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Abstract — The massive integration of new power
generation plants using decentralised renewable
energy resources (DER) implies an expansion of the
electrical distribution power grid with the construction
of more transmission lines and substations. With this
expansion, the probability of the occurrence of
permanent and intermittent faults will increase.

The time interval and duration of intermittent faults
(IF) vary in time, being characterised by a non-
stationary spectrum. Existing algorithms to detect
permanent faults may not be effective for the detection
of intermittent faults due to the time-varying spectrum
characteristics of the latter. The Intelligent Electronic
Devices (IEDs) in substations should include new
algorithms able to effectively detect intermittent faults.
This paper studies and tests the effectiveness of a low-
processing time-frequency analysis methodology for
detecting intermittent faults in power distribution
grids with low-impedance neutral. An analysis over
time of the cumulated zero-sequence energy to check
for spike persistence is performed. Besides this, a
frequency analysis to check the persistence of spectrum
peaks around the natural oscillation frequency is also
performed. This frequency analysis is important to
distinguish from harmonics generated by power
electronic converters. Low processing frequency
analysis techniques, such as Hilbert Transform (HT)
and Derivative Sign Variation (DSV), are adopted. The
distribution power grid topology and adopted neutral
regime influence the natural frequency of oscillation. A
reference distribution grid topology with a high-to-
medium voltage distribution transformer and two
secondary medium-voltage feeders, one healthy and
the other with an intermittent fault, is considered. The
grid with a low-impedance neutral using a zigzag (ZZ)
transformer for the neutral grounding.

Keywords — Intermittent Faults, Time-Frequency
Detection, Zero-Sequence Energy, Hilbert Transform,
Derivative Sign Variation.

I. INTRODUCTION

Combined time-frequency analysis should be adopted in
the detection of Intermittent faults (IF) because of their
stochastic durations and time intervals [1]. With the Short-
Time Fourier transform (STFT), the frequency resolution
depends on the window analysis period. The continuous
wavelet transform (CWT) implies increased processing
due to the need to convolve the signal with a set of
wavelets defined by different fundamental frequencies [2].
The adopted methodology simultaneously analyses in time
the cumulated zero-sequence energy, and in frequency the
persistence of zero-sequence current or voltage peaks near
the natural oscillation frequency. Techniques requiring low
processing in the determination of the almost
instantaneous frequency, such as the Hilbert transform
(HT) [3], and derivative sign variation (DSV) [4], are
considered for the frequency analysis. Previous work has
shown that an original version of such low-processing
combined time-frequency methodology, based on the
analysis of zero-sequence current peaks, enables effective
detection of intermittent faults in distribution grids with
isolated and high-impedance neutral-to-ground regimes
[5]. This paper studies and tests the effectiveness of a
modified version of such time-frequency low-processing
methodology for detecting intermittent faults in
distribution grids with zigzag (ZZ). This modified version
is based on the analysis of zero-sequence voltage peaks.

Section II is dedicated to the description of the
methodology adopted, algorithms and mathematical
formulations. Section III presents the simulated reference
distribution grid topology and parameters. Section IV
presents and discusses the obtained simulation results.
First, the predicted voltage and current evolutions during
IF. Then, concerning the detection in time of the zero-
sequence cumulative energy. Afterwards, the detection
also in frequency of oscillations near the natural frequency
using the HT or DSV. A summary of the cut-off and
detection times depending on the considered limits is also
provided. The effective implementation of selectivity
based on faulty and healthy feeder current evolutions is
also discussed. Section V presents the main conclusions.
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II. METHODOLOGY

A. Intermittent fault modelling

Intermittent faults are characterised by stochastic time in-
tervals and durations. These can be modelled by equation (1),
where u(t) is the step function, t; and &) respectively, the
beginning instant and duration of each pulse k, and N,, the
total number of pulses [6]. The instant t; for the beginning
pulse k is given by the sum of the intervals between all the
previous pulses where 7; is the time interval between the con-
secutive pulses j — 1 and j.

