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Abstract—Faulted branch identification is extremely important  used as part of FL algorithms, helping them to select only one
for power distribution systems operation and restoration. Also, fault location among several expected estimates [2]—[4].
noisy environments are common in substations, where the relays In the recent years, several FBI methodologies were devel-

are normally installed. In this paper a novel formulation that -
estimates the faulted section of an unbalanced power distribu- oped for PDS [3], [5]{8]. However, these existing method-

tion system considering a noisy environment is presented. The 0logies are not robust to several practical aspects regardi
method uses travelling waves and autocorrelation theory, and was the power protection operation, such as the existence of
developed using only local voltage data. The encouraging results |aterals [7] and the PDS operation characteristics [5], [6]
demonstrate the technique’s high precision in determining faulted - Aj55 none of the cited methods presents a consideration on
branches considering faults without resistance. . . . . L
noisy environments, which are common in power distribution

Index Terms—Fault diagnosis, Fault location, Power system supstations, where the digital protection relays are ntiyma
transients, Correlation, Power distribution faults. 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

ROTECTION schemes philosophy in power distributiomethod, with high precision and low operation cost. In this

systems (PDS) is to remove faulted lines (and equipray, the proposed methodology requires only local voltage
ments) after the detection of a permanent fault. After mrotemeasurements, available at the substation, and is based on
tion scheme’s operation, maintenance crew try to heal thesaveling waves and autocorrelation theory. The methagolo
faulted lines as fast as possible, in order to restore the sysas developed on Matlab and results are obtained for a
tem without seriously affecting its reliability. To acheethis modified version of the IEEE 13 Node Test Feeder, whose
objective, a precise fault location estimate must be pexid faults were simulated on EMTP-RV software [10].

For years the maintenance crews of distribution companiesThe remaining of this paper is presented as follows: Section
executed the fault location (FL) process through visual ik describes and discusses the proposed formulation. @ecti
spection along the overhead lines. Other techniques usesl Wil describes the case study system. Section IV presents the
based on brute force methods, such as restoration throughults obtained in the case study system. The discussimhs a
switching and phone calls from consumers [1]. Due to theonclusions are presented in Section V.
large amount of laterals and the unbalanced nature of durren
PDS, the cited LF methods present low efficiency, which, in [1. ProrosebM ETHODOLOGY

turn, results in the reduction of system reliability and e t .

. . . .. The proposed methodology requires only three-phase local

increase on operational costs. With the development ofaligi oltage (at the substation terminals) and system datazk

protection systems, it became possible the usage of autdmat> a9 u ' : ystem date .

FL methods. cable model_s, loads and system topology. It is divided into
The main difference between FL methods and fau|t9f8ur subroutines, as.sho_wn. In Fig. 1:

branch identification (FBI) methods is that the latter resul * LOW Frequency Filtering: Thg low frequency components

only in a faulted region. In PDS, FBI methods are very well '€ filtered from the §|gnal, ,

suited, since each branch of the system may correspond t8 Modal Decomposition: The high frequency three-phase

only a few meters. In this systems, FBI methods can also be Voltage components are decoupled into three independent
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faulted branch with precision. The formulation is presdrite | Fault Signal Acquisition |
faults without resistance, and also considers white noishé

analyzed signal. Each one of the subroutines are presamted i
details in the following subsections. | Low Frequency F”te”“@’|

A. Low Freguency Filtering

This subroutine filters low frequency components of the
three-phase voltage signals. It is required that this m®ce
does not interfere in the signal’s phase, as its use is negess —>| Traveling Waves Analysif{
in the following subroutines to determine the traveling esv
propagation time on the distribution line.

| Modal Decomposition |

The Butterworth filter is the one used in this work. This Pf‘:ﬁggﬁgg{‘ 1 Fault Indexs 2 _ No | Faulted
filter is designed to have a frequency response with no ripple Branch Branch
in the passband. These filters have a magnitude changing ves
related to the frequency characteristic. Thus, to impldmen |
this subroutine a bilinear transform was used. In order to No
implement the stopband necessary, a third oRl¢therworth ‘—

filter was used.

