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Faulted Branch Identification on Power Distribution
Systems Under Noisy Environment
Karen Rezende Caino de Oliveira, Rodrigo Hartstein Salim, Adalberto Shuck Jr., Arturo Suman Bretas

Abstract—Faulted branch identification is extremely important
for power distribution systems operation and restoration. Also,
noisy environments are common in substations, where the relays
are normally installed. In this paper a novel formulation that
estimates the faulted section of an unbalanced power distribution system considering a noisy environment is presented. The
method uses travelling waves and autocorrelation theory, and was
developed using only local voltage data. The encouraging results
demonstrate the technique’s high precision in determining faulted
branches considering faults without resistance.
Index Terms—Fault diagnosis, Fault location, Power system
transients, Correlation, Power distribution faults.

I. I NTRODUCTION

P

ROTECTION schemes philosophy in power distribution
systems (PDS) is to remove faulted lines (and equipments) after the detection of a permanent fault. After protection scheme’s operation, maintenance crew try to heal these
faulted lines as fast as possible, in order to restore the system without seriously affecting its reliability. To achieve this
objective, a precise fault location estimate must be provided.
For years the maintenance crews of distribution companies
executed the fault location (FL) process through visual inspection along the overhead lines. Other techniques used were
based on brute force methods, such as restoration through
switching and phone calls from consumers [1]. Due to the
large amount of laterals and the unbalanced nature of current
PDS, the cited LF methods present low efficiency, which, in
turn, results in the reduction of system reliability and in the
increase on operational costs. With the development of digital
protection systems, it became possible the usage of automated
FL methods.
The main difference between FL methods and faulted
branch identification (FBI) methods is that the latter results
only in a faulted region. In PDS, FBI methods are very well
suited, since each branch of the system may correspond to
only a few meters. In this systems, FBI methods can also be
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Estado de São Paulo (FAPESP).
K. R. Caino de Oliveira and R. H. Salim are with the University
of São Paulo (EESC-USP), São Carlos, SP, Brazil, 13566-590 (e-mail:
caino@sel.eesc.usp.br, salim@sel.eesc.usp.br, phone: +55 16 33739366 R.
219).
A. Shuck Jr. and A. S. Bretas are with the Federal University of Rio Grande do
Sul (UFRGS), Porto Alegre, RS, Brazil, 90035-190 (e-mail: shuck@ufrgs.br,
abretas@ece.ufrgs.br).
Paper submitted to the International Conference on Power Systems
Transients (IPST2009) in Kyoto, Japan June 3–6, 2009

used as part of FL algorithms, helping them to select only one
fault location among several expected estimates [2]–[4].
In the recent years, several FBI methodologies were developed for PDS [3], [5]–[8]. However, these existing methodologies are not robust to several practical aspects regarding
the power protection operation, such as the existence of
laterals [7] and the PDS operation characteristics [5], [6].
Also, none of the cited methods presents a consideration on
noisy environments, which are common in power distribution
substations, where the digital protection relays are normally
located [9].
Considering the above mentioned limitations of current FBI
methods, this work presents an FBI methodology for PDS.
The main objective of this work is to propose an efficient
method, with high precision and low operation cost. In this
way, the proposed methodology requires only local voltage
measurements, available at the substation, and is based on
traveling waves and autocorrelation theory. The methodology
was developed on Matlab and results are obtained for a
modified version of the IEEE 13 Node Test Feeder, whose
faults were simulated on EMTP-RV software [10].
The remaining of this paper is presented as follows: Section
II describes and discusses the proposed formulation. Section
III describes the case study system. Section IV presents the
results obtained in the case study system. The discussions and
conclusions are presented in Section V.
II. P ROPOSED M ETHODOLOGY
The proposed methodology requires only three-phase local
voltage (at the substation terminals) and system data: line and
cable models, loads and system topology. It is divided into
four subroutines, as shown in Fig. 1:
• Low Frequency Filtering: The low frequency components
are filtered from the signal;
• Modal Decomposition: The high frequency three-phase
voltage components are decoupled into three independent
systems;
• Travelling Waves Analysis: The aerial mode transient
signal is analysed using an autocorrelation algorithm in
order to solve the faulted branch identification problem;
• Propagation to the Next Branch: The voltage signal is
analyzed in several buses, using the Travelling Waves
Analysis subroutine.
The Travelling Waves Analysis subroutine is actually the
one that identifies the faulted branch. It has two internal
routines, which comprise the estimation of the total branch
propagation time and the fault induced transients propagation
time. Using these two estimates, it is possible to determine the
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faulted branch with precision. The formulation is presented for
faults without resistance, and also considers white noise in the
analyzed signal. Each one of the subroutines are presented in
details in the following subsections.
A. Low Frequency Filtering
This subroutine filters low frequency components of the
three-phase voltage signals. It is required that this process
does not interfere in the signal’s phase, as its use is necessary
in the following subroutines to determine the traveling waves
propagation time on the distribution line.
The Butterworth filter is the one used in this work. This
filter is designed to have a frequency response with no ripples
in the passband. These filters have a magnitude changing
related to the frequency characteristic. Thus, to implement
this subroutine a bilinear transform was used. In order to
implement the stopband necessary, a third order Buttherworth
filter was used.
Due to the high frequency range present in transients
induced by faults on short lines [11], a cut off frequency, ωc ,
equal to 50 kHz is used in this work.
B. Modal Decomposition
With the transient voltage signal filtered, the modal decomposition subroutine begins. As distribution systems lines are
normally asymmetric, the modal transformation matrix components are not real and constant. This subroutine performs
the modal transformation at the fault dominant frequency in
order to eliminate its frequency dependency and to consider
only the traveling waves due to the fault.
First, the transient signal dominant frequency is estimated.
This estimate is used in the line’s parameters calculation,
at the fault dominant frequency. The dominant frequency is
defined as the higher relative frequency component of the fault
voltage signal. This estimate, FP , is obtained by analyzing
the transient signal through a Fourier Transform (FT). First
the filtered voltage signals are transformed in the frequency
domain through a FT. Then, FP is chosen as the frequency
component with highest absolute value.
Using FP , the line parameters, Zf and Yf , are calculated.
These values vary sharply with the frequency, estimating an
erroneous wave time travel if calculated, on the algorithm,
with any different frequency [12], [13]. With Zf and Yf , the
modal transformation matrix is calculated through (1):
P = [p1

