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Wavelet-Based One-Terminal Fault Location Algorithm
for Aged Cables without Using Cable Parameters
Applying Fault Clearing Voltage Transients

I. Niazy, Student Member, IEEB. SadehMember, IEEE

Abstract-- This paper presents a novel fault location algathm,
which in spite of using only voltage samples takefrom one
terminal, is capable to calculate precise fault |ation in aged
power cables without any need to line parameters. dltage
transients generated after circuit breaker openingaction are
sampled and using wavelet and traveling wave theamg first and
second inceptions of voltage traveling wave signatge detected.
Then wave speed is determined independent of calparameters
and finally precise location of fault is calculated Because of using
one terminal data, algorithm does not need to comnmication
equipments and global positioning system (GPS). Agracy of
algorithm is not affected by aging, climate and teiperature
variations, which change the wave speed. In additip fault
resistance, fault inception angle and fault distare does not affect
accuracy of algorithm. Extent simulations carried ait with
SimPowerSystem toolbox of MATLAB software, confirm
capability and high accuracy of proposed algorithmto calculate
fault location in the different faults and system onditions.

Index Terms— cable, fault clearing transients, fault location,
wave speed, wavelet transform

I. INTRODUCTION

OWER cables are vital part of transmission al
distribution lines, which are used extensively ey to
increase system reliability [1]. Power cables zdition with
the sake of security considerations is develop®ig [

Precise fault location reduces the costs relatek¢avation
crews dispatched to find fault location and prosidestomers
and consumers feeding with minimal interruptionsoal
improves the performance of the power system aagnidises
vulnerable points of system [1], [3]. Fault locatimethods,
which are used in the transmission lines, are diviohto two
general categories [4], [5]: first group is relatedmethods,
which use fundamental component of voltage andeotirin
order to calculate impedance from the fault locédothe fault
point and calculate fault location. The mentionegthods are
well known as impedance methods [5], [6]. Secoridgmy is
related to the algorithms, which utilize traveliwgve theorem
and analyze high frequency voltage and/or curremteting
waves generated by fault occurrence [7]-[9].

Fault location methods based on traveling wavertdraare
expanding because the determination of fault locais not
affected by fault resistance, load flow and sounspedance,
in addition, these methods have more accuracy cadp®
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the impedance methods [9]. Most of the travelingveva
methods, which are currently used for fault locatiatilize
fault generated high frequency signals. These #lgos are
sensitive to the noises and to the faults occurréke adjacent
lines, the fault inception angle and the travelingves
reflected from other terminals and equipments, tvhize
outside of the distance between the fault locatat the fault
point [10]. In order to eliminate the mentioned lgems, it is
suggested to utilize fault-clearing transients aasdt of fault-
generated transients [10]-[13].

Because the propagation speed of the traveling \vathe
cables is changed with time, aging, climate anchghaof the
cable parameters, traveling wave-based fault lonati
algorithms in the power cable have problems. Esflgci
accuracy of the methods, which use only one-terndata, is
strongly dependent to the cable parameters. Fomgea
algorithm proposed in [9], which uses only voltagmmples
taken from one terminal, is dependent to the waepggation
speed and similarly the accuracy of the proposgdrighm in
[14] that utilizes current samples taken from oemminal is
dependent to wave speed. The proposed method§Jin[{5]

e independent to the line parameters but theyvakege

samples and current samples that are taken frortwthends
of line. Impedance-traveling wave assembled allgorit
presented in the [17] calculates fault locationhwitt using
wave speed, but this method uses both voltage anent
samples which are taken from the one bus.

In this paper, a novel approach is proposeihtbthe fault
location in the aged power cables, which utilizesdy chigh
frequency voltage transients, sampled from one itedmand
does not need to the cable parameters. Therefooppged
single-ended method does not need to the commigrcat
equipments, global positioning system (GPS) and data
synchronization. Proposed algorithm utilizes faacleéaring
high frequency transients instead of fault generatansient
signals to eliminate mentioned problems of comnrameling
wave fault location algorithms. In this paper, thphase
components are converted to the two aerial mode cared
ground mode signal using modal transform, thengusiavelet
transform, first and second inceptions of voltagaveling
wave signals after circuit breaker opening actiondetected.
Thereupon, the actual wave speed of the voltageakits
calculated without any need to the cable parametedsthen



the fault location is calculated accurately. Pregbalgorithm
just requires the cable length to be known and thes

2

Voltage and current traveling waves in the locatkoand in
the timet in the lossless line can be described as the sum o

capability to locate different single, double ahdete phase to two forward and backward waves as follow:

ground faults as well as double and three phasdtsfau

accurately. By the way, algorithm assumes thatlities are
fully transposed and uses the distributed cable emobh
addition, the accuracy of the algorithm is not gemsto the
fault resistance, fault inception angle, fault kbama and fault
type and also the proposed algorithm has the chiyabf
calculating faults occurred close to fault locator.

