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ABSTRACT

The main aim of the contribution is verification of
designed principle for earth fault location in real
distribution network which is based on evaluation of
voltage sags recorded on secondary side of distribution
transformers MV/LV. For this purpose, series of
experimental measurement in real compensated MV
distribution network were carried out. During the
experiments, different types of earth fault (solid, arcing
and impedance earth fault) were artificially ignited and
all important waveforms (secondary voltages of
distribution transformer, fault currents, voltages and
currents at supply substation) were recorded for further
analyses. These fault records were used for verification
of described method. The result of the analyses is answer
to question, if it is possible to use the idea of earth fault
localization method in real conditions of compensated
distribution network operation.

INTRODUCTION

The requirement to monitor the characteristic
parameters of electrical energy and the evolutidn o
distribution networks towards the concept of “Si@aids”
requires the installation of measuring and recardin
equipment in individual distribution transforming
substations (DTS). If such equipment is installedthe
majority of DTSs in a given distribution networkdaall
the recorded data are appropriately centralised tiamel
synchronised, it can bring new possibilities fore th
optimisation, control and protection of by this way
monitored networks.

Just an earth fault localization problem can beesbl
with mentioned advancement, because due to low &dve
earth fault current it is very difficult to locatiza fault point
in wide distribution networks especially in resonhan
earthed system. This is the reason why lots ofudfit
methods have been proposed for earth fault location
such systems, for example these transient or pmassiv
methods can be used [1-5]. A few methods are facase
calculation of the reactance between supply substand
earth fault point [6]. The reactance correspondgatdt
distance which can match more than one fault platee
network. Therefore additional principle has to lsedifor
selection of correct fault place. Another groupradthods
is based on comparison of voltage sags recordedgply
substation with Voltage Sags Database (VSD) [7] or
evaluation of secondary voltage patterns [8].
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METHOD PRINCIPLE

The presented method is based on voltage sag
evaluation, where voltage sags are measured ondéevos
distribution transformers MV/LV with Dy winding
connection. Monitored voltage sag is caused byt<ime
connection of auxiliary resistor during earth faift
compensated network. The auxiliary resistdry) (is
commonly used for increasing of active part of deal
current for earth fault protection sensitivity iropement
in resonant earthed (compensated) Czech distributio
systems. Auxiliary resistor is typically connected the
power winding of arc-suppression coil (Fig. 1) aisd
switched on automatically in 2 seconds after EFRtimm
for short-time circa 1's, as shown in Fig. 2. Ttiee
setting is sufficient for indication of EF direatidoy an
earth fault protection located at outgoing feeder.

When solid earth fault occurs in an ideally
compensated network (Fig. 1), an earth fault ctirign
flowing through the faulty line to the fault pointhis
residual I, current causes voltage sag on faulty line
impedances which contributes to unbalance of linkne
MV voltages towards the fault point and can be
proportionally measured on LV sides both transfnsn
DTS2 and DTS1. However this voltage unbalance on MV
side or voltage sag on LV side is hardly detectable
common compensated networks due to the very loel lev
of residual currents.
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Fig. 1: Currentsduring a persisting ground fault
Significant voltage sag arises when auxiliary tesiss
switched on by switcher SB. In this case the ihitia
residual currentl w is for short-time increased by single-

phase fault currenta, which is limited by the value of
the auxiliary resistorR,. Again this current flowing
through line impedance causes L-L voltage unbalance
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along the faulty line that is measurable on thedide of
distribution transformers as voltage sags of phtse
neutral voltages. This voltage unbalance is in@éas
the direction of the fault current to the fault pipiwhere
it reaches its maximum. This principle can be ufked
delimitation of faulty area as is described.

Fault Area Delimitation Principle

If protected distribution network is equipped byeth
voltage monitors which measure RMS values of phase
neutral voltages on LV sides of most of distribatio
transformers placed in affected network, then it is
possible to calculate voltage chang®sy evoked by
auxiliary resistor connection at all measuring poias is
described below.

