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ARTICLE INFO ABSTRACT

Keywords: Transient-based earth fault protection is widely used in all types of resonant grounded networks, and
Earth fault protection though the operating principles of the commonly available relays are usually derived from radial networks,
Transients manufacturers claim applicability in meshed networks as well. This paper utilizes a laboratory setup to study
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the directional indication of four transient earth fault relays in non-radial resonant grounded networks. Two
of the relays considered are widely used analog single-purpose transient earth fault relays, whereas the other
two relays represent two transient-based earth fault functions found in modern protective devices. The paper
verifies the location of crossover points according to the presented theory, i.e. fault locations for which relays
transition between seeing faults as forward and reverse faults, and demonstrates the viability of the proposed
theoretical analysis of crossover points. However, presented analytical formulae only describe the two analog
relays accurately, whereas the two modern relays have a more complex operating principle which requires
further analysis to quantify properly. Finally, it is shown that relay misoperation which is not easily fixed by
communication between relays can occur, and it is suggested that network operators conduct detailed relay
coordination when applying transient earth fault relays instead of relying on standardized settings.

1. Introduction . . . .
conventional over-current protection or distance protection cannot be

applied.

In distribution systems, which have traditionally been radially oper-
ated, the earth fault protection system is often based on zero-sequence
currents and voltage. As no reliable distance element has existed for
earth faults in resonant grounded systems, the protection system is
often limited to determining the faulty feeder using directional ele-
ments. Measuring the current and voltage, a directional element can
be realized in a number of ways to identify the faulty feeder [1]. Some
network operators utilize several measurement points along the feeder
to narrow down the faulty section using fault passage indicators [2],
but precise fault location is still a much more challenging exercise in
these networks. Furthermore, to get reliable operation of the protection
systems, a resistor is often required to be connected in parallel with
the ASC to produce a significantly large watt-metric component for the
protection systems to detect [3].

Quite a few different protection principles based on the relationship
between voltage and currents in the zero-sequence system have been
devised, but they are largely based on the assumption of a radial system
for the directional element to work properly [4-8]. Some recent works

Throughout Europe and Asia, MV and HV distribution systems are
commonly resonant grounded. In this system earthing scheme, an in-
ductor is placed between the transformer neutral and ground in one or
several transformers in the network. These inductors are often referred
to as Petersen coils, though Arc Suppression Coils (ASCs) is a more
precise general term. During single phase faults, usually referred to
as earth faults or ground faults in these systems, the capacitive part
of the fault current is largely canceled out by the inductive current
introduced by the ASCs in the system. As a result, with correctly tuned
ASCs, the fault current can be brought to a minimum, leading to self-
extinguishing arcing faults. This property leads to automatic clearing
of many single phase faults, and due to the small fault current the
permanent earth faults can be allowed to be present in the system for
longer time periods and thus giving network operators time to move
loads to other feeders and limit the number of affected customers. Reso-
nant grounded networks thus have few interruptions and a high quality
of supply, but the low fault current level also introduces significant
challenges for protection systems. As the fault current can be in the
same order of magnitude as the normal load currents, or even smaller,
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have presented novel algorithms and techniques which may be suited
for meshed networks as well. The EDIST-method [9,10] introduces a
transient-based distance element, remedying an important limitation
often seen in transient-based protection which is the lack of any in-
formation pertaining to distance. In Refs. [11,12] a transient principle
is proposed to serve as a directional element, and a communication sys-
tem is used to implement a permissive overreach transfer trip scheme
in order to ensure correct operation in a meshed network.

In the future, more distribution networks may be operated with
some degree of meshing or ring-connection of feeders to increase the
quality of supply and better integrate distributed generation [13]. Fur-
thermore, the regional networks, the intermediate network level sitting
between the distribution system and the transmission system, is often
resonant grounded. These networks resemble transmission systems in
terms of their topology, with larger meshes and often several power
transformers and ASCs present in the system. In these networks the only
option for directional earth fault indication has been what is broadly
referred to as transient earth fault protection. Traditionally, this term
has referred to a few analog relays based on a similar principle of op-
eration utilizing the high frequency transients that occurs during earth
faults [14,15]. In recent years modern protective relays have become
equipped with more advanced functions based on these transients, such
as [16,17], so the transient protection category is now more diverse.

