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Abstract—Automatic and accurate fault location methods for
transmission lines may reduce the search time techoians would
take to find out where the fault is, leading to a gick recovery of
the system. Usually, transient detection techniquasse more than
one sample of voltage or current to make possibléh¢ required
transient analysis. This paper presents a very sini@ method for
fault location on transmission lines based on tralkng waves
using Park’s Transformation to perform the transient detection.
An advantage of the proposed method is that only envoltage
sample at each phase is used and transients in tidfee phases are
monitored simultaneously by the analysis of only am signal: the
direct axis voltage. The method is implemented irhe Alternative
Transients Program (ATP) using the MODELS languageand
simulations were carried out for a 230 kV transmis®n line with a
digital fault recorder (DFR) at each terminal to ewluate the
applicability of the proposed technigue. The resuft show the
effectiveness of the algorithm which can be used as additional
routine for digital protective relays.

Keywords: Fault location, Park's Transformation, transient
detection, transmission lines.

. INTRODUCTION

HE exact fault location on transmission lines jgrablem
that has been studied for decades. The theonawedlting
waves has been recently used for this purpose. Sethods
are based on the transient detection at specifictpof the
electrical system in question and are classifiebating to the
number of monitored points. Several methods fonsient
detection have been proposed in order to enablacaurate
and reliable fault location for transmission lifgk
Methods based on travelling wave’s theory utilizdtage
and/or current data captured by DFRs (Digital
Recorders) installed in monitored line terminalscérding to
[2], for double ended fault location methods, inecessary to
use GPS (Global Positioning System) in order tacByonize
oscillographic records at both monitored ends. &igjtal
signal processing techniques are applied to synded data
from DFRs, making possible the detection of initi@nsient

This work was supported by Brazilian Coordination the Improvement of
Higher Education Personnel (CAPES).

F. V. Lopes is M. Sc. candidate at the Federal &hsity of Campina Grande
(UFCG), Av. Aprigio Veloso, 882, Bodocong6, 58.4P43, Campina

Grande-PB, Brazil (e-mail: felipe.lopes@ee.ufcg.bdu

D. Fernandes Jr. and W. L. A. Neves are with Depemt of Electrical

Engineering of UFCG. (e-mail: damasio@dee.ufcglatiu.
waneves@dee.ufcg.edu.br).

Paper submitted to the International Conference on Power Systems
Transients (IPST2011) in Delft, the Netherlands June 14-17, 2011

instants at both transmission line ends. Then,t fladation
may be determined using expressions proposed iim [Bhich
the input data are the propagation velocity ofditavg waves,
the line length and the initial transient instaimsmonitored
terminals.

In [4], the Discrete Wavelet Transform (DWT) ancke th
Redundant Discrete Wavelet Transform (RDWT) are
presented as efficient techniques for transiergdadiein. In [5]
is proposed a fault location method based on tladysis of
correlation coefficients which are calculated frtime voltage
oscillographic records in both line ends.

The accuracy of travelling wave methods is a flomcihf
the sampling frequency of DFRs, i.e., it depends toa
hardware used for data acquisition. In fact, itaher refer to
reliability than accuracy and define a maximum eteé error
as a function of the sampling frequency.

It is important to know that the transient detettic a
critical step for fault location procedure and, ghuhe
reliability of the fault point estimation by any gakithm
depends directly on the reliability of the methoded to
estimate the initial transient instants. In thipga a very
simple method for transient detection is proposed.
Conventional methods usually need a window withertban
one sample of current or voltage waveforms to perfthe
required transient analysis. Here, the window haly one
sample, i.e., no previous voltage samples are e&dethree
phases are monitored by the direct axis voltag@asiyy
obtained through Park’s transformation (TdqO0) dredrhethod
automatically determines the fault location pomitriediately
after the fault occurrence.