Np X
P(t)=Zu(t—tk)—u(t—tk—5k) ; tk.:ZTj (D
k=1 =

Table 1 states typical pulse durations and time intervals of
intermittent faults.

Table 1. Typical durations and intervals of intermittent faults

Duration 6 [ms] Intervals 7 [ms] Ref.

10 90 [3]

10 40,60,80,100, and 160 [7]

10 and 60 100 [8]
40,60,100,120, 140,280,

10 and 400 9]

Variables 7; and &; can be considered stochastic with
Gaussian distributions. If 7; Gaussian with a mean value
U, = 100 ms and standard deviation o, = 20 ms, 99.7%
of the pulses are generated with time intervals between
40 ms and 160 ms. If §;, Gaussian with a mean value ps =
10 ms and o5 = 2 ms, 99.7% of the pulses are generated
with durations between 4 ms and 16 ms.

B. IF detection algorithm and formulations

The algorithm for combined time-frequency detection of
intermittent faults is shown in Fig. 1. The first condition
consists of verifying if the zero-sequence energy E,
calculated by (2), where U, I and P,,  are respectively

the zero-sequence voltage, current and effective power,
exceeds a given maximum allowable value E,, .

t
B = [ Py @ dr 5 Ry = 0210, @
0

The second condition consists of verifying if the number
of spectrum peaks ng, near the natural oscillation
frequency with minimum and maximum limiting
frequencies fp,;, and frq, > €xceeds a given limit ng o

Two techniques requiring low processing for quasi-
instantaneous frequency detection of the real-time function
r(t), are tested: i) Hilbert Transform (HT), and ii)
Derivative Sign Variation (DSV).

In the first technique, the frequency is determined from the
phase variation using (3), where H{r(t)} is the HT of r(t)
given by (4).

1 d¢(t) H{r(t)}
= ;o) = atan(W) 3)
1 1 [ rt-0 A
HE O} =7 «— =~ f Tl o

The second technique consists of calculating the derivative
of I or U, and verifying the instants when the derivative
sign changes. The instantaneous frequency is calculated by
the reciprocal of the difference between two successive
instants when sign (d I,/dt) changes from negative to

positive or vice versa.
lo. Uo lo Uy

| |
Puk., = \‘(IUJUUJ)I

[
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Fig. 1. Algorithm for detection of intermittent faults.

III. SIMULATED REFERENCE GRID TOPOLOGY
AND PARAMETERS

The simulated reference distribution grid topology includes a
distribution Y/D transformer with the primary coil connected
to a high voltage (HV) line at 60 kV, with 3.5 km length, and
the secondary coil connected to two medium voltage (MV)
feeders at 15 kV, with 25 km length, supplying inductive
loads consuming 10 kVar of reactive power.

Fig. 2 shows the single-line diagram of the reference distribu-
tion grid with zigzag (ZZ) grounding neutral [10].

soky /D 15k

—t—
N 5. 7
O
In +L»{IED1

L 'n

779 £ i
()
1 A g

Fig. 2. Single-line diagram of the reference distribution grid
with ZZ grounding neutral.
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Fig. 3 shows the corresponding the Simulink diagram of the
reference distribution grid with ZZ grounding neutral.
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Fig. 3. Simulink diagram of the reference distribution grid with
ZZ grounding neutral.

A Phase-to-Ground fault was established in one of the MV
feeders at the terminal load connection bus.

PRESENTATION AND DISCUSSION OF RESULTS

This section presents simulation results of the faulty phase
and zero-sequence voltage, current, and power evolutions
during the phase-to-ground intermittent fault (IF) with the
ZZ neutral grounding. First, the evolution under no
protection. Then with cut-off based on b) time detection of
the zero-sequence cumulative energy, and combined time-
frequency detection using the ¢) HT or d) DSV.