Although many of the commonly used transient-based earth fault
relays, hereafter referred to as Transient Earth Fault Relays (TEFRs),
are said to be valid in non-radial networks [14-17], it is not well
established whether or not they have some inherent limitations in
such networks compared to radially operated networks. The availability
of relay testing in the scientific literature is limited mainly to sparse
results from tests conducted by relay manufacturers, and independent
research papers studying their performance in detail is lacking. Further-
more, the TEFR-category is actually quite diverse, and it is not unlikely
that previous generations of relays with a less reliable performance
have been allowed to define a broad category of relays.

This paper therefore has two primary objectives. The first is to
identify and investigate any inherent limitations for network operators
to be aware of when applying TEFRs in non-radial networks. To do
this, the paper focuses on studying the fault direction indication in non-
radial networks and the transition between forward and reverse faults.
Secondly, the paper aims to identify any variation in the responses
of different TEFRs to determine how the various operating principles
differ from each other. The paper will build on the theoretical analysis
performed in [18] and investigate the performance of four different
relays. These four relays are then tested in a laboratory setup with a
variation of network configurations and parameters.

The rest of the paper is organized as follows. Section 2 briefly
explains the theoretical foundation for the earth fault transients and
discusses some potential issues related to sensitivity and polarity. Based
on this theory, formulae are provided which predict the fault locations
for which the relays will transition between forward and reverse fault
indication. Section 3 describes the simulation models and the labora-
tory setup used to test the relays, whereas the results are discussed
and analyzed in detail in Section 4. Section 5 discusses the impact of
various parameters in the tests, and the validity and limitations of the
laboratory tests are also discussed in detail. Finally, conclusions and
recommendations for future work is provided in Section 6.

2. Earth fault transients in non-radial networks

A detailed presentation of important theoretical concepts was given
in Ref. [18], but the key concepts required to discuss the results in this
paper are repeated in this section. This section primarily deals with the
earth fault transients in a non-radial system, and for more details on
the charging transient and its behavior in radial networks interested
readers are referred to [18] for further reading.
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Fig. 1. Charging transient in a ring-operated network.

2.1. The charging transient

Note that the equations derived in this section apply at the charging
transient frequency only.

During an earth fault in a network with isolated or compensated
grounding, the phase-ground voltages of the two healthy phases in-
crease. This charging process is associated with what is commonly
referred to as the charging transient, which is described as a current
flowing from the faulted point along the faulted phase until it reaches
the main transformer neutral. Here, it is divided in two equal parts and
returning to the fault point via the healthy phase capacitances. In this
path the transformer leakage inductance and the faulty phase series
inductance make up to main inductance L,,, whereas the healthy phase
capacitances to ground and to the faulted phase make up the main
capacitance C,,. The charging current thus flows in some equivalent
LC-circuit with a natural frequency given by (1).

1
f=———
ZH\/Lequq

Different versions of this model are available in the literature, differing
slightly from each other in how the equivalent inductance L,, and
capacitance C,, of the circuit are approximated [9,19,20].

Consider a fault taking place somewhere on line A in Fig. 1. The
charging transient i.;, flows along the faulted phase to the transformer
neutral and returns to ground via the healthy phase capacitances. As
the two lines A and B are connected to form a ring, the charging
transient will have two alternative paths along the faulted phase to the
main transformer. The division of i, is based on the impedance of the
faulted phase, and the ratio can be obtained by applying the current
division principle. This ratio is defined as R, such that the current
R - i., flows towards the transformer neutral along line A, whereas
(1 = R) - i, flows towards the transformer neutral along line B. The
charging current reaches the transformer neutral where it is divided
in two halves, assuming the two healthy phases to be identical. The
current then returns to the faulted point via the capacitances of the
healthy phases, as indicated in Fig. 1. In Fig. 1, the capacitances C,
and Cj are the per phase capacitances on line A and B, whereas Cp; is
the total per phase capacitance of the background network, represented
here as a single feeder.

