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ABSTRACT Detection of high impedance faults (HIF) is one of the biggest challenges in power distribution
networks. HIF usually occurs when conductors in the distribution network are broken and accidently come
into contact the ground or a tree branch. The current of this fault is close to the load current level and cannot
be detected by overcurrent relays. Also, some regular system phenomena such as capacitor switching, load
switching, and inrush current and saturation phenomena in current transformer (CT) represent some features
which may overlap the components of HIF; making HIF detection schemes more complex. In this paper,
a new method for HIF detection is presented which is able to distinguish any type of HIF from regular
system phenomena. To achieve this, the scheme of morphological gradient edge detection (MGED) is used
to process voltage signals. The MGED extracts two main features from the processed signals: first, the edges
or changes in the signal are elicited and then, these features are extracted after two cycles from the onset
of the fault. Then, based on these features, a high impedance fault detection index (HIFDI) is introduced
for distinguishing and classifying HIF from other regular system phenomena. The simulation results for
different types of HIF fault in a sample 20 kV distribution feeder and IEEE 34-bus distribution test system
using EMTP confirm the fast and accurate performance of the proposed method.

INDEX TERMS High impedance fault, mathematical morphology, distribution network.

I. INTRODUCTION

High Impedance Faults (HIFs) occur due to conductors
contacting some surface with high impedance paths such as
tree branches, concrete, asphalt road, etc. It is difficult to
detect these types of faults with traditional overcurrent relays
because the fault current in such faults is usually lower than
what can be detected by the relays [1]. However, such faults,
if not detected in time, can result in economic losses, fires,
and safety hazards to the public. Currently, HIF is one of
the key challenges in the protection system of distribution
networks due to its complex nature and special features such
as nonlinearity, asymmetry and periodicity. HIFs are often
associated with arc events and occur at voltages lower than
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25 kV, so the currents resulting from them are low, highly
distorted, asymmetric, non-linear and alternating [2], [3].
These features overlap with other regular system phenomena
such as capacitor switching, load switching, energizing the
transformer, etc. (see [4] and [5]). Therefore, HIFs cannot be
detected by typical relays.

In the last three decades, several methods have been
presented for the detection of HIF. These methods can be
generally classified into frequency domain algorithms [6],
time domain algorithms [7], the combined frequency and time
domain (hybrid) algorithms [8], and expert systems [9].

Frequency-based methods use sequence components (with
their harmonics [6], [10]) and high frequency spec-
tra [11]. Time domain algorithms include proportional
control relays [7], stochastic numerical schemes [12], and
signal superposition [13]. In the paradigm of hybrid methods,
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discrete wavelet transforms [4], [14], [15] has typically
been proposed by researchers. Algorithms based on expert
systems also use techniques such as Kalman filters [16], and
training-based methods such as decision trees [17], artificial
neural networks [18], [19], fuzzy neural methods and genetic
schemes [20].

The typical characteristics of HIF currents such as
nonlinearity, asymmetry and periodicity, have led researchers
to use modern techniques such as artificial intelligence,
wavelet transforms [21], [22] and the energy of wavelet
coefficients for detection of HIF [23]. Most wavelet-based
HIF detection approaches depend on complex reconstruction
methods and require different decomposition levels based on
the complexity of the original time series. In addition, the
performance of wavelet-based methods is greatly affected by
the choice of the mother wavelet, which can cause an increase
in computational requirements.

A fast directional detection method based on zero sequence
capacitance for HIF, LIF faults and transient states, is pro-
posed in [24]. In [25], a two-level artificial neural network
(ANN) is proposed for detecting HIFs based on synchronized
current measurements. In [26], Kullback-Leibler divergence
(KLD) is used to distinguish HIF from other disturbances and
voltage swells/sags. In [27], a method based on the harmonic
energy randomness index is proposed for detecting HIF.
These methods have not consider the optimal micro-phase
measurement unit (uPMU) placement. In [28], an HIF
detection method using synchronized data divergence based
on globally optimal uPMU placement, is proposed.

In [29], another HIF detection technique based on
the observation of the distorted waveform and nonlinear
current-voltage characteristics during the arc extinguishing
process and its re-striking. In some methods [30], [31], the
Tiger energy operator has been used for the detection of
HIF. However, such techniques consider a large information
window to confirm the occurrence of HIF. Due to the presence
of special features in the current and voltage waveforms
caused by high impedance faults, some researchers [32], [33]
have used the mathematical morphology (MM) technique for
signal processing and HIF detection.