p2

· · · pn ] ,

(1)

where pi are eigenvectors associated with the eigenvalues of
the product Zf · Yf .
Through matrix P the modal transformation is performed
[14] as defined in (2):
V (x, s) = PV (x, s) ,

Fault Signal Acquisition

Low Frequency Filtering

Modal Decomposition

Traveling Waves Analysis

Propagation to
the Next
Branch

Fault Index > 2

No

Yes
No

Branch > n

Yes
End

Figure 1.

Proposed methodology.

where γ contains the traveling waves behavior in their three
propagation modes.

C. Traveling Waves Analysis
This subroutine is divided into 3 processes: branch’s total
propagation time, waves traveling time due to faults and
branch analysis through the fault index.
1) Branch’s Total Propagation Time: For the branch’s total
wave time propagation estimate, the aerial mode has been
used since it presents a low surge impedance variation with
the frequency increase. This implies in a low variation of the
overvoltage at the faulted phase [15].
Figure 2 illustrates the incident waves due to a fault occurrence in a distribution line, where:
V1−
V1+

regressive incident wave
progressive incident wave

The fault induced voltages at terminals A and B, are

d1
A

d2
v1-

v1+

(2)

where V is the voltage vector in modal components, V0 , Vα ,
Vβ .
Still, the modal propagation matrix, γ, is calculated from
the parameters Zf and Yf as described in 3:
 
γ = (P−1 (Zf Yf )P)1/2 ,
(3)

Faulted
Branch

Figure 2.

Faulted branch and the fault induced voltages

B
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respectively given by:
VA1 (s) = eγ1 (s)d1 · V1−
−γ1 (s)d2

VB1 (s) = e
With

V1+

=

−V1−

·

V1+

(4)
.

Since this work is developed for faults without resistance,
the transmission coefficient from terminal Z until terminal X,
Γt , can be obtained by:

(5)

[15]:

−VA1 (s)e−γ1 (s)d1 = eγ1 (s)d2 VB1 (s) ,

(6)

which yields that
VB1 (s) = −

2 · Zeq
=0,
Zeq + Zline

Γt =

VA1 (s)e−γ1 (s)d1
.
eγ1 (s)d2

(7)

Calculating γ1 at the dominant frequency introduced by the
fault in the transient state, VB1 yields:
VB1 (s) = −VA1 (s)e−γ1 (d1 +d2 ) .

