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Abstract: High-impedance faults (HIFs) in electrical power distribution systems produce a very random, non-linear and low-
magnitude fault current. The conventional overcurrent (OC) relaying-based distribution system protection schemes find difficulty
in detecting such low-current HIFs. In this study, a simple two criteria-based protection scheme is proposed for detection and
isolation of HIFs in multi-feeder radial distribution systems. It utilises one-cycle sum of superimposed components of residual
voltage for HIF detection and the maximum value of one-cycle sum of superimposed components of negative-sequence current
for faulted feeder identification. The performance of the proposed scheme is evaluated for a wide variety of possible test cases
by generating data through power systems computer-aided design/electro-magnetic transient design and control software.
Results clearly show that the proposed scheme can assist conventional OC relay for detection and isolation of HIFs in
distribution systems with any grounding connections in a more reliable and faster way.

1 Introduction
The overhead conductors in electrical power distribution systems
often come in contact with poorly grounded objects such as trees,
wood fences, vehicles etc. Sometimes the energised conductor
breaks and touches the high-impedance ground surfaces such as
asphalt, concrete, grass, sand etc. These contacts restrict the fault
current from few mA to 75 A only [1]. The conventional
distribution network protection schemes based on overcurrent
relays, reclosers and fuses find difficulty in detecting such low-
current high-impedance faults (HIFs). Although, the undetected
low-current HIFs do not cause any damage to distribution network
components, the energised conductors on the ground surface can
pose a threat to human life. Also, the arcing caused by such faults
may result fire hazards. The reports state that only few percentages
(5–20%) of all distribution network faults are HIFs [2]. However,
in reality this percentage is higher than the reported value [3].

HIFs are associated with electric arc, and hence generate low-
and high-frequency components in the current signal [4]. The arc
non-linearity results low-order harmonics. Several HIF detection
techniques have been proposed in the literature using different
harmonic components of current and voltage signals. Third
harmonic components of current and voltage are widely used for
HIF detection [5, 6]. Along with third harmonic components,
combination of other harmonics such as second and fifth
harmonics, interharmonic current in electric arc during HIF, phase
angle difference between third harmonic current and fundamental
voltage are also used to increase the reliability of third harmonic-
based techniques [7–10]. In [11], the sum of even and odd
harmonics is compared with third harmonic components of current
for HIF detection. The energy variance of the low-order even
harmonics of the zero-sequence current is utilised in [12] for HIF
detection. The superposition of voltage signals with a frequency
higher than the fundamental frequency is utilised in [13] for HIF
detection. In [14], the random and sharp variation of the high-
frequency components of the current signal is utilised to detect
HIF. In that scheme, fast Fourier transform is utilised to extract the
harmonic components. However, as the HIF current is non-
stationary signal, the frequency components of the current are time
dependent. Therefore, more complex methods such as Kalman
filtering are used in [15] to estimate the high-frequency
components of the HIF current. Methods using power line
communication (PLC) systems are proposed in [16–18] for
detection and location estimation of HIFs occurring in single and

multiconductor medium-voltage distribution systems. In those
schemes, the fault detection task is accomplished by monitoring the
deviations in input impedance values at specific frequencies used
by narrowband PLC systems and the fault location estimation task
is performed by utilising the differences that occur at the responses
to impulse injections as measured by the installed PLC devices
along the line. The methods based on frequency-domain analysis
are capable of extracting some characteristics of the HIF. However,
their inability to localise time–frequency information
simultaneously decreases their detection efficiency.

Time-scale analysis approach known as wavelet transform
(WT) gives both frequency information and the instant, where
these frequency components occur in signals with time-varying
spectrum such as HIF currents. Several methods based on WT are
proposed for HIF detection. An HIF detection scheme based on the
discrete WT of residual voltage and current is proposed in [19]. A
combined method based on dual tree complex WT and
probabilistic neural network method is employed in [20] for HIF
detection. Although, the methods based on WT give good
simulation results, their practical implementation is still difficult
[21]. The training-based methods such as artificial neural network
[22–25], decision tree [26], adaptive neural fuzzy inference system
[27] and support vector machine [15, 28] have been used less
frequently for HIF detection. However, for correct discrimination
of HIFs from other similar non-fault events, generation of large
number of training and test cases are required and also
performances of these methods are system specific. Recently, new
algorithms are proposed in [29, 30] based on phasor measurement
unit for HIF detection. However, these schemes require
communication medium for data transmission, and hence are
economically less attractive. The state-of-the-art review on HIF
modelling and detection available up to 2016 is provided in [31].

