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Abstract—This paper presents theory on transients generated
during the initiation of earth-faults. The transients are used for
detection and location of faults by means of fault-indicators.
Electric and magnetic field measured by the indicator is shown to
be a scalar/vectorial sum as a function of line configuration and
heights above ground.

A field-test in a 22kV rural network is performed in order to
investigate coherence with theory, by measuring phase voltages
and currents together with the fault-current. A model of the
network is established and also a model for the calculation of the
electromagnetic field in the position of the indicator is presented.

Keywords: Compensated Networks, Detection and Location,
Earth-Fault, Fault Indicator, Petersen-coil.

I. INTRODUCTION

OMPENSATED networks (utilizing resonant grounding)
have gained popularity over the last years in distribution
networks. This is mainly due to increased focus on reliability
of supply. The number of outages is reduced significantly, and
thus running expenses for the utility can be brought down.
The arc suppression coil was invented by W. Petersen in 1916
[1] as the result of his pioneering work in investigating ground
fault phenomena. A well-tuned Petersen-coil compensates for
the fault-current and most arcing faults become self-
extinguishing. Several methods are utilized in order to detect
and locate earth-faults in compensated networks, and are
usually classified according to the components of relay input
signals:
Fundamental frequency
Harmonic components
Transient components
Special methods
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The two first groups use steady-state information of the
faulted network, and some methods even require pre-fault
information. The third group is dealt with in this paper. The
last group includes methods that basically use steady-state
information, but require control actions on the Petersen coil
(current injection or temporary detuning) which is expensive.
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Some of the methods have been combined in order to
detect and then track down the location of the fault. The most
common application is the use of a zero-sequence voltage
detector [2] for the connection of a parallel resistor to the
Petersen-coil and increase the zero-sequence current in order
to apply the watt-metric method [3] for locating the faulty
feeder. This is done since the compensated zero-sequence
current is too small to be detected reliably compared to
system-imbalance.

The discharging/recharging transients during the initiation
of the fault can be used to detect the direction to the fault in
compensated and isolated networks [4]. The Peterson-coil
represents high impedance to the transients. This means the
transients are not severely affected and can be applied for
fault-locating purposes in compensated and isolated networks.

In rural distribution networks, advanced relaying is
normally not prioritized due to rather large investments
compared to network income. The sophisticated special
methods normally require replacement of both the Peterson
coil and its control-system. A system of fault indicators can
be an alternative adding to existing relays, it represents minor
investments. If the solution is well-planned, it is a cost-
effective tool to find faults fast. Engineering an optimal
solution with indicators in a network requires detailed
knowledge of the network in order to perform network studies
and simulations, and to determine the optimized position of
every indicator in the network.
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Fig. 1: A typical system of fault indicators in a radial network



The idea is to cover all important sections in a network
with fault indicators, in order to determine the faulty section
when a fault occurs, ref. Fig. 1. The indicators can either have
local indication by means of xenon-flash and high intensity
LED’s (Light-Emitting Diodes), or by means of remote
signalling such as relay contacts, short-distance radio (to a
nearby RTU (Remote Terminal Unit)), or a GSM-based
system. Signalling from the indicators can be linked up to the
SCADA-system of the utility enabling the engineer on duty to
make a fast and reliable disconnection of the faulty section by
operating the remote-controlled sectionalizing switch closest
to the fault. This ensures a fast restoration of the rest of the
network if a disconnection has occurred or otherwise will be
necessary.

Local automation is another example of a rural application;
An indicator is in control of a local motorized recloser. The
indicator is programmed to know the sequence of the main
circuit-breaker and trips the local recloser during the last
(long) disconnection if the fault is detected down-stream of
the indicator. The long disconnection indicates a permanent
fault.

Fault indicators can be mounted without special equipment
and knowledge and without disconnecting the network and
thus it lowers the investments (see Fig. 2) compared to other
alternatives such as relaying equipment.