(8)

Finally, using the inverse Laplace Transform in (8), and
defining that the total section length is L = d1 + d2 , the fault
induced voltage at bus B in the time-domain is obtained by:
vB1 (t) = −vA1 (t)e−γ1 ·L

(9)

Equation (9) shows that the voltage induced by the fault
at terminal B is equal to the terminal A voltage multiplied
by a propagation factor. This adds to the traveling wave an
amplitude attenuation, eα , and an angle displacement, ejβ ,
since γ1 = α + jβ, which is the aerial component of the
propagation matrix, γ, calculated at the Modal Decomposition
subroutine.
Thus, the propagation time estimate, tb , in the studied
branch, is calculated through a simple relation between the
angle displacement and the signal’s cycle time, as given in
(10):
16.7 · 10−3 · βL
(10)
tb =
2π
2) Waves Traveling Time Due To Faults: This process
estimates the incident wave traveling time starting when it
reflects on the measurement terminal, then reflects on the fault
and returns to the measurement point (ta ). The Bewley-Lattice
diagram in Figure 3 illustrates the reflections and refractions
in a faulted branch with no fault resistance, between any two
buses X and Z. According to the diagram, ta can be calculated
by (11):
ta = 2 · tZ .
(11)

where Zeq is the equivalent impedance of the branches involved in the discontinuity and Zline is the line impedance.
Thus, for a fault without resistance, the incident wave is
fully reflected at the fault location and returns to the measurement terminal. This ensures that the first two successive
waves to arrive at Z are: the incident wave and its reflection
on the fault location. As the regressive incident wave also
fully reflects in the fault, its components are not seen in the
measurement point at the local feeder.
To identify the arrived waves, an autocorrelation estimator
is used, measuring the similarity’s degree of the signal with
itself. Within the transient signal it is possible to identify
the first incident wave that arrives to the terminal and the
wave reflected at the fault point. Equation (13) defines the
autocorrelation estimator:
1
r[k] =
N − |k| − 1

N −|k|−1

X

v1F [n]v1F [n − k] ,

(13)

n=1

for −N ≤ k ≤ N , where:
r[k]
vF
N
k

autocorrelation estimator
faulty phase F modal voltage
number of signal samples
temporal displacement

The autocorrelation eliminates the signal’s noise, and outputs values representing the correlated signals. These components are normalized and expressed as equally spaced pulses
that represent the traveling waves due to faults. From the
samples number between two similar voltage waves, given by
N , the wave traveling time, ta , is obtained through (14):
Fs
,
(14)
N
where Fs is the signal’s sampling frequency.
3) Fault Branch Analysis: For the fault branch analysis, it is
used a fault index, k. This index expresses a relation between
the waves travel time due to the fault, ta , and the total branch
propagation, tb , witch is illustrated in Figure 3 and defined in
(15). The k index is calculated by the ratio given in (16) and
is used to determine if the analysed branch contains a fault.
ta =

tB = tZ + tX
k=

Figure 3. System’s diagram with reflections and refractions due to a fault
occurence

(12)

ta
.
tb

(15)
(16)

Figure 3 also illustrates that if the analyzed branch is
subjected to a fault, k will always be less than or equal to
2, as the relative propagation time due to a fault, ta can
not be greater than two times the branch’s propagation time,
tb . Calculated this index, the algorithm defines the branch
status (faulted or not), and then estimates the downstream bus
voltage.
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Table I
B RANCHES DATA
Branch 3

A

B

Bus A
632
632
633
645
650
684
632
671
671
671
684

C

Branch 2

Branch 1

d

d1

d2

Branch 4

Figure 4.

Bus B
645
633
634
646
632
652
671
684
680
675
611

Length [m]
152.4
152.4
0
91.44
609.6
243.84
609.6
91.44
304.8
304.8
91.44

Config.
603
602
XFM-1
603
601
607
601
604
601
606
605

Branched system
650
(1)

D. Propagation to the Next Branch

646

In order to account for systems laterals, the proposed
algorithm calculates the fault index in every branch of the
analyzed PDS. After the k index is calculated for every
branch, possible faulted branches are yielded by the algorithm.
Figure 4 illustrates a PDS in order to demonstrate the method
propagation process.
The idea is to change the system observer by translating the
measured voltage signals to all the system’s busbars, starting
from the substation voltage measurements. This is executed
with use of the propagation theory, thus not requiring remote
measurements from other nodes besides the feeder substation.
From (9) and according to Figure 4, vC1 can be defined by
17:
(2)
(17)
vC1 (t) = −vB1 (t)e−γ1 ·L ,
where L = d1 + d2 , and the index (2) represents the aerial
propagation matrix component at branch 2. Thus, the total
branch propagation time, tb , is estimated through (10). With
(17) it is possible to calculate the voltages in one node using
only the voltages at another node and the system parameters.
Starting this procedure from the substation, the voltages in
every node upstream to the faulted branch can be precisely
calculated.
Still, to perform the autocorrelation and to estimate the
waves traveling time due to faults, ta , the voltage signal
reference is propagated to bus B, where the signal finds a
discontinuity. In order to estimate the downstream bus voltage,
it is necessary to calculateg a transfer matrix, Γt , that as well
as the line’s propagation, also adds a delay to the signal waves
traveling time.
With the transfer modal matrix calculated, Γt , the signal
vB1 is calculated, with (19), to be used as the autocorrelation
input, where ta is estimated:
vA1 = Γt · vB1 · eγ1 ·d
vA1 −γ1 ·d
·e
.
vB1 =
Γt