Because %ich returns to ground in each of the healthy phases in
the network as a whole, the component that returns on the ring itself,
denoted i,y in Fig. 1, is given by (2).

@

. 1. Cg
ik = 3leng 2
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Fig. 2. Remote end bus measurement on a network ring.

In (2), Cr = C4 + Cp is the total per phase capacitance of the ring,
whereas Cp = Cp + Cp; is the total per phase capacitance of the entire
network. Eq. (2) shows that it is the amount of capacitance on the
ring compared the background network which determines how much
of i, returns on the ring itself. Depending on the parameters of the two
feeders in the ring, the current i), ; will divide itself among lines A and
B. Let this be described by the factor m, such that the currents

ipa=m-ipg

ipg = (1 —m)-ipg

3

flow onto line A and line B, respectively. In the case of a homo-
geneous ring, the division of i, will be equal among the two lines
(i.e., m = 0.5). In any case, m is determined by the network topology
and it is independent of the fault location.

The charging transient frequency component of the residual current
measured on lines A and B can be written as

3igq =2ipg — R iy

. . ) @
3ipp =2ipg —(1 = R) - i,y
Combining (2), (3) and (4), (5) is obtained.
3igy =i <m% - R)
r (5)

. . CR
3igp = icp <(1 -me - (- R))
T

Similarly, the measured current 3iyz; at the remote end bus bar on
the ring can also be derived. With the measurement polarity as shown
in Fig. 1, this current is expressed as a function of the fault location
as well as the location of the remote end bus itself on the ring. Fig. 2
illustrates this way of measuring the distance by drawing the ring AB
as a straight feeder. Note how both ends of the figure correspond to
the main bus. The per unit distance around the ring is measured along
the ring in a clockwise direction starting on line A, and the distance to
the remote end bus is denoted M. Then, a remote end bus would for
instance be located at M = 0.5 p.u. in the case of two lines of the same
length, or at M = 0.67 p.u. in the case of line A being twice as long as
line B. It can then be shown that the current 3iyz is given by (6).

C
3igrE = e <C—§(m—M)+l—R> (6)

Eq. (5) and (6) describe the charging current measured at the
three measurement locations shown in Fig. 1, and they apply for this
particular topology. Note that the presence of loads on the ring, either
at bus M or on branches connected to the feeders A and B, will not
significantly impact these results as load transformers represent a much
higher impedance path for the transient than the path indicated in
Fig. 1.

2.2. Crossover points

Eq. (5) shows that the residual currents measured on lines A and
B may become zero at certain fault locations, even in a network with
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Fig. 3. Test network for investigating location of crossover points.

several feeders. These fault locations are referred to as crossover points
due to the fact that the polarity of the measured current transient will
change from positive to negative in these points, and relays based on
measuring this transient will therefore change their direction indication
between forward and reverse as well. Furthermore, as the magnitude
of the measured transient approaches zero, the relays may encounter
problems in detecting the fault altogether when the fault is located
close to this crossover point.

The point where either 3i, 4 or 3i, 5 becomes zero depends on the
relative size of the ring compared to the background network and will
occur for 3iy 4 when R = m-Cg /Cr. Furthermore, if the ring is relatively
large compared to the background network, this point is moved closer
to the middle of the ring, and it can thus be imagined that both currents
will be difficult to measure at certain fault points. In the special case of
a single ring network (Cy = Cr), for instance in the case of a two-feeder
network operated as a single ring, both 3i, 4, and 3i, 3 can become zero
for the same fault location. The current measured at the remote end
bus will also have its crossover point according to (6).