The aforementioned methods have capability to detect some
HIFs in distribution systems, but not all. Apart from few, most of
the reported methods are computationally complex. In this paper, a
simple two criteria-based protection scheme is proposed for
detection and isolation of HIFs in multi-feeder radial distribution
systems. In the first step, the scheme utilises one-cycle sum of
superimposed components of residual voltage for discriminating
HIFs from any other power system disturbances. In the second
step, the magnitude of one-cycle sum of superimposed components
of negative-sequence currents flowing in all the feeders are
compared and the maximum of them are utilised for faulted feeder
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identification. The performance of the algorithm is tested for
numerous HIF and non-HIF cases. Analysis on the results clearly
shows that using the proposed method detection and isolation of
HIFs in multi-feeder radial distribution systems with any
grounding method can be performed in a more faster and reliable
manner. The rest of this paper is organised as follows. The physical
characteristics, the mathematical modelling and the corresponding
power systems computer-aided design (PSCAD)/electro-magnetic
transient design and control (EMTDC) simulation results for a
typical HIF case is provided in Section 2. The detail description of
the proposed method is provided in Section 3. The results of
numerous test cases are discussed in Section 4. The comparative
assessment of the proposed method with two existing techniques is
provided in Section 5. Finally, this paper is concluded in Section 6.

2 System modelling
2.1 Modelling of multi-feeder radial distribution system

The schematic diagram of the distribution system studied in the
present work is shown in Fig. 1. It consists of a 30 MVA, 33 kV
substation and five numbers of 11 kV radial distribution feeders
named as F1, F2, F3, F4 and F5. The positive-sequence impedance
of the distribution line is 0.3 + j0.25 Ω/km. The per-phase linear
load of each 1.874 MVA at 0.95 lagging power factor are
connected to feeders F1, F3 and F5 through 11/0.4 kV step-down
transformers. The per-phase load connected to feeders F2 and F4
through 11/0.4 kV step-down transformers are of each 2.811 MVA
at 0.95 lagging power factor. For performance evaluation of the
proposed method in the presence of non-linear load, one of the
linear loads is replaced with a 6-pulse converter load. 

2.2 HIF modelling

HIFs are mostly associated with electric arc which introduces some
peculiarities to fault currents such as asymmetry, non-linearity,
buildup, shoulder and intermittence [32]. HIFs are also
characterised by the presence of harmonics and high-frequency
components [27]. Several methods are available in the literature to
model HIF [33–36]. In this paper, the HIF model chosen for study
is similar to [33]. The circuit diagram of the HIF model is shown in
Fig. 1. The HIF model is connected between one phase and ground
of the distribution feeder. The model consists of two parallel
branches. A dc voltage source Vp, a diode Dp and a variable
resistor Rp are connected in series in one branch and in the other

branch voltage source Vn, a diode Dn and a variable resistor Rn are
connected in series. The dc voltage sources are of unequal
magnitudes and their values are set according to the phase voltage
of the study system. When vph > Vp, the fault current flows toward
ground and the current reverses when vph < Vn. No current flows
during Vn < vph < Vp. In the present paper, the values of Vp and Vn
are set approximately at half and one fourth of the phase voltage of
the distribution system, respectively. During HIF, the values of the
resistors Rp and Rn are varied randomly between 300 and 1000 Ω in
such a manner that the fault current contribution from the
substation remains always <1% of the pre-fault current. Random
variation in resistor value introduces asymmetry in the fault
current.

To validate the HIF model, at 1.0 s, a line-to-ground fault
(phase-a-to-ground type) is created through the HIF model on
feeder F1 at a distance of 1 km from the substation (Fig. 1). The
fault continues till 1.2 s. The voltage and current of the faulted
phase at the fault point are shown in Figs. 2a and b, respectively.
From Fig. 2a, it is evident that as the fault is of high-impedance
type the change in the voltage magnitude from pre-fault to fault is
negligible. Also, a little distortion in the voltage waveform is
observed during HIF. On the other hand, the current through the
HIF model is random in nature and also have unequal positive and
negative half cycles. The interruption near zero crossing in the
current waveform shows temporary arc extinction. 