(18)
(19)

III. C ASE S TUDY
The case study system is the IEEE 13 Node Test Feeder
system [16]. This system was chosen due to its topological
and operational characteristics as it also serves as reference

645
(3)

632
(2)

633

634

(9)

675

(4)
(5)

611

(7)

684

(8)

671

(10)

652

Figure 5.

(6)

Overhead
Underground
680

Modified IEEE 13 Node Test Feeder.

for harmonic propagation studies [17]. Figure 5 illustrates
the case study. Table I presents the changes inserted into the
IEEE 13-bus test node feeder system’s line configuration. Still,
its configuration presents two-phase, three-phase and singlephase lines, shunt capacitors, and distributed loads. These are
connected in ∆ and Y configurations.
Two different line models were used in DCG’s EMTP
software [10], one for the overhead lines and other for
the underground cables, due to their specific characteristics.
The overhead lines were modeled as frequency dependent
parameters [18]. On the other hand, the undergound cables
were modeled using the FDQ model [19], which includes
not only the cable parameters dependency on frequency, but
also the modal transformation matrix (Q-matrix) frequency
dependency, The FDQ model was chosen since the Q-matrix
of underground cables strongly depends on frequency, and
constant-transformation-matrix models generally produce very
poor results.
IV. R ESULTS
In order to evaluate the proposed algorithm’s performance,
simulated faults were analyzed, considering the benchmark
system. The system branches were enumerated as shown in
Fig. 5. Single line-to-ground (SLG) faults without resistance
were simulated in each of the branches, under different fault
locations and faulted phases, totalizing 123 fault cases. The
fault points all have a minimum distance of 40m to the nodes
and loads (discontinuities), due to the large computational
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white noise was introduced in the signals to simulate the noisy
environment. The studied system was the modified IEEE 13
Nose Test Feeder.
Tests results demonstrate the accuracy and robustness of
the technique and its precision in identifing faulted branches
considering faults without resistance under noisy environment.
However, efforts must have to be done prior to a practical
implementation, in relation to faults with resistance.

k values
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VI. R EFERENCES

Section 1 percentual length
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Figure 6.

Phase B

Phase C

Values assumed by k for faults in different phases on branch 1.

effort needed to simulate faults closer to them. Each simulated
fault was analyzed through the proposed algorithm considering
voltage signals without noise (directly from the simulations)
and also considering a 40 dB (SNR) white noise, introduced
via Matlab in the voltage signals.
In all analyzed faults the methodology yielded the correct
faulted branch, with or without noise. The only mistake
occured for a fault located at 550m from the measurement
bus (650), in both noisy and non noisy cases. In this case, the
fault was very near node 632 (50m), a discontinuity. In this
case, the algorithm yielded two faulted branches: 1 and 5. The
ocurrence of this type of error may be a consequence of the
line and system configuration of both branches (1 and 5). Both
of them have the same line geometry and length. In this way,
for faults near the node between them, the algorithm yields a
fault index (k) that is near 2 for branch 1 and near zero for
branch 5.
Another important analysis concerns the fault index variation when the fault location is kept constant and the faulted
phase is varied. Theoretically, in fully balanced systems (loads
and line geometry), the fault index should not vary for faults
at the same distance, even if in different phases. Since the
analyzed system is higly unbalanced (loads and line geometry),
the values assumed by this index are different for faults at the
same location and in different phases. Fig. 6 shows the values
assumed by k for faults simulated in different phases on branch
1.
In this Figure, it is possible to verify that for faults on
phase C near the middle of branch 1 (50%), the fault index
assumes a very large value, where it should be next to 1. This
is a situation where there are distributed loads along the line,
introducing a discontinuity with unbalanced load.
V. D ISCUSSIONS AND C ONCLUSIONS
This paper presents a new formulation for fault branch
identification on unbalanced distribution systems under noisy
environment. The proposed methodology aims to reduce the
system’s restoration time and yet to complete existent fault
location algorithms.
The proposed method uses as input only local voltage data
having a low implementation cost on PDS. The algorithm
was implemented under MATLAB software and tested with
simulations obtained in DCG’s EMTP-RV program. A 40 dB
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