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Abstract— This paper deals with the protection against earth
faults in medium voltage meshed networks with unearthed
neutral. A communication-supported protection system is
proposed and assessed through numerical simulations. The
protection system is based on the use of directional relays
installed at both ends of each line of the network. Each relay
communicates by sending permissive signals following the so-
called directional comparison overreaching transfer trip
scheme. Each directional relay implements a new transient fault
detection algorithm based on the angle between the zero-
sequence voltage and current phasors. The phasors are
estimated at the dominant frequency of the network transient-
response within the first milliseconds after the fault, which
range can be evaluated by means of a simplified circuit
equivalent representation. The performances of the protection
system and the detection algorithm are evaluated for different
network configurations. By using a specifically developed co-
simulation tool that interfaces EMTP-RV with Matlab, the
influence of the communication latency is also analyzed. A
Monte Carlo method is applied to analyze the effects of fault
resistance, incidence angle and fault location variations. Results
of a real-time simulation obtained in the Opal-RT environment
further support the applicability of the algorithm.

Index Terms— Communication latency; Distribution
network; Dominant transient frequency; Earth fault protection;
Earth mode current; Earth mode voltage; EMTP; Operation
zone; Power system faults.

I. INTRODUCTION

Medium Voltage (MV) networks are typically operated in
radial configuration due to straightforward control, planning,
and design of the protection schemes. However, due to the
growing installation of Distributed Generation (DG), open
ring configurations, typically used in urban power
distribution systems, are being replaced in some cases by
loop and meshed network configurations. As most power
outages in distribution systems are due to faults, the meshed
network configuration may improve the power quality with
respect to the radial one [1]-[4] by reducing the duration and
number of interruptions. Meshed configurations may also
help to increase DG hosting capacity, operation flexibility,
and voltage control, as well as to decrease power losses and
maintenance efforts [S]-[7]. However, the protection scheme
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design is more complex than in radial networks, particularly
for the case of compensated or unearthed neutral, in which
the small values of the single-phase-to-ground fault currents
reduce the sensitivity of directional earth fault protections
based on the use of zero-sequence voltage and current
phasors at the utility frequency.

This paper deals with the protection for these types of
networks, namely MV meshed networks with unearthed
neutral: the development of a communication-supported
protection scheme based on the analysis of the fault-
originated voltage and current transients is proposed to
accomplish that.

Transient-based protective methods are considered a
promising and efficient solution in unearthed and
compensated networks, since they are not significantly
affected either by the level of compensation of the neutral or
by the fault characteristics [8], [9]. Furthermore, transient-
based algorithms allow, in general, for a prompt operation.
This is an important aspect especially in unearthed MV
networks as an earth fault may lead to considerable
overvoltages in the sound phase conductors. The
overvoltages may cause a subsequent line-to-line fault or an
earth fault in a different phase within a delay of, e.g., 160 ms
[10]. Another requirement for a prompt relay operation is due
to the presence of DG, since connection rules may require
that generating units stop feeding the faulty area within a
limited time interval (again, for instance, 160 ms, as in [11]).
The presence of DG is deliberately disregarded in this paper,
since its inclusion would require an extended and more
specific analysis of the effects of harmonics and
disconnection of some units, among other issues.

Different transient-based methods to detect the faulty
section in MV unearthed and compensated neutral networks
are documented in the literature. The algorithm presented in
[12] evaluates the relation between the zero sequence voltage
and the zero sequence charge, estimated as the integral of the
zero sequence current. The fault detection techniques
presented in [13]-[15] are instead based on the estimation of
the earth-mode impedance that depends on the measure of the
early time voltage and current earth modes and on the
dominant transient frequency. The algorithm presented in
[16] computes the zero sequence power factor estimated from
active and reactive powers calculations. Most of these



algorithms are assessed in radial MV networks, and their

application in a meshed network is not considered.

The typical aspects that might affect the performance of
such transient methods are described in [9]:

- the line unbalance can reduce the performances of zero-
sequence angle-based and zero-sequence energy-based
indicators;

- faults at the zero-crossing voltage hamper the methods
based on power, energy, and impedance calculations;

- the presence of underground cables negatively affects the
current polarity-based and zero-sequence admittance-
based indicators.

