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Abstract-- The paper proposes an integrated impedance and
transient-based fault location formulation taking into account
unbalanced operation, presence of intermediate loads, laterals,
and time-varying load profile. Considering the fault distance
obtained from the proposed extended impedance method, the
transient analysis of the faulted signal is evaluated. Based on high
frequency analysis, the location of the faulty section can be
identified by eliminating the multiple estimative of the fault
location obtained from the impedance-based method. Aiming to
verify the application of the proposed methodology, simulations
were carried out in the ATP Software considering a simple
configuration and a real electric power distribution system
(above 200 buses).

Keywords: Apparent impedance, distribution network, fault
location, transient analysis.

|. INTRODUCTION

Several techniques have been proposed in the literan
order to identify the fault location in distributicystems.
Some established methods, such as those basedpareiaip
impedance, are able to identify with acceptableusy the
fault distance in relation to the local terminal]-[2].

However, as the distribution systems have multhplenches

has a detrimental effect on the accuracy of thé faoators,
since the load data during the fault period is quired input
for any impedance-based method. Distribution systémes
are typically overhead and of relatively short lgnd-or these
reasons, very few impedance-based fault locatichnigues
have considered the shunt capacitance of distabuines in
conjunction with its inherent unbalance [12]. Howe\n the
cases of long, lightly loaded overhead lines asl vesl
underground feeders, the shunt admittance shouiddheded
[13].

The techniques based on the transient signals,faétis on
high frequency analysis can be considered the-efdtee-art
to solve the problem of multiple estimates of fdattation. A
fault occurring in a distribution feeder generatesraveling
wave which propagates through the system. It itectfd
several times in the fault point and in the otleeminals. This
transient of high frequency has characteristic spkc
components according to the fault location, whian de
identified using mathematical procedures for timegfiency
analysis [14]-[16]. These analyses can contribotédentify
the faulty section of the feeder, eliminating thaultiple
estimates of the fault location.

In this context, the focus of this paper is to bsa a

and the voltage and current measurements are ylSUﬁU,brid methodology based on the apparent impedamce

available only at the substation, the location loé tfaulty
section is a problem not solved yet. Currentlys tisi a great
challenge related to the fault location study.
Impedance-based fault location techniques for itigfion
systems are especially attractive because of thaiv
implementation cost, particularly one-terminal-ltheees [3]-
[11]. However, most of these methods do not comstbe
characteristics of distribution systems (unbalanopdration,
presence of intermediate loads, laterals, and tianging load
profile), which significantly affect their performee. This
intrinsic characteristic of electric power distrilmn systems
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transient analysis in order to estimate the faisliatice and the
fault location in distribution systems.

Il. FAULT LOCATION BASED ONAPPARENTIMPEDANCE
ANALYSIS

The proposed method for fault distance estimatolnaised
on the analysis of apparent impedance (Al) seem fiacal
terminal during the pre-fault and fault periods.eTimethod
uses pre-fault values in order to both compensatd |
uncertainty and compute equivalent systems for gasisible
path from local terminal to the fault point. Fap#fiod signals
are analyzed in order to estimate the fault distafoc each
equivalent system. The methodology is illustrateéig. 1.
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Fig. 1. Flowchart of the proposed Al method.



Vpes = [Versa Versy Versd | pre-fault voltage at the source

node (V);

Ipes = [Iprsalprss Ipesd | pre-fault current at the source node v

(A);

Vs = [Vesa Vesp Vesd " fault voltage at the source node (V);
les = [Irsalrsn Irsd " fault current at the source node (A);
Ve = [Vea Vi Ve " voltage at the fault point (V);

I£ = [Ira Iro Iec]" fault current at the fault point (A);

Re¢  fault resistance of phakdQ);
z third-order line series impedance matgx/m);
Y  third-order line shunt admittance matrix (S/m);

Iy = [lxa I Id" current at the lumped line impedance

upstream from the fault point (A);
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Fig. 2. Exact line segment model.

parts of load matrices by (&R,) and (1AX,), respectively.

