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Abstract—The paper proposes a fast fault detection method for
radial DC microgrids established on mathematical morphology
(MM) denoising filters and detection principles utilizing only local
measurements. The proposed fault detection algorithm utilizes
the DC fault current signal from a Voltage Source Converter
(VSC) and detects a fault. Problems related to communication
delays are thus avoided, while preserving the low cost and
computational burden.

The proposed fault detection framework includes five different
MM-based denoising filters, employed as pre-signal processing
methods whose features are assessed and compared. The influence
of selecting an appropriate type and length of a structuring
element (SE) on the proposed method is analyzed. The developed
fault detection method based on MM is used for extracting
transient features and detecting pole-to-pole (PP) and pole-
to-ground (PG) faults within milliseconds of their occurrence.
The proposed method is demonstrated using simulation tests
in MATLAB/Simulink. The results indicate that the proposed
method enables reliable, accurate and fast detection of both the
PP and the PG faults. Computer simulations are carried out
to verify that the proposed method distinguishes faults from
overload.

Index Terms—voltage-source converter, fault detection, denois-
ing filters, mathematical morphology, DC microgrid

I. INTRODUCTION

Multi-terminal DC (MTDC) microgrids are a new concept
in electrical power system elements that connects multiple
converters with DC lines in mesh or radial topologies. They
are considered as one of the best solutions for integrating
low-carbon DC sources such as photovoltaics (PVs), wind,
fuel cells and battery storage systems [1], [2]. At the same
voltage level, more power can be transmitted through DC
lines and power losses are lower than in AC lines because DC
cables are not subject to the skin effect. Further, the number
of conversion stages is reduced. Hence, DC microgrids can
increase the operational cost-effectiveness, energy efficiency,
reliability and offer higher safety. However, there are many
challenges for system protection within DC microgrids due to
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a lack of reliable protective schemes [3]. The challenges can
be summarized as follows:

• Peak value of a DC fault current and its raising rate-of-
change usually have high values in comparison to the AC
microgrids because of small impedance in LVDC systems
[4].

• The issue of breaking a DC current because of the
absence of natural zero-crossing points, which is typical
for AC systems [5], [6].

• Challenges due to various grounding strategies [7].
• Fault resistance has a high impact on the sensitivity of

the fault response [8].
Main requirements when designing an appropriate fault de-
tection strategy are cost, computation burden, simplicity,
speed and reliability. DC microgrids are connected to AC
systems through converters with bidirectional power flow,
mostly voltage-source converter (VSC). VSCs do not protect
against DC fault currents. Various DERs with DC/DC power
converters have different fault responses that cause issues
with operation, fault detection and fault identification [9].
To develop an effective fault detection method, these fault
responses should be analyzed and simulated in great detail.
Fault currents in DC systems have steady state values, unlike
the AC systems where arcs are extinguished naturally at the
first crossing of the current through zero [10]. Hence, the DC
microgrids’ protection framework is a combination of a DC
circuit breaker, fault detection relays, and measurement units,
including advanced protection methods [11].

A. Related Work

In recent years, the lack of proper protection methods in DC
microgrids was predominantly addressed by modern/hybrid
methods instead of the conventional ones. Conventional pro-
tection schemes consist of the overcurrent protection, dis-
tance protection, differential protection, voltage protection,
frequency protection and a combination of communication-
based protection schemes [2].

Communication-based fault detection strategies, such as
current differential methods, are proposed in [12], [13]. The
method proposed in [12] requires two end measurements and
a synchronized relay operation through the communication
channel. The method described in [13] consists of a segment
controller that has master and slave controllers which monitor
the currents and control the separation of a faulted network
segment. These methods have high sensitivity, however, they
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require a proper communication link between the sensors
for accurate fault detection. Moreover, a large number of
measurement units is required and the complexity of the com-
munication system increases the overall system cost [14]. Due
to low magnitudes of PG currents, which are a consequence
of high fault resistance, these studies cannot guarantee the PG
fault detection.

Distance protection is quite common in AC systems, how-
ever, in DC systems it has limited accuracy for short lines, it
is costly and highly sensitive to fault resistance.

Recently, signal processing methods have been adopted as
reliable techniques for DC fault protection. These methods
are based on extracting the signal faulty features using signal
processing techniques such as Fast Fourier Transform (FFT),
Wavelet Transform (WT), Hilbert-Huang Transform (HHT),
Variational Mode Decomposition (VMD) and Mathematical
Morphology (MM) [11], [15]–[18]. FFT is predominantly
used, but its major drawbacks are low time-frequency reso-
lution and distorted signals [4]. Another disadvantage is that
it cannot be used for non-stationary signals.

WT-based methods decompose signals in frequency compo-
nents with different resolution levels. The method presented in
[19] is suitable only for pole-to-pole (PP) and not for pole-to-
ground (PG) faults. Hence, the WT method is highly sensitive
to harmonics and noise, which imposes higher computational
requirements. In [15], HHT was applied to HVDC system dis-
tance protection in which the frequency of the DC voltage tran-
sient oscillation, calculated using the HHT, is used to estimate
the fault distance from the circuit breaker to fault location. The
main feature of HHT is to provide the instantaneous amplitude
and frequency of the signal components. However, there can
be a problem when intermittent waves occur at a lower-
frequency signal [20]. VMD-based fault detection scheme was
proposed in [21], where the most significant mode containing
the maximum information was selected and the energy of that
mode was computed. VMD is a non-recursive method that
divides the signal into a finite number of sub-signals called
intrinsic mode function. The challenge related to this method
is the influence of noise, which should be taken into account
as the energy of white noise is unavoidably contained in each
bandwidth of the frequency spectrum part [22].