Due to the high frequency range present in transients
induced by faults on short lines [11], a cut off frequency,
equal to50 kHz is used in this work.

Yes

End

... Figure 1. Proposed methodology.
B. Modal Decomposition

With the transient voltage signal filtered, the modal decom-
position subroutine begins. As distribution systems liaés \yherew contains the traveling waves behavior in their three
normally asymmetric, the modal transformation matrix COMropagation modes.
ponents 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 estithate Thjs subroutine is divided into 3 processes: branch’s total

This estimate is used in the line’s parameters calculatio‘g},opagation time, waves traveling time due to faults and
at the fault dominant frequency. The dominant frequency jganch analysis through tHault index.

defined as the higher relative frequency component of the fau

voltage signal. This estimatdyp, is obtained by analyzing wave time propagation estimate, the aerial mode has been

the transient signal through a Fourier Transform (FT)'tFirﬁsed since it presents a low surge impedance variation with

the filtered voltage signals are transformed in the freqylen&e frequency increase. This implies in a low variation @ th
domain through a FT. Therf'r is chosen as the frequencyovervoltage at the faultéd phase [15]

component with highest absolute value. . . L

Using F'p, the line parameters/; and Y%, are calculated Figure 2 illustrates the incident waves due to a fault occur-
These values vary sharply with the frequency, estimating Lcena distribution line, where:
erroneous wave time travel if calculate(_j, on the algorithm, Vo regressive incident wave
with any different frequency [12], [13]. WitlZ; and Y, the \Vas progressive incident wave
modal transformation matrix is calculated through (1): !

P=[p1 p2 - pu], Q)
wherep; are eigenvectors associated with the eigenvalues of

the productZ - Y. | d, % q —+
A

C. Traveling Waves Analysis

1) Branch's Total Propagation Time: For the branch’s total

The fault induced voltages at terminalé and B, are

Through matrixP the modal transformation is performed
[14] as defined in (2):

V(x,s) =PV(z,s), (2)

whereV is the voltage vector in modal componentg, V.,
Vs

Still, the modal propagation matrixy, is calculated from
the parameterZ; andY; as described in 3:

[ﬂ = (P—l(zfyf)P)l/Q , (3) Figure 2. Faulted branch and the fault induced voltages



respectively given by: Since this work is developed for faults without resistance,
the transmission coefficient from termind&luntil terminal X,

Vai(s) = en®d .y (4)  1,, can be obtained by:
Vpi(s) = e )yt (5) 2.7
- = ————=0, (12)
With Vl = 7V1 [15] qu + Zlins
_VAI(S)G—Wl(s)dl _ e’)’l(s)dszl(S) , (6) where Zeq is the eql_Jingent impedgnce qf thg branches in-
volved in the discontinuity and;;,,. is the line impedance.
which yields that Thus, for a fault without resistance, the incident wave is

fully reflected at the fault location and returns to the mea-
(7) surement terminal. This ensures that the first two sucaessiv
waves to arrive at/ are: the incident wave and its reflection
Calculatingy; at the dominant frequency introduced by then the fault location. As the regressive incident wave also
fault in the transient statd/s; yields: fully reflects in the fault, its components are not seen in the
- o (ditda) measurement point at the local feeder.
VBi(s) = —Vai(s)e : (®) To identify the arrived waves, an autocorrelation estimato
Finally, using the inverse Laplace Transform in (8), ani US€d. measuring the similarity’s degree of the signahwit
defining that the total section length Is= d, + ds, the fault itself. Within the transient signal it is possible to idéwnti

induced voltage at bus B in the time-domain is obtained b>;_he first incident wave that arrives to the terminal gnd the
wave reflected at the fault point. Equation (13) defines the

VAI (8)6771(5)‘11

Vpi(s) = ov1(s)da

vp1(t) = —var(t)e M E (9) autocorrelation estimator:
Equation (9) shows that the voltage induced by the fault _ = 1 Nk ) 13
at terminal B is equal to the terminal voltage multiplied r[k] = N[k -1 Z vir[njuip[n =k, (13)

n=1

by a propagation factor. This adds to the traveling wave an

amplitude attenuatione®, and an angle displacement/?, for —N <k < N, where:
sincevy; = «a + j3, which is the aerial component of the 7{k]
propagation matrixy, calculated at thélodal Decomposition
subroutine.