Fault

Il. DoOUBLE ENDED FAULT LOCATION METHODS

The main difference among travelling wave methadthé
number of monitored terminals and the techniqueetect the
transients. In [3] are presented expressions fegrdénation
of fault location considering one and two transioissline
monitored ends. In [6] is proposed a three-termimathod
that avoids the utilization of the propagation witlp of the
travelling waves in the fault location procedure.drder to
eliminate the propagation velocity variable, thteeminals of
two neighbor transmission lines are monitored anghigue
value of propagation velocity is utilized for bolihes. The
problem of such method is that the waves presefgrelint
propagation velocities depending on the groundstiggy and
line parameters and, consequently, the utilizatibthe same
propagation velocity for both lines can be consdens a
source of error. Other works, as [7] and [8], pntssingle



ended fault location methods. Such method use entidnd
reflected waves to perform the fault location.

Basically, the key idea of all mentioned methodshis
determination of initial transient instants in monéd
terminals. Here, the fault location method is basedthe

analysis of voltage waveforms recorded by DFRs vio t

transmission line terminals and, so, it is congdeto be a
double ended method. In this way, only incidenweéltng

waves are used to perform the fault location, angiche

utilization of reflected waves at the fault pointhda
consequently, making the method more reliable. ASG@Rust
be used in order to synchronize the DFRs measutsnien
bring voltage samples to the same timebase andsiore that
the initial transient instants will be correctly talmed.

Regarding the GPS usage, it is important to knoat, tin

practice, it can present synchronization errorghan order of
+1us. In spite of such limitation, it is possible tgeuan
independent clock on the fault location device thaiates the
counter at the moment of the first transient déecand stop
the counter at the second transient detection extoffposite
bus. In this way, synchronization errors are mimgdi. To
understand the principles of travelling wave methambnsider
Fig. 1 in which is shown DFRs placed at Buses 1zamitime

space diagram (Lattice diagram) is shown in thedieidf the
figure. A scheme of the DFRs and GPS applicatiorthiz
proposed double ended method is also presentdd.id.F
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Fig. 1. Double ended fault location method scheme.

Where:

t11 is the initial transient instant at Bus 1;

t,1 is the initial transient instant at Bus 2;

t1, is the arrival instant of the reflected wave asBu

ty, to3 are the arrival instants of reflected waves at Bus
too is the arrival instant of the refracted wave as Ru

| is the line length;

d is the distance to the fault point.
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Thety, instant was left off in Fig. 1 to simplify the diagn.
It is important to know that fault location algdwihs consist on
two main steps — the transient detection and thé# fzoint
location. For the first step, considering doubldeshmethods,

it is necessary to detect the first incident waatbuses 1 and
2 to compute the time instantts andty. Secondly, the fault
point location is obtained from an expression pegubin [3]:

d= l +(t11_t21)[v, (1)
2
wherev is the propagation velocity of travelling waves &risl
the line length. The procedure to perform the ferts
detection is explained next.

I1l. TRANSIENT DETECTIONUSING PARK’S TRANSFORMATION

The proposed method for transient detection isdasethe
work presented by R. H. Park in the United Statek929 [9].
Park’s transformation (TdqO) has been used in thelavarea
of electrical engineering, especially on researchgarding to
salient pole synchronous machines where variallecitances
in a static reference frame are seen as constdott@Ences
when the reference frame rotates at synchronowedsptere,
the rotating reference system is used to remove epow
frequency signals from voltage waveforms allowingnsient
time detection. An analogy between the TdqO0’s a&afithn in
electrical machines research and in transient teteds
shown in Fig. 2.
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For power system operating at normal conditiongp ze
frequency signals are calculated and, if transiemtsur,
oscillatory signals are obtained. Such signalscatked direct
and quadrature axes components which will be repted
from now on as/y andV,. Both components may be used for
transient detection but, here, oMywill be considered.

For high impedance fault caseg, coefficients presents
high attenuation. Thus, to increase the sensitidfythe



proposed algorithm, difference coefficientgs( are calculated
using Taylor’s approximation:

Cu (i):Vd(l)_Ath(l _1)_

2

Where:
V4 is the direct axis component;

i is the sample number;
At is the time step.