The v − i characteristic of the HIF model is shown in Fig. 2c.
The current waveform and the v − i characteristic obtained during
HIF using the model matches well with those obtained from
laboratory experiments, on actual distribution system and from the
different high-impedance arc models reported in the literature [33].
This shows that the HIF model chosen for the present paper can
faithfully represent the randomness, asymmetry, non-linearity and
intermediate arc extinctions in the fault current.

3 Proposed method
HIFs are mostly single-line-to-ground type. Occurrences of such
faults in distribution systems introduce unbalance into the system.
In this paper, a two criteria-based protection scheme is proposed
for detection and isolation of HIFs in multi-feeder radial
distribution systems. The residual voltage at the substation bus is
utilised as first criterion for discriminating HIFs from any other
possible power system disturbances. The second criterion utilises
the negative-sequence currents flowing through the feeders

Fig. 1  Schematics of the test system along with the circuit used for HIF simulation
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connected to the secondary side of the substation transformer for
faulted feeder identification. The detail computational steps of the
proposed scheme are provided below.

3.1 Criterion-1: HIF detection using superimposed
components of the residual voltage

The phase voltages measured at the primary substation are sampled
at 1 kHz (for a 50 Hz power system). The residual voltage vrk
computed at the kth instant is given as

vrk = vak + vbk + vck (1)

where vak, vbk and vck are the measured voltages at the kth instant of
phase-a, phase-b and phase-c, respectively. The superimposed
components of the residual voltage are computed for measuring the
randomness, non-periodicity and the non-harmonic components
present during HIFs. The one-cycle superimposed components of
the residual voltage are computed as

vrk_sup = vrk − vrk − N (2)

where N is the number of samples per cycle. Furthermore, to obtain
a purposeful index, the absolute sum of vrk_sup is computed for one
cycle in (3) as

σk = ∑
n = k − N − 1

k
vrk_sup n (3)

where n is used for carrying out a sliding window covering 20 ms.
From simulation study, it is observed that the transients caused at
the inception of non-fault events (load switching, line switching or
capacitor switching) can also introduce significant value of index
σ. However, the value of σ in such non-fault events persists only
for two cycles and afterwards it dies out to almost zero. Therefore,
for correct discrimination of HIFs from non-fault events, in the
proposed scheme a wait time twait is introduced. In this paper, twait
is fixed at 0.1 s. The proposed algorithm detects an HIF only if

σk + twait > σth (4)

where σth is a threshold used for discriminating HIF from any other
power system disturbances producing one or more characteristics
similar to HIF. The value of σth is zero during normal operating
condition as well as 0.1 s after the inception of any power system
disturbances other than HIF. However, to ensure a perfect balance
between dependability and security of the proposed algorithm the

value of σth in this paper is set at 0.1 pu which corresponding to
100 V. With this value of σth, the proposed scheme can discriminate
HIFs from any other disturbances reliably.

3.2 Criterion-2: faulted feeder identification using
superimposed components of the negative-sequence current

It should be noted that the aforementioned index σ proposed in this
paper has ability to discriminate HIFs from any other possible non-
fault disturbances occur in distribution systems. However, the
index σ alone cannot discriminate the faulted feeder from the
healthy feeders in a multi-feeder radial distribution system as the
index is derived by using the phase voltages of the substation bus
to which all the feeders are connected. For identifying the faulted
feeder in a multi-feeder distribution system, a second criterion
based on negative-sequence current is utilised in this paper. As it is
already mentioned that HIFs are mainly of line-to-ground type,
occurrences of HIFs in a feeder produce both negative- and zero-
sequence currents. However, zero-sequence current may not be
present in isolated grounding type distribution system. Owing to
the above reason, in the present work, negative-sequence current is
used for faulted feeder identification. The calculation steps of the
proposed faulted feeder identification method are provided below.
The negative-sequence current flowing in feeder F1 (Fig. 1) at the
kth instant is expressed as

Ī2F1k = ĪaF1k + α2ĪbF1k + αĪcF1k /3 (5)

where ĪaF1k, ĪbF1k and ĪcF1k are the phasor values of currents flowing
at the kth instant in phase-a, phase-b and phase-c of feeder F1,
respectively and α = ej2π /3. In the similar manner, the negative-
sequence currents flowing in all other four feeders (Fig. 1) can be
computed. Let Ī2F2k, Ī2F3k, Ī2F4k and Ī2F5k are the negative-sequence
currents flowing at the kth instant in feeders F2, F3, F4 and F5,
respectively. Full-cycle discrete Fourier transform is used in this
work for phasor extraction.

