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The paper presents a new approach for earth fault localization which is based on evaluation of phase to ground
voltages recorded by voltage monitors installed at low-voltage side of distribution transformer station deployed
under smart metering projects. The introduced method “Vdip” determines the probability of asymmetrical fault
location based on comparison of the changes in negative sequence current recorded at the feeding medium
voltage substation and changes in negative sequence voltages recorded at the LV sides of distribution trans-
formers. The paper describes the nature of the method and presents its principle using simulation of a MV
resonant earthed distribution network where short-term connection of an auxiliary resistor is used. The method

was also evaluated in real resonant earthed 22 kV network, where totally 15 earth faults with fault resistance up
to 1.2 kQ were carried out. As the result of this field test, the location error of the Vdip method is presented.

1. Introduction

Despite decades of experience with operation of resonant earthed
medium voltage (MV) distribution networks, fast and accurate location
of an earth fault (EF) in such networks is still very challenging. This is
due to a high complexity of distribution networks caused by its purpose
of distribution of electrical energy to all customers and relatively low
earth fault currents due to reactive component compensation. At the
present time, the identification of faulty feeder at supply substation is
relatively reliable; however localization of the earth fault on affected
feeder is not suitably solved.

One of the most widespread and most effective methods for EF lo-
calization is still trial switching, i.e. successive process of disconnection
and reclosing of individual feeder sections until the fault is found. This
multiple switching operation has negative impact to the continuity of
power supply and can cause subsequent EF or short circuit due to
switching over-voltages and elevated voltages on the two healthy
phases.

Another technical solution for an EF localization utilizes fault in-
dicator units. Those devices can indicate the EF direction based on
monitoring of voltage and current specific parameters [12]. The size of
indicated faulty area depends on the number of installed indicators and
their arrangement within the DS, which requires a large number of
installed monitors to achieve satisfactory results. Another disadvantage

is the necessity of other supplementary means like trial switching for
the final localization of the fault by an operator in the selected part of
the network in the case of a small number of fault indicators and
complicated fault location in the case of malfunction of one of installed
indicators.

The next group of the means intended for EF location in a DS is
based on calculation of a fault loop impedance/reactance on faulty
feeder [3-6]. Resulting reactance calculated by a locator (IED - In-
telligent Electronic Device) is used for estimation of distance to the
fault. However the calculated electrical distance can correspond to
more than one possible faulty point. Therefore complementary method
has to be applied, as it was introduced in [7] or base on smart meters
measurement in [8]. Similar problem is characteristic also for travelling
wave based methods [9-12], where precise time synchronization has to
be employed.

On the other hand, the voltage monitors, newly installed into dis-
tribution transformer stations (DTS), in recent years, bring new possi-
bilities in the fault location task. The primary purpose of those devices
is to monitor the voltage and power conditions including voltage and
power quality indices at the low voltage (LV) site of DTS. Some
monitors also support basic functions to indicate non-standard opera-
tion states in the LV network (e.g. MV fuse failure, over/under voltage
etc.) or to remotely control LV circuit breakers or a tap changer of on-
load tap changer transformer. However, in order to maximize the
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benefits of those devices (DTS monitors), it is necessary to gradually
implement useful functions that would allow distribution system op-
erator (DSO) to improve both the voltage quality and the power supply
continuity. The method presented in this paper (Vdip method) is de-
signed to utilize at data set measured by the voltage monitors for EF
localization purpose, which may significantly increase the benefits of
DTS monitors and thus satisfy investments in the monitoring systems.
Some other methods focused on evaluation of recorded voltage dips for
fault localization were introduced in contributions [13,14], where
voltage dip database is used for estimation of a fault location. This
solution requires the creation of an extensive voltage dip database on
the basis of which the pattern of recorded voltage dips is searched to
find likely fault location. However, the proposed approach of the Vdip
method does not require the creation of a voltage dip database. The
fault location is determined by means of comparison of voltage dips
calculated for given fault condition utilizing current recorded on the
faulty feeder with voltage dips recorded in available DTSs.

Another way to localize fault based on recorded voltage and current
condition is described in [15], where iterative load flow algorithm is
used for estimation of fault state voltage distribution for all evaluated
faulty points/nodes in DS. This estimated voltage database is then
utilized for selection of likely fault location by consideration of mis-
matches of measured and estimated nodal voltages. Similar method,
where fault resistance is necessary additionally to estimate, is presented
also in [16] and [17]. Both of those concepts are different from pre-
sented method, because the Vdip method utilizes node voltage method
which is applied to negative sequence scheme, whereas current re-
corded on the feeder is directly used for calculation of negative se-
quence voltage distribution. This is a reason, why load estimation and
subsequent iterative steady state calculation is not necessary to use.