MM is a non-linear method widely used in various fields,
such as signal and image processing, as well as power system
transient analysis and protection. MM was applied to AC trans-
mission and distribution systems [23]–[25]. In [26], [27], MM
was employed to protect HVDC systems. A one-dimensional
version of the MM method can be used for islanding detection
[28], [29], noise filtering [30], detection of current transformer
saturation [31] and monitoring of power quality events [32].
Compared to FFT and WT, MM is fully in the operational
time zone, i.e. no time-frequency transformation is required,
and uses non-complex operators [4]. Reference [33] proposes
two signal-processing fault detection methods, one in the time
domain and the other in the frequency domain. It compares
their performance in terms of fault detection time, sensitiv-
ity to fault parameters, impact of sampling frequency, and
computational speed. The conclusion is that the time domain
method is economical, highly reliable and fast at detecting

faults. However, PG faults are not considered in [33]. In [34],
a fault detection method based on two different MM filters
for Low Impedance Faults (LIFs) and High Impedance Faults
(HIFs) is applied to a DC ring microgrid. However, it considers
solely the PP faults at the load side. Furthermore, in [35]
detection of HIF in low-voltage DC systems is performed
using MM. However, the needed time for fault detection during
maximum fault resistance is 1 s, which is inapplicable to real-
time systems. For further reading, a short overview of MM
applications and MM-based methods is available in [4].

B. Contribution and Paper Organization

Considering the literature reviewed above, to overcome the
discussed shortcomings, we further investigate the DC fault
analysis and detection method on a multi-feeder radial low
voltage DC microgrid with integration of distributed energy
resources. We propose a scheme that detects faults in the
shortest possible time without any required communication
channel as it utilizes the fault current from the VSC line.
First, the MM-based denoising filters are developed in pre-
signal processing. Then, utilizing the MM features of the high-
frequency signals caused by the power system, disturbances
are extracted to distinguish between normal and fault condi-
tions with high accuracy. The proposed method uses simple
mathematical operators that have low computational burden
and considers random background noise that may be contained
in current fault signals. Our simulation results, with different
fault resistances and locations, demonstrate the efficiency and
accuracy of the proposed method.

Our method requires no communication link, avoiding is-
sues related to data loss, delays, long response times, addi-
tional cost and communication failures. As it is highly com-
putationally efficient, the method provides quick and effective
fault detection. Low sampling rate of 10 kHz for current signal
is used, which is essential for cost-effective current sensors
selection.

Considering the above, contribution of this paper can be
summarized as follows:

• Analysis and validation of several MM denoising filters
tested for DC microgrids.

• Development of a fast MM-based fault detection method
for DC microgrids using current signal from a single
measurement point with enhanced speed and reliability.

• Detailed analyses and simulations of PP and PG faults at
different locations in the DC microgrid (note that we do
not detect location of the fault, only its occurrence).

The remainder of the paper is structured as follows. Section
II analyzes PP and PG faults in DC microgrids. Section III
presents general features of the MM, including principles of
signal filtering and fault detecting, as well as the determination
of the threshold and sampling frequency of the proposed
method. In Section IV, an accurate representation of the DC
microgrid components is provided, as well as the selection
of an appropriate denoising filter and corresponding type and
length of SE for the proposed denoised filter. The effective-
ness and accuracy of fast fault detection method is verified
on simulations in MATLAB/Simulink, considering different
parameters such as fault location, fault resistance, fault types
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and various operating points. Finally, Section V concludes the
paper.

II. FAULTS IN DC MICROGRIDS

Faults in DC microgrids with DERs are divided in two
types: PP, also called short-circuit faults, and PG, otherwise
known as ground faults [9]. However, the processes of PP
and PG faults are very similar. With respect to the fault
response time, any fault in a DC microgrid is divided into
two different parts: the transient and the steady state part
[4]. DC-link capacitors of converters and cable discharge are
responsible for the transient part, while the steady state is
injected from power sources [36]. The transient fault response
is described by defining three stages for PP faults, including
the capacitor discharge stage (natural response), the diode
freewheel stage (after vc = 0, natural response), and the
grid-side current-feeding stage (forced response). On the other
hand, PG faults can be analyzed using two transient stages: the
capacitor discharge and the grid-side current-feeding stage. In
microgrids with a VSC interfaced to the AC side through an
inductor (Lconv) and to the DC side through a capacitor (C),
as shown in Figure 1, challenges related to the fault response
of the VSC arise.

From the VSC side, when a PP fault occurs at t0, first the
DC-link capacitor discharge stage is started. The capacitor of
the DC circuit becomes a DC source and begins to exponen-
tially discharge current through the impedance of the lines.
The magnitude of the peak current becomes several hundred
times higher than the nominal current and is much higher
as compared to the AC systems. DC fault behaviour can be
presented as a second-order RLC circuit comprised of a DC
filter capacitor of converter, a stray capacitor value and a line
impedance from the capacitor source to the fault location,
which in return have impact on the fault resistance, type and
location [37]. Consequently, the VSC converter has high fault
contribution as compared to DC/DC converters due to a much
larger filter. Moreover, IGBT switches of the VSC are cut off
for self-protection [38].