The described procedure is repeated, by runningpaher-
flow and applying (2)-(4) until the impedances giviey (1)
and (2) match. Convergence can be verified if

mkax(|AR|) <e and rpa(elekD <€ (5)

Ip = [Ioa lob Ind " current downstream from the fault pointyhere is a predefined tolerance.

(A);

Zeqn equivalent node impedance mati§¥){
ZLF_\qn equivalent node load impedance matedy;(
L line length (m);
X fault distance (m).

A. Load Variation Compensation

B. Equivalent Systems Computation

The computation of equivalent systems is perfornred
order to make the Al method suitable for applicatim
distribution feeders with arbitrary number of laebranches
and loads. The technique consists in for each plesgath
from the local node to a fault point, to obtain ieqglent
impedances for lines and loads outside the analpatid. By
considering the system pre-fault conditions, theiajent

Although the system load impedances are assumdxt toimpedance of phask is calculated for each feeder node

available for the fault location they can hardlpnesent exact
values, since there is a degree of uncertaintyhénlvading
estimation. Thus, the first step is to compensae lbad
uncertainties in order to reduce the error in tdtfdistance
estimation. By knowing the pre-fault voltages andrents,
the apparent impedance seen from the local terntaal be
computed as

Zorsi :VPFSK/I PFSK

fork=a, b, c.

By using the back-forward sweep power-flow desatibe
[13], the estimated current at the local nodes§y) is
determined. Thus, the estimated pre-fault imped#éfce,) is
computed, as

V4 'PFSk = VPFSD/ " PFSk (2)

The load variation factors associated to the a¢ti&) and
reactive AX,) components of load impedances are given by:

BR, =(0{ Zon} ~0{ Z'rd ) /O{ Z e} 3)

D

DX = (O{ Zord ~O{ 20 )/D{ Z' 0} @)

where O{# and}{ denote the real and imaginary parts of a

complex number, respectively. Compensation of
variations is performed by multiplying the real anthginary

according to:
Zeq K~ Vnk/ I(m—n) k? (6)

whereV, is the pre-fault node voltage ahgl_y is the current
flowing from the upstream nodm to noden. If noden is a
connection point for a lateral or load then theiegjentload

impedance for each phalséZLeq 9 is also calculated:

Ztle_an:Vni/( ey~ N g )’

where | is the current flowing from the node to the
downstream nodp.

O

C. Equations for Fault Distance Estimation

The mathematical formulation of the proposed Al et
is derived from the exact line segment model [EBlpwn in
Fig. 2. This model was chosen because it is saitdof
representing untransposed overhead and undergidigtdy
capacitive) distribution lines. It is also more a@te in case
of long, lightly loaded (rural) distribution systemwhere
capacitive currents are of considerable magnit@gle [

Consider a fault occurring in a distribution linelength¢,
represented by the model of Fig. 2. If the faultws at a
distancex from the source terminal, the resulting voltagéhat
fault point “¢) can be expressed as (8):

V. =V -xZ0,

load

®

For a three-phase to ground fault, the voltagehatfault



point for each phadecan be expressed as

VFk = Rik DFk + R:g Dng’ (9)

|, =1 s~ 0.50X0Y [V .

X

17)

The currentl: is the difference between the currdpt

wherelgg = lg, + Igy + .. Equation (9) can be generalized fofupstream from the fault point) and the sum ofltael current

any type of fault involving one or more phases gralind, by
making the currents on the healthy phases equateto.
Replacing (8) in (9), it is possible to write (10) each faulted
phasek:

RFk DFk + RFg |:IFg

whereM, is thek-th row of the matrixM =Z . 1,.
By separating (10) into its real and imaginary aitt can
be found that

= VFSk_ XM i (10)

R, Og + Re, Dng = Vig— XOM, (13)

Ree Oy + Re DiFg = Ve~ XOM, (12

(Ip) and the capacitive current flowing through theurgh
admittance lumped at the fault point. It is expegsas