The transient-based protection algorithm presented in this
paper implements some specific countermeasures to deal
with the above-mentioned negative aspects. The
directionality of the fault is determined by the phase angle
displacement between the earth-mode voltage and the earth-
mode current at the dominant transient frequency. The
implementation of a Butterworth digital filter and a zero-
padding process to the input signals enhances the accuracy of
the estimation of the dominant frequency and the angle, even
at low values of sampling frequency, attainable by modern
relays. Relays are installed at both ends of each line. Each
relay communicates to the relay at the opposite line end by
exchanging permissive signals following the so-called
directional comparison permissive overreaching transfer trip
(POTT) scheme [17]. In this scheme, when the relay senses
the fault within its protection zone it sends a permissive
signal to the relay at the opposite end. Moreover, the relay
outputs a trip signal when two conditions are met: i) it senses
the fault within its protection zone and; ii) a signal is received
from the relay at the opposite line end.

The protection performances are assessed for the case of
different unbalanced MV meshed networks. One case study
considers the presence of both overhead and underground
lines. The Monte Carlo method is applied to analyze the
influence of fault resistance, with typical values in unearthed
distribution networks as reported in [10], incidence angle,
and fault location variations.

The analysis of the adopted POTT scheme performance is
accomplished taking into account a probability distribution of
the delays of the spread spectrum radio communications
between the relays in simulations performed by using the
specifically developed interface between the ElectroMagnetic
Transient Program (EMTP-RV) environment and Matlab
[18]. A further test of the applicability of the approach has
been carried out by wusing the Opal-RT real-time
environment.

The paper is structured as follows. Section II presents the
protection algorithm, the communication system, and the
simulation tool used for the performance analysis. Section I
presents the simulation cases and the results. Section IV
discusses the results and concludes the paper.

II. THE TRANSIENT-BASED PROTECTION SYSTEM

The following subsections provide a theoretical
background and describe the algorithm, the communication
infrastructure needed by the protection system, and the
simulation tool adopted for the analysis of the performances.

A. Theoretical background

When a single-phase-to-earth fault occurs in an unearthed
neutral network, a transient phenomenon arises. Basically,
the transient can be interpreted as composed by a component
due to the lowering of the faulty phase conductor voltage and
by a component due to the rising of the voltages in the sound
phase conductors [13]. The frequencies of these two transient
components vary in different ranges and have different
amplitudes. Following [13]-[15], the latter component is
adopted in the proposed fault detection algorithm,
corresponding to the higher amplitude and the lower
frequency with respect to the discharging one.

The analysis presented in [13], [14] for radial networks is
extended for meshed ones. Directional relays detect zero-
sequence current phasor at the dominant transient frequency
io and the corresponding voltage phasor vy. In radial
networks, relays of faulty feeders detect iy lagging vy while
those of healthy feeders detect iy leading vy, considering the
positive direction of the current from the bus to the line. As
illustrated in Fig. 1, in meshed networks, relays at both ends
of faulty lines detect iy lagging vy likewise radial networks,
but in healthy lines one of the relays can see iy lagging v, (see
relay 1A in Fig. 1). The condition in which iy is leading vy
can be seen by both relays at both ends of healthy lines or by
only one of the two. The latter case may happen in lines of
limited length where the leakage current through the line
capacitance is small, therefore the currents at both ends of the
line have similar magnitude and opposite direction.

Fig. 2 is the reduced equivalent circuit of the network,
where the power system behind the faulty line is represented
by means of Thevenin’s equivalent generators and
impedances at positive, negative and zero sequences, together

with the transfer impedance needed in meshed networks [19].
In Fig. 2, zf[:(:i) and z;:? represent the sequence impedances
of the faulty line, z"”, ¢, z"” and c,” are the positive and
negative equivalent impedances and the zero capacitances
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Fig. 1. Representation of the polarity of the phase displacement of zero
sequence current respect to zero sequence voltage during an earth fault in a
meshed network.
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Fig. 2. Reduced equivalent circuit of the system in single-phase-to-ground
fault condition.

seen from the two ends of the line, v are the pre-fault
sequence voltages and Ry is the fault resistance. The circuit
can be further reduced into an RLC circuit which inductance
and capacitance L., and C,, provide the dominant frequency
of the voltages and currents vy, ;, vo 2, io,; and ip» measured by
the relays at the ends of the faulted branch

1

Jim == F— (1

2z L C

eq ~eq
The application of the equivalent circuit for the evaluation
of the transient frequency is illustrated in the next Sections.