The diode freewheeling stage begins after the capacitor
discharge stage, i.e. when the DC circuit voltage drops to zero
or takes a negative value. In the event of a P-G breakdown,
current will not flow through the diodes because the capacitor
voltage of the DC circuit will not drop to zero. During the
second stage of a PP fault, the voltage at the VSC terminal
becomes reversed and the fault current starts flowing through
forward-biased freewheeling diodes at critical time t1 [39].
This critical time should be the upper limit on operation of
both the main and the backup circuit breakers [40]. The impact
of a DC fault on freewheel diodes in the VSC and DC/DC
converters can be dangerous due to an increased inductive
component in the discharge path, considering that there is
no preventive discharge protection [40]. This stage is the
most challenging for the VSC freewheel diodes. Thus, any
fault should be detected before t1, i.e. before dropping the
capacitor voltage to zero, to avoid rapid damage to the diodes.
Considering the described transient behaviour of fault currents
and possible repercussions during PP faults, any faults should
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Figure 1: Equivalent scheme of a VSC under PP and PG fault

be detected in a very short time interval. Thus, it is necessary
to operate relays in a specified time interval, defined as a
difference between t1 and the Overall Fault Clearance Time
(OFCT). This difference is named IPDM and can be calculated
as follows (1):

IPDM = t1 −OFCT = t1 − t0 − tB (1)

where tB is the operation time of the breaker.
During the grid-side current feeding stage, the VSC acts

as an uncontrollable rectifier due to the blocked IGBTs. The
contribution from the converter can be calculated using a three-
phase short circuit analysis and the fault current at this stage
is presented in [40].

In the steady state part, the DC currents and voltages
transition to a stable stage as the AC side contribution to the
fault current is significantly reduced. The steady fault current
depends on the resistance and inductance of the fault circuit,
the DC-link capacitance and the angular frequency of the
equivalent voltage source.

Detailed analyses for PP and PG faults in the DC microgrid
can be found in [40], [41].

III. MATHEMATICAL MORPHOLOGY

MM is one of the non-linear signal processing techniques
which has been primarily used for image processing. Unlike
most frequency-domain signal processing techniques such as
FFT, WT and HHT, which use complex calculations, MM
depicts the signal profile directly in the time domain [26].
It extracts signal features like shape, format and length in the
time domain and uses simple arithmetical calculations such as
the subtraction, addition, minimum and maximum operators,
without division or multiplication [27]. Additionally, it is
simpler than the above-mentioned methods because of the MM
filter ability to process lower sampling frequencies. Although
this method can be applied for fault detection, classification
and location in both the AC and the DC power systems, it
is more convenient for DC systems because only the current
or voltage magnitudes need to be categorized, whereas for AC
system the need for individual phase current measurement and
phasor comparison increases the operating time [42].

Structuring element is a predefined shape used as a probe for
the extraction of relevant features of the original signal. It is a
fundamental component of all MM calculations and may have
different geometrical shapes considering the target application.
Selection of an appropriate shape, height and length of the SE
should be performed carefully because transformations using
the MM methods rely on the choice of SE. Type, frequency
content and sampling rate of the distributed signal under
examination is used to determine the shape of the SE [43].
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Figure 2: Results of: (a) dilation and erosion operators, (b) opening and closing
operators in signal processing

Generally, shapes of SE can vary from regular to irregular
curves. The function of SE in MM is similar to the function of
windows in the frequency domain signal processing methods
and its selection mainly depends on the used MM operators
[43]. As MM is a non-linear method, there is no classical
optimization method for selecting the optimal SE.

In this paper, the first step is introducing the basic MM
operators that depict fundamental structures of a signal.

A. Operators

Fundamental transformation operators of MM are dilation
and erosion [44]. All other filters and advanced operators are
their combinations. Suppose f(n) denotes an input signal and
g(m) is an SE whose length is shorter than that of f . Dilation
and erosion can be defined as:

δ(f) = (f ⊕ g)(n) =max{f(n−m) + g(m)},
0 ≤ (n−m) ≤ N,m ≥ 0

(2)

ϵ(f) = (f ⊖ g)(n) =min{f(n+m)− g(m)},
0 ≤ (n+m) ≤ N,m ≥ 0

(3)

where, N is the total number of samples of N. Dilation is
a swelling or an expanding procedure, while erosion is a
shrinking procedure. Hence, an SE with its origin and a sample
of the signal within the window can be presented [32]:

(f ⊖ g)(n) ≤ f ≤ (f ⊕ g)(n) (4)

Dilation end erosion functions are visualized in Figure 2a.
Other commonly used operations for one-dimensional sig-

nals are opening and closing. These are mainly used for
flattening the spiky boundaries and filling the gaps in signals.
Opening performs a dilation on an eroded signal by the same
SE. On the other hand, closing performs an erosion on a dilated
signal using the same SE in both operations. Equations for
opening and closing operators are:

γ(f) = (f ◦ g)(n) = ((f ⊖ g)⊕ g)(n) (5)

ϕ(f) = (f • g)(n) = ((f ⊕ g)⊖ g)(n) (6)

The results of opening and closing are given in Figure 2b.
Within the framework of this paper, the noise should be

eliminated with proper MM-based filters to ensure an effective
extraction transient of the fault signal. Meanwhile, the shape
information of the signals should not be affected [44]. As they
present the main contribution of this paper, the denoising filters
and the method proposed for fault detection are explained in
the following subsections.

B. Signal Filtering Principle of Mathematical Morphology

Power signals often contain complex and altering noise
which decreases accuracy of the measurements. Most filters
cannot reduce noise without affecting the signal performance.

