An Efficient Algorithm for Fault Location on Mixed
Line-Cable Transmission Corridors

Marjan Popov, Gert Rietveld, Zoran Radojevic anddithnir Terzija

ABSTRACT

This paper presents a fault location algorithm that can be used
to accurately locate the fault at any place along mixed line-cable
transmission corridors. The algorithm is an impedance based
line/cable parameter dependent algorithm. The fault location
algorithm is derived using distributed line model, modal
transformation theory and Discrete Fourier Transform. The
algorithm can be used as an on-line, or off-line application in
practice. The proposed solution has the ability to locate the fault
whether it is on the overhead line or on the underground power
cable. The paper presents the results of the initial algorithm
testing through the use of ATP simulations. Some results are
validated by experimental measurements.
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I. INTRODUCTION

Overhead transmission lines, combined with undemgiou

cables, become an important issue in transmissioh

distribution systems. In dense populated countaed
big cities, a solution for future extension of tietwork is seen
in the application of heavily loaded cables. Thesbles will
be connected to the existing overhead lines. Thbalnility of
occurrence of faults is however higher to happemwsrhead
lines than on cables. The faults may be causedgbyning
strokes, falling trees, electrical breakdown of lyteld
insulators. Ice and snow loading may also causaladts
strings to fail mechanically. Underground cableltiamay be
series faults in which the cable is physically oo, faults
caused by breakdown of insulation because of olage.
Determination of the fault location in electric pewlines is
important for a secure operation of power syste8wme
advantages could be: quicker repair,
availability, reduced operating costs and shorieretfor
searching the fault during severe weather conditi®@o far
there has been a lot of research done on faultitscarwo
important methods are generally accepted for fendéation;

that is a method basedn the measurement of post-fault lin

impedance called phasor-based algorithms that msé&eonly
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the fundamental components of the measured sifh&lkand
fault location methods based on travelling waves [3], which
occur when the fault is initiated. Some other fdoltation
techniques are summarized in [4-6].

In this paper, an impedance-based parameter depende
algorithm will be presented. The results will berdastrated
for single-phase, double-phase and three-phasé daulent

for different locations along a mixed line/cablarsmission
corridor.

Il. IMPEDANCE BASED FAULT LOCATION ALGORITHM

Based on the Telegraphers’ equations, voltage<amdnts at
any place along a line can be evaluated by:
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whereR, L, C and G are resistance, inductance, capacitance

%nd conductance per unit length of the line. Thatem of

these equation is:
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in which, V,, I, are the voltage and current at distan@em
the sending end of the line awg, Ir are the voltages and
currents at the sending end. In (2),
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Equation (2) can also be exspressed in terms ofeit&iving
end voltages and current, I, as follows:
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wherel is the length of the line. When a fault occdr&m
away from the sending end, by making use of (2) @dahe
distance to the fault can be determined by:

d= 71/ tanh™ (A /B) 4)

where
A=V cosh{d )-Z_.I sinhyd Y}V, (5)
B=1,Z. +Vgsinh(f )-Z.l5 coshyd
For a three-phase system, the phase domain contgoalen
decomposed by making use of a modal transformatiothe
present case, Clarke's transformation is used tover the
original phase variables into a set@fa and g variables, as



follows: transmission line, the algorithm requires measureliages

and currents at the sending and receiving end. Becthere is
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This section provides the results of the paramedégendent 1 ARV y /
model application. For this, a combined sectioniné and “o 0.0 o1 0.15
cable is presented [7]. In the Netherlands, trassiomn d) Time (%)

network is constantly expanded by heavily loadedesa[8],
which are placed in a mixed system consisting rédi and
cables.

Il fault locator

Fig. 1. Test network that consists of a 110 kV corad line-cable

connection.
Table 1. Cable/line parameters
| R@km) | L(mH/km) [ C(uF/km)
Transmission lin (100 km
Z1 0.3317 1.326 0.008688
Zo 0.4817 4.595 0.004762
Cable (10 km!
Z1 0.412 0.4278 0.2811
Zo 0.240 1.5338 0.1529

The efficiency of this model is seen in the fadttthe fault
locator does not show any problem because of tHeret
line and cable parameters. For an arbitrary fault tbe

Fig.2 Voltage (p.u) and current (kA) waveforms darisingle-phase
fault current at F1, 44.54 km from the sending ex)dhhase voltages
at the line sending end; b) phase voltages atiea¢ceiving end; c)
phase currents at the line receiving end; d) pbasents at the line
sending end.
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Figure 3. The result of the parameter dependerit facator for a
fault current on the line.

As it can be seen in Fig. 1, the voltages and otsrare
recorded at the remote ends of the line. For thsectwo
examples are taken into account.