Ideally, the feeder on which HIF occurs has maximum value of
negative-sequence current magnitude compared with other feeders.
So, the feeder through which maximum magnitude of negative-
sequence current flows can be considered as faulted feeder.
However, from simulation study it is found that a feeder may draw
more value of negative-sequence current if unbalance loading/
single-phasing operation occurs in that feeder compared with the
feeder having HIF. So, negative-sequence current magnitude in
such situation may not be a good indicator for faulted feeder
identification. However, it is observed that the rate of the change of
negative-sequence current magnitude is always greater in the
feeder having HIF compared with the feeder having single-phasing

Fig. 2  HIF simulation study
(a) Voltage across HIF model, (b) Current through HIF model, (c) v − i characteristics of the HIF model
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operation. In this work, the absolute sum of the superimposed
components of negative-sequence current over one cycle is used
for faulted feeder identification.

The one-cycle superimposed component of negative-sequence
current magnitude at the kth instant in feeders F1 is expressed as

Ī2F1_sup k = Ī2F1 k − Ī2F1 k − N (6)

Similarly, let Ī2F2_sup k, Ī2F3_sup k, Ī2F4_sup k and Ī2F5_sup k are the
one-cycle superimposed component of negative-sequence current
magnitudes at the kth instant in feeders F2, F3, F4 and F5,
respectively. Furthermore, to obtain a better index, the absolute
sum of the superimposed components of negative-sequence current
over one-cycle β  is computed for all five feeders (Fig. 1) and are
compared for faulted feeder identification. The calculation steps
are as follows:

βF1k = ∑
n = k − N + 1

k
Ī2F1_sup n

βF2k = ∑
n = k − N + 1

k
Ī2F2_sup n

βF3k = ∑
n = k − N + 1

k
Ī2F3_sup n

βF4k = ∑
n = k − N + 1

k
Ī2F4_sup n

βF5k = ∑
n = k − N + 1

k
Ī2F5_sup n

(7)

where βF1k, βF2k, βF3k, βF4k and βF5k are the absolute sum of the
superimposed components of negative-sequence current over one
cycle at the kth instant in feeders F1, F2, F3, F4 and F5,
respectively. The feeder having the maximum value of β is
declared as faulted feeder. The flowchart of the proposed scheme is
provided in Fig. 3. 

4 Results and discussion
The reliability of the proposed method is tested by creating HIFs at
different locations, fault inception time and pre-fault loading of the
five-feeder radial distribution system (Fig. 1). Tests are conducted
in the presence of balanced, unbalanced and harmonic loads.
PSCAD/EMTDC simulation software is used for data generation.
The data sampling rate is maintained at 1 kHz. Performance of the
proposed method is also tested for various power system
disturbances such as balanced and unbalanced load switching,
capacitors switching etc., which sometimes exhibit one or more
characteristics similar to HIFs. The characteristics of HIFs depend
very much on the method of grounding connections of the
distribution system [11]. In the present paper, four methods of
grounding connections, namely (i) solidly grounding, (ii)
impedance grounding, (iii) resonant grounding and (iv) isolated
grounding are considered in the distribution system for
performance evaluation of the proposed method. A resistor of 4 Ω
and an inductor of 12.73 mH are connected between substation
transformer star neutral and ground for simulating impedance and
resonant grounding connections, respectively. The performances of
the proposed scheme for few typical test cases are presented below.