A. Zero-Sequence Voltage and Current during IF

Fig. 4 shows the evolution of the faulty phase voltage U,
and current [, under a series of pulses p(t) triggering
phase-to-ground intermittent faults (IF), with the ZZ
neutral grounding. Fig. 5 shows the evolution of the zero-
sequence voltage U,, current Iy, and power Py, under no
cut-off protection. The detailed evolutions of U,, I,, and

Py fromt = 0.9 s to 1 s is presented in Fig. 6.
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Fig. 4. Evolution of the faulty U,, 1,, during 1 s with no cut-off.
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Fig. 5. Evolution of Uy, 1y, and Py during 1 s with no cut-off-
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Fig. 6. Evolution of Uy, 1y, and Py during the last 0.1 s.

The root-mean-square power P, p is the dotted blue line.

With the ZZ grounding neutral, 22 oscillations of U,
occurred during 10 ms, giving a natural oscillation
frequency of f,, = 2200 Hz.

B. Time detection of zero-sequence cumulative energy

This subsection presents results from the time detection of

zero-sequence cumulative energy. Fig. 7 and Fig. 8 show the
IED cut-off instants with E, . equal to 10 ] and 100].

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t[s]

Fig. 7. IED cut-off for Ey,,,,.. = 10 ].
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Fig. 8. IED cut-off for Eq,, .., = 100 ],

With the ZZ grounding neutral, the verified IED cut-off
time 7,7y was about 25 ms for E, = 10], actuating
just after the beginning of the first pulse, and about 7,75 ~
830 ms for E,, . = 100].

C. Combined Time-Frequency using Hilbert Transform

In the combined time-frequency analysis, the IED cut-off
is performed when exceeding E,, ., and the number ns
of spectrum peaks between f,;, and f;,,4, €xceeds Ne oo
This subsection presents results from combined time-
frequency detection using HT. The Simulink block
diagram for low-processing frequency detection using the
HT is shown in Fig. 9.

besself

besself

Fig. 9. Simulink diagram for frequency detection using HT.

Fig. 10 shows the U, frequency evolution obtained from
HT. A lower frequency limit f,,;, = 1500 Hz was
considered.
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Fig. 10. Evolution of the Uy frequency from HT.

Fig. 11 shows the evolution of U, and I, with IED cut-off
based on combined time-frequency detection with
Egar = 10] and ne o= 3. The predicted IED cut-off
time was T,¢r & 375 ms. The predicted detection time
after counting ne = 3 was 74 = 94 ms.
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Fig. 11. Cut-off for Ey, .. = 10 ] and ng o= 3 using HT.

Fig. 12 refers to the case with E, .~ = 10] and ne o=

Q

6. In this case, the predicted IED cut-off time was 7 ¢f
662 ms. The predicted detection time after counting
= 6 was Ty =~ 42 ms.
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Fig. 12. Cut-off for Ey,, ,,, = 10 ] and Npoe = 6 using HT.

D. Combined Time-Frequency using Derivative Variation

The Simulink block diagram for low processing frequency
detection using the DSV is shown in Fig. 13.
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Fig. 13. Simulink diagram for frequency detection using DSV.

Fig. 14 shows the U, frequency evolution obtained from
DSV. A lower frequency limit of f;,,;,, = 1500 Hz.
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Fig. 14. Evolution of U, frequency from DSV.
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Fig. 15 shows the evolution of U, and I, with IED cut-off
based on combined time-frequency detection with
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Eopmay =10] and ny = 3. The predicted TED cut-off

time was T,rr ~ 345 ms. The predicted detection time
after counting ng o= 3 was 7y = 64 ms.
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Fig. 15. Cut-off for Ey,, ... = 10 ] and ng o= 3 using DSV.

