As it can be observed, when the weight of
the fault currents is 10, the accuracy of the proposed ap-
proach does not decrease regardless of the weight of the ze-
ro injections. Besides, as the weight of the zero injections
and the weight of the fault currents increase, it is possible to
observe that the accuracy of the proposed approach deterio-
rates up to 65%.

Based on the results shown in this subsection, the range
for the specification of the weights is wide. This simplifies
the choice of suitable weights for the proposed approach. Be-
sides, this indicates that from a reduced set of simulations,
these weights can be properly set.

V. CONCLUSION

Due to the errors inherent to the measurements, the delays
in communication, the limited number of available measure-
ments (leading to the adoption of pseudo-measurements), the
presence of distributed generators, the required three-phase
representation of the distribution feeders, and the typical un-
balanced loads, the state estimation approaches are promis-
ing as the main core for FLAs. In this paper, the proposed
FLA is based on an improved BCBSE, in which the Jacobi-
an matrix remains constant throughout the solution process,
reducing the computational burden of the FLA. However,
the computational time is not a hard constraint for FLAs.
Moreover, the proposed approach allows the accurate locat-
ing of faults at buses or branches without requiring measure-
ments from PMUs. The use of the PMUs is the most com-
mon requirement of the more recent approaches for fault lo-
cation based on SEs.

In summary, the proposed FLA can use measurements
from PMUs, however, this is not a requirement. Indeed, the
proposed approach can be applied given a reduced set of
conventional non-synchronized measurements. However, sim-
ilar to approaches based on measurements, increasing the
number of available measurements increases the robustness
and accuracy of the proposed approach.

As shown in the results, the improved BCBSE can be suc-
cessfully applied to faulted three-phase distribution networks
mainly due to: (D the way the angular reference is modeled;
@ the way the faulted bus is represented; 3 the proper
weights assigned for the measurements and pseudo-measure-
ments; and (@ the representation of all shunt admittances at
buses and branches in modeling of equivalent current mea-
surements. These modeling aspects can be adopted regard-
less of the networks. Therefore, these are not conditions re-
quired to the proposed approach to gain a good performance,
but they are modeling aspects that are usually disregarded
when the SE is being applied in healthy networks. These
modeling aspects are recommended in this paper to be adopt-
ed in faulted networks achieving high accuracy in fault loca-
tion without requiring measurements from PMUs.

In order to assess the performance of the proposed ap-
proach, several properly designed fault scenarios, using Mon-
te Carlo simulations, were run on the IEEE 34-bus distribu-
tion feeder and the 37-bus distribution feeder (with overhead
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and underground branches, respectively). Results indicate
that the proposed approach is an accurate and efficient alter-
native to the available approaches without the need of adopt-
ing phasor measurements.

Similar to all FLAs based on measurements and network
analysis tools (short-circuit, load flow, and state estimation),
in the proposed approach, the accuracy of the fault location
depends on the number and location of the available mea-
surements. In addition, these FLAs based on network analy-
sis tools usually can present difficulties to converge in net-
works that have very high grounding impedances as well as
in ungrounded systems.
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