Method based on pre-fault and fault analyses of voltages monitored
by smart meters installed along the feeder is presented in [18] and [19].
This method is similar to described method Vdip, but it is designed only
for localization of short circuits in MV solidly earthed DSs, where
comprehensive sensing method is applied for fault point position esti-
mation. Location of earth faults in resonant earthed DS is not studied.
Another difference from the Vdip method, there is a possibility to lo-
calize the fault only on buses, while localization of the fault along
lengthy feeder is not solved. In contrast, the Vdip method can be used
for localization of an earth fault located anywhere in compensated
networks, because auxiliary nodes and appropriate change in phasor of
negative sequence voltage is utilized as Section 2 and Section 3 present.

Another method [20] is based on optimization process which esti-
mates post-fault steady state (including load admittances, equivalent
current sources etc.) to minimize error between recorded and estimated
voltage phasors quantities on a feeder. In the case of Vdip method, it is
not necessary to estimate post-fault steady state reflecting load current
distribution in the network. Proposed method utilizes only difference
between two immediately consecutive states (pre-fault and fault states
or fault states without and with connected auxiliary resistor), therefore
impact of load flow to the Vdip method accuracy is eliminated. More-
over, method [20] is neither suitable nor intended for localization of
earth faults in compensated DSs.

The main difference of proposed method in comparison with those
above mentioned can be generally summarized as follows:

e The Vdip method is suitable and dedicated for an earth fault loca-
lization in extensive mixed (cable/over head line) resonant earthed
MV networks, which are characterized by low level of an earth fault
current (commonly in tens of amps) and low density of measuring
points (points where voltage condition can be monitored).

e An earth fault can be localized on the long feeder or its laterals,
because the Vdip method uses segmentation of a network topology
(see Fig. 3).

® Location of an earth fault is determined based on change in negative
sequence voltage and current, that minimize negative impact of
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stochastic loads in DS (the change is estimated as a difference be-
tween two moving averaging windows shifted in the range from
0.06 to 0.3 s).

e Proposed method is not suitable for localization of three-phase short
circuit type of faults, it can be used only for localization of asym-
metrical faults (in terms of resonant earthed DS it means an earth
fault, double earth fault or line to line short circuit type fault).

2. The nature of the Vdip method for an earth fault location

As described in the introduction, development of measurement in
DTS offers new possibilities for distribution system analysis in both LV
and MV networks. Nowadays question of earth fault location in MV
networks is not satisfactorily solved due to complexity of MV networks
and insufficient number of installed fault indicators. The problem of EF
localization is a very interesting area in which improvements could be
made by utilizing data from voltage monitors installed in DTSs. In case
that the measurement on the secondary side of MV/LV distribution
transformer (DT) is going to be used, the localization method may be
based on analysis of the voltage unbalance measured as negative se-
quence component at the system fundamental frequency. As it was in-
troduced, positive or zero sequence component can be used as well for
earth fault localization purpose in MV DS. Unfortunately, zero sequence
voltage component is not transferred from MV to LV side of DT in
common Dyn connection and also zero sequence analysis based
methods are affected by the significant error due to the MV network
zero sequence impedance estimation uncertainty. Therefore methods or
analysis utilizing zero sequence component are insufficient for EF lo-
cation technique employing voltage monitoring on the LV side of DT. As
well as the positive sequence voltage magnitude can be more influenced
by three-phase high power load switching or on-load tap positions
changes in comparison to corresponding negative sequence voltage.
Impacts of those events have to be suppressed, because they can sig-
nificantly affect the localization process. Furthermore, negative se-
quence voltage component has lower dynamic range of magnitude,
which is constrained by voltage unbalance limit (according to EN
50160 the limit for negative sequence component magnitude at system
fundamental frequency is 2% of the positive sequence component),
therefore utilization of negative sequence component rather than the
positive one was chosen as more appropriate.

From the fault localization point of view, the voltage negative se-
quence magnitude can be influenced only by asymmetrical faults,
where in terms of widely used resonant earthed distribution network it
is an earth fault, double earth fault or line to line short circuit. The
monitoring of the negative sequence voltage at LV side of DTs can be
used for localization of all these asymmetrical faults. Therefore the
method introduced in [21] was improved.

The case of an earth fault described by means of symmetrical
components is shown in Fig. 2, which is created for the simple dis-
tribution network showed in Fig. 1. The figure shows a resonant earthed
MV distribution network with additional resistor R, for short-time in-
creasing of active part of earth fault current. The network comprises of

HvV HV/MV 7@

network

Fig. 1. Resonant earthed MV distribution network with automatics for short-
time connection of auxiliary resistor.