IF:IX—(O.SD<D(B/F+ID) (18)
where
Iy =Y, Vg, (19)

and Yp is the equivalent admittance downstream from the
fault point, given by

Yo :{(e—x)[z+[o.5w—><)D(+ze;;]'l}fl (20)
+0.50{¢ - x) LY.

where the superscriptsandi denote the real and imaginary Once currentlg is obtained, the fault distance can be

parts of the variables, respectively. By isolatRRg in (11),
replacing in (12) and rearranging its terms it @sgble to
obtain (13):

XE@ My DiFk - Mik D]rFk) +ViFSkDrFk_VrFSIJ] Fk
_RFg DD{ IFg |:I::k} =0

Equation (13) can be written for each faulted pHasenhe
sum of the resulting equations is a single gerezdlequation,
which can be used to estimate the fault distanfoe all types

of ground faults. Considering thaﬂ{ e [ﬂ;g} =0,the final
form of (13) is given by (14):

X= kae D{VFSk D*Fk}/zkme [l{ M k[I*Fk}

where0 is the set of faulted phases, given by any contioina
of phases, b andc.

For phase-to-phase faults, similar steps to thased uo
obtain (15) are followed. Howevdg,
single equation given by:

Veg = XM = Vg, = XM, + ROl

FSj

(13

(14

19

estimated using (14) for a ground fault or (16) pbrase-to-
phase fault. From the new estimatexpfa new current, is
obtained and the procedure repeated by applying-(18
until convergence is attained. In this paper cogerce is
considered by testing the following condition:
|Xiter—1_ x| < J, (21)
where iter is an iteration counter, and is a predefined
tolerance. The procedure outlined above are apptieeach
equivalent system computed as explained in SedtBn

A fault occurring in a distribution feeder genemta
traveling wave which propagates through the systknis
reflected several times in the fault point and fire tother
terminals. This transient of high frequency hasrati@ristic
spectral components according to the fault locatidhe
essential idea of this approach is to establistomelation

FAULT LOCATION BASED ONTRANSIENT ANALYSIS

=0in (9), and (10) is @ pepyeen characteristic frequencies associated avisipecific

path where the traveling wave propagates in theroeoce of
a fault [14]. These spectral components are cdeelavith
theoretical frequencies, calculated for each ptsgibth of the

wherej andk are the faulted phases. The resulting generalizedve propagation. The transient analyses can oComérito

fault distance equation for phase faults is exme sy (16):
x= 0 (Vo= Vi) 0 /D (M= M) T}

Equations (14) and (16) give the fault distanceas a
function of both the fault currents() and the current flowing
through the line impedance upstream from the fdwt Since
these variables are unknown from the local
measurements, they are estimated by an iteratoeegure.

(16)

By starting withx = £/2 as a first estimation of the fault

distance, the unknown variablé,
considering compensation of the capacitive curfiowing
through the line shunt admittance, according to:

identify the faulty section of the feeder, elimimngt the
multiple estimates of the fault location. To undansl the
problem it is considered the system presentedart.3.

Based on the apparent impedance methodology peskent
previously, which is able to establish the fauktdhce with
measurement in one terminal, several distancesasbins are
determined. For instance, in the system showngn F;iif the

termindlstance was estimated around 2.3 km the faultdchalve

occur in the point P1 or P2.
It is known that electromagnetic phenomena presert

can be estimated line propagate as a traveling wave. Any temporaiatian in

the operation parameters of the line will be pra@ted as a
wave. A fault results mainly in a suddenly changethe
voltages and currents in a point of the line [IZdnsequently,
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Fig. 3. Paths of the traveling wave associatedféat. Top: fault in
P1, Bottom: fault in P2.

a traveling wave will be propagated until find aatintinuity
in the medium. Part of this will be reflected saldimes in

the fault point and in the other terminals (dis@auities) until

the steady state. This transient of high frequeray spectral
characteristics according to the fault location,ickihcan be
identified using a time-frequency transformation.