Thus, the propagation time estimatg, in the studied
branch, is calculated through a simple relation between the
angle displacement and the signal's cycle time, as given inThe autocorrelation eliminates the signal’s noise, and out
(10): puts values representing the correlated signals. Thespa@om

16.7-1073 - BL nents are normalized and expressed as equally spaced pulses
- o7 (10) that represent the traveling waves due to faults. From the

2) Waves Traveling Time Due To Faults This process samples number between two similar voltage waves, given by

estimates the incident wave traveling time starting when ]|¥ the wave traveling timet,, is obtained through (14):
reflects on the measurement terminal, then reflects on tiie fau ¢ = s (14)
and returns to the measurement potg).(The Bewley-Lattice * N’

diagram in Figure 3 illustrates the reflections and refoandi where F, is the signal’s sampling frequency.

in a faulted branch with no fault resistance, between any two3) Fault Branch Analysis: For the fault branch analysis, it is

busesX andZ. According to the diagrant, can be calculated ;e gault index, k. This index expresses a relation between

autocorrelation estimator

VR faulty phaseF’ modal voltage
number of signal samples
temporal displacement

b

by (11): the waves travel time due to the fault, and the total branch
ta=2"1z7 . (11) propagations, witch is illustrated in Figure 3 and defined in

(15). Thek index is calculated by the ratio given in (16) and

t, 3t is used to determine if the analysed branch contains a fault.

AVAVAVAVAYG moeh -
f ' A (16)
ty
A Figure 3 also illustrates that if the analyzed branch is
\ / subjected to a faultk will always be less than or equal to

2, as the relative propagation time due to a fault,can

7 — e Mol not be greater than two times the branch’s propagation time,
tp. Calculated this index, the algorithm defines the branch
Figure 3. System’s diagram with reflections and refractions tb a fault status (faulted or not), and then estimates the downstresm b

occurence voltage.




-1 Table |
BRANCHESDATA
Branch 3
Bus A | Bus B | Length [m] [ Config.
632 645 152.4 603
A B s C 632 633 152.4 602
| 633 634 0 XFM-1
@ Branch 1 i 645 | 646 91.44 603
d F—  q j d, 650 632 609.6 601
684 652 243.84 607
632 671 609.6 601
671 684 91.44 604
Branch 4 671 680 304.8 601
671 675 304.8 606
684 611 91.44 605
Figure 4. Branched system
650 —
. @
D. Propagation to the Next Branch 646 645 632 633 634

In order to account for systems laterals, the proposed ¢ ¢ 1 —(—
algorithm calculates the fault index in every branch of the

analyzed PDS. After thé index is calculated for every (5)
branch, possible faulted branches are yielded by the #fgpori
Figure 4 illustrates a PDS in order to demonstrate the method ~ 612 e84 © Jenn = © 75
propagation process.

The idea is to change the system observer by translating the ®) : (10) Overhead
measured voltage signals to all the system’s busbarsinstart i . - — — - Underground
from the substation voltage measurements. This is executed 652 680

with use of the propagation theory, thus not requiring reamot
measurements from other nodes besides the feeder substafigure 5. Modified IEEE 13 Node Test Feeder.
From (9) and according to Figure 4¢, can be defined by

17:
ver (t) = —vBl(t)e‘Wl(Q)'L ' (17) for harmonic propagation studies [17]. Figure 5 illustsate

the case study. Table | presents the changes inserted mto th

where L = d; + d», and the indeX(2) represents the aerial|EEE 13-bus test node feeder system’s line configuratidth, St
propagation matrix component at branch 2. Thus, the to{@d configuration presents two-phase, three-phase andesing
branch propagation time,, is estimated through (10). With phase lines, shunt capacitors, and distributed loads.eThes
(17) it is possible to calculate the voltages in one nodegisi@onnected inA and Y configurations.
only the voltages at another node and the system parametersyyo different line models were used in DCG's EMTP
Starting this procedure from the substation, the voltages doftware [10], one for the overhead lines and other for
every node upstream to the faulted branch can be precisg$ underground cables, due to their specific charactsisti
calculated. The overhead lines were modeled as frequency dependent