There are no previous works where MM-based denoising
filters are applied to low-voltage DC power signals. Thus,
we first examine and apply filters already used for HVDC
signals from the existing literature. Based on four basic
MM operators, i.e. erosion, dilation, opening and closing,
various filters have been developed for suppressing the noise
in several applications. Morphological median filters (MMF)
have been applied mainly to suppress impulse noise whose
probability density has heavier peaks than the Gaussian for
the signal enhancement, since they can remove this type of
noise without loosing geometric shapes, as would be the case
for linear filtering. Consequently, MMF is a common filter that
provides good results in denoising power system signals at the
preprocessing stage, i.e. before detection of different kinds
of transients and disturbances. To filter noise from the test-
signal, literature recommends averaging the dilated and eroded
signals, called MMF1 and averaging opening and closing
signals, called MMF2. These two types of MMF are defined
as:

MMF1 =
(δ(n) + ϵ(n))

2
(7)

MMF2 =
(γ(n) + ϕ(n))

2
(8)

MMF3 filter is also called OCCO in some papers, as it
is composed of the Opening-Closing (OC) and the Closing-
Opening (CO) filters [27]. OC and CO filters are given as:

OC[f(n)] = (f ◦ g • g)(n) (9)

CO[f(n)] = (f • g ◦ g)(n) (10)

These two filters are connected in a cascade to form MMF3:

MMF3 =
(OC[f(n)] + CO[f(n)])

2
(11)

Except of median filters used for suppressing the noise
in low voltage signals, we include two aditional filters
(CDE OED and DCE EOD), presented in [45], which
have better filtering aspects than MMF1, MMF2 and MMF3
(OCCO). These filters are composed of four new cascaded
operators, i.e. CDE, OED, DCE and EOD, which improve
the ability to extract positive and negative impulses from a
signal:

CDE[f(n)] = (f • g ⊕ g ⊖ g)(n) (12)

DCE[f(n)] = (f ⊕ g • g ⊖ g)(n) (13)

EOD[f(n)] = (f ⊖ g ◦ g ⊕ g)(n) (14)

OED[f(n)] = (f ◦ g ⊖ g ⊕ g)(n) (15)

To extract positive and negative impact components simul-
taneously, the average sums of CDE & OED and DCE &
EOD are generated as:
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Figure 3: Flowchart of proposed detection method

CDE OED =
CDE +OED

2
(16)

DCE EOD =
DCE + EOD

2
(17)

C. Detection Principle of Mathematical Morphology

There are various MM-based methods to detect power
quality problems and transient-like faults in power systems.
Morphology gradient is one of the techniques in detecting the
edge of an image or a signal [32]. Beucher gradient is the
most frequently used morphological gradient:

ρB(f) = δ(f)− ϵ(f) = (f ⊕ g)− (f ⊖ g) (18)

It is composed of two operators – the internal and the
external boundary. They are often called half-gradients. The
internal boundary or the half-gradient by erosion is given as
a difference of the original signal and the eroded signal:

βϵ(f) = f − ϵ(f) = f − (f ⊖ g) (19)

The external boundary or half-gradient by dilation is defined
as a difference between the dilated signal and the original
signal:

βδ(f) = δ(f)− f = (f ⊕ g)− f (20)

Even though Beucher gradient generally has good proper-
ties in terms of noise immunity, it often needs more time
to extract the signal changes. Half-gradients by erosion or
dilation (internal and external boundaries) are good choices
for this application because of their relative noise immunity.
However, the most valuable feature is low detail losses of
the signal, which is very important for disturbance and fault
recognition. The Beucher gradient peaks are located at the
edges, but the internal and external gradients are located at
each side of the edges. The choice between the internal and
external gradients depends on the nature and the waveform of
the signal to be extracted. The reason for using the internal
boundary instead of the external one is emphasizing the edges
of the signal while ignoring the surface around. Additionally,
the external boundary could falsely trip in case of sudden load
changes or minor disturbances because of faster changes in
the output as compared to the internal one. In this paper, the
first step is to calculate the h-maxima transform of the filtered
signal and then use it with the internal boundary function
to detect the transient signal features. The main goal of the
h-maxima transform in morphology is the extraction of a
regional maxima while suppressing all maxima in the signal
whose height is lower than H, decreasing the height of the
remaining maxima by H, where H can be considered as a
threshold value.

After calculating the h-maxima, the extracted peaks can
be given using the internal boundary or the half-gradient by
erosion:

βϵ(HMAX) = HMAX − ϵ(HMAX) (21)

Therefore, using h-maxima and internal boundary a fault can
be detected before the magnitude of a fault current reaches its
maximum within the first milliseconds of the fault. A flowchart
of the proposed detection method is provided in Figure 3 and
consists of the following steps:

1) Step 1: Measuring the current on one side of the VSC
line and loading data from the signal into a window of
pre-defined size (12 samples).

2) Step 2: Applying an MM-based denoising filter to the
current signal to reduce noise at the preprocessing signal
stage by a measuring relay (R).

3) Step 3: Calculating the h-maxima of the denoised current
signal by a measuring relay (R).

4) Step 4: Calculating the internal boundaries, where the
input signal is the calculated h-maxima, used to detect
transient signal features by a measuring relay (R).

5) Step 5: If the output value of the calculated signal is
higher than zero, it is in the fault mode, otherwise it is
in the normal operation mode.

6) Step 6: Send trip signal to the Solid-State Circuit Breaker
(SSCB).