When HIF occurs, there are many irregularities and
changes in the waveform of current and voltage, and the MM
technique can be used as a powerful tool to extract these
changes for the purposes of HIF detection. In this paper,
based on MM, an MGED is presented for HIF detection.
The MGED is designed in such a way that it extracts
edges and feathers of voltage signals. Based on these special
features, an HIFDI scheme is introduced for the purposes of
distinguishing and classifying HIF from other regular system
phenomena. The proposed method is tested on the 20 kV test
feeder and the IEEE 34-bus distribution test system simulated
using EMTP.

The rest of the paper is organized as follows: The useful
features of HIF and its model are explained in section II.
Section III illustrate MM and the proposed MGED to detect
edges of a signal. Feature extraction using MGED and the

VOLUME 12, 2024

proposed algorithm for detecting HIF and other transient
phenomena is described in section IV. The simulation results
are outlined in section V. Finally, the conclusion is presented
in section VL.

Il. MODEL AND CHARACTERISTICS OF HIF

A. CHARACTERISTICS OF HIF

HIF is one of the disturbances of the power system, which
prevents the production of the pickup currents of overcurrent
relays, due to the high ground impedance associated with
this fault type. HIFs usually occur in distribution networks
(15-25 kV). HIFs are usually associated with the occurrence
of an electric arc and have the following characteristics [3]:

O Discontinuity of the arc: in some cycles, the current is
established due to the contact of the conductor, and in some
cycles, the current is not established due to the interruption of
the conductor contact.

O Current buildup and shoulder: the current amplitude
gradually reaches its maximum and maintains a constant
value for several cycles.

[J Non-stationary Current: the frequency spectrum of the
current changes with time.

0 Randomness: both the amount of current, contact
intervals and disconnection intervals of the conductor are
random.

0 Asymmetry: the fault current has different shapes and
values in positive and negative half-cycles.

O Non-linear: The voltage-current characteristic of HIF is
non-linear due to the presence of an arc.

O High frequency components in the current waveform:
arcing leads to high frequency components in the current
waveform.

B. HIF MODEL

HIFs are usually associated with an arc, which causes the
fault current to be unpredictable and random. Depending
on the type of surface involved in the fault path, the fault
resistance may change due to the heat generated by the arc,
randomly changing the amount of fault current. Therefore,
HIF is a random phenomenon and leads to wide variations
in amplitude, waveform and frequency content of current
and voltage. Therefore, providing a suitable model for HIF
that includes all the characteristics and behavior of HIF is
not an easy task. So far, researchers have presented various
models for HIF, although they are not complete, but because
they are based on the results of practical experiments, they
include the features of HIF to a large extent. The first HIF
model with only one resistance at the fault location [34]
and its more complete model including nonlinear impedances
was presented in [35]. To show the asymmetric characteristic
of the fault current, a model including two diodes and two
DC voltage sources in reverse and parallel connection was
presented in [36]. In subsequent research [37], the latter
mentioned model was corrected by adding one (or two)
variable resistors in series with DC voltage sources to model

11025



IEEE Access

M. Salehi et al.: Simple Approach to Detect HIF Using MG Edge Detector

| Vo
R R,
D, D,
Vo= 7 W

1.5

Voltage (V)
I
> W L

'
S
n
T
.

ar -

-1.5

20

40

60

80

200

Current (A)
-

150 -

ge and Current

Volta

10 20 30 40 50 60 70 80 90
Time (ms)

FIGURE 2. Voltage and current waveform for a typical HIF.

the random behavior of effective impedance and as a result
of the randomness of the fault current. In other methods [18],
differential equations have been used to model the behavior
and characteristics of HIF.

In this paper, an HIF model including diode, variable
DC voltage source and variable resistor (see Figure 1) is
used [33]. This model contains almost all the characteristics
of the fault current and includes two voltage sources (V)
and V,) which are connected to two diodes (D, and D)
in series and reverse respectively. DC voltage sources do
not have the same amplitude and output reacts randomly.
This particular arrangement models the asymmetric nature
of fault currents and intermediate arc outages. Two variable
resistors are also connected in series with diodes. These
resistances vary randomly and model the randomly varying
arc resistance. The HIF model is placed between the phase
with voltage Vp;, and the ground. If V,, > V), the fault
current flows towards the ground, reversely if V,, < V.
For the condition when V,, < V,; < V), no current will
flow.