Il. FAULT CLEARING TRANSIENTS

u(x,t)=f, (x-vt)+f(x+vt) (1)

. 1 1
i(x,t)=— f, (x-vt)+— f(x+vt) 2)

ZC ZC
wheref; andf are forward and backward waves, respectively;
and u and i are the voltage and current; amdis the
propagation speed of the wave. And,

®3)

Any sudden change in the power system such as fault

occurrence generates voltage and current traveliages,
which propagate in two directions from the faulinp@ver the
line. Mentioned signals propagate to receive tlseatitinuity
points such as buses, on these points some ptre afave is
let through and reminder is reflected, and trabealsk and this
condition is continued to attenuate the wave [IRjdden
change may be caused by fault clearing action efcihcuit
breaker, which generates voltage-traveling sign#sit
propagate from circuit breaker to the fault pointd aemote
terminal. In order to distinguish between fault gered
transients and fault clearing transients, Fig. lisitates
mentioned signals for the fault occurred in theeti= 20 ms
and cleared at t = 70 ms. In addition, Fig. 2 tHates the
lattice diagram of the fault clearing signals witie reflected
and refracted signals from the fault point and rents.

T T T T T T

Fault generated
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Fig. 1. Fault generated and fault clearing trarisien
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Fig. 2. Lattice diagram of traveling waves genatdig circuit breaker
opening action
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whereZ_ is the characteristic impedance of the cablelaadd

C are inductance and capacitance of the cable pelemgth.

It is clear from (4) that if the wave speeds calculated from
cable parameters, by any change in these paramstenrs
speed will change. Thus, the accuracy of the alyos, which
are based on the cable parameters, will vary wimc

temperature change and any other factor that calsege in
the cable parameters.

A novel fault location approach is presentedhis paper,
which despite of using only one terminal data, doasrequire
to the cable parameters. Proposed algorithm deceespibree
phase voltage signals to the modal components usindgal
decomposition and then detects the first and seoa@pbtions
of the high frequency voltage signals to the féadator, which
are generated by the fault clearing action of theuit breaker.
Then the real-time and accurate wave speed islatdcuand
precise fault location will be obtained. In the ebrphase
systems the forward and backward equations of titage
and current are dependent to the voltage and duafethe
three phases and it should be considered that thesttong
coupling between voltages and currents of phasestefore,
in this paper before any analysis, three phaseage#t are
decomposed to modal components, which can be athlyz
independently as single-phase system. For thisgsetpit is
possible to use following relation:

Voodal =T

modal % Vphase ®)

whereV is the voltage component and the indicesdal and
phaseare related to the modal and phase quantities;Taml
the transformation matrix. For three-phase fullgnsposed
line assumed in this paper, the Clarke’s transftionanatrix
can be used to obtain the ground and aerial maphalsi from
the three-phase transient signals [18]:

1 1 1
- 1
T 1:T V2 -1/V2 -1/ (6)
310 V32 -43/2
Upon phasor components are decomposed to modal

components, it is possible to detect the first astond
inceptions of traveling wave (generated by fawdacing action
of circuit breaker) using wavelet transform. The velat
analyzes the signal at the different frequency bandth



different resolutions by decomposing the signalo irdn
approximation and detail information and again eaekl can
be decomposed more precise as shown in Fig. Bidmpaper,
using Db4 as mother wavelet, alpha mode of fawdarihg
voltage signals are decomposed and only detaifssbflevel
of decomposition are used to calculate the locadidiault.

[s]

' / Details

A,
[ ar | DI

(2]

Approximation \

Fig. 3. Approximations and Details in wavelet trians

I1l. FAULT LOCATION ALGORITHM IN THE CABLES

A new fault location method, which locates faultimio
without using cable parameters, is presented mghper. To
evaluate the accuracy of the proposed method, ldz50ower
system including an 80 km length power cable isswsred
that is illustrated for a symmetrical three-phaadtfin Fig. 4.