D. Topolanek, et al.

opened - index A
closed - index B

Fig. 2. Symmetrical component scheme of the network affected by an earth
fault.

only one feeder, where phase currents Izgp are measured in supply
substation, and one DTS is placed at the end of the feeder, where vol-
tage monitor (VM) is installed at LV side providing negative voltage U‘®
monitoring, as Fig. 1 shows.

Assuming that the feeder is affected by an earth fault, the residual
current T,, flows through the feeder as presented in Fig. 1. This case is
also described by the symmetrical component scheme showed in Fig. 2,
where impact of LV load and capacitances of positive and negative
sequence impedance network is neglected to keep maximal simplicity.
As presented in this scheme (Fig. 2), the negative sequence of fault
current T? causes voltage drop US® on relevant negative sequence
impedance, which is transferred on LV side of DTS as voltage U3,
where U2 = U2 - ryv,1v and ryy vy is the actual ratio of DT.

In a case that the auxiliary resistor R, is connected by the circuit-
breaker (AR in Fig. 2) for 1 s (it is used to increase ability of earth fault
detection by feeder protection), the magnitude of negative sequence
current T and also voltage U is increased.

Respecting presumption that negative sequence of the line capaci-
tance is neglected as it can be seen in Fig. 2, the negative sequence
current measured at the beginning of faulty feeder T3, is equal to the
negative sequence of fault current I”, Therefore only variable T2, is
used for further explanation.

The influence of load fluctuation on monitored values T2y, and U
can be eliminated by evaluation of the change in negative sequence
current AI%), and voltage AU? before and after auxiliary resistor
connection (AR in Fig. 2) according to (1)

2 T(2 T(2
AUR) = lUE\)(B) - UI(‘V)(A)l
2 72 72
AR, = 11, ® ~ 3, @ @

where index A means state without auxiliary resistor R, and B with Ra.
If both the changes are known, i.e. AIZ), monitored in supply substation
and AU2 on the secondary side of DTS, the estimation of the fault
location is achievable based on negative sequence impedance scheme.
The fault can be localized at the point of the line, where current A&,
causes same change in negative sequence voltage AUS2) as it is measured
on the LV side of DTS. The similar principle (1) can be applied to a pre-
fault (A) and fault state (B) of any asymmetrical fault.

The designed principle for earth fault localization is described in
more details in chapter 3 using the node-voltage analysis. With respect
to the voltage dip that occurs on the secondary side of the DTS during
asymmetrical faults, the method is called “Vdip”.
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3. The Vdip method principle

The Vdip method is designed to determine the probability of EF
location based on the evaluation of the recorded changes of negative
sequence current AIZ), and voltage AU according to (1). As indicated
in chapter 2, the values AU are monitored and recorded at the sec-
ondary side of selected MV/LV DTs by means of VMs and AL, value is
monitored and recorded at the faulty feeder in the supplying MV sub-
station. The AI&Z), value can be determined from post processing of fault
records provided by the feeder protection signalizing or tripping the
fault. To ensure correct localization, there is necessary to record at least
one AU2 in DTS behind the fault (related to supply nodes as presented
in Fig. 1).

3.1. Numerical model formulation for Vdip method

The numerical model for the Vdip method is based on negative se-
quence scheme of the monitored system. In the first step, let's neglect
the shunt admittances of the line as presented in Fig. 1 respectively in
Fig. 2, in this case T, = T®. Then, in order to remove the positive and
zero-sequence from symmetrical component scheme depicted in Fig. 2,
it is possible to substitute both of this sequence scheme parts by a
simple current source with magnitude of the negative sequence current
N respectively AL, (1) flowing through the faulty feeder and mon-
itored at the supply substation (S-MV in Fig. 2). This simplified scheme
can be seen in Fig. 3, where AI), evokes voltage change AU{%), whereas
7@, yv is negative short-circuit impedance of the high voltage (HV)
network including impedance of supply HV/MV transformer, Z?), is
negative impedance of the monitored feeder and Z@pg is negative
impedance of MV/LV DT. Just this optimized negative sequence scheme
is suitable for Vdip method application.

In the first step, each line section (line impedance) of the network is
divided into individual elements with maximal length A (e.g. 0.1 km) as
it is presented in Fig. 3. It creates auxiliary nodes (UP) where the
probability of fault presence is calculated by the method. It is worth to
note, that the accuracy of the Vdip algorithm is higher for the shorter
length of A elements (fault point can be identified with higher resolu-
tion). The corresponding negative sequence admittance matrix [Y®] can
be created for this optimized negative sequence scheme of tested net-
work. Then the node-voltage analysis is applied consequently, calcu-
lating negative voltages at the LV side of DT for any presumed fault
location (for all UP and UM nodes), i.e. current source is step by step
connected to all nodes UP and UM, while AT is calculated (see Fig. 3).
Comparing calculated differences |ATU{3)| with measured ones allows to
determine the probability of an asymmetrical fault location as it is
described in Section 3.2.