To be able to evaluate (5) and (6), the parameter m must be known.
In the special case of a homogeneous ring, m is known to be exactly
0.5 due to the ring appearing identical seen from either main bus
terminals of the ring. An analytical expression for the calculation of
m has not been found, but it is understood to be governed by the
distribution of capacitance around the ring. The formulae given in
[19], used to describe a similar division of fundamental frequency
zero-sequence currents, could serve as a starting point for deriving an
analytical expression. In practice, however, the best way to locate the
crossover points in a complex network would be to rely on simulations,
seeing as analytical formulae quickly become difficult to derive when
the network topology is changed from the one in Fig. 1. The purpose of
deriving the formulae in this paper is to allow for a comparison between
theory and practice using physical relays in a laboratory setup, which
is presented in the next section.

3. Laboratory testing
3.1. Test network modeling

The results presented in this paper are based on simulations gener-
ated from the test network shown in Fig. 3, modeled using ATPDraw.
The network is a radial network where two of the feeders have been
connected to form a ring. Note that the illustration in Fig. 3 is compact,
and feeders I and II are assumed far enough apart to be uncoupled.
A third feeder can be connected in parallel to the ring, and the com-
pensation can be divided among two different ASCs. This topology is
not based on a real network, but it is first and foremost intended to
facilitate a comparison between the actual location of the crossover
points and the theoretical locations predicted by (5) and (6). See
Table 1 for detailed model data.

3.2. Relay settings

The four relays (manuals [14-17]) under investigation are for the
sake of confidentiality referred to as relays A-D:
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+ Relay A: Analog earth fault relay. The simplest relay of the four
considered, with pickup level for transient current and fundamen-
tal frequency voltage being the only required settings. The relay
is based on detecting transients in the zero-sequence current and
voltage and comparing their polarities to determine the direction
to fault. The relay manual refers to the charging transient as
basis for the operating principle, and the transient measurement
circuits are centered at 200 Hz.

Relay B: Analog earth fault relay with the same basic operating
principle as Relay A, also citing the charging transient as basis
for its operating principle. According to the manual, the transient
measurement circuits filters out the fundamental frequency com-
ponent, and the measurement circuits for the current transients
filters out transients above 3 kHz as well. The pickup level for
current transient at 1 kHz and for the fundamental frequency volt-
age can be set by the user. Additionally, relay B allows for more
detailed settings than Relay A, such as filter frequency, length of
time window for detection of current and voltage transients, as
well as delays related to resetting and tripping.

Relay C: Numerical IED with multiple earth fault functions, where
only the transient earth fault function is being tested. This func-
tion is also based on the transient charging process that takes
place during earth faults, but as opposed to relay A and B, this
function also considers the fundamental frequency in addition to
the higher frequency transients. According to the manual, this
function is based on the energy in the zero-sequence system,
citing that the charging process consists of a transfer of energy
between the faulty feeder and the surrounding network. This zero-
sequence energy is computed through integration and summation
of phasors at several frequencies. The relay allows for setting
of 3V, and the integrated 3I)-current trigger levels, along with
detailed settings of proprietary parameters. This relay also allows
separate trigger levels for forward and reverse faults.

Relay D: Numerical IED with multiple earth fault functions, where
only the transient earth fault function is being tested. Similar
to relay C, this function is based on the energy in the zero-
sequence system, which is computed directly in the time domain.
The relay manual for relay D contains less information on the
signal processing and filtering, but it indicates that relay D also
makes use of the fundamental frequency in addition the higher
frequencies, just as relay C does. The relay allows for setting of 31
and 3V, trigger levels, along with detailed settings of proprietary
parameters.

All the four relays require the same two measurements, 31, and 3V},
Relays A and B both refer directly to the charging transient discussed
previously as basis for their operation. Relays C and D are based on
zero-sequence energy, although they have different ways of implement-
ing it. While the charging transient is part of this operating principle,
relays C and D also incorporate more of the information contained in
the transient period in their operation. The four relays thus represent
two generations of relays utilizing two distinctly different operating
principles. Whereas relays A and B are found in many Norwegian
networks today, relays C and D are likely to be used increasingly in
new substations.