1) Threshold Determination: Finding a reasonable thresh-
old in DC microgrids is still an open question as it cannot
be computed exactly. However, a good approach is to pre-
dict/anticipate the maximum loading conditions for a particular
DC microgrid setup and to define the threshold based on
these predictions. In the paper, a predefined threshold is H
and is used as a function in the h-maxima transform where
all maxima in the signal whose magnitude is lower than H
are suppressed. The faults are detected when the value of
the internal boundary, which is a function of the h-maxima,
is greater than zero. The threshold value is selected to meet
the main conditions proposed in [46]: i) sensitivity to a high-
resistance (up to 20 Ω) and far-end faults that result in small
transients (F3 and F4); ii) higher current magnitude and faster
current slope than the non-fault disturbances, and iii) employ-
ing a sufficient protection margin. Thresholds for both types
of faults are derived based on system studies conducted under
severe scenarios. The system studies consisted of determining
the currents for different operating points. As the value of the
threshold depends on the current through the VSC cable, it
is observed that the value of iDC at the instant of the fault
(t = 0) depends on Pref (value of the active power shared
between the microgrid and the AC grid, range from -10 to 10),
Rf (fault resistance), and IL (current through the inductance).
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The value of H is set to 2.2 based on the most sensitive case
observed for a PG with high fault resistance at location F4,
i.e. the farthest from the relay located at the VSC line. This
case results in the smallest current magnitude change (with the
largest time-delay, considering the used windows). The current
magnitude changes are calculated over a fixed time interval
using windows (12 sampled values) and these changes will
be compared to a predefined current threshold. At the same
time, the selected value of H ensures a sufficient margin to
not to trip the circuit breaker upon minor disturbances such as
sudden load changes or external disturbances.

2) Sampling Frequency Determination: The choice of sam-
pling frequency is closely related to the frequency base domain
such as WT and STFT, because decreasing the sampling
frequency causes performance degradation. On the other side,
the MM method is hardly influenced by this factor and
does not require high sampling for signal detection in DC
microgrids [33]. Sampling frequency of today’s digital relays
is 10 kHz. Although, 10 kHz can be considered a low sampling
rate, one would prefer to use lower sampling frequency for the
economic reasons. Hence, the MM method is the most cost-
effective in that sense [33]. Lower sampling rate also reduces
the window length and the calculation burden. As long as the
as the SE is chosen rationally, higher sampling rate does not
necessarily yield better output. Consequently, due to the local
structure of the proposed method, the sensors with 10 kHz
sampling rate are required and satisfactory for the purpose of
our study.

IV. CASE STUDY

A. System Description

The case study DC microgrid is implemented in MAT-
LAB/Simulink. Figure 4 shows a single-line diagram of the
studied radial DC microgrid and possible fault locations in-
dicated as F1-F4. The mid-point grounding system is used to
ensure operation at different voltage levels: 500 V, +250 V and
-250 V which are within the LVD 2014/35/EU range, i.e. 75
V–1.5 kV [47]. The mid-point DC configuration provides an
advantage over the one-pole as it enables a bipolar structure
and clears faults faster.

1) Model of the Two-Level VSC: VSC techniques are com-
monly used for AC/DC or DC/AC power conversion. Grid-
following type of converters should be perfectly synchronized
with the AC voltage to regulate the active and reactive power
exchange with the system. They are represented as an ideal
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Figure 5: Control of a two-level VSC

current sources in parallel with high impedance, and connected
to the grid [48]. They are able to operate in parallel with other
grid-following converters in the grid-connected mode because
of high equivalent output impedance [49]. Most converters
used with non-dispatchable micro-generators (e.g. PV arrays),
operate in the grid-following mode [48], [49].

The circuit of a two-level VSC (2L-VSC) consists of six
switching devices, typically insulated-gate bipolar transistors
(IGBTs), and a DC-link capacitor. The presence of these
active switches with a proper control scheme and line filters
enable generating sinusoidal current, adjustable power factor
and bidirectional power flow [49]. Control of grid-following
units can be described in different reference frames, such as
dq synchronous reference frame or αβ stationary reference
frame [48]. In this paper, the dq reference frame is used as
it is widely applied in three-phase systems. Grid-following
converters require measured currents and voltages at the AC
side, which are converted using the Park transformation from
a three-phase (abc) signal to the dq0 synchronous reference
frame. Then, the voltage and current references are passed
through a first-order discrete low-pass filter to attenuate the
switching harmonics in the measurements. The inner current
controller of grid-following converters regulates the current
injected into the grid, while the external controller sets a
reference value of the current for power regulation injected
into the grid, as shown in Figure 5.
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2) Model of the PV System with a DC/DC Boost Converter:
A 6 kW PV array is modelled using an in-built library
model in MATLAB/Simulink and connected to a DC-DC boost
converter, as shown in Figure 6. This DC/DC converter enables
the PV system to operate at its maximum power point (MPP)
and adapt the DC array voltage to the DC-bus voltage. An
improved incremental technique is used to track the peak
power under fast-varying atmospheric conditions.

The PV current and voltage are inputs to the boost converter,
while its output is the voltage obtained from correlation with
the maximum power. Switching frequency of the pulse-width
modulation (PWM) is set to 25 kHz to avoid high-frequency
parasitic elements and noise.

3) Model of the BESS with a DC/DC Bidirectional Con-
verter: A lithium-ion battery energy storage system (BESS)
with 12 kWh capacity is connected to a bidirectional buck-
boost converter, as shown in Figure 7.

The main purpose of the bidirectional buck-boost converter
is to control the DC bus voltage using a PI controller at a
constant value by measuring the DC bus voltage signal. This
enables stable operation of the DC microgrid in both the grid-
connected and the islanded operation modes. The measurement
voltage is compared to the reference, the PI translates the error
to a duty cycle in values between 0 and 1. Once the duty
cycle is obtained, it is compared with a sawtooth signal to
obtain pulses sent to the IGBT. This implies that this converter
operates in two states: state-on-switch and state-off-switch.

B. Simulation Results for Filtering

To reduce the noise effect and simultaneously maintain the
features of fault signals, in our work we analyze and compare

five different filters and assess the impact of the type and
length of an SE in these filters. Simulations under various
conditions are conducted to compare performance of the filters.
Gaussian white noise of 60 dB was added to the fault current
signal to be processed. First, we compare different types of
filters presented in III-B.