With this concept, if the fault occurs in the poRt two
possible paths for the traveling wave are possimbé¢h 1-P1
and path 1-3 as can be seen in Fig. 3 (top). Ifah# occurs
in P2 the paths 1-P2 and 1-2 are verified.

According to [14], the characteristic frequeriggssociated
with each pathp can be determined by (22)

fo=—
n, X

(22)

where:v is the wave propagation velocity (km/g)is the fault
distance (km) and, is the reflection coefficient of the paph

TABLE |
CHARACTERISTIC FREQUENCIES FORFAULT OCCURRED INP1.

Path X (km) Ny fc (kH2)
1-P1 2.3 4 32.6
1-3 3 2 50
TABLE Il
CHARACTERISTIC FREQUENCIES FORFAULT OCCURRED INP2.
Path x (km) n, fc (kH2)
1-P2 2.3 4 32.6
1-3 5 2 30

spectrum or its magnitude should have low energy.

To summarize, in the proposed example for a faadtiored
in P1 a frequency component associated to the p&H30
kHz) should have magnitude close to zero or smétlen the
magnitude of the path 1-3 (50 kHz). Otherwise,hi¢ fault
occurs in P2, the magnitude of the frequency rdlatethe
path 1-3 (50 kHz) should be inexpressive or smahan the
spectral energy of the 30 kHz component associttethe
path 1-2. In accordance with this concept, thetfeettion can
be better identified taking into account multiplgtimates of
the fault location originated from the impedancepapnt
algorithm.

A. Numerical Implementation

The proposed methodology to identify the faultytsecis
based on six steps: fault detection; modal transétion;
signal filtering; characteristic frequency idertition;
transient analysis and faulty section identificatio

The first step in order to identify the faulty seat
corresponds to a correct identification of thedisance onset
recorded by the digital oscillograph. A disturbance
characterized by distortions in the waveform of tludtage
and current in relation to the pre-fault conditema change in
angle and magnitude. Thus, the determination ofititéel

In (22) n, can be equal to 2 or 4 depending of the polaritystant of the transient can be performed by coispar

of the reflection coefficient in the extremities thie analyzed
lateral. In accordance with this definition, theefficient in the
fault point can be considered close to -1 becabsefault

between actual and past samples. To this purpbeeRark’s
transformation can be used [18].
The modal decomposition of the phase voltage sigiwl

resistance has low values in comparison with thee liaccomplished by the use of Clarke’'s matrix. It @eworthy

impedance. In the measurement point, the coefti@saumes
value equal to +1 because the short-circuit impeeasf the
system is higher than the network impedance. Baseithese

that this matrix is ideally used for symmetricalds or fully
transposed systems. Based on several simulatiomsfferent
types of fault (phase-ground, phase-phase, 2 pjrassd and

definitions,n, will be equal to 2 for the paths 1-2 and 1-3. F& phase- ground) and different values of faultstesice, it was

the paths 1-P1 and 1-PRassumes 4.

found that the propagation modes 0, 1 and 2 havterbe

Using (22) and considering as the light speed, it can beapplicability depending on the type of fault. Thus,was

determined the characteristics frequencies for epath
presented in Fig. 3. Tables | and Il presents tliespiencies
for a fault occurred in the points P1 and P2 retpaly.
Analyzing the results presented in Tables | anéhlb case
that the fault distance of more than two possilathe are the
same, it is verified that the component associ#ethe line
length is the frequency responsible for the idéestfon of the
faulted section. It can be stated that, dependinthe fault
resistance, the characteristic frequency associatittd the
length of the branch in fault do not appear infteguency

found that: propagation mode 0 has better applitabor
phase-ground and 2 phase-ground faults; propagatmae 1
has better applicability for phase-phase faultgyppgation
mode 2 has better applicability for 3 phase-groand phase-
phase faults.