Considering the model described in Figure 1, the wave-
forms and the HIF voltage-current characteristic are shown
in Figures 2 and 3, respectively. The latter mentioned results
are similar to the experimental results obtained in [38].
According to Fig. 2, it is clear that the HIF current has
nonlinear, asymmetric and random properties.
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FIGURE 3. Voltage-current characteristic for a typical HIF.

lIl. PROPOSED MORPHOLGICAL GRADIENT EDGE
DETECTOR (MGED)

A. EXTRACTING TRANSIENT CHARACTERISTICS OF A
SIGNAL BY MM

Mathematical morphology (MM) was first introduced in
1964 by two French researchers named Matheron and
Serra [39], [40]. MM can be defined as a theory and
technique for analyzing spatial structures, based on set theory
and integral geometry. This method is completely different
from methods such as wavelet and Fourier transform, which
are based on integral transformations, and as a nonlinear
signal transform, it focuses on the shape and appearance
of the signal in the time domain instead of the frequency
domain. Dilation and Erosion are two primary and basic
transformations in MM and all other transformations stem
from these two components.

MM uses a function called Structuring Element (SE) for
signal processing. The SE is the basis of all morphological
transformations and is used as a probe to extract image and
signal features. In terms of shape, the SE has different types,
including linear, square, circular and other geometric shapes,
of which the linear types should be used for signal processing.
Assuming that f is a signal defined in the domain Dy and g is
a SE defined in the domain Dy, the dilation and erosion of the
signal f(n) by g(s) are defined by (1) and (2), respectively:

Ja(n) = (f ®g) (n) =max {f (n—s)+g(s)}

|(n—s) e Df,s €D, @))
Je(m) = (f ©g () =min{f (n+s) — g (s)}
|(n+s) € Dy, s € D,. 2)

where f (n) is the main signal to be processed, g(s) is the SE
and @ and & are erosion and dilation operators, respectively.
Integers n and s are such that n > 5. According to the
characteristics of f; (n) and f, (n), the combination of these
two operators can be used to detect the edges of a signal,
which is explained in the next section.
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FIGURE 4. The effect of erosion and dilation operators on a signal sample
at the ascending and descending edges. For ascending edge at sample s;,
Afe =0, Af g# 0 and for descending edge at sample s;,

Afg =0, Afe# 0.

B. SIGNAL EDGE DETECTION BASED ON
MORPHOLOGICAL GRADIENT (MG)

MG is defined as the difference between dilation and erosion
of a signal by SE. By selecting a flat SE, MG can be used as
a powerful tool for signal edge detection. Figure 4 shows the
processing of a sample signal, with ascending and descending
edges, by dilation and erosion operators. According to the
figure, it is clear that when there is no change in the signal, the
fa4 and f, operators match and are in phase, but when the signal
changes, they are out of phase with each other. In other words,
for an ascending edge, the dilation signal lags the erosion
signal, and for a descending edge, leads the erosion signal.
These characteristic can be used for signal edge detection.
According to Figure 4, for the s; th sample of signal f as an
ascending edge

Afd - Afe
= (fa (si) —fa Gi-1) = (Fo (50) = fe (si-1)) > 8. (3)
where § is the threshold and has a very small positive
value. In this paper, its value is considered to be 0.0001.
It is clear that for ascending edge that Af, = 0.
Similarly, for the s;jth sample of signal f as a descending
edge
Afe - Afd
= (fe () —fe (s1)) = (Fa (59) —fa (s-1)) < =8. (4)
According to Figure 4, it is clear that for descending edge
Af, = 0. Therefore, the set of samples of ascending and
descending edges in signal f can be defined as
EV = {si e fI(Af 4 = Af ) > 8 (5)
EY = {5 e fI(Af, — Af ) < =6. (6)
where ET and EV are the set of samples of ascending and
descending edges in signal f, respectively. According to
equation (1) to (6), MGED for signal f can be defined as a
digital quantity in the following manner:
MGEDy = I 1Vs; e EY, s;€EYij=1,2,....N
other

N
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FIGURE 5. Sample signal f and its processing with MGED. For times when
the signal f changes (ascending and descending edges), the MGED output
is 1, and for times when the signal is not changing, the MGED output is 0.