Fig. 16 refers to the case with E, . = 10] and ng o=

6. In this case the predicted IED cut-off time was 7,75 =
680 ms. The predicted detection time after counting

ng = 6 was 74 = 60 ms.
max
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Fig. 16. Cut-off for Ey,, .. = 10 ] and ng = 6 using DSV,

E. Overview of cut-off and detection times

An overview of the obtained cut-off times 7,7 and detection
times T4, depending on the applied detection technique and
considered limits Eo or ng  are stated in Table 2. The 7,¢¢
refers to the time of cut-off from the beginning of the initial
fault in the intermittent sequence. The t, is the detection time
till the cut-off after counting the maximum number of
spectrum peaks near the natural oscillation frequency. This
detection time is considered when applying the HT or DSV. It
depends on the distribution grid natural oscillation frequency
and on the combined time-frequency detection technique.

Table 2. Overview of obtained cut-off and response times

Time Frequency
E,.. 01 ng .. [1] Tosr [ms] 74 [ms]

10 - 25 -
100 - 830 -
10 HT ; #3 375 94
10 HT ; #6 662 42
10 DSV ; #3 345 64
10 DSV ; #6 680 60

In the time-detection of the zero-sequence cumulative energy, the
cut-off time 7,sr increases with the maximum allowable
cumulative energy limit Ey _, as expected. Both the HT and
DSV frequency detection techniques presented similar cut-off
times for the same maximum number of spectrum peaks near the
natural oscillation frequency. The predicted 7,7 was in average
360 ms with ng =3, and 671 ms with ng = 6. The
predicted detection time 7, was in average 68 ms using the
HT and 62ms using the DSV frequency detection.
Simulations were done for the combined time-frequency also
with Eq, . = 100]. In this case, the obtained cut-off time was
Torr = 830 ms demonstrating that the used algorithm
responds only when both the E, and ng  limits are
verified, showing its time-frequency detection robustness.

F. Selectivity from faulty and healthy current evolutions

The current evolutions during the IF, on all the faulty and healthy
feeder phases, were analysed. Fig. 17 shows for the phase-to-
ground short-circuited phase (a), the evolutions of the voltage U,,
the current in the faulty feeder I, o and the current in the healthy

feeder I, The root of the mean squared (RMS) values are the
dotted lines.

Fig. 17. Evolutions of Ug, Io, and lg,.

The RMS of I, returns to zero during periods between
consecutive faults. The RMS of I, is always greater than zero.
This is also true for the currents in the non-short-circuited phases
(b) and (c) of the faulty and healthy feeders. So, one effective
way to distinguish between the faulty and heathy feeders is to
monitor the RMS value of the currents in all phases. If there are
periods with a current RMS nearly zero, the corresponding phase
has an earth-to-ground short-circuit. This detection is more
properly done, looking for the charge (integral of the current
RMS) evolutions. Fig. 18 shows the charge evolutions of phase
(a) Qg4 ; and Qg, respectively in the faulty and healthy feeders.

37.5 T

__________

0 0.1 0.2 03 0.4 05 0.6 07 0.8 0.9 1
tfs]

Fig. 18. Evolutions Oanf and Qq,.

Qq remains constant during periods between faults while Q,, is
always increasing.
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V. CONCLUSION

A modification was made in the considered low processing
combined time-frequency methodology, performing the
analysis of zero-sequence voltage peaks instead of zero-
sequence current peaks to enable effective detection of
intermittent faults with the low impedance neutral
grounding. Simulation results have shown that the
modified methodology responds at proper cut-off timings
given a maximum allowable zero-sequence energy and
number of spectrum peaks.

Similar cut-off times were obtained using both the Hilbert
Transform (HT) and Derivative Sign Variation (DSV)
frequency detection techniques, considering the same
value for the maximum allowable number of spectrum
peaks near the natural oscillation frequency. The predicted
response cut-off time was, on average, the same using both
HT and DSV. The predicted average value was on average
65 ms for the considered reference distribution grid
topology and Zig-Zag neutral regime.

An effective way to implement selectivity is to measure
the root of the mean squared (RMS) value of the currents
on all phases. When the current RMS assumes zero, or the
corresponding integral in time (charge) is constant, during
periods between consecutive faults, the corresponding line
has an earth-to-ground short-circuit and the associated
faulty feeder should be isolated from the remaining
distribution grid.
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