The first is with a fault on the line and the set@xample is
with a fault on the cable. Single-phase faultstaken in both
cases, so that the application of the Clarke toansdtion is
visible. A bolted fault current occurs 44 km froimetline
sending end at 0.04 ms. Since the transmissiondid®@0 km
long, the fault occurs at 56 km from the receiviagd



(junction point). ! | = o
Fig. 2 shows line voltages and currents at the tereads of - os|; ‘\TV\ u - 7/7 - ﬁ - ?\7 - phase B I
the line. These waveforms are sampled with 256 ksvyper £ Of l\ ‘ l}f —_phasec]]
cycle and are used for the fault location. DiscrEtairier £ % X[ \/fw‘ AV
Transform has been used for the determinationeptiesors. > 05[> = =74 -~ - -~ o= -~ - *i .

By making use of the Clarke transformation, thremles can
also be used to locate the fault accordingly. Ig. @, the b)
results of thea, B and 0 modes are illustrated. These modes
provide 56.2 km, 56.06 km and 55.8 km &rf3 and 0 mode
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respectively. This implies that the deviation ofe tifiault %
location is 0.357 %, 0.107% and -0.357 %. e !
In Table 2, some results for different faults aldhg line are ~ © MU t f\f {7&* 1 f\% I A-r- fk e Ao to- f‘\
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Table 2. Fault location along the line (single-phtmuilt) B Aﬂf 7:& fk 42 [\r ,1, - 2222’; !
Exact fault (km) Calculated fault Absolute Error)(% < . A ! ) |~ phasec
15 15.006 0.040 § TSI 7/¥%k PSP
30 30.01: 0.01¢ 3 _5,,,,,,,,,,\,%‘* AR ,J(,#,\%,J %XWAM
50 49.983 0.034 VAV AVARHAVARSAVARY
70 70.021 0.030 10, 0.05 o1 o015
85 85.01¢ 0.02z d) Time (s)

Fig.5 Voltage (p.u) and current (kA) waveforms dgria double-
The second example is a case for a fault that econrthe pnase fault current at 20 km from the line sendingl; a) phase
cable. A smgle phase fault current withQl fault resistance voltages at the line sending end; b) phase voltageshe line
takes place at different locations along the cable. receiving end; c) phase currents at the line réogiend; d) phase
currents at the line sending end.
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Fig. 4. An example of the fault location for a faoih the cable. a)
Fig, 4 illustrates the validity of the fault locati algorithm. 3
The calculated value is 7.58073 km against an atewalue <
of 7.58 km. The error in this case is 0.00963 %bl@e3 £
provides some results of the algorithm accuracy féats >
along the cable.

9 b)
Table 3. Fault location along the cable (singlegga
Exact fault (km Calculated fau AbsoluteError (% .
2.42 2.4192 0.033 <
4.5 4.4985 0.033 5
7.3 7.297: 0.03] 3
8.5 8.4973 0.031
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Fig.6 Voltage (p.u) and current (kA) waveforms dgra three-phase



fault current at 85 km from the line sending endplease voltages at
the line sending end; b) phase voltages at thediceiving end; c)
phase currents at the line receiving end; d) pbasents at the line
sending end.

Fig. 5 and 6 show simulated voltages and faultezus during
double and three phase fault currents respectivédig. results
of the fault location for a double phase and ttpbase fault
current at different locations are presented inl@aband 5

respectively. In all cases the error is lower tBali?6.

Table 4. Fault location along the line (double-ghtzailt)

Exact fault (km)

Calculated fault

Absolute Error)(%

20

20.004

0.004

30 30.00¢ 0.01:
50 49.993 0.014
70 70.011 0.015
85 85.01% 0.01¢

Table 5. Fault location along the line (three-pHas#t)

Exact fault (km)

Calculated fault

Absolute Error)(%

20 20.015 0.075
30 30.01¢ 0.04:
50 49.98 0.04
70 70.026 0.037
85 85.0% 0.03¢

IV. MODEL VERIFICATION BY LABORATORY
MEASUREMENTS

In the previous sections, the two fault locatiogogithms
were tested with simulated data, achieved by sitiomeof a
power system fault using ATP-EMTP. This sectioncdibgs
further validation of the algorithms, using actaghchronized
measurement data achieved in a setup by modelisiggte
phase power line.

Fig. 7. Schematic setup for acquiring synchronineghsurement
data for the testing of fault location algorithnihe dashed boxes
indicate the sending and receiving networks respalgt Faults have
been successively applied at points A to E in the 8-R represent-
ing a HV overhead line.

The setup used for achieving fault location measnerg
data is schematically depicted in Fig. 7. The smmdand
receiving networks are realized by synchronizedtaligignal
generators, power amplifiers, and air inductors.e Tiwo
synchronized voltage sources each generate aro@d,.Q
which is amplified 25 times with two power amplie
resulting in a voltage that is around 40 % of thepat of VTs

in actual HV networks. In order to simulate reatwarks with
non-zero impedance, the output of the power arepdifiis
connected to an air inductor, having both resigaaod
inductance. The dashed boxes in Fig. 7 indicate tine
networks at the sending end (left) and receiving @ight) of
the line respectively.