Although the relays utilize similar operating principles, the im-
plementation and configuration of each relay is unique. The only
comparable setting is the pickup threshold for the fundamental fre-
quency voltage 3V}, which is set to ensure fault detection for all the
relays. The four relays all have a setting for the current threshold as
well, although it has different interpretations for each relay. In the
case of relays A and B, the current threshold has a recommended
value based on network data and the CT-ratio used. This parameter
is therefore set according to the recommendations in their respective
manuals. All other proprietary settings are set according to the manuals
unless otherwise specified. Relays C and D have current thresholds that
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Table 1
Test network data.

OH-lines

Phase conductors: radius 4.07 mm (inner) and 12.03 mm
(outer), Rpe = 0.1115 ohm/km, 4.5 m spacing, plane geometry,
tower height 11 m, 4.3 m sag. Ground conductors (x2): radius
1.45 mm, R). = 0.8 ohm/km, 4.5 m spacing, plane geometry,
tower height 13 m, 4.3 m sag. Transposed lines, skin effect,
JMarti-model. No coupling between feeder I and II.

G, = 44.33 nS/km added manually.

Cables Three single-phase cables in ground, depth 1 m, transposed.
Core radii 8 mm (inner) and 17.35 mm (outer), sheath radii
32.15 mm (inner) and 33 mm (outer), cable radius 41 mm,
semi.cond. layer w/ thickness 1 mm between core and sheath,
conductor resistivity 2.651E—-8 Qm, relative permittivity of
insulation 2.3. Modeled using JMarti. Asymmetry: 3.3 nF/km

and 6.6 nF/km added to C, in phases b and ¢, respectively.

T1: 250/250/80 MVA 400/132/12.5 kV Yydl
T2: 50 MVA 132/22 kV Yd11

Transformers

Loads 3-phase 10 MVA constant impedance loads. Power factor 0.9
lagging.

ASC Lom = 295 A (10% over-compensated). Parallel resistors Rp =

50 kQ represent losses in P1 and P2.
31, CTs 600/5A, 3V, VTs 228/0.11 kV. Sampled at 10 kHz.

CTs and VTs

Fault R, =100 Q, inception angle approximately 40°.

Other Software: ATPDraw version 7.2pl1, simulation timestep
At =1 ps, ground resistivity 100 Qm.

are related to either the CT secondary current or as a percentage of
some base value. Relay C limits the current threshold downwards to
some percentage of base value, typically the CT primary value, while
relay D allows setting the threshold to zero. However, the manual of
relay D states that this threshold should perhaps be increased in meshed
networks according to user experience.

In either case, default pickup thresholds of relays C and D can-
not be readily obtained from their manuals. Furthermore, the correct
operation of all four relays is closely related to the quality of the mea-
surements they receive. In reality, measurement noise will be present,
and an appropriate CT-ratio must be used to give the relays optimal
conditions. In this paper it is primarily the fault direction indication
which is of interest to study, and the relays are therefore set to be very
sensitive. Discussion of any observed issues pertaining to sensitivity of
the relays will therefore be limited to a qualitative level.

3.3. Laboratory setup

Signals of 31, and 3V, on Comtrade format are generated using
ATPDraw’s Comtrade block sampling at 10 kHz, where the fault records
are obtained running sequential simulations with varying parameters.
The Advanced TransPlay feature in Omicron CMC 356 is used to play
the Comtrade files to the relays [21].

All the relays are capable of outputting binary signals to indicate
both forward and reverse faults, and these signals are monitored to
determine the location of the crossover points. The binary signals are
synchronized in time with the signal played back by the relay tester
with the setup shown in Fig. 4, and all binary signals are controlled to
make sure that they coincide with the fault.