Still, to perform the autocorrelation and to estimate thﬁarameters [18]. On the other hand, the undergound cables
waves traveling time due to faults,, the voltage signal \ere modeled using the FDQ model [19], which includes
reference is propagated to bus where the signal finds anet only the cable parameters dependency on frequency, but
discontinuity. In order to estimate the downstream busag®lf 3|so the modal transformation matrix){matrix) frequency
it is necessary to calculateg a transfer matfix, that as well dependency, The FDQ model was chosen sinceiieatrix
as the line’s propagation, also adds a delay to the signaésvayf underground cables strongly depends on frequency, and

traveling time. _ o . constant-transformation-matrix models generally preduery
With the transfer modal matrix calculatetl;, the signal poor results.

vp1 is calculated, with (19), to be used as the autocorrelation
input, wheret, is estimated:

IV. ResuLts
var =Ty vpy - e (18) |1 order to evaluate the proposed algorithm’s performance,
vl = VAL -med (19) simulated faults were analyzed, considering the benchmark
Iy system. The system branches were enumerated as shown in
Fig. 5. Single line-to-ground (SLG) faults without resista
1. Case Srupy were simulated in each of the branches, under different faul

The case study system is thEEE 13 Node Test Feeder locations and faulted phases, totalizing 123 fault caség T
system [16]. This system was chosen due to its topologidallt points all have a minimum distance of 40m to the nodes
and operational characteristics as it also serves as nefereand loads (discontinuities), due to the large computationa
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white noise was introduced in the signals to simulate theynoi
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 brasch

k values

—

25% 33% 41% 49% 57% 66% 74% 82% 90%

Section 1 percentual length

‘ —o—PhaseA —#—PhaseB —#—PhaseC ‘

(1]

Figure 6. Values assumed layfor faults in different phases on branch 1.

effort needed to simulate faults closer to them. Each sitadla 3]
fault was analyzed through the proposed algorithm conisiger
voltage signals without noise (directly from the simulatp

and also considering 40 dB (SNR) white noise, introduced [4]
via Matlab in the voltage signals.

In all analyzed faults the methodology yielded the correct
faulted branch, with or without noise. The only mistake[s)
occured for a fault located at 550m from the measurement
bus (650), in both noisy and non noisy cases. In this case, t
fault was very near node 632 (50m), a discontinuity. In this
case, the algorithm yielded two faulted branches: 1 and 6. Th
ocurrence of this type of error may be a consequence of tHd
line and system configuration of both branches (1 and 5). Both
of them have the same line geometry and length. In this wa?/é
for faults near the node between them, the algorithm yields
fault index ) that is near 2 for branch 1 and near zero for
branch 5.

Another important analysis concerns the fault index varial®
tion when the fault location is kept constant and the faultegh
phase is varied. Theoretically, in fully balanced systelmads
and line geometry), the fault index should not vary for fauld!!!
at the same distance, even if in different phases. Since thg
analyzed system is higly unbalanced (loads and line gegimnetr
the values assumed by this index are different for faultbat t, 5
same location and in different phases. Fig. 6 shows the salue
assumed by for faults simulated in different phases on brancP14
1.

In this Figure, it is possible to verify that for faults on[is)
phase C near the middle of branch 1 (50%), the fault index
assumes a very large value, where it should be next to 1. THi
is a situation where there are distributed loads along tie i [17]
introducing a discontinuity with unbalanced load.

(18]
V. Discussions ANDCoNCLUSIONS

This paper presents a new formulation for fault bran(ilﬂg]
identification on unbalanced distribution systems undésyno
environment. The proposed methodology aims to reduce the
system’s restoration time and yet to complete existentt faul
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.48 dB

] C.-T. Chen,Linear System Theory and Design.

considering faults without resistance under noisy envirent.
However, efforts must have to be done prior to a practical
implementation, in relation to faults with resistance.
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