According to equation (7), MGED has a non-zero output
only for edges or changes in the signal, therefore, it can be
defined as a digital quantity whose output has only “1”” and
“0” values. The value “1” is for signal samples that act
as edges or changes in the signal, and the value “0” is for
other signal samples. In Figure 5, a sample signal f (with
step and ramp changes) and its processing with MGED is
shown. According to the figure, it can be seen that the MGED
accurately and clearly detects changes or edges of the signal.

C. REDUCE THE EFFECT OF NOISE

Transient signals in the power system usually have noise,
which can have a negative effect on MGED performance.
To reduce the effect of noise in signals, a morphological
filter is introduced in this section. First, two opening (o)
and closing (e) operators, which are obtained from the
combination of dilation and erosion operators, are defined as
follows:

(fog)(n)=(fog®Mn ®)

(f o g) (n) = ((f ®gg)n) ©)
where f o g and fg are the opening and closing of the
signal f by the g as the SE, respectively. Opening and
closing operators are very effective in reducing the noise of
power system signals. By combining these two operators,
the open-close and close-open (OCCO) filter [41], [42] is
ultimately defined as

OCCO (n) =f (n) o [f (n) 0 g (5)]
+f(molf (n)eg(s)] (10)

It is found that the OCCO filter is able to eliminate
the majority of the noise associated with typical transient
signals [41]. Therefore, the OCCO filter is used in this paper.

IV. FEATURE EXTRACTION USING PROPOSED MGED
The main goal is to distinguish HIFs from other disturbances
in the network. Therefore, according to the MG, these
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disturbances include capacitor switching, load switching,
transformer inrush current and CT saturation. These men-
tioned characteristics depend on the shape of the current or
voltage waveform. For this purpose, all disturbances have
been simulated in this paper, and then by processing and
analyzing their waveforms, the features of each have been
extracted using the MGED method. Finally, according to
these extracted features, we propose a new simple index to
distinguish a HIF from other regular system phenomena.

A. HIF FEATURES EXTRACTION USING MGED

Figure 6 shows the voltage waveform for a phase A to ground
HIF at 30 ms and the corresponding MGED output. Enlarged
parts of the MGED output are inserted to clearly show the
edges. According to the figure, it is clear that before the fault
occurs, the MGED output is zero for the normal state, but
when the fault occurs, there are changes in the voltage signal
and as a result, many edges occur for a long period of time in
the first and second cycles (parts I and II) and these changes
are well reflected in the output of MGED.

Part I

Voltage (pu)

0 10 20 30 40 50 60 70
Time (ms)

FIGURE 6. Voltage waveform for a phase A to ground HIF at 30 ms
together with the MGED output.

B. CAPACITOR SWITCHING FEATURES EXTRACTION
USING MGED

The act of switching to connect or disconnect a capacitor bank
leads to transient states in current and voltage waveforms.
These transient states are intense at the first moment of
switching and usually decay after a short period of time.
Figure 7 shows the waveform of the current during capacitor
switching at 30 ms and the corresponding MGED output.
According to the figure, it can be seen that in capacitor
switching, the duration of the transient state created is less
than in HIF mode, and the effect of capacitor switching on
voltage and current waveforms disappears after a short period
of time (a fraction of a cycle). Therefore, the changes in the
voltage signal and edges according to MGED output are seen
only in the first cycle (part I).
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FIGURE 7. Voltage waveform and MGED output for capacitor switching at
30 ms.

C. LOAD SWITCHING FEATURES EXTRACTION USING
MGED

Load switching causes frequency changes and transient
states in a short period of time in the waveform of voltage
and current. Figure 8 shows the voltage waveform for the
load switching mode and the corresponding MGED output.
According to the figure, it is clear that in this case too,
changes in the signal and transient states occur in a short
period of time, and the output of MGED has a small number
of edges that appear only in the first cycle (part I) which is
different from the HIF.

Voltage (pu)
&
h <o

Time (ms)

FIGURE 8. Voltage waveform and MGED output for load switching at
30 ms.

D. CT SATURATION FEATURES EXTRACTION USING MGED
The operation of switching to energize a transformer creates
a large transient current (inrush current). The DC offset
during transformer energization/inrush causes DC saturation.
Severity of saturation depends on the switching instant. Deep
saturation occurs in zero — voltage switching.