4. Results
4.1. Location of crossover points

Faults are applied in sequence at evenly distributed locations around
the ring consisting of feeder I and feeder II in the network in Fig. 3 to
investigate the location of the crossover points. Feeder III is assumed
to be operated radially, and ASC P2 is disconnected. Based on the
charging transient alone, the theoretical location of these points can be
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Fig. 4. Lab setup for testing multiple relays at once using the Omicron CMC 356 [21].

estimated using (5) and (6). The parameters M and m are determined
as follows: M describes the per unit distance to the remote end bus
as M =41 km/67 km = 0.612, and m = 0.5 is assumed because the ring
is homogeneous with only overhead lines. For the four relays on the
ring, these theoretical locations are shown in Table 2 along with the
observed crossover points for the four relays.

Using standard settings as recommended by the relay manufactur-
ers, Relay A managed to detect the fault in all the fault locations.
Relay D managed to detect all the faults as well, likely due to the
fact that this relay both allows and recommends a very low current
threshold. Relay C behaves differently as its sensitivity threshold is
related to whatever current level is selected as its base value. The
selection of this base value is up to the user, but with a sufficiently
low value Relay C can also be made to be very sensitive. Relay B
was the least sensitive, and its minimum allowable current threshold
setting was used to determine its crossover point location. Furthermore,
it was observed that the remote end relays had much poorer operating
conditions than the local end relays did, requiring the output from the
relay tester to be twice as high in order to determine the crossover point
location. This demonstrates that a single setting for all the relays in the
network, as suggested in the manuals of both relays A and B, is not
advisable.

The results show that the relays have their crossover points close to
the theoretical values, but that there is some variation. This may in part
be due to differences in the operating principles, and partly due to the
fact that faults close to the crossover point represent very challenging
conditions for the relays. The precise locations of the crossover points
were therefore difficult to determine accurately in the laboratory setup,
as the observed locations of the crossover points shifted slightly in some
instances (at most +4 km) when the tests were conducted with different
relays settings and CT-ratios.

In addition to the results in Table 2, the impact of adding feeder III
in parallel was investigated. This shifted the locations of the crossover
points for all the relays, as would be expected from the theoretical
discussions in Section 2.

Table 2
Theoretical and observed crossover points the test network.
Relay pos. Local end Remote end
Fd. I Fd. I Fd. 1 Fd. I

Crossover points - (km/p.w.)
(measured from local end bus in clockwise direction around the ring)

Theoretical 63.6/0.95 3.4/0.05 0.8/0.01 0.8/0.01
crossover point

Relay A 58.5/0.87 8.5/0.13 1.5/0.02 1.5/0.02
Relay B 62.5/0.93 4.5/0.07 1.5/0.02 1.5/0.02
Relay C 65.5/0.98 1.5/0.02 0.5/0.01 0.5/0.01
Relay D 65.5/0.98 1.5/0.02 0.5/0.01 0.5/0.01
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Fig. 6. The current 31, as measured on the local end of Fd. I for various fault locations.

4.2. Crossover regions

As discussed previously, two things occur in the crossover points: (1)
the polarity of the charging transient changes, and (2) the magnitude of
the charging transient goes to zero, as was shown in [18]. Although the
transition from forward to reverse happens in the crossover point, the
magnitude gradually decreases in the area around the crossover point.
As a result, the relays may fail to detect faults in the region around
the crossover point when less sensitive settings are used. Therefore,
the crossover points would actually appear as crossover regions in
reality. Fig. 5 illustrates this for Relay A, and similar results could be
produced for the other relays as well. The relay was fed with currents
of 30%, 25% and 15% magnitude to emulate a high, medium and low
sensitivity setting. Note that because the relay was set less sensitive
than its recommended settings. i.e., its pickup threshold was set higher
than recommended, the crossover point in Fig. 5 is actually shifted
slightly from the value in Table 2. The sensitivity of the relay and
the approach used to locate the crossover point thus both impact the
observed crossover point location, further illustrating that the exact
crossover point location is difficult to determine. This was observed
to a varying degree for all the four relays, with relay A showing the
largest shift.