4.1 Performance for HIF (phase-a-to-ground type) on feeder
F1 of the five-feeder radial distribution system

For performance evaluation, an HIF of AG-type is created at 1.0 s
on feeder F1 at a distance of 1 km from the substation (Fig. 1). The
results for solidly grounding, impedance grounding, resonant
grounding and isolated grounding are shown in Figs. 4(i)–(iv),
respectively. The observation on Fig. 4ia clearly shows that a
distorted value of residual voltage is present during HIF. The
residual voltage and hence the fault detector index σ remains zero
during normal operating condition (Fig. 4ib). On the other hand,
the presence of irregularities in the residual voltage during HIF
helps to obtain a distinguishable index σ which exceeds σth just
after the inception of the HIF and continues till HIF persists. It
shows that by using the proposed index σ, HIF can be detected in
distribution system. Then, for faulted feeder identification, the
magnitude of negative-sequence currents flowing in all the feeders
are computed and are shown in Fig. 4ic. From this figure, it is
observed that feeder F1 has highest value of negative-sequence
current and is variable in nature due to randomness present in the
HIF. Then, the feeder identification index β is computed for each
of the feeders and are shown in Fig. 4id. From this figure, it is seen
that feeder F1 has highest value of index β confirming the faulted
feeder. The observation on Figs. 4(ii)–(iv) clearly shows that the
performance of the proposed scheme is independent of the type of
grounding connections. 

4.2 Performance for HIF (phase-b-to-ground type) on feeder
F4 of the five-feeder radial distribution system

To test the performance of the proposed scheme for detecting HIFs
on distribution feeder with different pre-fault loading, fault
location, fault inception time and fault type, an HIF of BG-type is
created at 3.0 s on feeder F4 at a distance of 5 km from the
substation (Fig. 1). In this case also simulation is carried out for
four types of grounding connections. Results for solidly grounding,
impedance grounding, resonant grounding and isolated grounding
are provided in Figs. 5(i)–(iv), respectively. First, the observation
for solidly grounding system is discussed. Like the previous case,
in this case also a distorted residual voltage is observed during HIF
(Fig. 5ia). From Fig. 5ib, it is clearly observed that the fault
detector index σ remains zero during normal operating condition.
The presence of irregularities in the residual voltage during HIF
helps to obtain a distinguishable index σ which remains higher than
the threshold till the fault persists. Thus, the HIF is detected
reliably. Then, for faulted feeder identification, the magnitude of
negative-sequence currents flowing in all the feeders are computed
and shown in Fig. 5ic. From this figure, it is observed that feeder
F4 has highest value of negative-sequence current magnitude. The
shape of the current is irregular during the period HIF persists. This
helps in obtaining the highest value of index β in feeder F4

Fig. 3  Flowchart of the proposed method
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confirming the faulted feeder. Similar observations are also
obtained for other three types of grounding connections. This
shows that the performance of the proposed HIF detection
technique is independent of types of grounding, pre-fault loading,
fault location, fault type and fault inception time. 

4.3 Performance for HIF during unbalanced loading

The typical distribution systems supplying electricity to urban and
rural parts of India are three-phase, 4-wire with multiple-grounded
neutral. Distribution transformers are mostly three-phase
transformers connected in delta–star. However, few single-phase
transformers are also installed in rural areas. The connections of
single-phase loads introduce unbalance into the system. The
present HIF detection and isolation scheme are being based on
residual voltage and negative-sequence currents need to be
evaluated under single-/two-phase loading condition. For
performance evaluation of the proposed method for detection and
isolation of HIF during unbalanced loading, an HIF (phase-a-to-
ground type) is created at 2 s on feeder F2 at a distance of 3 km
from the substation (Fig. 1) while power is fed to a two-phase
unbalanced load connected to feeder F4. The study is made for all
the four grounding connections. However, due to page limitation,
only the result of solidly grounding system is provided in Fig. 6.
From Fig. 6a, it is evident that two-phase loading on feeder F4
produces certain magnitude of residual voltage even during normal
operating condition. However, the residual voltage is sinusoidal in
nature, and hence the fault detector index σ remains zero during
two-phase loading. As soon as an HIF is initiated at 2.0 s, a
significant distortion appears in the residual voltage and the index
σ exceeds σth and continues till the HIF persists (Fig. 6b). This
helps in the detection of HIF even during unbalanced loading. On
the other hand, as the unbalanced load is connected to feeder F4, a
constant magnitude of negative-sequence current is flowing
through feeder F4 during normal operating condition (Fig. 6c). As