In the DC saturation, the current waveform in the
secondary side of CT is distorted, and this distortion
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takes a few cycles alternately and asymmetrically. Figure 9
shows the voltage waveforms for the DC saturation and
the corresponding MGED output. According to the figure,
it can be seen that after the first few cycles, saturation
occurs in the core and distortions appear in the secondary
waveform. Another CT saturation mode occurs due to high
short circuit current in the primary, which is called AC
saturation. In this case, the distortion created in the secondary
waveform is symmetrical and alternating. Figure 10 shows
the current and voltage waveforms for the AC saturation and
the corresponding MGED output. According to the figure,
it is clear that in the CT saturation mode, unlike other
disturbances, that the transient changes created are small,
intermittent and equal in all cycles after the disturbance.

—

Voltage (pu)
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05 . s I
0 20 40 60 80 100 120 140

Time (ms)

FIGURE 9. Voltage waveform and MGED output for CT saturation caused
by inrush current (DC saturation).
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FIGURE 10. Voltage waveform and MGED output for CT saturation caused
by short circuit current (AC saturation).

E. PROPOSED HIF DETECTION ALGORITHM

According to the extracted properties of HIF, the studied
phenomena using MGED method and the difference of
MGED output related to HIF with other regular system
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phenomena, it is possible to distinguish HIF from other
disturbances. According to Figures 6 to 10, if we denote the
number of edges in the first and second cycles of the signal
f after the moment of the fault starting as NE| and NE»
respectively, then:

ig+n

NE,| = ZMGEDf(s,-) a1
i=ip
ip+2n

NE; = > MGEDy (s). (12)
i=ip+n

where n is the number of samples in one cycle and iy is the
first sample corresponding to the start of the disturbance.
According to Figures 6 to 10, in the capacitor and load
switching, there are some edges or changes in the signal
only in the first quarter of the first cycle or a part of the
first cycle, that is; E; = 0 and E; # 0. For HIF, the
edges exist in a long period of time and in all cycles, and
the number of edges in the first cycle is more than other
cycles. i.e. if Ey > E,. The waveform of CT saturation is
different from other disturbances. In this case, there are less
transient changes in the signal and these changes are repeated
alternately and equally in the first and second cycles. In other
words, the number of edges is limited and they are equal in
the first, second and third cycles, that is when E; = E».
Therefore, by defining the HIFDI, it is possible to distinguish
the HIF fault from other disturbances:
NE| — NE»
HIFD] = ——= (13)
NE; + NE»

According to the mentioned features for each of the
disturbances, it is clear that in the case of capacitor and
load switching, that HIFDI = 1, in CT saturation mode,
HIFDI = 0 and for HIF mode, it is always 0 < HIFDI < 1.
The flowchart of the proposed method for detecting HIF
from other disturbances is shown in Figure 11. According
to the proposed algorithm, by sampling the voltage signal
and processing it with MGED, if the output of MGED is
zero, the network is in normal condition, otherwise, the
type of disturbances including capacitor or load switching,
CT saturation and HIF is detected.

V. SIMULATION RESULTS

A. 20 KV DISTRIBUTION FEEDER

In this section, to illustrate the performance of the proposed
method, a sample of 20 kV distribution feeder with a
single line diagram shown in Figure 12, is simulated in
EMTP and some of the results are presented. The length
of the feeder is 20 km and the location of the HIF fault is
considered 10 km away from the bus M where the measuring
devices are installed. Other disturbances such as capacitor
switching (ON and OFF), load switching (ON and OFF) and
CT saturation mode have also been simulated. After each
simulation, voltage and current time series are transferred to
MATLAB software for analysis, processing with MGED and
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FIGURE 11. Flowchart of the proposed method for HIF detection.
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FIGURE 12. Single line diagram of the simulated distribution feeder.

the execution of the proposed algorithm. For different HIFs
on phases A, B and C, as well as for capacitor switching, load
switching and CT saturation, simulations are done and the
results are shown in Table 1.
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TABLE 1. The result of applying the proposed HIF detection method for
different fault conditions (20 kV distribution feeder).