Figures 8a–8e show the original signal and the signals after
applying MMF1, MMF2, MMF3 (OCCO), CDE OED and
DCE EOD filters. The dilation and erosion effects can clearly
fill the top and bottom tips of the signal, respectively. Dilation
expands a signal, while erosion shrinks it. However, applying
dilation and erosion operators in MMF1 can distort a signal.
Thus, in MMF2 the morphological opening operation is used
to filter the peak noise above a signal, thereby resulting in
a low output waveform amplitude. On the other hand, the
closing operation is used to suppress the valley noise below the
signal, thereby resulting in a high output waveform amplitude.
However, open-closing or close-opening operations can lead
to statistical deflections of the amplitude and the signal, i.e.,
the result of open-closing operation has lower amplitude than
the original signal and the result of close-opening operation
has higher amplitude than the original signal, which causes a
signal distortion. Considering the mathematical operation char-
acteristics of morphology and the requirements of eliminating
harmonics in signals of a power system, the morphological
opening operation is combined with the closing operation to
construct a cascaded hybrid filter and improve the filtering
accuracy. In this paper, we utilize an average weighted com-
bination of open-closing and close-opening operation called
OCCO. The OCCO filter is chosen primarily due to its
effective combination of the basic morphological operators
as well as for its extraction of bidirectional impulses. On
the other hand, taking the average of the intermediate results
obviously prevents the preservation of the initial waveform
by smoothing it, which is not suitable for this application.
CDE and DCE combine the dilation and closing operators
on the signal to suppress negative impulses, while the erosion
operator is used to correct the retained positive impulses. EOD
and OED integrate erosion and opening operators to effectively
suppress positive impulses of the signal, while the dilation
operator corrects the retained positive impulses. First, to
extract positive impulses and preserve the shape of the signal,
the cascades of dilation, closing and erosion, i.e. closing-
dilation-erosion (CDE) and dilation-closing-erosion (DCE),
are defined. Second, to extract negative impulses and preserve
the shape of the signal, the cascades of erosion, opening
and dilation, i.e. erosion-opening-dilation (EOD) and opening-
erosion-dilation (OED), are defined. As shown in Figure 8a,
MMF1 causes a delay in the denoised signal and destroys
the original signal. On the other hand, MMF2 has issues
in preserving the waveform features of the original signal
(Figure 8b). Figures 8c–8d indicate that the OCCO filter has
almost the same effects on the signal as CDE OED, which
can be confirmed by the calculated RMSE and SNR values
provided in Table I. The best performance in the framework
of preserving the waveform characteristics and reducing the
noise effect of the signal has DCE EOD, as can be seen in
Figure 8e. Also, the significant smoothing of the signal is
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Figure 8: Simulation results for denoising filters [blue – current signal with noise, red – denoised signal]

TABLE I
RMSE AND SNR FOR DIFFERENT FILTERS

Filter type RMSE SNR
MMF1 0.2516 60.7586
MMF2 0.2027 62.6350
MMF3 (OCCO) 0.1935 63.0220
CDE OED 0.1939 63.0227
DCE EOD 0.1498 65.2610

TABLE II
RMSE AND SNR FOR DIFFERENT TYPES OF SE

SE type Straight
line

Diamond Disc Ladder Semi-
circular

RMSE 0.4222 1.3704 1.0373 0.3722 0.2965
SNR 60.1834 50.0221 52.3747 60.9305 61.2716

avoided using DCE EOD filter. To prove and summarize the
obtained results, Table I shows the calculated RMSE and SNR
parameters, which demonstrate the best denoising impact of
DCE EOD filter on the original signal.

1) Selecting an Appropriate Type of SE: The next step was
to study the type of SE for appropriate noise elimination and
filtering. In this analysis, the length of SE is the same for all
types (l = 9). Structuring elements with straight line (flat),
diamond, disc, ladder and semi-circular shapes were used.
Based on the Root-Mean-Square Error (RMSE) and Signal-
to-Noise Ratio (SNR) of the selected types of SEs, the signals
obtained with semi-circular and flat structural elements were
identified to perform best, as can be seen in Table II. Based on
the highest SNR value and the best RMSE value, the semi-
circular SE is chosen as the filter parameter to be used in
simulations.

2) Selecting an Appropriate Length of the SE: The SE
length defines the size of the window and the delay in the
filter output. This means that an increase in the length of the
SE is always followed by an increased delay in the output
[30], [43]. The delay of a filter can be calculated as:

FilterDelay = ∆T · (le − 1) (22)

TABLE III
RMSE AND SNR FOR DIFFERENT LENGTHS OF SE

SE
size

3 5 7 9 11 13 15

RMSE 0.3083 0.3083 0.3378 0.3629 0.4069 0.4752 0.6422
SNR 62.914 62.914 62.119 61.498 60.503 59.156 56.539

where ∆T is the sampling interval and le the SE length.
SE commonly does not have a large size (length) and the SE

array values can be constant, increasing, decreasing, triangular,
etc. The values are different according to the signal processing
purpose, such as filtering, disturbance or transient detection.
We conduct simulation studies for selecting a proper length
of the SE, similar as for the SE type. The optimal SE length
was determined based on the SNR and RMSE values given
in Table III. Semi-circular SE of different lengths were used
for the simulations. Thus, considering the RMSE, SNR, filter
delay and other factors, a semicircular SE with the length of
three was selected for morphological filtering. The numbers
in Table III indicate that increasing the length increases the
RMSE as well.

According to these results, increasing the size of SE does
not necessarily increase the accuracy of the results. The main
drawback of a larger size SE is a distortion of the hidden signal
and an increased sampling delay due to the morphology-based
computations. Although the major peaks will be detected more
clearly, lower peaks are not clearly visible by using a large-size
SE.