Fig. 5 illustrates how the crossover point turns into a crossover
region as the sensitivity of the relay is decreased, and faults in this
region are not detected by the relay. Fig. 6 shows the time domain
signal obtained at the local end relay on feeder I. It illustrates that
the initial transient is drastically reduced as the fault is moved farther
away, and the polarity shift can also be observed to take place towards
the other end of the ring corresponding to the 67 km curve. The
magnitude of the fundamental frequency component is also visibly
reduced for faults far away.

4.3. Impact of the fundamental frequency component

Dividing the compensation in the network evenly among ASC P1
and P2 further impacted relays C and D, whereas relays A and B
were unaffected. Relays A and B only utilize frequencies above the
fundamental frequency, for which the network appears ungrounded.
Changing or moving the ASCs in the network will therefore not affect
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Fig. 7. Normalized magnitudes of the charging transient, 200 Hz and 50 Hz compo-
nents in 31, during the first 20 ms of the fault, measured at local end Fd. I, in the
case of one (a) or two (b) ASCs in the network.
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Fig. 8. 50 Hz zero-sequence power factor during the first 20 ms of the fault, measured
at local end Fd. I, in the case of one (a) or two (b) ASCs in the network.

these relays. Relays C and D, however, both make use of the fundamen-
tal frequency, and their crossover points are therefore dependent on the
location of the ASCs in the network. Fig. 7 shows how the magnitudes
of the charging transient, the 200 Hz and 50 Hz component of 31,
varies with fault location in these two scenarios, and it is clear that
relays dependent on the 50 Hz component will be affected by adding
the second ASC.

The addition of P2 not only affects the magnitude of the fundamen-
tal frequency component, but also the direction indication based on it.
Relays C and D both rely the zero-sequence active energy as part of
their operation, and Fig. 8 show that the fundamental frequency active
power always indicates a forward fault (cos(¢,) < 0) in the case of
a single ASC, while the addition of P2 changes this. Relays C and D
do however not exhibit the exact same responses (the addition of P2
shifted the crossover points of relays C and D in opposite directions),
demonstrating that they each have a distinct variation of the energy-
based operating principle. The formulae presented in Section 2 only
account for the behavior of the charging transient, and therefore do not
accurately capture the behavior of relays C and D. This will require a
separate study of the fundamental frequency component as well as the
relays’ weighting of the different frequencies, which is outside the scope
of this paper.

4.4. Challenges for protection

Assuming that the relays could be set as sensitive in reality as they
were during this test, the data in Table 2 show that misoperation could
occur. Fig. 9 illustrates the situation: The remote end relay on feeder II
see faults on the first 0.5-1.5 km of feeder I as forward faults, whereas
the remote end relay on feeder I see them as reverse faults. As a result,
no pair of relays on the ring can determine the fault to be between
them. Instead, a network operator would have two options in this case:
(1) increase the pickup threshold of the relays and only rely on the local
end relays to determine the fault location, or (2) divide feeder I in two
shorter segments equipped with another pair of relays.

Because the different relays are affected differently by the presence
of ASCs, a network with a mixture of different relays could result in
another more critical type of misoperation. Consider the situation in
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Fig. 9. The shaded region shows fault locations with inconclusive relay responses.
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Fig. 10. Faults in the shaded region in (a) appear as a forward fault on both lines.
Current magnitudes in (b) clearly indicate a fault on Fd. I (actual fault location is 5
km from the local end on Fd. I).

Fig. 10(a), where the compensation is divided evenly among P1 and P2.
Assume that the relays in the local end substation are of type B, whereas
the remote end substation is equipped with type D relays. Table 3 shows
the location of the crossover points in this configuration. Because the
crossover point of the remote end relay on feeder II is located farther
out on feeder I than the crossover point of the local end relay on feeder
11, all four relays see faults in the shaded region as forward faults. The
local-end relay on feeder II must in this case have its pickup threshold
increased to avoid this situation.