Travelling waves initiated
by earth-faults have long
been recognized for fault
detection [4], [5] and have
been utilized by so-called
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signals are damped out very
fast, and they mainly occur
relatively close to the fault-
site. Other limitations are
challenging
technologies and the high
sampling-rate needed in order
to measure the signals. Reliability demands multi-terminal
measurements synchronized in time, or on a communication
channel which makes such solutions suitable only for
transmission and not distribution.

The method presented in this paper, make use of the
subsequent transient oscillations in order to detect direction to
the fault. These transients are slower and the technical
requirements of the sensors and equipment are lower, which
makes possible the use of self-powered units for distributed
measurements such as fault indicators.

The method is not very sensitive to high impedance faults
(HIF’s), but since the largest share of faults are low

Fig. 2: Pole-mounted directional fault sensor-
indicator with remote signalling for

compensated networks

impedance faults, a low cost system like this aims at detecting
the majority of temporary, restriking- and permanent faults.
Detecting HIF in compensated networks is difficult and
requires assistance from the special methods mentioned
earlier.

II. THEORY

The method of detection is based on the making transients
due to the establishing of the phase-to-ground fault. A re-
distribution of the phase-to-ground voltages is then forced
throughout the whole system, with the fault location as the
origin of the change.

The making transients can be divided into two components:
. The discharge transient (of the faulty conductor)
. The recharge transient (of the healthy conductors)

The first change concerns the faulty conductor; its charge is
drained off, and ground potential is communicated to its entire
length. The initial part of this transient is a travelling wave
that passes along the faulty conductor (also coupled with the
healthy conductors) and discharge it to ground. The
termination of the line ends determines the degree of
reflection and damping. This transient is also effectively
damped out by skin-effect in cables and lines and by the load
of the connected distribution-transformers along the line.

The next part of the transient is the recharging of the
healthy conductors. This process is less simple since the
transport of charge from ground to sound conductors has to be
accomplished through the inductance/windings of connected
equipment (transformers). This will necessarily be a transient
of much lower frequency than the discharge transient. Since
the current from this transient must be built up from zero, the
charge on the sound conductors are not changed due to the
rapid change of the faulty phase. This charge will initiate a
damped oscillation into the steady-state fault-situation.
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Fig. 3: Equivalent circuit for the recharging transient
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As mentioned the recharging currents must flow through
the windings of connected transformers (see Fig. 3) and
machines. All supply units will act with their short-circuit
impedance. Step-down transformers take part in the circuit
with their no-load impedance, to which the load forms a
parallel path; the inductive component of the latter takes part
in the oscillation, the resistive component increases the



damping factor. The natural frequency of the recharging
transient can be found by considering total inductance and
capacitance for the network as in (1). The capacitance
considered must be corrected for the imbalance due to the

fault.
1
o, = f—
Ltat ’ Ctot

where L,,, is the total inductance as described above. C,,, is
the total capacitance from the healthy lines to ground. Inter-
phase capacitance C; is neglected, which omit the
instantaneous increase in voltage of the healthy lines as
discussed by [6]. It is reasonable to assume that L,, and C,,
are important in a prospective network simulation model.
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The fault indicator measures the electromagnetic field
below the line in order to distinguish between faults and other
switching operations. It measures the horizontal component of
the magnetic field (a substitute for the zero sequence current),
and the vertical component of the electrical field (represents
the zero sequence voltage).

To establish a link between the network model and the
indicators, these fields are estimated by means of
superposition: The contribution from each conductor can be
summed up to calculate the total electric (see Fig. 4) and
magnetic field in the position of the fault indicator.