Inception

Fault type time NE, NE, HIFDI
HIF

A 35 124 40 0.512

A 40 98 32 0.507

A 45 112 37 0.503

A 50 87 19 0.641

B 35 95 27 0.557

B 40 118 39 0.503

B 45 92 24 0.586

B 50 107 33 0.528

C 35 103 19 0.688

C 40 96 25 0.581

C 45 117 38 0.509

C 50 89 21 0.618

Capacitorswitching
ABC 35 94 0 1
ABC 40 83 0 1
ABC 45 58 0 1
ABC 50 89 0 1
A 35 43 0 1
A 40 38 0 1
B 45 47 0 1
C 50 34 0 1
C(OFF) 35 3 0 1
ABC(OFF) 40 12 0 1
ABC(OFF) 45 9 0 1
Loadswitching
ABC 35 36 0 1
ABC 40 42 0 1
ABC 45 33 0 1
ABC 50 42 0 1
A 35 26 0 1
B 40 32 0 1
C 50 29 0 1
ABC (OFF) 35 2 0 1
ABC (OFF) 40 3 0 1
CT saturation

AC saturation 35 4 4 0
AC saturation 40 4 4 0
AC saturation 50 4 4 0
DC saturation 35 3 3 0
DC saturation 40 3 3 0
DC saturation 50 3 3 0

For each mode, parameters NE|, NE, and HIFDI are
calculated and shown in Table 1. In order to better evaluate

VOLUME 12, 2024
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FIGURE 13. IEEE 34-node test feeder.

the performance of the proposed method, different times of
a cycle for the start of a fault or disturbance have been
considered from 35 to 50 ms because the intensity of the
transient state created in the voltage waveform depends on
the time of the start of the fault or disturbance. The results
of the table show that for the HIF, there are transient changes
in the voltage waveform over a long period of time, and as
a result, parameters E1 and E> have non-zero values, but in
the capacitor and load switching, transient changes in the
waveform appear in a short period of time (the first quarter of
the cycle), hence only parameter E1 has non-zero values and
parameter E> has zero value. Therefore, the value of HIFDI
for capacitor and load switching is always equal to 1.

CT saturation waveforms are completely different from
other disturbances. Two AC and DC modes have been
investigated for CT saturation. In AC saturation mode, which
occurs due to high current caused by short circuit, the CT core
goes into saturation and causes distortion in the secondary
side of CT, which appears symmetrically and alternately in
the waveform. In the DC saturation mode caused by the
inrush current of the transformer, the distortions are created
asymmetrically and alternately in the secondary side of CT
as shown in Figure 9. Therefore, in the CT saturation mode
in the form of AC or DC, HIFDI = 0.

As the results show, the proposed algorithm is able to
distinguish all HIF modes from other disturbances and with
high accuracy. Also to some benefit, the proposed method
detects HIF in a short period of time (two cycles at a
frequency of 50 Hz) equivalent to 40 milliseconds.

B. IEEE 34-NODE TEST FEEDER
To better evaluate the effectiveness of the proposed method,
the IEEE 34-node feeder, with a single-line diagram as shown
in Figure 13, was studied and simulated. The network consists
of five three-phase and single-phase overhead lines with
different conductors, simulated in EMTP with a frequency-
dependent model. Network loads are also three-phase and
single-phase loads. A six-pulse rectifier load is considered
at node 830, which represents a non-linear and harmonic
load. The network is connected to the distribution station
using a distribution transformer 25 KVA, 69/24.9 kV. Full
information of this network is presented in [33].

Different locations of HIF, capacitor switching, CT satura-
tion, linear and non-linear load switching at nodes 816, 830,
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FIGURE 14. MGED output for capacitor switching, linear load switching,
CT saturation, non-linear load switching and HIF (fault inception time =
20 ms) IEEE 34-node feeder.

834, 840, 844, 848 and 890 at different times from 20 to 60 ms
(different inception angles) were considered. By varying
parameters such as residual flux, initial current amplitude,
and fault inception angle, different waveforms for CT
saturation state were obtained and studied. The nonlinear
loads are DC loads connected at nodes 840 and 848 via a six-
pulse converter. The fire angle of thyristors varies from 5 to
50 degrees and their power factor varies from 0.7 to 0.95.
Voltage and current signal processing and measuring devices
have been placed at the transformer station (node 800).

A summary of the simulation results for different fault
conditions is presented in Table 2. These results show that
the proposed method can distinguish HIF from other network
disturbances. Figure 14 shows the MGED output for HIE
at node 816, load switching at node 840, capacitive and
nonlinear load switching at node 848 and CT saturation at
node 816. For all these situations, the fault inception time is
considered at 20 ms. From Figure 14, it is clear that in the
case of capacitor and linear load switching, transient changes
in the signal are visible only during the first cycle and hence
the MGED filter has only non-zero value in the first cycle.