In the literature, difference quantities are widelsed in
protective relaying algorithms [10]. In this wofk]? will be
used to detect de initial transient instants in ioad

terminals. {4]° makes the transient detection more robu

because coefficient related to transient signaés amplified
and coefficients related to normal conditions & #ystem are
kept with low magnitude. An example of transientedéon
using TdqO is shown in Fig. 3.
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Fig. 3. Transient detection from a double phasgréand fault using TdqO:
(a) Three-phase voltage signal; (b) Direct axis ponentVy; (c) Difference
coefficientscgyr; (d) Square of the difference coefficientg>.

IV. METHODIMPLEMENTATION

The proposed method implementation is divided finte
steps: (a) voltage data acquisition using DFRs ath Hine
ends, (b) calculation of an orthogonal voltage ph&sa static

reference frame, (c) calculation of an orthogonaltage
phasor in a rotating reference frame, (d) detertitineof the
initial transient instants and (e) fault location.

A. Data Acquisition Using DFRsin Both Line Ends

Here, only voltage signals are used. An important
characteristic of data acquisition is related te gampling
frequency utilized by DFRs. The low sampling ratefs
commercially available DFRs (usually in betweenkHz and
20 kHz) is a limitation for fault location methodesed on
travelling waves. A 50 ps time step was used in ATP
simulations to simulate DFRs with 20 kHz samplirggiency
(333 samples/cycle). Keeping the number of samplel the
§5me, smaller time steps would be even more apptepio
reduce errors produced by numerical integratiorhods.

Anyway, even with this limitation, algorithms basedh
travelling waves are more reliable than those basad
fundamental frequency components.

B. Orthogonal Voltage Phasors (Static Reference Frame)

The Tdqg0’s input variables are orthogonal phasbtained
through Clarke’s transformation which calculates therial
modes V,, Vy) and the ground mod&/):
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Here, only aerial modes are used because theiagation
velocity is higher than those of ground mode wavgsaindV;
are used as TdqO’s inputs variables in order t@inbthe
orthogonal voltage phasors in a rotating referdraxme. Note
that Clarke’s transformation is used here onlyraeerator to
obtain the orthogonal voltage phasors in a statference
system, differently from other applications wherésiused to
decouple the three-phase voltage system [11]. Thies,
application of the method does not depend on thestnission
line transposition scheme, i.e., it may be applean
untransposed lines as well.

C. Orthogonal Voltage Phasors (Rotating Reference Frame)

This is the most important step in the proposedrilyn
because it makes possible the analysis of thel asodes V,,
Vp) using a rotating reference frame, allowing therect
transient detection. Park’s transformation is agplito the
output voltage signals of Clarke’s transformatiorobtain the
voltageVy, used to determine the fault location:

] @)

V, cos(wl] + H) - Sin(a)l] + 9) V,
V,| [sin(wd+6) coslwd+8) ||V,
Where:
w is the angular power frequency;

t is the DFRs clock synchronized by GPS;
6 is the angle betweew, and the voltage phasor at phase A
(see Fig. 2b).



Apparently, the non alignment bf; with the voltage phasor
of the phase A may pose a problem. As illustratefig. 2, if
0 is greater than zero, a constant non-xgrsignal is obtained
when the system is operating at normal conditiond, &0,
transients may be wrongly detected. Here,ghecoefficients
overcome that problem because, even getting cdanatam
zero Vy signals, eactcy; coefficient would be nearly zero.
Therefore, the proposed method does not requignraknt

E. Fault Location Estimation

Voltage signals from both transmission line ends ased
to detect the first transient instamts andt,; at buses 1 and 2
(as shown in Fig. 1). The identification Bf andty is shown
in Fig. 5.