Qi

Fig. 4. Cable line with 80 km length

80 km Cable

4y |

Fault

Load

After fault occurrence, circuit breaker
deenergizes the line. The opening action is foltbwey
generating the high frequency voltage traveling egawvhich
propagate from circuit breaker to the fault pointd aemote
bus. Voltage signal arrives to the fault pointtfissd on this
point some part of the wave is reflected to thét flacator and
the remaining refracts to the behind of the fanolt propagates
to the remote terminal. Thus, two traveling waves/a to the
fault locator after circuit breaker opening actittnis possible
to calculate wave speed and fault location by dietgdwo
mentioned inception waves and measuring the time
inceptions. After opening the circuit breaker, ansient
voltage signal is generated and propagates tatiiedoint. In
Fig. 2 the time of generation of the mentioned aignis
considered as the reference for time measuremet in the
fault point, a part of wave is reflected and rereindill refract
which, reflection and refraction coefficients at#ained by:

_(RellZe) - Z¢
Preflection = (R ||Z )+Z (7)
f C C
2(Rs |1 Z¢)
= Preflection +1 (8)

Prefraction = m
f C C

whereZ;. andR; are the cable characteristic impedance and
fault resistance, respectively.

opens and

3

If fault is occurred in the second half of thi@nsmission
line, first inception to the fault locator is reddtto the voltage-
traveling wave reflected from the fault point, asgtond one is
reflected from the remote terminal. In this casensidering
lattice diagram provided in Fig. 2, the tim&g and T, are
related to the mentioned incepted waves and theref@ve
propagation speed is obtained by:

. = LCabIe (9)

T,/2
whereLc,pe is the length of cable. Having the actual and-real

time wave speed and considering Fig. 2 it is pdssib
calculate the fault location as follows:

V

X =V, xlz'f (20)

It is clear from (9) that calculated wave speid
independent of cable parameters, so, the accufgmpposed
algorithm will be insensitive to any change in eaparameters
caused by aging, humidity and temperature charge et

If fault is occurred in the first half of the cablme, as
illustrated in Fig. 5, second wave incepted tofthét locator
does not belong to the wave reflected from the temo
terminal, and belongs to the wave, which refleagdin from
the fault point to the fault locator.

T, T, t=0

circuit
breaker

X :Fault
point

remote
terminal

Fig. 5. Lattice diagram for fault occurred in thestf half of the cable

In this cas&, belongs to wave reflected from fault point
and T, belongs to this wave which is reflected again flfamit

point. Therefore, it is essential to recognize leemvthis wave
which is illustrated in Fig. 5 witﬁl'z' and the reflection from

remote terminal which is illustrated witH . It is possible to

recognize mentioned state using a low pass fiFer. fault

&dcurred in the first half of the cable, frequermfythe wave
reflected from fault point, will be greater thanide of the

frequency of the wave reflected from remote termniffdne

reason is that for faults occurred in the firstf ledlthe cable,
the distance traveled by the wave to arrive to tenterminal

and reflect to the fault locator is at least twibe distance to
travel from fault locator to the fault location; ettefore,

mentioned frequencies are as follow:

1_v,

f,=—=-C 11

T ay

f2 :i" :—Vc (12)
T2 I-Cable

wherex is the distance of fault from the fault locatodaR is
required time for traveling wave to arrive to tlailf point and



reflect and T, is the elapsed time to arrive to the remot w " \ e ‘

. . i T OCCFL?H—Ietnce ! /Fault cleéring i
terminal and reflect, respectively; arfid and f, are related |
frequencies, respectively. For the fault occurrethe first half -}, 7

=100

of the cable, it is clear thax<%LCab|eand thus considering

(11) and (12), it is clear th&t > 2% f,. Now using a low pass 2
filter, it is possible to eliminatd; , therefore the existent -=
dominant frequency merely will b&, thus, simply T;is ™
calculated and wave propagation speed will be §ipdciFor [ ]
the fault occurred exactly in the half point, aitfum is similar o
to faults occurred in the first half of the cabfég. 6 shows ~"r ]