Let’'s assume that earth fault occurred, the thieese
voltage RMS valuess 11, Us 2, Us3) are recorded and
collected. Then voltage change of each phakk
AUs |, andAUs 3 is calculated, as is shown in Fig. 2. The
figure presents sample of RMS phase voltages redord
on secondary side of real distribution transforr{iaT)
during solid EF which was ignited in time 0 s andime
2,5 s was connected auxiliary resistor. A voltabange
waveform AUg is calculated as moving difference of
values given by Frame 1 and Frame 2, where bothefsa
calculate ten periods moving average of recordeab@h
voltages. The Figure 1 and Figure 2 are time-dhifig a
time interval At which is 0,5 s (half period of auxiliary
resistor connection).
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Fig. 2: Example of maximal voltage sag determination for selected DTS
during real earth fault

Then, the voltage change waveforms of each phase
AUsg 1, AUg; and AUg; are processed to determinate
maximal value of voltage sad\Usyy for particular
measuring point, where indexis a number of respective
DTS where the RMS voltage waveforms were recorded
(x=1 for the example in Fig. 2. If it is possible to
monitor AUsgy for the majority of the distribution
transforming substations on the affected line, dbetion

of the line affected by the earth fault can be heieed as

is presented in Fig. 3.

Considering the earth fault in marked spot in Bgand
also short-time connection of auxiliary resistoridg the
fault, the maximal voltage sag on LV side is meable
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with comparable level in the stations DTS1, DTSZS3

and also in DTS placed behind the fault, becausdathlt
current passes through the longest part of itsifigelihe,

in this case linea + b + c + d + e. Lower voltage sag is
measurable in DTS4 and DTS5 where the fault current
flows through the shorter part of their feedinglim this
case sectiona + b + ¢ + d. Similarly, DTS6 and DTS7
are fed by shorter part of faulty line which isté@ta +

b + ¢ . Hence the voltage sag at these stations is amall
Analogously voltage sag recorded in DTS9 and DTsSS8 i
proportional to sectiom + b. The minimal voltage sag
can be measured at DTS10 and DTS11 which are fed
only by faulty sectiona. All stations located on
unaffected feeders or directly connected to theplup
substation HV/LV.

DTS with maximal value of voltage sag .

DTS with lower value of voltage sag .

inimal ll

.......................

HV/LV
supply transformer

DTS11
DTS10 DTS3

Fig. 3: Principle of ground fault location in a compensated distribution
network

Base on above mentioned, the fault area can benitiedi

by points where highest values of voltage sag was
recorded (DTS1, DTS2 and DTS3) and where second
highest value of voltage sag was recorded (DTS&D)T
respecting measurement error. Correct delimitatidn
faulty area can be done only if least one DTS h:lie
fault point is equipped by voltage monitor.

THE PRINCIPLE VERIFICATION USING
FAULT RECORDS

To verify above mentioned principle, measurementa i
real distribution network were performed. The pepof
this measurement was recording of phase to ground
voltages on LV side of selected distribution tramnsfers
which can be used for calculation of maximal valoés
voltage sag to verify earth fault location prineipl
Disposition of all monitored distribution transfoens is
depicted in Fig. 4. Earth fault was artificially nitged
inside the switching station 22kV/22kV. As it cam $een

in Fig. 4, totally four DTs were monitored, whehede of

all are placed before fault point (between eartiitfand
supply substation) and last one DT4 behind fault.
Detailed configuration of performed test and all
guantities which were recorded during experimental
measurement are shown in the Fig. 5.
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Fig. 4: Topology of faulty feeder and placement of monitored
digtribution transformers
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Fig. 5: Detailed configuration of the tested system and quantities
recorded during experimental measurement

The experiments were performed for several stdtéiseo
tested based on compensation state of the netwygé,

of simulated earth fault. In total, eleven faulterey
simulated; the configuration and parameters of the
experimental measurements are shown in Table 1.