3.2. Asymmetrical fault location probability calculation

The principle of the Vdip method is based on stepwise connection of
the fault point (node EF in Fig. 3) to the individual virtual nodes
numbered 1 to n, where n is total number of UP including UM nodes
(UM is measuring node i.e. node where VM is installed). Therefore the
following Eq. (2) formulated according to node-voltage method is

2(2|
S_MV .......... " .
o P o) —
2 Z%uw|'up up upuP UPUP UPUP P £ s AU,_V”
No.0 v RAAT <Z> um
2)
Al FED

Fig. 3. Negative sequence scheme optimized for Vdip method.
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solved for node N = 1, 2, ..., n, where N is index of the node number
with considered EF location, i.e. node where negative current source is
connected.

[ATR]
[ATG]

(V)
= [YOI - [ATg

(2)

where [AUR,]™ is a vector of calculated changes in negative sequence
voltage in measuring nodes UM when fault is considered in node N
IN=1,2,...,n), [AU%%](N ) is a vector of calculated changes in negative
sequence voltage in inspected UP nodes when fault is considered in
node N (N = 1, 2, ..., n) and [AI&,]™) is vector of change in negative
sequence current assembled for fault in the node N(N = 1, 2, ..., n).

Supposing an earth fault in node 1 (N = 1), the Eq. (2) can be
transcribed to (3) and (4), where AIZ), is determined according to (1)
from fault record of T2y

& @
AUI(JZI\)/I 1 AUUP Gi+1)
[ATR,® =! ATRY, , [AT@O =0+ AUUP(1+2) ,
ATS ] AUI(JZlgn 3)
0]
_AI%D
il 0
i .
(2) 1 :
g = | A F o]
itV AL 410
(i+1)|:::|
w0
L @

Inverse negative sequence admittance matrix can be decomposed to
four sub-matrixes according to number of UM nodes as it is shown in

(5):

o - [FR] ¥
[Y(Z) [Y(Z)
|L*Inv3 Inv 4
7@ ... 7R Yl((zm) -T2
(2 >(2 (2 >(2
DA Y&,-Ll) YR
- — (2 5 (2) (2)
Y((i+)1)1 Yélm Y(i+1)(i+1) Y(l+1)n
iy o @ >(2
Yﬁ) o Yn(lz) Yn(l+1) o Yrgm) | (5)

where i is number of used voltage monitors (UM nodes).

For faster and more effective calculation of the matrix [AUZ,,|™,
which is needed to quantify the probability of the fault location, for-
mula (2) can be modified to form (6).

[ATRIN = [V - HAIRI™ + (Vi o] 1V ALY ®)

In the first step of the method, the Eq. (6) is calculated for all re-
spected fault positions i.e. nodes N = 1, 2, ..., n.

The next step solves the Eq. (7) for N = 1, 2, ..., n. This equation
calculates the deviation (error), which is given by the difference be-
tween the calculated and measured values of change in negative se-
quence voltage for each UM node considering earth fault in node 1
through n.

[ = [1IATR, Y - [AUZ] @

where [¢]™) is vector of deviations for all nodes UM in case of fault in
node N(N =1, 2, ..., n), [AU%&I{,] is vector of measured change in ne-
gative sequence voltage in respected UM nodes recalculated to MV side
of distribution transformer, see (1) where AU% = AU2 - ryvy-

Eq. (8) shows individual elements of matrixes presented in (7).
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™) [wo@o] [avi,
Ez(N) - IAUI(JZI\)/I 2|(N) _ AUIS/%\)IZ
IATRy 1 AUFVR i @®)

In the next step, vector of total error [E] is calculated based on de-
viations [¢]N). The vector [E]expresses total error/difference between
measured and calculated values of the change in negative sequence

voltage of monitored network for individual nodes N = 1, 2, ..., n as
shown in (9).
- . :
2 gl
p=1
E; Lo
E lex™I
=] 5= 2% v
Ey i
L
RER
[ p=1 ] 9

Finally, percentage value of probability of fault presence F is cal-
culated for each node N according to (10)

Emax - EN -100

FN =
Emax - Emin (10)

where E,,.x and E;, are maximal and minimal values of the vector [E]
respectively, Ey is value of total error for individual node N.