200 L L I L L | L L 1

proposed f|lter|ng SyStem. 0 10 20 30 40 50 60 70 80 90 100

Low pass filter Fig. 7. Three phase voltage signals for double @haground fault occurred
f1 and fz n 63' km alpha mode
dominant - 1 ‘ f2 dominant M : ‘ ' ‘ ‘ ‘ ‘ ‘ ‘ ]
frequencies frequency of
. ,
Fig. 6. Proposed filter for extracting f -log 1o % % Y % % 75 % % i
kV beta mode
Computational error for the distance calcudate fault 100 1
location can be obtained by: _WZMW
X -X -2 ‘ ‘ ' ; ‘ ‘ ; ‘ ;
%error = calculated “actual %100 13 L i“ 3|° 4,0 5°| i" 7,0 j“ 9“’ e
Lcable sor 1
where X qwa IS actual distance of the fault point from th(_szf ]
locator anK;aicuatediS Calculated fault location. 100} E— T
Fig. 8. Modal component voltage signals for doubtese to ground fault
IV. EVALUATION OF THE PROPOSEDALGORITHM occurred in 63 km with
To evaluate performance of proposed algorithm,reskie  Veltr P
simulations have been carried out using SimPowée8ys sl wave Firstincepted  second incepted.|
toolbox of MATLAB software. For this purpose a 18%, | ravelingwave  traveling Jave |
three-phase system similar to the system showrngindFwith
80 km cable length is considered. Simulations fiffeent '™ 7 A
single, double and three phases to ground fauttssanilarly 0 v
for double and three phases faults occurred inemifft 0l |

distances from fault locator are performed. Faefigtances
between zero and @ and fault inception angles between zer
and 90° are considered. o0t 1
As an example, if a double-phase to ground fauthwi 55 —ws w7 w0 wm  w%  wE W
resistance of 22 and 30° fault inception angle occurs ir. _ , _
. Fig. 9. Wavelet transform of alpha mode signal detéction of first and
distance 63 km far from fault locator, three phas#tage (.. ng inceptions of traveling wave to the fautabor
signals and their modal decomposition are showFRigs. 7
and 8, respectively (the time of fault occurrenseumed 30  As another example, for three-phase fault occurired
ms and cleared at 70 ms). In addition, waveletsfiam of distance 34 km from locator with zero fault inceptiangle,
alpha component of the decomposed signal is showigi 9.  wavelet transform of the alpha mode signal is shiowfig. 10
If the time which incident wave is generated by thelt and so,T; and T,are 745 and 1490 microsecond. Sifige=
clearing action assumed to be origin of time t 2his using 2xT; it is identified that the fault has been occurnedhie first
Fig. 9 T; and T, will be 1383 and 1754 microsecond
respectively. Now using (9),_Wave speed wil be‘?d“"‘”ed waves are related to reflections from fault pointthis case,
91,220.068 km/sec and using (10), fault locatiom &® qing 4 jow pass filter it is possible to elimingtés inception
determined 63.079 km, which has 0.098% computationgayes and reach to the wave reflected from renerainal.
error. This process is shown in Fig. 11 and the resultighal
presented in Fig. 12.
Therefore, it is possible to specify the time ofiaetion
from remote terminal. Therefore, for mentioned eplEmthis
time will be 1754 microsecond. Using (9), wave spee

2000 B

m sec

half of the cable and therefore, first and secomckption



91,220.068 km/s and using (10), fault location éedmined
33.979 km, which has 0.026% computational error.

Volt 1
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wave Firstincepted second incepted
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. |
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Fig. 10. Wavelet transform of alpha mode signalféaidt occurred in the first
half of the cable
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Fig. 11. Proposed filtering algorithm
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Fig. 12. Resultant signal after filtering

To demonstrate the effect of different parameterstte
accuracy of the proposed algorithm, the followingpsections
will discuss about the influence of fault resis@ndault
inception angle, fault location and fault type be aiccuracy.

A. Influence of fault resistance

In majority of cable fault location studies, fardsistance is
considered between zero andd5 In this section faults with
different resistances are included. Simulationltsgar single,
double and three phases to ground faults in distat®& km

with different fault resistances are presentedable I.
Table |
Single, double and three phases to ground fautts 24° fault inception
angle occurred at 78 km and different fault resists

Fault Fault Calculated error %

type |resistance(®)| distance

Single 0 78.083 | 0.103
phase tqg 2 78.102 | 0.128
ground 5 78.074 | 0.091
Double 0 78.125 | 0.156
phase tqg 2 77.967 |-0.042
ground 5 77.943 | -0.071
Three 0 78.065 | 0.081
phase tqg 2 78.043 | 0.054
ground 5 77.974 | -0.032

5

Based on the results presented in Table I, it éarcthat
fault resistance doesn’t have influence on the r@mgu of
proposed algorithm.