The actual magnitude of the transients will depend on several
factors such as inception angle and fault resistance, and therefore it
is difficult to relate the magnitude to any particular fault location.
However, if the magnitudes of the currents measured by each relay had
been available for comparison in the previous example, the fault could
easily have been determined to be on feeder I. The maximum recorded
value of 37 in the local end relay on feeder I is much higher than at
the other three relays, as shown in Fig. 10(b), indicating that the fault
could not possibly be located on feeder II.

5. Discussion

Testing relays based on simulations is a challenge, as replicating
both the earth fault transients as well as the fundamental frequency
components accurately is difficult.

Firstly, the relay tester must reproduce the waveforms accurately,
which may be difficult for very fast transients. Furthermore, the Omi-
cron is limited to playing back 10 kHz, although this should be more
than any of the relays require.

Secondly, the use of the frequency dependent line model does not
perfectly replicate both the fundamental frequency (50 Hz) and the
fault transients (0.2-2 kHz). This is however only of concern for relays
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Table 3
Observed crossover points for relay B and D when ASC P2 is connected.

Local end Remote end

Fd. I Fd. I Fd. I Fd. II

Relay pos.

Crossover points - (km/p.u.)
(measured from local end bus in clockwise direction around the ring)

4.5/0.07

Relay B
Relay D

62.5/0.93

64.5/0.97 5.5/0.08

C and D, for which the impact of the fundamental component is only
discussed on a qualitative level. Furthermore, the effect of CT and VT
accuracy and noise is not implemented in these tests, and the very
sensitive relay settings required in these tests may not be realistic to
implement in reality to avoid false alarms during other network events.
It may also be the case that the set sensitivity of the relays should be
deliberately reduced to avoid the simultaneous operation of too many
relays in the network and to reduce the risk of misoperation due to poor
conditions near the crossover points.

Finally, it is noted that the topology of the test network is inten-
tionally simple to enable derivation of the analytical formulae which
could be compared against laboratory tests. In reality, such a ring-
network would likely have many lateral branches which complicates
the process of estimating the location of the crossover points. The fact
that crossover points would exist in any type of non-radial network
is obvious, and in complex networks their location may be more
efficiently determined through simulations.

6. Conclusion

Transient earth fault relays (TEFRs) are frequently applied to non-
radial resonant grounded networks, but they are susceptible to issues
related to both sensitivity and polarity. This paper has presented and
verified a theoretical approach for estimating the location of crossover
points for relays based on the charging transient, i.e. fault locations in
which a relay will change its direction indication between forward and
reverse, and tested four different commercially available TEFRs in a lab-
oratory setup. The important conclusions and scientific contributions
are as follows:

+ Crossover points were found in the predicted locations, and b
polarity swap and sensitivity issues were observed there, showing
that the theoretical approach for understanding crossover points
is correct. This approach can therefore be used to understand
relay behavior in other networks as well, although simulations
likely are more efficient in the case of complex topologies.

The location of the crossover points for the modern relays based
on zero-sequence energy are also influenced by the fundamental
frequency component, which in turn is affected by network topol-
ogy and the placement of arc suppression coils in the network.
This is not accounted for in the analytical formulae presented in
this paper, and future work should focus on extending the theory
to encompass this.

Because the location of the crossover points depend on the net-
work topology, and as different relay locations can have signif-
icantly different operating conditions with respect to expected
current magnitudes, static and system-wide settings for all relays
in the network, as suggested in some relay manuals, is not advis-
able. Rather, each relay location should be analyzed separately,
and this analysis should take into account all the possible network
topologies to ensure the desired behavior during faults.

All the TEFRs must deal with the lack of a clear forward/reverse
orientation in a loop, and due to the lack of a distance element
in TEFRs, the evaluation of relay responses with respect to this
issue becomes difficult. Ring-operation of distribution networks is
particularly challenging to protect with TEFRs when one or more
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relays have their crossover points on the protected line itself.
Knowledge of the likely crossover regions and comparison of the
current magnitudes of relays in the system could however be used
to aid the network operator when assessing the relay responses.
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