soon as an HIF has occurred on feeder F2 at 2.0 s, the negative-
sequence current in feeder F2 increases from zero to a higher
value. During HIF, the negative-sequence current flowing through
feeder F2 is irregular and random in nature. However, there is
almost no change in negative-current magnitude through feeder F4
from normal condition to the occurrences of HIF on feeder F2. As
a result, the highest value of the faulted feeder identification index
β is obtained in feeder F2 and continues till HIF persists (Fig. 6d).
Thus, as per the proposed method feeder F2 is declared as faulted
feeder. This shows that the performance of the proposed scheme is
independent of unbalanced loading. Similar results are also
obtained for other three types of grounding connections. 

4.4 Performance during unbalanced load switching

To test the performance of the proposed method during single-
phase load switching, one phase of the three-phase loads connected
to feeder F2 (Fig. 1) is disconnected at 1.5 s. The result for the
solidly grounding distribution system is provided in Fig. 7(i). From
Fig. 7ia it is evident that as soon as the single-phase load is
switched off at 1.5 s, a significant magnitude of residual voltage is
produced. However, as the residual voltage is sinusoidal in nature
the fault detector index σ appears only for a period of two-cycle
and afterwards it vanishes. In this case, as the index σ is zero after
0.1 s such single-phase load switching is treated by the proposed
method as a non-fault event. This shows that the proposed method
is secured enough to unbalanced load switching. Similar results are
also observed for other three grounding connections. 

4.5 Performance during capacitor switching

To test the performance of the proposed method during capacitor
switching, a three-phase capacitor bank of 1000 kVAR is switched
on at the substation at 2.0 s. The result for the switching case is
provided in Fig. 7(ii). From Fig. 7iia, it is clearly seen that
capacitor switching at 2.0 s does not affect the current waveform

Fig. 4  Performance for an HIF on feeder F1 with different grounding connections: (i) solidly grounding, (ii) impedance grounding, (iii) resonant grounding
and (iv) isolated grounding
(a) Residual voltage, (b) Fault detector index σ, (c) Negative-sequence currents, (d) Faulted feeder identification index β
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(Fig. 7iia). However, introduces transient to voltage waveforms
(Fig. 7iib).The presence of transient in the voltage waveform does
not produce any residual voltage as evident from Fig. 7iic. As a
result, the fault detector index σ remains zero during such
switching event (Fig. 7iid). Thus, capacitor switching is treated as a
non-fault event by the proposed method. Parameters associated
with faulted feeder identification are not shown in this case as the
scheme has already declared it as a non-fault event. Similar results
are also observed for other three grounding connections.

5 Comparative assessment
Several HIF detection techniques based on harmonic components
of current and voltage signals have already been discussed in
Section 1. Among the existing approaches two important
approaches, i.e. (i) magnitude comparison of third and fifth
harmonic currents, phase angle difference between third harmonic
current and fundamental voltage and the negative-sequence current
magnitude-based approach [9] and (ii) the comparison of sum of
the odd and even harmonic components with third harmonic
components of current and the comparison of total harmonic
distortion (THD) of faulted phase with the average THD of the
three-phase currents based approach [11] are considered for
comparison with the proposed method.

The inclusion of power electronic interfaced non-linear loads
has been increased in the recent years by both residential and
industrial consumers. Such loads introduce time-varying harmonics
into distribution systems similar to HIFs. In such situation, the
performances of the HIF detectors based on harmonic components
of voltage and/or current signals may be affected. For comparative
assessment in the presence of non-linear loads, a dc load of 650 
kW, at 3.6 kV is connected through a 6-pulse converter bridge to
feeder F2 (Fig. 1). In the presence of converter load, an HIF is
created at 3.0 s on feeder F2 at a distance of 6 km from the
substation. The result for the solidly grounding system is shown in
Fig. 8. The currents flowing through feeder F2 and the HIF model
are shown in Figs. 8ia and ib, respectively. From Fig. 8ia, it is
clearly observed that due to converter load connected to feeder F2,
the current flowing through feeder F2 contains harmonics. Also,
the change in the current magnitude from pre-fault to fault is
almost negligible as the fault current in this case is restricted to
below 1% of normal rated current. 