B. The algorithm

The main steps of the proposed protection scheme are
illustrated in Fig. 3.

The scheme is based on the estimation of the directionality
of the fault, which is used to guarantee the security and
dependability of the protection system in the meshed
network. As earth-mode current iy could have very low
values, particularly for high resistance faults, both current iy
and corresponding voltage vy are monitored. If one of them
exceeds a predefined threshold, which should be specified for
each network, the algorithm starts the process to determine
the directionality. Current and voltage earth modes iy and vo
are estimated from the measurements of the phase quantities
during time window #,;,. Since the transient duration is
affected by network parameters [9], the time window is
chosen for each network depending on the expected range of
transient frequencies, as it will be described next. A
Butterworth bandpass digital filter and the Discrete Fourier
Transform (DFT) are applied to iy to find the dominant
transient frequency fim of the fault-originated transient. To
obtain the results shown in this paper, the Fast Fourier
Transform (FFT) of i, is calculated, by zero-padding the
record in order to increase the frequency resolution [20].
Then, the phasors of both iy and vy at the dominant transient
frequency are estimated and the angular displacement 6
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Fig. 3. Protection algorithm flowchart to determine the fault directionality.

between the phasors is used to define the directionality of the
fault.

As illustrated in Fig. 4, if 4 falls within the operation zone,
defined by angles Omin and Omax (measured from the vy phasor
angle that is taken as reference), the fault is declared as
forward. Section III provides specific details of the
procedure, particularly for the bandpass filter and minimum
and maximum angle values, for each considered case study.

In the proposed algorithm, the estimation of the dominant
frequency is of utmost importance to determine the
directionality of the fault. A first evaluation of the expected
range of these frequency values is obtained by using the
equivalent circuit of Fig. 2. The knowledge of the range of
values is useful for the application of the Butterworth
bandpass filter and the DFT.

Fig. 4. Operation zone.



C. The communication system

The relays at both branch terminals exchange permissive
signals to each other when they sense the fault in the forward
direction. This can be considered as a directional comparison
overreaching transfer trip scheme.

The adoption of a permissive scheme allows shorter
operating times than blocking schemes [21], particularly
when a transient earth fault protection is adopted. Indeed, in
blocking schemes the coordination time, i.e., the minimum
operating time for the protection, must be larger than the
maximum expected latency of the blocking signal. This
requirement is not needed in permissive schemes.

In typical communication systems, the average latency
values is less than half cycle [21]. The speed of the
communication channels depends on many factors: the data
rate of the channel, the message packet size, and the
equipment latency. While optic fibers are an attractive
communication technology for the implementation of
protective schemes due to the high bandwidth and
communication speed, the installation costs could be
prohibitive for the distribution system companies. Radio
systems are a cheaper solution and are adequate for
directional comparison schemes [17]. They do not require
any right-of-way or physical conductor, but they need line-
of-sight [21]-[23].

For the assessment of the communication-supported
protection system, this paper considers a spread spectrum
radio technology for the communication between stations. A
typical latency between 4 and 5.6 ms is expected, depending
on the channel data rate [21], [24]. For the tests, the truncated
normal distribution of Fig. 5 is used to represent the latency,
with mode equal to 5.6 ms. The standard deviation of the
untruncated distribution is equal to 22 ms. The 99.9% of
delays are lower than 67 ms, therefore the probability of
exceeding the maximum end-to-end delay recommended in
[25] is negligible.
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Fig. 5. Probability density function of time delays.