C. Simulation Results for the Proposed Detection Method

Similar as in signal filtering, our detection method first
needs to determine the type and length of the SE to ensure
accurate and reliable detection. The selected type of SE in
detection is straight line (flat) and the length is 20. A lengthy
SE in the detection method is problematic as it requires much
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Figure 9: Applied MM detection method on fault current during a PP fault at
different locations: (a) F1 – 50% of VSC line, (b) F2 – DC busbar, (c) F3 –
PV system line, (d) F4 – battery system line

TABLE IV
IPDM RELATED TO DIFFERENT FAULT LOCATIONS DURING PP

Fault Location t1 [s] IPDM [ms] Max. fault current [A]
F1 10% 0.40997 9.37 2236
F1 30% 0.41838 17.78 1336
F1 50% 0.42603 25.43 1026
F2 0.43916 38.56 727.3
F3 0.44267 42.07 713.6
F4 0.44368 43.08 726.7

memory for data and can cause unwanted continuous distur-
bances. On the other hand, a short SE distorts the extracted
features, yielding the method unreliable. Generally, the fault
detection method relies on measuring the current, which only
depends on the shared power between the DC microgrid and
the main AC grid (through the VSC). Requirements on the
voltage and the power flow are considered simultaneously at
the point-of-common-coupling (PCC). Power management is
based on controlling the power balance in the DC microgrid.
If there is a lack of energy, it will withdraw the deficit from
the AC grid and if there is a surplus energy produced by
the PV, it will inject it in the AC grid. The battery regulates
voltage at the DC busbar. Protective MM-based relay, which
sends the tripping command to the Solid-state Circuit Breakers
(SSCB), is placed at one side of the line between the VSC
and the DC microgrid, as indicated in Figure 4. As indicated
in Section III, the window length is N = 12 with sampling
frequency of 10 kHz and the threshold is 2.2 considering the
most critical case. Operational time of the SSCB-type fault
isolating device is considered around 600 µs, as defined in
[50]. Communication links are not needed because the scheme
requires only current of one side of the VSC line. The absence
of communication links highly reduces the delay and noise.
The fault path impedance fluctuates, depending on the fault
location, while the fault resistance is variable, considering the
type of fault. The main purpose of the study is to detect a fault
at any place in the DC microgrid using a single measurement
point. However, our method does not detect the fault location.

1) PP Faults Detection: Figure 9 shows fault currents as
seen by relay R for different locations of PP faults in the
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Figure 10: Results of the PP fault simulation: (a) MM method applied to the
fault occurred at F4 - battery line (Rf=0.05 Ω), (b) time window for the fault
detection
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over the VSC line iDC , and capacitor current ic c) Three-phase diode current
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microgrid, while Table IV shows the calculated IPDM. The
PP fault occurs at t0 = 0.4 s. The results indicate the faults
are always detected before IPDM in all scenarios and before
the peak time of the fault current. As can be seen in Figure
10, the PP fault will be detected in the same window in which
the fault occurs.

Figure 11 shows different stages during the PP fault at 10%
of the VSC line. vc is the voltage of the DC-link capacitor of
the VSC, ic is the current of the DC-link capacitor, and iDC

is the fault current equal to the sum of ic and the line current
before the DC-link capacitor of the VSC. ID1, ID2 and ID3

are the freewheel diode currents of the VSC, while Iga, Igb
and Igc are three-phase grid currents. During Stage I, voltage
vc drops to zero while the transient current waveforms iDC

and ic are similar to each other, which proves that the fault
current is mainly supplied by the DC-link capacitor. Due to the
first stage of the fault and the high-rise capacitive discharging
current, βϵ(HMAX) signal immediately increases with the
peak that is reached before IPDM. In view of different fault
locations and fault path impedances, magnitude and time to
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Figure 12: Applied MM detection method on fault current during a PG fault
at different locations: (a) F1 – 50% of VSC line (Rf = 5 Ω), (b) F2 – DC
busbar (Rf = 14 Ω), (c) F3 – PV system line (Rf = 10 Ω), (d) F4 – battery
system line (Rf = 8 Ω),

reach the maximum is modified. Figure 11 shows that the DC-
Link Capacitor Discharging Stage ends at t1 = 0.4099s, while
signal of the detection method reaches its maximum value
within 0.4009 s. Furthermore, the peak time of the measured
fault current is 0.4075 s and detection time is lower than this.
Also, during the freewheel stage, when the capacitor delivers
the discharge current, an extremely high magnitude of fault
current can be ten times the nominal value and rises rapidly.

Based on the simulation results, this method prevents dam-
aging vulnerable components such as IGBTs in the VSC and
enables rapid PP fault detection.

2) PG Faults Detection: Figure 12 presents the fault cur-
rents as seen by relay R for different simulated PG faults at
different locations and with different Rf . The PP fault occurs
at t0 = 0.4 s. The proposed method can detect faults with a
very high resistance (0-20 Ω). In case of DC lines, faults with
Rf higher than 20 Ω are not common and not very dangerous,
so they can be detected by other, slower protection schemes.
The fault at the battery line (location F4) with Rf=20 Ω is the
most challenging in the considered DC radial microgrid and is
detected in the 503rd window, as shown in Figure 13. Based
on the simulations for lower fault resistances, PG faults are
detected between 500th and 502nd window which confirms
that the proposed method is fast and reliable.
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Figure 13: Results of the most sensitive case – PG fault simulation: (a) MM
method applied to the fault occurred at F4 - battery line (Rf=20 Ω), (b) time
window for the fault detection
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resistance 0.05 Ω, the current of the VSC line experiences a
transient of 320 A, as can be seen in Figure 14. The PG fault
occurs at t0 = 0.3s. vc(+ve) is the positive voltage of the DC-
link capacitor, iDC is the fault current equal to the sum of the
current of the DC-link capacitor and the line current before
the VSC DC-link capacitor. ID1 is the diode current of the
VSC, while Vga, Vgb and Vgc are three-phase grid voltages.
Fault currents (IF1, IF2, IF3 and IF4) are measured at the relay
point (R) on the VSC line.