Table 1: Characteristics of performed tests

TN? Typeof EF Compensation state C?Eﬁcg:tv €
1 solid compensated (=267 A) 1c=267 A
2 solid compensated (=267 A) 1c=267 A
3 solid compensated (=267 A) 1c=267 A
4 solid undercompensateti €220 A) | =267 A
5 solid overcompensated €305 A) | 1c=267 A
6 impedance (30Q) | compensated (=267 A) 1c=267 A
7 impedance (1280) | compensated (=267 A) 1c=267 A
8 impedance (300Q) | compensated (=267 A) 1c=267 A
9 impedance (750Q) | compensated (=267 A) 1c=267 A
10 | arcing compensated (=267 A) 1c=267 A
11 | arcing undercompensateti €220 A) | =267 A

For verification of described location principlell a
recorded voltage sags have to be sorted propolijcioa
distance of faulty line which is monitored by peular
voltage monitor. As follows from network topologlyig.
4), the highest value of voltage sag has to berdecbon
LV side of transformer DT4 and other values habdo
met following condition

AUgy pry < AUgyprs < AUgypra < AUsyprys 1)

whereAUyg,, 7, 1S Mmaximal voltage sag calculated from

RMS phase to neutral voltages recorded on LV side o
distribution transformer DT4 according to described
principle (Fig. 2), similarlyAUgy prs: AUgy pr, and
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AUgy pr, are maximal voltage sags recorded on LV side

of DT3, DT2 and DT1. Examination of this conditicn
done individually for each type of earth fault {dpl
impedance and arcing) because type of EF especially
fault resistance has significant effect to method
sensitivity. Since voltage taps of selected tramsérs
were set to the same position over whole experiatent
measurement, it is not necessary to correct therded
values of voltage sags.

Solid EF in ideally compensated system

Effective phase to neutral voltages recorded onlte
side of DT4 during solid earth fault in ideally
compensated network are shown in Fig. 6. This &gur
shows that maximal voltage sag arise in faulty pha3
which is similar for all voltage records. This ivgn by
R/X ratio of characteristic impedance of MV linedan
also by phase displacement of fault current whizhses
voltage drop in the same direction as is phasphake to
phase voltage, therefore maximal voltage sag afises
adequate phase L3 on the LV side.
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Fig. 6: Effective value of phase to neutral voltages recorded during
solid EF in compensated systemon LV side of DT4

For this reason, only phase voltages recorded uityfa
phase L3 are presented in the next sections.
Comparison of RMS voltages recorded on LV sides in
the phase L3 of all monitored DT for test no. 3li®wn

in Fig. 7.
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Fig. 7: Effective value of phase to neutral voltages recorded on LV side
in phase L3 during solid EF in compensated system for all DTs

As shows in Fig. 7, the maximal voltage sag amsBT4
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as was supposed and also voltage sags recordedlin D
DT2, DT3 and DT4 met defined condition (1).

AUgy pra = —5,26V < —4,98V < —4,18V < —1,25V

All values of maximal voltage sags calculated fdr a
measuring points are listed for solid earth faiit3able
2.

Solid EF in under compensated and over compen-

sated system

Similarly during this test, maximal voltage sagsreve
recorded in phase L3 for both tests no. 4
(undercompensated) and 5 (overcompensated). Bigecti
value of phase to neutral voltages recorded onil¥ ef
particular DT during solid EF inside of
undercompensated system is shown in Fig. 8 andafes

of overcompensated system is depicted in Fig. 9.
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Fig. 8: Effective value of phase to neutral voltages recorded in phase L3
during solid EF in undercompensated system for all DTs
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Fig. 9: Effective value of phase to neutral voltages recorded in phase L3
during solid EF in overcompensated systemfor all DTs

The condition (1) was also met for solid EF in both
undercompensated and overcompensated states
calculated values of maximal voltage sags showssé&h
values are for undercompensated state as follows:

AUsm pra < AUsmprs < AUsmprz < AUsmpr1
—5,55V < =5,22V < —4,36V < —1,32V
and for overcompensated state
—5,09V < —4,82V < —4,00V < —1,15V
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@Srea can be delimited

As it can be seen from these results, the highesithéty

of proposed method was reached during
undercompensated operation of distribution systdath w
respecting of consistent fault impedance. The dsxbr
voltage sag in undercompensated system is arosd 9
higher than is voltage sag during over compensated
system and roughly 5 % higher than voltage sagrdecb
inside correctly compensated network.

| mpedance EF in compensated system

Four values of fault resistance 300 1,25Q, 3 Q and
7,5 Q were selected for impedance earth fault tests in
correctly compensated distribution system.
In case of 30@ fault resistance, the residual current
reached 9 A and after connecting of auxiliary tesithis
value increased up to 28 A. Proportionally to tfaslt
current change, bellow depicted voltage sags were
calculated.