To account for the lag due to the relay information
processing, a constant time delay is added, which considers:
0.8 ms for the analog filter, one sampling period to account
for the maximum sampling latency, and the duration of the
time window in which the measurements are taken for the
digital filter. The relay’s contact closing operation time,
typically in the order of 10 pus [24], is neglected.

D. The simulation tools

The expected performances of the protection system are
assessed by using a specifically developed co-simulation
environment which interfaces EMTP-RV and Matlab, based
on the procedure described in [26]. A virtual port allows the
exchange of information between the two simulation
environments at each step of the EMTP-RV time domain
simulation. In EMTP-RV (server) the waveshapes of the
power system currents and voltages in both phase and modal
domain are calculated, while in Matlab (client) the
communication-supported protection system is modeled. A
Matlab script determines the directionality of the fault and
emulates the sending of permissive signals for the breaker
operations, considering communication delays and trip times.

As illustrated in Fig. 6, the virtual port is set up at the
beginning of the simulation. When a fault occurs, EMTP-RV
initiates to send information to Matlab at each time-step
through a dynamic link library (DLL). Vice versa Matlab
sends information when necessary to EMTP-RV. Time
synchronization is done by exchanging specific flag signals
and time stamp information at each time-step. When the
Matlab routine completes its tasks, it closes the
communication port with EMTP-RV, which then carries out
the residual simulation process.
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Fig. 6. Structure of the co-simulation environment that interfaces EMTP-RV
with Matlab. The task division between both tools is illustrated.

III. TEST RESULTS

Three network cases are analyzed, denoted as Case 4, B
and C. Case A and B have the network topology shown in
Fig. 7, which is a modified IEEE 14-bus test system with the
line geometry of Fig. 9a, that is characterized by a significant
asymmetry. In Case 4, the lines are 3 km long, while in Case
B they are 0.5 km long.

The network of Case C has the topology of the Cigré
European MV distribution network benchmark [27] shown in
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Fig. 8. It is composed of two main feeders: one (denoted as
Feeder A in Fig. 8) is composed by underground cables with
the geometry of Fig. 9c, the other (Feeder B) is composed by
overhead lines with the geometry of Fig. 9b.

The high voltage (HV) side of the transformers is wye-
connected with the neutral solidly earthed, while the MV side
is delta-connected. For the lines, a constant parameter model
is used. For the simulations, a time step of 0.2 ps was used.
For the relays, a sampling frequency f; of 8 kHz is assumed,
unless otherwise specified.

A. EMTP-Matlab test results

1) Case A

A preliminary analysis is carried out with the equivalent
circuit of Fig. 2 described in Section II-A for a first
estimation of the dominant transient frequencies. For such
purpose, a sequence of faults is simulated in the middle of
lines 2, 9 and 14 of the network of Fig. 7, with fault
resistance varying between 0 and 100 Q in steps of 5 Q.

Fig. 10 shows the dominant transient frequencies
estimated by using the equivalent circuit, together with the
frequencies estimated by using the real network. The latter,
considered as benchmark, show the reasonable accuracy of
the results provided by the equivalent circuit. The results of
Fig. 10 motivate the choice of a filter centered at 2.2 kHz (f).
This is also supported by the similar results obtained by
repeating the analysis for all the other lines. Indeed, one of
the advantages of the use of an equivalent circuit is that
several simulations can be carried out with very low
computational effort. Moreover, on one hand the equivalent
circuit does not take into account the wave propagation, thus
it neglects reflections that influence the waveform, on the
other hand, the transient in the equivalent circuit is less
damped, thus it is easier to extract the dominant frequency.
By using the equivalent circuit, the fault location is varied
along each line as well as the fault incidence instant,
uniformly distributed over the period corresponding to the
utility frequency. Based on the results of the analysis, a filter
bandwidth (BW) equal to 2.2 kHz is chosen.
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Due to the identified frequency range, a time window
of at least 1 ms is needed for the transient dominant
frequency evaluation.