Assuming that in the transient signal the speatcahpo-
nent with greatest magnitude is the fundamentguieacy (60
Hz), it is necessary to remove this component duiésthigh
energy compared to other frequency present in tgeak
related to the possible paths of the traveling wgeeerated
by the fault. Thus, the use of a high-pass filtexrs ha



TABLE Il
PERFORMANCE OF THETRANSIENT ANALYSIS METHOD

substantial importance to ensure that the sevemlponents
associated with the fault can be evaluated in aremable

energy scale, improving the performance in the aign 3 Phase- Phasegroundand | o oo hace
. . ground 2 Phase-ground

processing task. In the proposed method, it wagptadoa (8 cases) (48 cases) (24 cases)

high-pass filter type Butterworth, order 10 with taft Agreement (%)

frequency of 300 Hz. 100 | 100 | 100

By knowing the fault distance obtained by the appar )

impedance method presented previously, it can barmined ~ Based on the results it can be stated that theopesp
the n sections in the distribution system, which can p8&thodology can identify the faulty section withaators.
associated with the fault. For each section, thal tength of However, the following observation must be done:

the line segment should be identified, which israbterized ~ * the accuracy of the algorithm is related to thenber of
by the first discontinuity (change of cable, lot@nsformer). section that could be in fault. With the increasehe number
This length is defined as the length of the secfidus, using Pf paths of the trayelmg wave, the number of thﬂaecnon.s
(22), n frequencies will be evaluated associated with tHacreases too causing the appearance of severglaramts in

length of thep paths.

In the proposed method, the analysis of the trahgault
signal is performed in the frequency domain (FD).this
context, the Fourier Transforms, Wavelet, Gabor loamused.
The essential idea is to find the components astatiwith
each section and evaluate such magnitudes. Bassdvenal
simulations it was found that all mentioned methahsntify
the same frequency components associated with aties f
the traveling wave. Thus, the different time-fregeoye
methodologies presented similar performance to
identification of the faulty section.

Finally, the faulty section is identified based@mparison
of the magnitudes of frequency components assaciaith

each pathp for the approach FD. The frequency compone

associated with the path that presents the highninete of
the fault distance and the less magnitude of théelength
will indicate the occurrence of the section in falased on
these magnitudes, a probabilistic estimation ieriefd for all
possible sections in fault.

IV. SIMULATION RESULTS

In order to check the robustness of the proposatiadel-
ogy, simulations in ATP software were carried oithvbase
on a simple system and a real distribution network.

A. Simple Configuration

In this study, two possible faulty sections werasidered,
as can be seen in Fig. 4. The possible pointshfofdult (FL1
and FL2) have the same distance in relation to
measurement terminal (400m).

Different types of faults (Ag, Bg, Cg, ABg, BCg, ACAB,
BC, CA, ABCqg) with resistance equal tcX) 10Q, 50Q and
100 Q in the points FL1 and FL2 were evaluated resulting
80 scenarios. Table Ill summarizes the performamicéhe
method.

Measurement

() mas

Fig. 4. System configuration used in the tests.

the spectrum that can overlap the interest fregasnc

» the system load can affect the performance of the

algorithm because the load is a discontinuity. Dejoey of its
characteristics, the reflected waves can be atteduaducing
the accuracy of the method;

« with the increase of the paths associated tartneeling
wave, the fault resistance can affect the locatibthe faulty
section.

B. Real Distribution Network

€A second group of simulations was performed comside

real distribution feeder located in southern Braz
(Siderépolis - SC). The feeder has an equivalentiitiof 241
buses, total line length of 19.4 km and averagd tiemand of
gt.ls MVA. The result of the transient analysis iegented as
a probability for each estimated location performmd the
apparent impedance method. The Google Earth viethef
real feeder can be seen in Fig. 5.

th

the

Google ear

Fig. 5. Google Earth view of the real distributfeeder.