B. Influence of fault inception angle

Most of traditional traveling wave methods usedfital
fault location are sensitive to fault inception Engln this
section influence of fault inception angle on tleewacy of
the algorithm is evaluated. Simulation results double and
three phase faults occurred in distance 2 km wifferént
fault inception angles are presented in Table II.

Table Il
Double and three phase faults with different faudeption angle occurred
in 2 km
fault inception| Calculated o
Fault type angle (degree) distance error %
§ 5 2.05¢ 0.07¢
Doufa"ilfhas 45 1.965 | -0.046
90 1.95¢ |-0.651
R 5 2.07:% 0.C91
Thr‘faeuft’hasc 45 2.08:_| 0.103
90 2.02¢ 0.C31

It is observed from Table Il that fault inceptiongée does
not affect the accuracy of proposed algorithm. Beeaof
using fault clearing voltage transients, when aurigecome
zero, voltage is in maximum amplitude and so fandeption
angle does not affect on algorithm.

C. Influence of fault distance

Some of fault location algorithms are influenced fault
distance and so in this subsection it is aimedhtestigate the
effect of fault distance from fault locator on thecuracy of
the algorithm. For this purpose, simulations weseried out
for double and three phase faults with zero faotteption
angle occurred at different distances from locgtoint. The
obtained results are shown in Table IlI.

Table Il
Faults occurred with zero inception angle at differdistances

Fault | fault distanceg Calculated o
. error %
type (km) distance
Double 14 14.07¢ 0.09¢
phase| 48 48.03¢ 0.04:
fault 77 76.98¢ 0.03:
Three- 14 13.07¢ 0.09¢
phase| 48 47.09¢ 0.00¢
fault 77 77.05¢ 0.06¢

From provided results of Table Ill, it is obviousat the
distance of fault from fault locator does not affge accuracy
of proposed method.

D. Influence of fault type

From previous sections,
between Tables | and Il it is clear that the fayite does not
affect the accuracy of proposed method. Proposeatiaunds

for example by comparison



capable to locate different types of fault occuroadthe power [14] D. Spoor and J.G. Zhu, “improved Single-Ended TiiageWave

cable with high accuracy.

Fault-Location Algorithm Based on Experience witton@entional
Substation TransducerdEEE Trans. on Power Deliwol. 21, No. 3,

pp. 1714-1720, 2006.

V. CONCLUSION

In this paper, a novel fault location algorithmpiesented
which uses only voltage samples taken from oneit&imThe [
wavelet-based algorithm utilizes high frequencyitfalearing
voltage transients and detects first and seconeptians of
traveling waves after circuit breaker opening attio the
locator point. Thereafter, actual wave speed isutaled an
fault location is determined. Extensive simulatigresformed

[15] E.S. Tag Eldin, M. Gilany, A.M. Abdel and D.K. Itiian, “A Wavelet-
Based Fault Location Technique for Aged Power G&blEEE Power
Eng. Soc. Gen. Meet/ol. 3, pp. 2485-2488, Junel2-16, 2005.

16] C.M. Wiggins, D.E. Thomas, T.M. Salas, F.S. Nickedd H.W. Ng,
“On-Line Fault Location System for 66 kV Undergrau@ables with
Fast O/E and A/D TechniquelEEE Trans. on Power Deliwol. 9,
No. 1, pp. 579-584, 1994.

d [17] C. Aguilera, E. Orduna and G. Ratta, “Adaptive N@ommunication

Protection Based on Traveling Waves and ImpedarelayR IEEE

Trans. on Power DeliyVol. 21, No. 3, pp. 1154-1162, 2006.

using SimPowerSystem toolbox of MATLAB softwarer fo[18] E. Clarke, Circuit Analysis of AC Power Systemsnyetrical and

different fault types and conditions confirm thepahility and

accuracy of the proposed algorithm. The preseneslts

show that fault inception angle, fault resistarfaelt type and
distance of fault do not affect the accuracy of fineposed

algorithm. Presented method despite of using onhe o

terminal data provides accurate results, suchithtie worst

case, computational error does not exceed 0.2 %dldlition,
does not need to the communication systems and data
synchronization. o~
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