In order to illustrate the robustness of the algorithm in
front of the chosen filter, in particular its center frequency
value, Fig. 11 shows the dominant transient frequency and
the estimated angle for different fy values. Fig. 11a shows the
results for a relay in Line 9, i.e. the faulty line, and Fig. 11b
for a relay in Line 8§, i.e. a healthy line. For the healthy line
the dominant transient frequency identified by the DFT is
different when fy = 2.6 kHz. Fig. 11 shows that the estimated
angles in both relays do not vary significantly around the
dominant transient frequency and do not differ considerably
for filters with different fy values. Moreover, the value of BIW
has a limited influence too. Analogous results are obtained
for the other lines and fault locations.

To assess the influence of the zero-padding, we define the
frequency step of the DFT as,

fo=L ®

L

where L is the length of the signal. Since f; = 8 kHz and the
time window is 1 ms, the acquired signal has a length of 9
points, thus fu,, = 888.89 Hz. Such value is high for the
considered fo. Indeed, fi is 40.4% of f;. By zero-padding the
length of the signal is increased to 64 points. For such length
Jsiep = 125 Hz, 1.e. 5.7% of fo. The effect of the zero-padding
for a particular case is illustrated in Fig. 12. The difference
between the dominant transient frequencies estimated with
and without the padding process is considerable.

As we mentioned, for a fault in the forward direction, the
earth-mode current at the dominant transient frequency leads
the earth-mode voltage by 270° [18]. Therefore, the
maximum operation zone is between 180° and 360°. To
decrease the probability of unnecessary trips, a reduced
operation zone is identified. This selection is done by
simulating 500 faults in three different lines, namely lines 2,
9 and 14 of Fig. 7, with different fault locations, fault
incidence angles and fault resistances in the range between 0
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different values of f., is evidenced by the distance between consecutive
points (squares when the signal is padded, circles when it is not).

and 100 Q. In Table I the obtained operation zone are
reported, i.e. Omin and Oma, that maximizes the protection
performance, for given filter characteristics and time
window, in terms of expected rates of failures to trip and of
unnecessary trips.

To further validate the effectiveness of the considered
operation zone, a Monte Carlo analysis is carried out. A
series of 2000 faults randomly distributed within the entire
network are simulated, by varying the fault incidence angles
over one power frequency period and the fault resistances
between 0 and 100 Q. The characteristics of the protection
system are reported in Table 1. The results show a 0.55%



failure to trip rate and a 0.5% unnecessary trip rate. The
minimum peak values for vy and iy during the fault are 15.44
kV and 0.27 A, respectively.

TABLE I

PROTECTION ALGORITHM CHARACTERISTICS AND MAIN RESULTS FOR THE
MYV NETWORK OF FIG. 7 (C4SE A)

Filter fo/BW (kHz) 2.2/2.2

twin (MS) 1.0

Omin — Omax 220° —350°

vo,min (KV) 1.5

Io,min (A) 0.2
Faulted line Line 2 Line 9 Line 14

Failures to trip 0.00% 0.00% 0.00%
Unnecessary 0.40% 0.00% 1.40%

trips

Different angle values modify the results, either enhancing
security, by reducing the operation zone, or dependability by
enlarging it. In Table II the results for different operation
zones are summarized, obtained by varying the original
angles by +10°. The results obtained with a range between
180° and 360° is also reported.

with a bandwidth of 4.5 kHz. To satisfy the criterion that the
sampling frequency must be at least twice the highest
frequency, a sampling frequency of 8 kHz is insufficient. For
the sake of the protection algorithm validation, a sampling
frequency of 25 kHz is therefore applied in this case.

A Monte Carlo analysis is carried out with the same
characteristics as for Case A. The characteristics of the
protection system and the results obtained for different
operation zones are reported in Table III. The minimum peak
values for vy and iy during the fault are 15.98 kV and 0.05 A,
respectively. In this case, using a current threshold lower than
0.05 A could result into a too sensitive protection. Hence, we
use a higher value since the voltage threshold will activate
the algorithm when the current is very low.