Four fault scenarios were selected to illustrate dpplica-
tion of the proposed hybrid technique for faulttaicce and
faulted section identification. Table IV summarizége fault
distances estimated by the impedance-based algoaitid the
respective probabilities given by the transientlgsia. The
fault distances for each location are in relationthie local
terminal (“measurement” point in Fig. 5).

In the results presented in the Table IV the bakd
corresponds to the point where the fault occursatitbe noted
that the apparent impedance algorithm estimateferdift
possible fault locations ranging from three to nemed the
transient analysis inferred a probability for eémtation.



If the number of possible locations increases itobges
more difficult to establish a reliable probabilftyr the correct

TABLE IV

RESULTSCONSIDERING AREAL DISTRIBUTION FEEDER

one. For instance, in the case 1 only three pdisisibiof the Case 1: Fault type Ag with resistance of 10Q
fault location was estimated and the highest priibab L ocation Fault distance (m) Probability (%)
(42.4%) to the point P3 corresponds to the fauiation. Pl 1667.5 288
Otherwise, in the case 3 the transient analysierahénates | P2 1730.3 2838
the highest probability (12.2%) for points P4 and. P | P8 1667.1 424
However, the fault occurred in the point P9, to athithe Case2: Fault type AB with resistance of 10 2
assigned probability was 12.1%. L ocation Fault distance (m) Probability (%)
The Al method proved effective in estimating theilfa | P1 28971 10.2
distances in the simulated fault scenarios. Forfohe cases | P2 2755.1 106
shown in Table IV the correct distances are 173804,7.7, |73 2909.4 16.1
2555.5 and 3284.5 m from the local terminal, retpely. | P4 2889.5 158
The resulting percent error for each case are ®30.71 %, |P° 2784.8 157
206 10° % and 5.14 10 %, respectively. Table V |6 28754 15.8
summarizes the results obtained from the 80 sirdl&ult P7 28757 158
scenarios. Results are presented in terms of tlezage, Case 3: Fault type BCg with resistance of 0Q
maximum, minimum and standard deviation valuesestent L ocation Fault distance (m) Probability (%)
errors in the fault distance estimate. Pl 2647.9 8.0
P2 2555.9 8.0
V. CONCLUSIONS P3 2621.3 12.0
P4 2712.2 12.2
In this work was presented aspects regarding thieloeed 55 26935 119
methodology for identifying the faulty section imsalibution PG 2556.4 117
systems. With the knowledge of the type and thelt fau—57 2694.9 122
distance, determined by the apparent impedanceodleth [pg 27015 119
tec_hnique .based on trgyeling waves and.transiemysie can ["pg 2555.9 21
estimate, in a probability way, the section of fieeder in Case 4: Fault type ABCg with resistance of 00
fault. . . L ocation Fault distance (m) Probability (%)
The paper proposed a hybrid impedance and transie Uy 24533 97
based fault location formulation taking into accbunip; 2621.3 97
unbalanced operation, presence of intermediates|datérals, P3 31294 156
and time-varying load profile. Different of some timads = 32703 161
which use association of series and parallel impeels, the [pg 3319.9 6.1
proposed apparent impedance technique relies oowerp [pg 32811 161
flow in order to determine such equivalent systefie p7 32846 167
advantage of this approach is that it considersaglyenmetric-
al line coupling and is more efficient for appliceat in large TABLE V
distribution networks. ERRORSTATISTICS FOR THEFAULT DISTANCE ESTIMATES.
Based on high frequency analysis, the locatiorheffaulty Fault Distance Estimation Error (%)
section can be better identified by eliminating theltiple Average Maximum Minimum Std. Deviation
estimative of the fault location obtained from ihgpedance- |0.022 0.089 0.000 0.025
based method. However, its performance is deperafetiite
number of sections, fault resistance and the Igadsent in VIl. REFERENCES

the system. It was verified that the characterigtguencies 1]
determined by (22) sometimes needs a correcticorder to
improve the fault location. Additionally, high imgence
faults shown to be more difficult to detect. It igorth to
mention that all the developed techniques use amg- 2]
terminal measurements.
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