In this experiment, the single phase high-voltaige lis
simulated by a series connection of 6 air inductdree
inductors were chosen in a way that their indutaaad
internal resistance have relative values araird0.2 + j 0.4
Q/km, which is a typical value for HV lines. In thigay 24 km
of HV line was simulated. Zero ohm metallic shaveye made
at the interconnections of the inductors simulatimgy HV line
(points A — E) by connecting these points to grodndng a
measurement. The currents and voltages at the rgprdid
receiving ends of the line (points S and R in Fi{.are
synchronously measured using a four channel dagitizith its
internal 10 MHz clock locked to a cesium atomicc&loThe
actual currents and voltages are converted aneédcklwn to
voltages suitable for the digitizer inputs usingrent probes
and voltage dividers respectively. The signalssarapled at a
rate of 25600 samples/sec (512 samples/period).
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Fig. 8 Voltage (top) and current (bottom) as a fiorcof time for a
measurement using the model grid of fig. 7 whemuwtfoccurs at
point E in the HV line at = 30.00 ms. Solid and dotted lines are for
the sending and receiving end of the HV line retipely.

A typical example for the measurement results aelie
with the setup is given in Fig. 8. In the statignatate at the
start of the measurement, the voltage at the riegpand was

6.25 % higher, with 20phase, with respect to the sending end.

At t = 30.00 ms a fault occurs at point E in the line.



Table 6. Fault location in the measurements baseth® impedance based on traveling waves [9]. The algorithm is &kecfor all
of the HV line, as well as deviations from this dtion with the types of faults that may occur in the combined -table

locations determined by the two fault location aijons system and can be efficiently used when the fadtirs either
Fault | Fault location] Algorithm | Error 2 on the cable or the line. The algorithm presentalgl equires
locaticn (km) (km) (%) the measured voltages and currents at the sendiay

A 4 395 1.25 receiving end of the cable or line Since these patars can

B 8 798 0.25 be measured at the busbars (in Figure 1 this istddrat the

C 12 12.07 0.5¢ receiving end of the cable and t_he se_:nding _ende)ﬁme), the

D 16 16.1¢ 0.97 voltages and. currents_ at the ]unctlon. pom.t .canaw;/vb.e

E >0 50.15 0.75 calculated using equations (2) or (3). Since as known in

advance if the current is on the line or on theleathe
requested voltage and current of the junction poam be
calculated using both the measured voltages amdrasrat the
sending end of the line, and the measured voltages
currents at the receiving end of the cable. Coreseattyy two
fault location algorithms executed in parallel deti@me the
likely position of the fault in the line and in tloable. One of
these positions is unrealistic, since the distaadhe fault will
be higher than the length of the line or cable.c8ithe
algorithm presented in this paper only requires tdreninal
voltages and currents of the line or cable undadlystit does
not matter whether the remote end of the cabl@eri$ a load
or a source, at least not for low impedance faults.

Five measurements were performed with faults madbeab
interconnections A — E between the inductors. Thaltf
location in these five measurements, based on tital t
impedances of the line on the sending and recesiihg of the
line respectively, as well as those achieved thnotige
algorithm.

Table 6 summarizes the results of the fault looatio
determined by the algorithm with that produced bg tine
impedance is somewhat worse than in the evaluatbtmve
and in earlier evaluations [2]. This has severatoas. First of
all, the accuracy of the measurements is only atdus — 1

%. This accuracy is mainly affected by the timirigte ADC In all cases the error is kept below 0.1%. Theltesue tested

cards, the accuracy of the voltage dividers andeotiprobes, by making use of synchronised measurements in ardsatry

a_nd thg accuracy in theandR measurement O.f the .'nduqtorsenvironment. In the present case the authors warable to
simulating the line. Secondly, the fault locatidgoaithm is

based on transmission line equations that req@padtance provide actual line or cable so the measurements dene by
. . q quapa making use of impedances that represent a lineanligmgth of
in order to take into account the surge impedanod

ropagation constant. In this case, the valuee)tﬁpacitanceaZ4 km. However, the capacitances were ignored i
\r/)vasp tgken to be thé same as ,the line capacitancdein experimental case, which is one of the reasonstlieaerror
. . P between the simulations and measurements is higher.

previous example. Fig. 9 shows an example of a labed

case according to Table 6. VI. FUTURE WORK

The future work will be based on the application af

algorithm [4] that does not make use of the linblea
parameters but only measurements. In this casemageshow
if the capacitance of the line, cable or both playsgnificant
role in the error estimation. This type of modgliwill be

compared not only with the measurements but alsio ether

existing models. The arc impedance in this caskalsb be
taken into account. There are a lot of mixed céibke-
Fig. 9. Fault location according to parameter dejat algorithm connections thqt will t,)e built in the near future the

for a fault case B of table 6. The fault is deteredi by evaluating the Netherlands. Th's'_ algo_rlthm could be used for ammufault

distance of the fault from the remote end. detection in combined line-cable systems.
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