TABLE I
PROTECTION ALGORITHM CHARACTERISTICS AND MAIN RESULTS FOR THE
MYV NETWORK OF FIG. 7 (C4ASE B)

Filter fo/BW (kHz) 7.0/45

twin (MS) 0.5

Vo,min (KV) 1.5

io,min (A) 0.2

Omin — Omax Failures to trip Unnecessary trips
180° - 360° 2.45% 13.60%

220° - 345° 5.95% 3.00%

210° - 355° 4.90% 6.85%

230° - 335° 7.60% 1.20%

TABLE II
MONTE CARLO RESULTS FOR DIFFERENT OPERATION ZONES (CASE A)
Omin — Omax Failures to trip Unnecessary trips
180° - 360° 0.10% 7.55%
220° - 350° 0.55% 0.50%
210° - 360° 0.15% 0.95%
230° - 340° 1.15% 0.25%

Fig. 13 shows the histogram of the operation times. The
delay introduced by relay processing is considered equal to
1.93 ms (the time window is 1 ms). The protection algorithm
operates mostly within three cycles from the fault initiation
and does not exceed 100ms even in the worst
communication conditions.

2) Case B
As already mentioned, the network of Case B is the same

as for Case A, but the lines are 0.5 km long instead of 3 km.
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Fig. 13. Histogram of relay operation times for the network of Fig. 7 (Case
A)
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It can be seen from (1) that, for a specific network, shorter
lines will result in both smaller equivalent capacitance and
inductance, thus greater dominant frequencies. This is
confirmed by the preliminary estimation of the dominant
transient frequencies made by the equivalent circuit, which
suggests the implementation of a filter centered at 7 kHz and

As shown by the results of Case B, the low values of
capacitance of networks with short lines lead to higher
frequencies and make it difficult for the protection algorithm
to estimate the dominant transient frequency and the angle,
compromising correct operation.

Fig. 14 shows the histogram of the operation times. The
delay introduced by relay processing is considered equal to
1.34 ms, as the time window used is 0.5 ms and the sampling
frequency is 25 kHz.
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Fig. 14. Histogram of relay operation times for the network of Fig. 7 (Case
B)
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3) CaseC

A first analysis is carried out with switch S1 open and
switches S2 and S3 closed in the network of Fig. 8. In this
configuration, feeder A is meshed and includes only cable
lines. The analysis carried out by using the equivalent circuit
suggests a filter centered at 0.5 kHz and with a bandwidth of
0.6 kHz. The lower frequencies than in the previous cases are
due to the larger capacitances of the underground cables with



respect to overhead lines. As a result, a time window of 5 ms
is applied to consider at least one period of the lowest
transient frequency. Since the time window in this case is 5
ms, which corresponds to 41 points for f; = 8 kHz, it might
seem that the zero-padding process is not needed since the
DFT frequency step fi., would be 195.1 Hz (for case A it was
125 Hz after padding). However, with respect to the fo used
in this case, fuep 15 39% of f, which is a considerably high
value. By zero-padding the signal length is increased to 256
points, for which fi., = 31.25 Hz, corresponding to 6.25% of
fo.

A series of 500 faults is simulated in lines 8 and 12
varying the fault incidence angle over one power frequency
period, the fault resistance between 0 and 400 Q and the fault
location along the line. The main results are reported in Table

Iv.
TABLE IV
PROTECTION ALGORITHM CHARACTERISTICS AND MAIN RESULTS FOR THE
MV NETWORK OF FIG. 8 (C4ASE C) WITH SWITCHES S1 OPEN AND S2 AND S3

CLOSED
Filter fo/BW (kHz) 0.5/0.6
twin (MS) 5.0
Omin — Omax 190° - 315°
vo,min (KV) 1.5
io,min (A) 0.5
Faulted line Line 8 Line 12
Failures to trip 0.00% 0.00%
Unnecessary trips 0.00% 0.00%

For the Monte Carlo analysis! the characteristics of the
protection system are the same reported in Table IV. The
results show a 0.20% failure to trip rate and a 0.40%
unnecessary trip rate. The total mis-operation rate is 0.40%
(all the cases in which a failure to trip is verified, are also
cases in which an unnecessary trip is registered). The
minimum peak values for vy and iy during the fault are
7.55kV and 1.70 A, respectively. The results obtained for
different operation zones are summarized in Table V.