The magnetic field intensity, B, is calculated by means of
Ampere’s law:
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Since the horizontal component is required, (3) is applied
to describe the total field intensity in the point(x, y) of the
indicator for a set of n conductors in the positions (x;, ;) :

n 1 — v
B =3|- Al (y2 ) i
Tl 2 (x=x) +(y-»)

The current 7, of each conductor flows in the z-direction

3)

(into the paper plane). The induced currents in the ground are

not accounted for since the lossy ground properties determine

the depth of the mirror-currents, and complicate calculation.
The electrical field-strength, E, in (x,y)is derived from

Gauss’ law and the vertical component is found by:
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Since the conductor voltage is known, the individual linear
charge densities (including the mirror-charges as shown in
Fig. 4) can be derived by determining the potential-
coefficients as shown in Appendix A. Ground conductors and
shielding lines can also be included by applying ground
potential. The pole will also influence on the measured
electrical field but requires investigations in terms of 3D
FEM-calculations.
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Fig. 4: Electrostatic contribution from conductors and their mirror-charges

The operation of the fault indicator is based on a
comparison of the polarity between the measured voltage-
(vertical component of electrical field: E,) and current-
transient (horizontal component of flux density: B,) as shown
below. If the two transients are in phase, the fault is
considered to be a forward fault (downstream if the indicator
is facing the feeder), and if the two transients are in opposite
phase, the fault is considered a backward fault (upstream), ref.
Fig. 5:
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Fig. 5: Functional description of the directional fault detection routine

The polarity of the measured magnetic field density, By, is
dependent on the orientation of the pickup-coil used as sensor.

III. MEASUREMENTS

The distribution network selected for the field test is a
typical rural distribution network in Norway (see Fig. 6).
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Fig. 6: Diagram of the distribution network for the field test.

The network holds mostly overhead lines, but a small town
centre is supplied by a cable network. The location of the fault
is situated at the transition from OH-line to the cable-network
of this town-centre at the end of the feeder named SK7. The
lengths and types are elucidated in TABLE 1.

TABLEI
TYPES AND LENGTHS OF THE DIFFERENT FEEDERS IN THE TESTED NETWORK
Name of Feeder Overhead Lines Cables
MA1 48,6 km 1521 m
GR1 26,9 km 887 m
EK1 44,8 km 1300 m
SK1 11,9 km 7316 m
Total: 132.2 km 11024 m

The total stationary non-compensated earth-fault-current is
32,4 A. This network is normally 20% overcompensated so a
compensated fault-current of 6,5 A is expected. Shunt losses
and series-resistance of the Peterson-coil raises this number to
a certain extent. In addition networks are never fully
transposed.

For measuring the phase voltages and zero-sequence
currents in the substation and at the fault site, transient
recorders and wide band current transformers were used
(Pearson current monitors [7]), in addition to capacitive
voltage dividers for accurate voltage measurements.

Measurements are done with and without compensation,
but the shape of the transients is generally the same so this
paper only shows the measurements from the compensated
network. The big difference is the arc-quenching and re-
ignitions.

The earth-fault is applied using custom-built equipment.
The apparatus is mounted on a pole using a rope and pulley as
shown in Fig. 7. The alternative is a circuit-breaker and a
sphere gap, but the mobility during field tests is limited.

The fault resistor is made up of a cylindrical water-tank
(PVC-tube; can be seen in the lower part of Fig. 8 at the base
of the pole) where the resistance is controlled by the addition
of sodium chloride into the water. The advantage of using

ionized water is the large heat capacity resulting in a small and
mobile fault-resistor with high power ratings.

f

Fig. 7: parats or pplig the earth-fault

This enables the operator to apply the fault from a safe
distance by pulling the rope as shown in Fig. 8. In this way the
fault is made arcing and a fault close to zero-crossing of the
voltage is avoided.

Fig. 8: Safe operation of the grounding apparatus

A comparison between measurements and the developed
network model is shown in the following. First the measured
phase to ground voltages at the fault-site are shown in Fig. 9.
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Fig. 9: Measured phase to ground voltages at fault-site

The measured phase-to-ground voltages at the fault site, are
summed to obtain the zero-sequence voltage in Fig. 10:
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Fig. 10: Zero-sequence voltage calculated from the sum of phase voltages
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The next measurement of interest is the fault-current as
shown in Fig. 11:
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Fig. 11: Measured fault-current
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Unfortunately the measurement of the current suffers from
low resolution, but is still comparable with simulations.