The performance of [9] for the HIF case is shown in Fig. 8(ii).
According to the method, the magnitude of third harmonic current
should always be greater than the fifth harmonic current. However,
in the present case the above condition is not satisfied due to the

Fig. 5  Performance for an HIF on feeder F4 with different grounding connections: (i) solidly grounding, (ii) impedance grounding, (iii) resonant grounding
and (iv) isolated grounding
(a) Residual voltage, (b) Fault detector index σ, (c) Negative-sequence current, (d) Faulted feeder identification index β

 

Fig. 6  Performance for an HIF on feeder F2 while power is fed to a two-
phase load connected to Feeder F4 of the solidly grounding distribution
system
(a) Residual voltage, (b) Fault detector index σ, (c) Negative-sequence currents
flowing through different feeders, (d) Faulted feeder identification index β
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presence of converter loads (Fig. 8iia). The other two criteria, i.e.
phase angle difference between third harmonic current and
fundamental voltage, magnitude of third harmonic and negative-
sequence currents are satisfying. According to Torres et al. [11],
the sum of odd harmonics should always be greater than third
harmonic current and the third harmonic current should always be
greater than the sum of even harmonics current during the period
HIF persists. However, in the presence of converter load the third
harmonic current is not always greater than the sum of the even
harmonic which is clearly observed in Fig. 8iiic. The other
criterion, i.e. the THD of faulted phase should always be greater
than the average THD of the three-phase currents is also not
satisfied (Fig. 8iiid).

The performance of the proposed method is shown in Fig. 8(iv).
Converter loads do not affect the substation phase voltages. As a
result, the residual voltage and hence the fault detector index σ

remains zero during normal loading condition (Fig. 8iva). As soon
as an HIF is initiated at 3.0 s, a significant irregularity appears in
the residual voltage and a significant magnitude of fault detector
index σ is obtained after the inception of the HIF and is continued
till the fault persists. Thus, the proposed method is able to
discriminate HIF from non-linear converter loads. From Fig. 8ivc,
it is observed that the inception of HIF on feeder F2 results a
significant value of negative-sequence current flowing in feeder
F2. The magnitude of negative-sequence current during HIF is
irregular in nature. As a result, the faulted feeder identification
index β of feeder F2 is found to be maximum. Thus, feeder F2 is
declared as faulted feeder. Therefore, the performance of the
proposed method for detecting HIF in the presence of converter
load outperforms over the existing two important harmonic
component-based methods.

Fig. 7  Performance during non-fault switching events, (i) unbalanced load switching and (ii) capacitor switching
i(a) Residual voltage, i(b) Fault detector index σ, i(c) Negative-sequence currents through different feeders, i(d) Faulted feeder identification index β, ii(a) Three-phase current at the
substation, ii(b) Three-phase voltage at the substation, ii(c) Residual voltage, ii(d) Fault detector index σ

 

Fig. 8  Comparative assessment for the case of HIF in the presence of converter load, (i) current through feeder F2 and HIF model, (ii) performance of [9],
(iii) performance of [11] and (iv) performance of proposed method
i(a) Feeder F2 current, i(b) HIF current, (ii) Method [9], (iii) Method [11], (iv) Proposed method
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6 Conclusions
In this paper, a simple two criteria-based protection scheme is
proposed for detection and isolation of HIFs occurring in multi-
feeder radial distribution systems. The first criterion is derived
from one-cycle sum of superimposed components of residual
voltage and is used for discriminating HIFs from any other possible
power system disturbances which often exhibit one or more
characteristics similar to HIFs. The maximum value of the one-
cycle sum of superimposed components of negative-sequence
currents flowing in different feeders is employed as second
criterion for faulted feeder identification. Performance of the
proposed method is tested by simulating numerous HIFs in the
presence of balanced, unbalanced and harmonic loads.
Performance of the proposed scheme is also tested in the presence
of non-faults events such as line switching, capacitor switching,
load switching etc. The observations on the results clearly show
that using the proposed scheme HIFs can be detected and isolated
in a more faster and reliable manner in the distribution systems
with any grounding connections. The comparative result also
demonstrates the merits of the proposed method over the existing
methods.
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