Once ty; and ty; (in seconds), the line length and the
propagation velocity of aerial modes are known,igl)sed to
calculate the fault point location.

betweenVy component and the voltage phasor of the phase A 5

to detect transients correctly. Another good charéstic of
the method is that only current voltage samplesuaesl in the

calculation ofVy coefficients, simplifying the implementation _

and making possible the fault location almost imiatedy
after its occurrence. Other techniques as DWT abByVR,
utilize more than one voltage or current sampleaifh phase
to calculate coefficients for the transient analysif the
system, making fault location a more complex proced

D. Detection of the Initial Transient I nstants

In a two-terminals fault location methody{]®> from both
line ends must be calculated. The analysis of thg]’[
coefficients allows the identification of the samplumber in
which occur initial transients. So, to use (1) stiraate de fault
point, it is necessary to obtain the initial tramsiinstants in

seconds. dy]? with magnitude below a given preset threshold

are eliminated and, so, coefficients related toseand low
frequency oscillation are ignored. Consequentlyly diog]?

coefficients related to transients by the fault woence are
considered.

As shown in Fig. 4, first non-zerag]? occurs one sample
after the transient beginning. Finally, considerihg sampling
frequencyFs used by DFRs, the initial transient instaigtgsent
(in seconds) may be determined according to (5d)(5in).
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2 .
If [Cdif (')] =0= tyagen =1 (5a)
-\ |2 f .
If [Cdif (I)] > 0 = ttransierlt = (I - l)/ Fs ! (5b)
Where:
transient IS the initial transient instant in seconds;

cqif is the difference coefficients calculated frdipn
i is the sample number.
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Fig. 5. Example of the initial transient instadetection in both terminals of
the transmission line through theg{l? analysis: (a) Three-phase voltage
signals at Bus 1; (b) Three-phase voltage signalBus 2; (c) fairl?
coefficients related to Bus 1; (digf]? coefficients related to Bus 2.

V. SMULATION STUDIES

A. Smulation Model

ATP [12] simulations of the 230 kV system presenieed
Fig. 6 were performed to evaluate the proposed odetiihe
system parameters are shown in Table |. A constant
distributed-parameter transmission line model vattb0 ps
time step was used. The line length is 500 km aedltstance
d from bus 1 to the fault point is to be calculatel
algorithm steps were implemented using the MODELS
language [13] and performed directly in the ATP saeple
at a time similar to what occurs in real time peotiten system,
with no need to analyze off line oscillographicomts.
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TABLE |

SYSTEM PARAMETERS

TABLE Il

FAULT LOCATION SIMULATIONS FOR TRANSPOSEDT RANSMISSIONLINE

SOURCE A

SOURCE B

TRANSMISSION LINE

V, =1014710° pu

L% =14982mH

Vs, =100010° pu

R0G1 =14450 RUGz =14450 Zo: (3,236#]1,035{2/km
unt _

Loel =13996mH Losz =13996mH Y, =2,49umho/km

R =19620 R =19630 Z, =0,054+ j0,527Q/km

L% =14982mH

| =500km

Y, ™™ = 3144 mho/ km

B. Applied Disturbances

For validation purposes, situations where the trassion
line is transposed and untransposed were analyxedeach
type of transposition scheme, 9600 different casese run,
totaling 19200 different cases in which fault paesens were
changed: the fault resistance®sto 95Q with steps of 3@),
the fault inception angle (0° to 180° with step206f) and the
distance from fault point to Bus 1 (20 km to 480 With steps
of 20 km). Digital simulations were performed fongse to
ground, double phase, double phase to ground aed-thase
faults. The most adverse cases were considerdaighagault
resistance cases, fault inception angle near to @erat zero
crossing) and faults very close to the substations.