TABLE V
MONTE CARLO RESULTS FOR DIFFERENT OPERATION ZONES (CA4SE C)
Omin — Omax Failures to trip Unnecessary trips
180° - 360° 0.20% 0.85%
190° - 315° 0.20% 0.40%
180° - 325° 0.20% 0.60%
200° - 305° 1.35% 0.20%

Fig. 15 shows the histogram of the operation times. The
delay introduced by relay processing is considered equal to

! As no load is connected between them, both lines 4 and 5 are protected
by relays 4A and 5B. When a fault occurs at any point of these lines, the
earth-mode current that flows through relay 4A is rather low with a very high
transient dominant frequency, since values L., and C,, are low as there are no
other feeders connected to bus A and the relay 4A is close to the substation
transformer. On the other hand, relay 4A does not need to be directional and
operates whenever the measured current i, exceeds the threshold and the
permissive signal from 5B is received. The remaining setting parameters, as
the time window, are equal to those of the other relays.

5.93 ms. Indeed, the resulting operation times are larger than
those of Fig. 13 and Fig. 14, but they do not exceed 100 ms.
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Fig. 15. Histogram of relay operation times. Feeder A of the network of Fig.
8

The second analysis is carried out with all the switches
closed. It is worth analyzing the fault within line 3, as the
earth mode current at the two-line ends has different
behavior. Indeed, for such a fault, relay 3A will sense the
current fed only by bus A through cable lines, while relay 3B
will measure the current fed only by bus B through overhead
lines. These differences are illustrated by Fig. 16 that
compares the earth-mode currents at both ends of line 3 when
a fault occurs at 10.2 ms in the middle of phase A with a 3 Q
fault resistance.
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Fig. 16. Earth-mode currents measured at both ends of line 3 due to a fault
in the middle of phase A.
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The large earth-mode current measured by relay 3A at the
cable feeder side (the peak is about ten times that measured
by relay 3B, i.e. the relay at the overhead line feeder side) is
due to the lower zero-sequence impedance of cables.

The analysis carried out by using the equivalent circuit for
these faults indicates the implementation of a filter in the
relays of feeder B centered at 6 kHz and with a bandwidth of
3 kHz. These relays need a sampling frequency higher than
8 kHz, which is however appropriate for the relays in feeder
A. As in Case B, for the sake of the protection algorithm
validation, a sampling frequency of 20 kHz is used for the
relays of feeder B.

A series of 500 faults is simulated varying the fault
incidence angle over one power frequency period, the fault
resistance between 0 and 400 Q and the fault location along
the line. The main results are reported in Table VI and show
a 0.20% failure to trip rate and a 0.20% unnecessary trip rate.
The total mis-operation rate is 0.20% (the fault that leads to a
failure to trip is the same that leads to the unnecessary trip).



TABLE VI
PROTECTION ALGORITHM CHARACTERISTICS AND MAIN RESULTS FOR THE
MV NETWORK OF FIG. 8 (C4SE C) WITH SWITCHES S1, S2 AND S3 CLOSED
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Filter fo/BW (kHz) 0.5/0.6
tin (MS) 5.0
Relays of Orin — O 180° ~ 315°
feeder A KH 3
(cable lines) f> (kHz)
Vo,min (KV) 1.5
0,min (A) 0.5
Filter fo/BW (kHz) 6.0/3.0
twin (MS) 0.5
Relays of Orin — O 170° - 350°
(ovef:lfg:; Enes) s (kHz) 20
Vomin (KV) 1.5
0,min (A) 0.5
Faulted line Line 3
Unnecessary trips 0.20%
Failures to trip 0.20%