IV. NETWORK MODEL

A simple model is developed in ATP [8] for the network
being tested. The overhead lines are modelled using the
Bergeron-model, while cable networks are implemented by
using a transposed, distributed parameter line (Clarke) since
most of the cable segments are short. The damping of the
Bergeron-model in this application might be too low, but since
this is an initial model made for verifying a principle rather
than amplitudes and frequency, it is chosen as a start.

The main transformer is included by means of a BCTRAN-
model based on test-record data. The transformer is a 25
MVA 63/22 kV YNynO. All measurements and simulations
shown are done using a fault-resistance of 20 Q. Fig. 12
shows the simulated phase to ground voltages.
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Fig. 12: Simulated phase to ground voltages at fault-site

Coherence between Fig. 9 to Fig. 12 is close. The
simulated zero-sequence voltage is shown in Fig. 13.
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Fig. 13: Simulated zero-sequence voltage

The simulated fault-current (Fig. 14) does not coincide as
well to the measurement (Fig. 11) as the voltages.
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Fig. 14: Simulated fault-current

V. INDICATOR MODEL

A model for the indicator using (3) and (4) was developed
using MODELS [9]. The result of applying this model into
the network model for a forward fault is shown in Fig. 15:
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Fig. 15: Model results for Bx in [uT] and Ey in [V/m]

A backward fault will be similar but have the opposite
polarity for B, and is therefore not shown.



VI. DISCUSSION

Some fundamental assumptions are made in this paper,
which more or less influence on the results:

e A very simple approach is chosen for the overhead line.
Frequency-dependent losses will not be included
properly (especially for zero-zequence mode). A simple
test with a Jmarti-model improved the damping of the
fault-current compared to measurements.

e Cable-types are not known and some of them are
modeled with their respective surge-impedance. The
losses are implemented on a lumped basis. The rest of
the contributions from the cables are represented as
lumped capacitances throughout the network.

e Resistive component for Petersen-coil is neglected. The
arc-quenching is not modeled, and this is a possible
explanation for difference between the measured and
simulated fault current, see Fig. 11 & Fig. 14.

e Distribution transformers are not loaded and only a few
are modeled. This seems important for the appearance of
the recharging-transient in the fault-current.

VII. CONCLUSIONS

The presented paper shows a comparison between a
network model and measurements during a live earth-fault
test. Coherence is adequate to test and verify the theory of
using the recharging transients to detect and locate earth-
faults. Simulations of the studied network have shown that
faults with resistance up to 1kQ can be detected by this
principle in this specific network. The Petersen-coil does not
change zero-sequence signals significantly. Fault indicators
constitute a cost-effective fault-locating solution with
capabilities of local automation and remote signalling.

The developed model for the -electromagnetic field
parameters in the mounting-position of the indicator helps
evaluation of the measured signals compared to zero-sequence
signals. If the distance from the line is large compared to the
horizontal distance between the outer conductors, the
measured signals can be equalized to the zero-sequence
current and voltage, neglecting image currents and 3D-effects.

VIII. APPENDIX

A. Determination of the potential coefficients

The matrix of potential coefficients are determined from
the contribution to the potential in (x,y) of the charge densities
gq; for all the conductors referred to Fig. 4, including mutual
effects. When i # j the coefficients are given as:

X, —-x)Y+(y+y.)
p =L [GTB) PO L
27 (xi_xj) +(yi_yj)
For i =j the coefficients are:
= %oy {2_}5} (A.2)
2 r

where 4; is the height above ground for conductor #, and 7;
is the radius of the same conductor. The line-charges can then
be derived using these coefficients and the phase-voltages:

q=p""V (A3)
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