Node with the highest probability (100%) is then selected as the
faulty point. Analogically, based on the F values and their distribution,
the probability of fault location can be expressed for all nodes (UP and
UM). That could be used for presentation of the results in dispatcher GIS
systems or in other user interfaces as graphical presentation of location
probability distribution on the network scheme. Principle of the Vdip
method is protected by European patent [22].

3.3. Infeed negative sequence current correction

The principle of the method was described in Section 3.1 and
Section 3.2 with respect of negligible shunt admittance of the feeder
(Y&, =0 S). This presumption is not correct for feeders composed of
cables or long overhead lines, where shunt capacitance eventually
conductance reaches significant value. Just in this case, shunt ad-
mittance has to be incorporated into negative sequence admittance
matrix and the negative sequence current magnitude, which is used as
infeed for optimized negative sequence scheme in Fig. 3, has to be
corrected according to (11)

ALy ¢ = AP 11 + 2 1 T2
Y=y P an

where Y{? is line shunt admittance of individual section of the mon-
itored feeder.

The Eq. (11) was derived from the negative sequence scheme pre-
sented in Fig. 4, where impact of the line impedance is neglected. As
shown, the monitored AI$Z, (1) has to be increased by the part of the
negative sequence current which is flowing through the shunt ad-
mittance of the faulty feeder. This corrected current magnitude AI%)D_C

> -(2) @)

T+HV D TS

s 25 D
(2)
v
|.1/2-|_ L112-|_ -|_ -|_ v
L212 L212

Fig. 4. Negative sequence current magnitude correction.
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is then used for current source of optimized negative sequence scheme
in Fig. 3.

The impact of the line impedance on negative sequence current
distribution is reduced by evaluation of the current change in two states
which are shifted by the minimum time (e.g. 0.3 s) as expressed in (1).

4. Verification of the Vdip method

The above introduced Vdip method was verified using both nu-
merical simulation and field tests in a resonant earthed 22 kV DS which
were carried out in 2018 [23]. The main aim of the simulation was to
verify the theoretical assumptions and to demonstrate the method
principle under simplified operating conditions i.e. in steady states,
without influence of load and distributed energy resources (DER). The
aim of field tests was to verify performance of the method under real
dynamic conditions due to variable loads, DER etc. and under realistic
asymmetrical operational conditions. The results of both tests are dis-
cussed in the Sections 4.1 and 4.2.

4.1. Verification of modelled resonant earthed MV network

The Vdip method is verified by means of simulation of a 22 kV re-
sonant earthed DS, which is modeled in PSCAD Professional to ensure
evaluation of the method sensitivity (ability to detect high resistance
earth faults) before its deployment in real distribution system; simpli-
fied scheme is shown in Fig. 5. This simple DS model consists of six 22/
0.4 kV DTSs equipped with models of VMs on their LV side evaluating
change in negative sequence voltage. Topology of the test network and
position of each DTS were chosen with respect to the Czech MV com-
pensated networks common topology. Supply 110/22 kV substation
consists of three outgoing feeders V1, V2 and one feeder presenting the
rest of mixed network (60 km of overhead and 90 km of cable lines).
The feeder V1 is operated in basic state as radial, where five fault points
(F1 to F5) are modeled for simulation of earth faults (short-circuit faults
weren’t assumed). Last fault point F6 is situated on the MV supply
substation busbar.

The second feeder V2 is designed for reconfiguration of the network
from radial to ring connection by closing of disconnecter CB. This re-
configuration allows to evaluate the impact on Vdip method sensitivity.
Both the feeders V1 and V2 are overhead lines with homogenous im-
pedance (0.245 + j0.36) ©/km. The arc-suppression coil is ideally
tuned to capacitive current of 215 A. In this state, the EF current is
compensated to 20 A (residual current respects ca. 10% of network
capacitive current). The auxiliary resistor with resistance of 350 Q is
modeled in parallel with arc-suppression coil. This value provides in-
crease of fault (residual) current to 57 A (37 A resistor current). The
resistor is connected in 1.5 s after EF ignition for 1 s interval, described
timing is in consonance with common setting of auxiliary resistor au-
tomatics used in the Czech DS. Negative sequence short circuit im-
pedance of the feeder to MV supply substation Z{) ;;,, = j1.38 Q is used.

110/22kV F3 15km
0.5km
A Ay
AR '(2 A § ON/OFF[]CB  |5km
F1
- 7 o F/V;5
a FED
b 2 15km 8km 15km
\v4
V2 3 v
—> E@

22kV Network /. = 215A

Fig. 5. Simplified scheme of resonant earthed MV network.

Table 1
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Vdip input parameters and location error for radial network configuration.