4) OPAL-RT Test results

To further illustrate the applicability of the protection
algorithm, some results obtained by performing real-time
simulations are presented. The network of Fig. 8 is
considered, with switches S1 open and S2 and S3 closed. The
power system and the protection algorithm are both
implemented in an Opal-5600 real-time simulator. A PI-
equivalent model is used to represent the lines. Indeed, the
minimum time step attainable by the simulator is 20 ps,
where the frequency dependent model or the constant
parameter model would require time steps of less than one
microsecond due to the short length of the cables in the
network. Moreover, to avoid overruns during the simulation
that could lead to inaccurate results, a time step of 62.5 us is
used. A fault is simulated in the middle of line 8 at ~=10s
with a 10 Q fault resistance. The communication delays are
also considered. In Fig. 17 and Fig. 18 the phase and zero-
sequence currents measured at both ends of line 8 and the trip
signals are reported. The protection operates properly,
opening only the breakers at both sides of the faulted line.
When the fault occurs the current measured at both ends of
the faulted phase flow in the same direction as happens with
phase A in Fig. 17. For the healthy phases instead, one of the
ends will see the current flowing into the line, and the other
end will see the current flowing out of the line, thus in

opposite directions, as happens with phases B and C.
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Fig. 17. Phase currents measured at both ends of Line 8 due to a fault in the

middle of phase A (the positive direction of the current is from the bus to the

line for each relay).
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Fig. 18. Trip signals and earth-mode currents measured at both ends of Line
8 due to a fault in the middle of phase A

The main significance of carrying out the real-time
simulation is that it demonstrates that the algorithm can
perform all the required calculations (filtering, zero-padding,
DFT, etc.) in operational times.

IV. CONCLUSIONS

A transient-based protection algorithm for earth fault
protection of meshed unearthed MV networks is proposed.
The protection system is based on directional relays which
implement a transient fault detection algorithm. The
algorithm determines the directionality of the fault by
calculating the angle between the zero-sequence voltage and
current phasors estimated at the dominant frequency of the
fault-originated transient. The implementation of a
Butterworth filter and a zero-padding process to the input
signals enhances the protection performance.

The protection performances are assessed by means of a
simulation tool that interfaces EMTP-RV with Matlab.
Different MV meshed networks, varying topology, and line
configurations, considering unbalanced loads and lines, as
well as overhead and underground lines, are considered. The
effects of the limits of the communication network on the
protection system operation of the protection system have
been evaluated. To analyze the behavior of the protection
system for different cases, a Monte Carlo method has been
used, varying fault resistance, fault incidence angle and fault
location within the network. The results support the driving
motivation, namely that the protection algorithm is not
significantly influenced by the typical factors that might
affect the performance of transient methods, i.e. line
unbalance, faults at the zero-crossing voltage, and the
presence of underground cables.

The communication latencies were also considered. The
protection system assessment for the modified IEEE-14 bus
overhead line network results in a 0.55% failure to trip rate
and a 0.50% unnecessary trip rate when the lines are 3 km
long, and a 5.95% failure to trip rate and a 3.00%
unnecessary trip rate when the lines are 0.5 km long. The
analysis for the cable line feeder of the Cigré network results
in a 0.20% failure-to-trip rate and a 0.40% unnecessary trip
rate. An analysis varying the operation zones was also carried
out. The results obtained do not change considerably when
the maximum and minimum angles of the operation zone are



varied within £10°.

The maximum operation times in all cases in which the
protection operates correctly do not exceed 100 ms even in
the worst conditions of communication latency.

Opal-RT real time environment has been also used to
further illustrate the applicability of the protection approach.

The performances of the protection algorithm depend on
the range of variation of the expected dominant transient
frequencies, which in turn depends on the network
characteristics, mainly on the equivalent capacitance and
inductance. As the network includes additional feeders and
longer lines, the dominant transient frequencies decrease. For
the network with 3-km long overhead lines, a sampling
frequency of 8 kHz, attainable by modern relays, is adequate.
For the same network, with lines having length of 0.5 km, a
higher sampling frequency is required. This limitation affects
all the transient-based protection algorithms that use a DFT
approach to calculate the dominant transient frequency. As
cable networks have large capacitances, the expected
dominant frequencies are relatively low and such a limitation
is less significant.

Although the need to install two relays per line to isolate
only the faulted branch makes the proposed solution more
costly, this requirement is needed to fully exploit the benefits
of the meshed network configuration. The protection system
is proven to be effective mainly for cable line and large
overhead line networks.
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