To perform such a high quantity of simulations,chéfiles

Fault N° of simulated | N° of reliable Reliable

type cases simulations simulations (%)

AG 960 949 98.85%

BG 960 949 98.85%

CG 960 949 98.85%

AB 960 960 100.00%

BC 960 960 100.00%

CA 960 960 100.00%

ABG 960 960 100.00%

BCG 960 960 100.00%

CAG 960 960 100.00%

ABC 960 960 100.00%

Total: 9600 9567 99.66%
TABLE Ill

FAULT LOCATION SIMULATIONS FOR UNTRANSPOSEDTRANSMISSIONLINE

Fault N° of simulated | N° of reliable Reliable

type cases simulations simulations (%)

AG 960 944 98.33%

BG 960 947 98.65%

CG 960 950 98.96%

AB 960 954 99.38%

BC 960 960 100.00%

CA 960 954 99.38%

ABG 960 955 99.48%

BCG 960 960 100.00%

CAG 960 959 99.90%

ABC 960 960 100.00%

Total: 9600 9543 99.41%

were created with Matl&bto allow the automatic run of the N Table IV is shown a general analysis of the ations

ATP files.

C. Smulation Results and Analysis

As shown in Table Il and Table IlI, all results shthe
reliability of the fault location method. It is irnptant to point
out that the maximum expected error is a functiénthe
sampling rates, i.e., it is a hardware limitatidhe travel time
of waves is not interpolated and, thus, the initi@nsient
instants are approximated to the nearly multiplethef time
stepAt used by DFRs. In this way, errors in the ordea blf
time step can be introduced in the calculatedaittiansient
instants and are considered to be admissible erBws the
module of such admissible errors is calculatedguéi).

e = (ate)/2 (6)
Where:

cis the speed of light«(3.1F km/s).

For the used 20 kHz sampling frequency, the adbiessi
error is approximately 7.5 km in absolute valueisNalue is
used as the error threshold throughout the analykithe
results. So, cases in which the fault location nestion
presents error above such threshold are classifiadhreliable
cases.

in which transposed line and untransposed line scase
considered.

In Table V, unreliable simulations cases are amalyZAs
expected, in most of unreliable simulations theomsrrare
related to high impedance fault cases and situstiorwhich
fault inception angle is nearly to zero.

According to the results, less than 0.5%
performed cases diverged. Approximately 70% of lisdoks
results are related to high impedance fault cases anly
about 6% are related to fault inception angle wyetwlzero
crossing cases. So, the proposed method for faagltibn
presents low sensitivity in front of adverse casglated to
fault resistance and fault inception angle.

TABLE IV
GENERAL RESULTS OFFAULT LOCATION SIMULATIONS
Considered | N°of N° of N° of Reliable
system simulated | unreliable reliable simulations
cases simulations | simulations | (%)
Transposed 9600 33 9567 99.66%
Untransposed 9600 57 9543 99.41%
Total: 19200 920 19110 99.53%

of 19200




TABLE V The proposed method was applied to transmissiogs lin
ANALYSIS OF UNRELIABLE SMULATION RESULTS taking into account the influence of fault resis@nvoltage

Considered system | Transp. Untransp. | Total: inception angle and the transmission line trangipmsscheme.
Case analysis An analysis of the effect of the sampling frequemythe
N° of unreliable 33 57 90 method’s accuracy was performed. The algorithm was
simulations (100.00%) | (100.00%) | (100.00%) | implemented in ATP using the MODELS language. Béitels
N° of cases related to 22 41 63 were created with Matldbto allow the automatic run of the
high impedance fault (66.67%) | (71.93%) | (70.00%) | ATP files. A total of 19200 EMTP simulations for280 kV
(>0600) transmission line were performed. In more than 98Rthe
N° of cases related to fault | O 6 6 imulated th d al ith teat
inception angle nearly to (0.00%) (10.53%) (6.67%) simulate Cas_es'_ € proposed algorithm presentearse
zero crossing (< 1) below the admissible value.
N° of cases related to 11 10 21 Finally, the proposed method is very simple, faiiteurate,
unknown reasons (33.33%) (17.54%) | (23.33%) | do not require phasor estimation and may be use@dnas

The sampling frequency used by DFRs is a limitatién additional routine in transmission lines protectigiays.

fault location methods based on the theory of flenewaves.
In fact, increasing the sampling frequency the maximum
expected error decreases and a greater accurabtaised. In ~ The authors would like to thank the reviewers for
order to address such considerations, some fautteisystem invaluable suggestions.

shown in Fig. 6 were performed using a transposed
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