Fault  R¢[Q] AU [V] AIZy,  Error
point

no. DTS1 DIS2 DTS3 DTS4 DTS5 DTS6 [A]l  [km]
1 10 626 651 649 648 648 156 113 -0.1
2 10 61.8 643 833 833 833 154 112 -0.1
3 10 61.7 641 832 928 927 154 111 -0.1
4 10 616 640 831 951 950 153 111 -0.1
5 10 61.0 634 823 941 1180 152 11.0 -0.1
6 10 160 160 159 159 159 161 00 X

1 200 280 291 290 290 289 7.0 50 -0.1
2 200 27.7 288 396 374 373 69 50 -0.1
3 200 27.7 288 374 416 416 69 50 —-0.1
4 200 27.7 288 373 427 427 69 50 -0.1
5 200 275 286 371 424 532 69 50 -0.1
6 200 6.9 6.9 6.9 6.9 6.9 7.0 0.0 X

1 400 157 164 163 163 163 4.0 28 0.0

2 400 157 163 223 211 211 3.9 28 0.0

3 400 156 162 21.1 235 235 3.9 28  -0.1
4 400 156 162 21.1 241 241 3.9 28 -0.1
5 400 156 162 21.0 240 30.0 3.9 28  -0.1
6 400 3.8 3.8 3.8 3.8 3.8 3.8 0.0 X

1 600 102 106 10.6 105 105 2.6 1.8 0.0

2 600 101 105 144 136 13.6 2.6 1.8 0.0

3 600 101 105 136 152 152 26 1.8 0.0

4 600 101 105 13.6 156 156 2.6 1.8 0.0

5 600 101 105 13.6 155 194 26 1.8 0.0

6 600 2.4 2.4 2.4 2.4 2.4 2.4 00 X

1 1000 5.3 5.5 5.5 5.5 5.5 1.4 1.0 01

2 1000 5.3 5.5 7.6 7.1 7.1 1.4 09 0.1

3 1000 5.3 5.5 7.1 7.9 7.9 1.4 09 0.0

4 1000 5.3 5.5 7.1 8.1 8.1 1.4 09 0.0

5 1000 5.3 5.5 7.1 8.1 102 1.4 09 0.0

6 1000 1.2 1.2 1.2 1.2 1.2 1.2 00 X

In order to obtain the input data for the Vdip method verification, the
earth faults with resistance of 10 Q, 200 Q, 400 €2, 600 Q and 1 kQ2 were
subsequently simulated in all respected points F1 to F6. For the whole
set of faults, voltage and current negative sequence changes caused by
auxiliary resistor connection were assessed from simulation results ac-
cording to (1), where A2, results from the vector sum of negative
sequence currents of both feeders V1 and V2. RMS values of these
changes are documented for all tests in Table 1 (radial configuration of
the network - CB opened) and Table 2 (ring configuration - CB closed).
An example of the RMS values of negative sequence voltage/current
trends obtained from simulation of 10 Q2 earth fault at F5 point of the
radial network is shown in Fig. 6 (EF ignition in t = 0.5 s, auxiliary
resistor connection in t = 2 s).

Then the EF location is estimated based on the input data (Tab. 1
and Tab. 2) employing procedure described in Section 3 with seg-
mentation of lines A = 0.1 km. The localization error, which is pre-
sented in Table 1 and 2, was expressed as deviation between estimated
and correct place of the fault to present the performance of the Vdip
method under the given scenarios. Negative value of localization error
means estimation of the fault closer to supply substation.

As the results listed in Tables 1 and 2 demonstrate, the correct fault
points were identified in all tests with localization error ranging from
—200 to 200 m, taking into account used segmentation of 100 m.