AUsm pra < AUsmprsz < AUsmprz < AUsm pr1

—0,28V < —-1,03V < —1,24V < -1,37V

These results support the theory flowing from eiguat
(1), but sensitivity of discussed method is lowegrt in
the case of solid EF due to lower value of faulrent, as
expected.

Similarly in the case of 1,28 impedance EF, where
residual current reached 5 A and 9 A after conoactif
auxiliary resistor, the monitored voltage sags were
minimal, as it can be seen in Fig. 10.
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Fig. 10: Effective value of L-N voltages recorded on LV side in phase
L3 during 1,25k Q impedance EF in compensated systemfor all DTs

The voltage sags caused by auxiliary resistor ottiore
are hardly recognizable in this case. Thereforeay not
be possible to recognize differences between iddali
voltage sags due to voltage measuring error anlyfau
incorrectly. The results of
monitored voltage sags for 1,28 impedance EF in
correctly compensated network are listed in TabBase
on these results, the condition (1) is not mettiis case,
because voltage monitors placed at DT3 and DT4
recorded the same value of voltage drop as follows
AUsm pra < AUsmprs < AUsmprz = AUsm pr1

-0,13V < —-0,25V < —0,35V = —-0,35V.
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Base on described principle and these resultsfahk
area can be incorrectly delimited between distiibbut
substation DT3 and DT2. Therefore it is not possiial
use this method for location of high impedance ER
necessary to extend line impedance (line lengttyéen
the monitored stations to increase method’s seitgiti

In case of 3Q and 7,5Q impedance EF, it is not
possible to delimited any faulted area, becausdiayx
resistor wasn't automatically switch on. That isywthe
voltage sags couldn’t be determined.

Arcing EF in compensated system

The results of recorded maximal voltage sags obthin
from experimental measurement of arcing EF
(Experiment no. 10 and 11) are very similar to Itssu
from solid EF tests, see Table 2. This similargygiven

by stabilization of arcing when auxiliary resistis
switched on.

Summary of results

All results of calculated voltage sags for all esipental
measurements are summarized in table 2.

Table 2: Results of maximal voltage sags recorded during tests

e Compens DT1 DT2 DT3 DT4
Ex.No. el Gl ation | AUswpr1 | AUswor2 [ AUswprs [ AUsmbra
state ™M v M ™M
1 comp. -0,99 -3,93 -4,70 -5,02
2 comp. -1,13 -4,10 -4,86 -5,17
3 Solid EF comp. -1,25 -4,18 -4,98 -5,26
4 underc. -1,32 -4,36 -5,22 -5,55
5 overc. -1,15 -4,00 -4,82 -5,09
6 g 300 Q comp. -0,28 -1,03 -1,24 -1,37
7 .‘E 1,25kQ| comp. -0,13 -0,25 -0,35 -0,35
8 ol 3kQ comp. Without auxiliary resistor
9 £ 75kQ | comp. Without auxiliary resistor
10 Arcink EF comp. -1,01 -3,68 -4,37 -4,80
11 underc. -1,26 -4,27 -5,08 X
CONCLUSION

According to results, the designed principle carnubed

for delimitation of faulty area during solid, argirand
low impedance EF, where level of monitored voltage
sags is sufficient for its evaluation with respegti
measurement error. In case of high impedance EEravh
over 1 K fault resistance is respected, it is not possible
to accurately delimited faulty area due to low #@nty

of the method - low value of voltage sags is olgdirThe
sensitivity can be increased by line impedancensioa,

but in this case delimited fault area can be aldersled.
The next possible way how to improve sensitivitythod
method is to operate the network in undercompedsate
state. As experiment showed, the sensitivity of the
method is higher for undercompensated system théor i
over or correctly compensated network, which isegiv
by characteristic line impedance and by phase
displacement of earth fault current.
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