For the HIF, nonlinear load switching and CT saturation
cases, transient changes continue in the second and subse-
quent cycles, and thus the MGED filter has a non-zero value
during these cycles. However, the transient changes in the
nonlinear load switching and CT saturation cases are similar
in successive cycles, i.e. NE1 = NE;. Therefore, the HIFDI
for these conditions becomes zero.

C. COMPARISON

In this section, the performance of the proposed method is
compared with other existing methods [33] and [43] based
on mathematical morphology. In [43], the voltage signal is
processed by morphology and then the energy index is used
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TABLE 2. The result of applying the proposed HIF detection method for
different fault conditions (IEEE 34-node feeder).

Inception

Fault type time NE, NE, HIFDI
HIF

A 35 156 64 0.418

A 40 147 57 0.441

B 45 138 51 0.460

B 50 141 52 0.461

C 35 123 41 0.5
C 40 101 35 0.485
Capacitorswitching
ABC (ON) 35 120 0 1
ABC (ON) 40 113 0 1
ABC (OFF) 45 98 0 1
ABC (OFF) 50 96 0 1
Linear Load switching
ABC (ON) 35 82 0 1
ABC (ON) 40 77 0 1
ABC (OFF) 45 65 0 1
ABC (OFF) 50 69 0 1
Non-linear Load Switching
B 40 41 0 1
C 50 37 0 1
ABC (OFF) 35 9 0 1
ABC (OFF) 40 11 0 1
CT saturation

AC saturation 35 4 4 0
AC saturation 40 4 4 0
AC saturation 50 4 4 0
DC saturation 35 3 3 0
DC saturation 40 3 3 0
DC saturation 50 3 3 0

for diagnosis. According to this method, if the index value
is above the threshold for a period greater than 80 ms, it is
diagnosed as a HIF, and for a period less than 80 ms, it is
diagnosed as a load or capacitor switching.

In [33], Closing Opening Difference Operation (CODO)
as a morphological transformation is also used for signal
processing. According to this method, the CODO output
for normal conditions is zero, but for fault and switching
conditions, it has a non-zero output in the form of spikes
with different amplitudes. If the output exceeds the threshold
within the given time then it is diagnosed as a HIF, otherwise
it is diagnosed as a load or capacitor switching.

The method proposed in this paper uses a MGED filter
to process the signal. This filter is designed so that its
output is zero or one and by deploying this method, the
number of signal edges is determined. The comparison of the
above methods with the proposed method are presented in
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TABLE 3. Comparing the proposed method with other related methods.

Method Technique HIF Capacitor Load CT Detection
switching switching saturation time
(ms)
[33] CODO v v v X 80
filter-
Threshold
time
[43] Energy v v v X 588
- index
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FIGURE 15. Comparison of the performance of the proposed method
with [33] and [43] in CT saturation state.

Table 3. According to this table, the reference methods are
not capable of detecting HIF in all cases. The effectiveness
of these methods on CT saturation has not been studied.
The simulation results of the CT saturation state, according
to Figure 15, show that these methods are not capable of
detecting the CT saturation phenomenon because the OCDO
output (in method [33]) and the energy index (in method [43])
over a long period of time and beyond a certain time period
(threshold) are non-zero, corresponding to an HIF. However,
the algorithm proposed in the paper operates based on the
number of edges in the first and second cycles after a fault
occurs, ultimately detecting the CT saturation phenomenon
with certainty. Furthermore, the proposed method detects
HIF after two cycles equivalent to 40 ms with a frequency
of 50 Hz. while method [43] detects faults after 80 ms and
method [33] detects faultsafter 588 ms in certain number of
conditions. In other words, the proposed method has a higher
detection speed.

VI. CONCLUSION

In this paper, a new scheme based on MM for HIF detection in
distribution network was presented. In the proposed method,
by sampling the voltage signals close to the substation
and processing them with MGED, a suitable detection
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index HIFDI is defined and based on this index, HIF fault
and other disturbances such as capacitor switching (ON
and OFF), Load switching (ON and OFF), CT saturation and
transformer inrush current are detected. The novelty of the
proposed method lies in it only uses two cycles after the fault
inception time to detect the fault.

Since the proposed method uses the MM technique,
which only has addition and subtraction operators, for signal
processing, it has a lower computational burden, higher speed
and accuracy than other methods. Various simulations for
different conditions including types of faults and disturbances
with different inception times were performed in the EMTP
software environment. The compared results show that the
proposed method can detect HIF successfully and with high
accuracy.
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