4.2. Pilot test in the real resonant earthed MV network

From the real application of the method point of view, it is neces-
sary to solve the issue of influence of variable unbalanced load to Vdip
method (correct determination of AU(L%;)), which was not considered for
shake of simplicity in the simulations. Practical verification of the Vdip
method in real 22 kV compensated DS was the subject of field test
performed in 2018 whose results (localization errors) are presented in
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Table 2 Table 3
Vdip input parameters and location error for ring network configuration. Location error and test configuration in the real resonant earthed network.
Fault Re [Q] AU [V] AIZ)y  Error Test  EF character Additional resistor/Configuration  Location error [km]
point
no. DIS1 DTS2 DIS3 DIS4 DIS5 DIS6 [A]  [km] 1 1.2 kQ Rp = 0.5 Q/35 km to EF —0.40
2 430 Q Rp = 0.5 Q/35 km to EF -1.19
1 10 49.8 51.7 464 438 438 336 114 -0.1 3 210 Q Rp = 0.5 Q/35 km to EF -1.19
2 10 446 462 633 548 548 406 113 -0.1 4 arcing Rp = 0.5 Q/35 km to EF —0.80
3 10 422 437 549 605 605 443 11.3 -0.2 5 direct EF, 13Q  Rp = 0.5 ©/35 km to EF -0.60
4 10 422 436 548 629 628 443 113 -0.1 6 1.1 kQ Rp = 1 Q/35 km to EF -1.19
5 10 41.8 432 543 623 864 438 112 -0.1 7 440 Q Rp = 1 Q/35 km to EF -2.19
6 10 159 159 159 159 159 159 0.0 X 8 280 Q Rp = 1 Q/35 km to EF -0.60
1 200 224 232 209 197 197 151 51 0.0 9 areing Rp = 1/35 km to EF ~1.39
10 direct EF, 13 Q2 Rp = 1 Q/35 km to EF —0.80
2 200 201 208 285 247 246 183 51 0.0
11 1.1 kQ Rp = 1 Q/23 km to EF —-2.80
3 200 190 197 247 272 272 200 51  -0.1 12 4309 Rp = 19/23 km to EF 0.20
4 200 190 197 247 283 283 199 50 0.0 13 200 Rp B 1 0/23 ki to EF o064
5 200 189 196 245 281 389 198 50 0.0 . P = ’
6 200 6.9 6.9 6.9 6.9 6.9 6.9 0.0 X 14 arcing Rp = 1 €Q/23 km to EF -0.19
) ) ) ) ) ) ) 15  direct EF, 13Q Rp = 1 Q/23 km to EF -1.75
1 400 126 131 11.8 111 111 85 28 0.0 .
2 400 113 117 160 139 139 103 28 0.0 Average location error [km] 1.06
3 400 107 111 139 153 153 113 28 0.0
4 400 107 111 139 159 159 112 28 0.0
5 400 107 110 138 158 219 112 28 0.0 detuning). In total 15 tests in three configurations were carried out
6 400 3.8 3.8 3.8 3.8 3.8 3.8 00 X within one day, where each configuration was of different type of an
1 600 8.2 8.5 7.6 7.2 7.2 5.5 1.8 0.1 EF: resistive EF (fault resistance from 1.5 kQ to 200 <), arcing/inter-
2 600 7.3 7.6 104 9.0 9.0 6.7 1.8 0.0 mittent EF or direct contact to earthing system with resistance of 13 Q
3 600 69 72 90 99 99 73 18 00 (see Table 3 - EF character). It can be seen, that there are no significant
4 600 6.9 72 90 103103 7.3 1800 differences in the localization error caused by different value of aux-
5 600 6.9 7.1 9.0 103 142 7.3 1.8 0.0 . - . y
6 600 2.4 2.4 0.4 24 2.4 2.4 00 X iliary resistor (0.5 Q vs. 1 Q) or distance to EF (35 km vs. 23 km).
Resulting absolute location error varies from 200 m to 2.8 km, with a
1 1000 4.3 4.4 4.0 3.8 3.8 2.9 1.0 0.2 Tue of K . . FA = K h
9 1000 3.8 4.0 5.4 47 4.7 35 10 01 mean value of 1.06 km, respecting segmentation of A = 0.2 km. These
3 1000 3.6 3.8 47 5.2 5.2 3.8 1.0 0.1 localization errors are definitely acceptable from dispatcher's point of
4 1000 3.6 3.8 47 5.4 5.4 3.8 1.0 01 view and therefore the Vdip method significantly contributes to im-
5 loco 36 37 47 54 74 38 10 01 proving of power supply continuity. A more detailed description of
6 1000 1.2 1.2 1.2 1.2 1.2 1.2 00 X

Table 3. Thanks to the ring topology of the network, two configurations
of the radial feeder were possible to test. In the case of the first radial
feeder configuration, the earth fault was 35 km distant from supply
substation and 23 km in the case of the second one. The arc suppression
coil was equipped by an auxiliary resistor similarly to the simulation.
The value of auxiliary resistor R, on secondary winding of the arc-
suppression coil was alternatively 0.5 Q or 1 Q (i.e. seen as 353 Q and
707 Q on primary side, respectively) (Table 3). The capacitive current
of the network was 80 A and the system was ideally tuned (without

those results, data acquisition and information about the pilot test are
presented in [23].

4.3. Evaluation of the method performance

Similar methods based on voltage dip evaluation were introduced in
[13-20], unfortunately those fault localization methods were designed
or tested only under short-circuit conditions. Therefore, relevant
benchmark tests aimed at earth faults localization in compensated
networks, that could be used to compare the proposed method with
methods [13-20], are not available. Since the aim of the proposed Vdip
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Fig. 6. Curve of negative sequence voltage and current magnitudes before and during 10 Q earth fault in F5 of radial network.
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method is primarily to solve the issue of localization of earth faults, the
tests of Vdip method were focused mainly on the verification of the
ability to locate high resistance earth faults in resonant earthed MV
networks not only in the simulation but also in real operating condi-
tions. The experience gained will be primarily used for optimization of
the algorithm intended for detection and recording of the change in
negative sequence voltage used in voltage monitors, which is crucial in
order to achieve sensitive and accurate fault localization. Theoretical
assumptions of the method and the experience obtained from both the
simulation and the pilot test can be used for formulation of following
advantages and disadvantages of the method.
Pros:

® Possibility of high-impedance earth fault localization, simulations
and pilot test showed that successful localization of EF with re-
sistance up to 1 kQ is feasible (negative load impact on the method
sensitivity can be reduced by the number of installed VMs).

e It is not necessary to use data from all installed measuring points
(VMs) for earth fault localization purpose, because only VMs placed
behind the fault play a key role.

e Reliable EF localization is possible even on long feeders and laterals
with the use of optional segmentation A.

e Computation time for fault location from received measured data in

common MV DS size is within 1 s (the calculation time for EF lo-

calization in the pilot test was up to 20 ms, where total line length
was 57 km and segmentation 0.2 km, i.e. 285 nodes).

Except localization of EF, the Vdip method can be used also for

asymmetric (short-circuit) faults localization (not tested, but we can

assume several times higher sensitivity and accuracy of the method
with respect to common fault current levels).

® Detuning of arc-suppression coil did not significantly affect the ac-
curacy of the Vdip method (lower sensitivity was observed in case of
under-compensated state).

Cons:

® Location error can be significantly influenced by stochastic behavior
of DS (loads fluctuation, switching operations, on-load tap positions
changes, etc.). Due to the DS operation stochasticity, the localization
error can range in the order of km (illustrated by experimental
measurements in Table 3). This could be a challenge in topologically
complicated networks. Ideally, the fault location can be assumed in
the order of 0.1 km.

e The sensitivity of the method decreases with the EF proximity to
supply substation (the resulting voltage dip can be hidden in mea-
surement noise). This issue can be addressed by robustness of im-
plemented algorithms for analysis of the U and I negative sequence
components in used voltage monitors.

e In a ring of meshed networks, the sensitivity of EF location is sig-

nificantly reduced, because the negative sequence current is de-

creased due to its spreading into branches.

Other disadvantages are more likely relevant to a monitoring system

which provides recorded data to the Vdip method:

o necessity to perform precise post-processing synchronization of U
and I fault records (especially in case of intermittent or arcing EF);

o data affected by the load stochasticity has to be filtered/deleted
(records affected by the change in load current unbalance cannot
be used as an input for Vdip method), high number of such af-
fected records may reduce the localization accuracy of the
method.

5. Conclusion

In view of the unsatisfactory problem of L-N faults localization in
distribution systems at the present, the introduced method can sig-
nificantly contribute to improving the continuity of power supply and

Electrical Power and Energy Systems 118 (2020) 105768

corresponding SAIFI/SAIDI system indices.

The satisfactory benefit of the method should be localization of
earth faults with an error which allows to delimitate faulty section
without necessity of trial switching and hence of multiple supply in-
terruptions. As it is demonstrated by the results of the pilot test, this
goal has been achieved in condition of the real 22 kV resonant earthed
network, where average earth fault location error was 1.06 km re-
specting fault resistance up to 1.2 kQ. These results demonstrate high
potential of the method to reducing of the time required to earth fault
localization in MV distribution network.

Since there is not any currently applied or available method, re-
spectively earth fault localization system, that could localize high-re-
sistance earth faults in resonant earthed systems with similar accuracy,
it is possible to expect significant contribution of the method especially
in the area of localization of earth faults with fault resistance up to 1.5
kQ in resonant earth distribution network equipped by an auxiliary
resistor. Significantly better performance of the Vdip method, in case of
L-N fault localization, can be further expected in low-resistor earthed or
solidly earthed systems due to higher fault current magnitudes which
are prospective in such networks.

With regard to benefits, the Vdip method can be applied to any
distribution system (compensated, isolated, resistor or solidly earthed),
where it is possible to use already existing voltage monitors without the
need of their replacement in all DTSs. Correct performance of the
method can be ensured by voltage monitors which are placed at the end
of the feeders or lateral lines, while the fault record (of AU{%}) obtained
from at least one voltage monitor placed behind the fault is only ne-
cessary to use for acceptable fault localization precision. It means that
failure of any single monitor may not affect the result of the Vdip
method.
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