3) PP and PG Faults Contribution of the DC Source
Elements: Figure 15 shows fault contributions of the battery
and the PV system (Ibattery out and IPV out) and their currents in
the input of the bidirectional converter and of the PV’s boost
converter (Ibattery in and IPV in) for the system operating point
used in the case study (insulation of PV power is 1000 Wp/m2,
and power sharing to the main AC grid 8 kW). In the normal
conditions, the IPV out is around 13 A, while the battery is
discharges at around 12 A. In this case, the fault detection is
sufficient, as shown in the above subsections IV-C1 and IV-C2.
Battery has a lower contribution to the fault as compared to
the PV source. Naturally, a battery with higher capacity would
have higher fault contribution. Increase in the time constant
of the fault current supplied from the PV and the battery is
a result of an additional inductance of the distribution line.
During the PG faults at the VSC line and the DC busbar, the
currents of the battery and the PV system are also affected
by this disturbance, although not significantly. Compared to
the PP faults, oscillations in the PG fault currents are more
obvious.
D. Simulation Results for Different Systems Operating Points

Fault contribution of the PV system will be further de-
creased at lower irradiation, adding another challenge in
identifying the fault current contributed from such sources.
We simulate these scenarios to determine the robustness of
the proposed method for different operating points. The first
scenario is simulated for a PG fault at location F2 (DC busbar)
when the irradiation of the PV system is reduced to 250
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Figure 15: Results of the PP and PG fault simulations and contributions of
the DC sources at the nominal operating point: (a) PP fault at the VSC line
– F1 location, (b) PP fault at the DC busbar – F2 location, (c) PG fault at
the VSC line – F1 location (Rf = 2 Ω), (d) PG fault at the DC busbar – F2
location (Rf = 2 Ω)
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Figure 16: Simulation results for case 1 - fault is simulated in DC busbar, PV
works on 25% of rated power and sharing power from the AC grid (Pref=-
3kW)

Wp/m2, and the power is sent from the AC grid (Figure 16).
The second scenario includes power sharing to the main AC
grid (when there is a surplus of energy) including a change in
the power reference shared between the DC microgrid and the
AC grid, from 4.5 kW to 7.5 kW (Figure 17). Fault currents
(IF2 and IF1 50%) are measured at relay point (R), which is
located at the VSC line, and the proposed detection method
will recognize these events as faults.
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Figure 17: Simulation results for case 2 – the fault is simulated at 50% of
the VSC line, sharing power to the AC grid (Pref=4.5kW and at the 0.52s
Pref=7.5 kW)
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Figure 18: Simulation results for sudden load changes: (a) Injection of addition
load (2.5 kW), (b) Injection of addition load (5 kW)

E. Simulation Results for Non-Fault Disturbance Events

We performed simulations for the most sensitive cases to
show that the selected threshold is sufficient to distinguish
faults from other disturbances. In Figure 18a the load of 2.5
kW is doubled (load is changed for 100%), and in Figure
18b the same load is tripled (load is changed for 200%). Fault
currents (Iload−injection (2.5 kW) and Iload−injection (5 kW))
measured at the relay point (R), located at the VSC line, will
not recognize these events as faults. The slope of the current
and the change in the current magnitude are much lower than
in the case of the most critical HIF.
F. Computation Time

The MM-based algorithms are written and applied to the
current signals in MATLAB. The algorithms of the denois-
ing and detection methods are written in MATLAB R2021b
and computed on the Intel Core i5 CPU with 4.0 GB of
RAM. Since the speed of an algorithm depends on computer
hardware and is not an intrinsic feature of the algorithm,
the complexity should be quantified using the intrinsic time
requirements. The MM operators have fast and straightforward
calculations using only addition, subtraction, maximum and
minimum operations without any multiplication and division
during the signal processing, unlike FFT and WT. Since
the algorithm uses simpler mathematical calculations than
algorithms on digital protection relays for power systems,
and the vendors declare speed of computation for their relays
in ms, we decided to test the algorithm speed also in ms.
The algorithm speed and memory usage were tested on the
National Instruments RT controller with FPGA hardware. The
algorithm speed was under 0.03 ms and memory usage was
under 1 percent. This means that the algorithm can easily
operate in real time (on this specific hardware) since the
sampling frequency is 10 kHz. On top of this, MM uses
a much smaller size of the sampling window (12 measured
points, double-precision) in real-time signal processing, which
is different from the integral transform-based algorithms that
require longer windows which increase the computation bur-
den. Also, there is no additional delay in operation because
of the utilization of local measurements. As a result, the
complexity of the calculation process is reduced and there is
no need for dedicated hardware systems.

G. Guidelines for Experimental Setup

The paper does not present an experimental setup, how-
ever, we want to discuss challenges and directions regarding
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the practical implementation that users may encounter when
adapting this technique. The introduced protection algorithm
is based on measurement from a single point. In this regard,
the algorithm is resilient to communication delays and failures.
However, for practical implementation the user can encounter
problems regarding the response time of the transducer used
for current measurements if the response time is slower than
1 ms. DC current can be measured by a current transducer
such as Hall effect devices. The main prerequisite for practical
application of the proposed protection algorithm is the use of
a transducer for the current measurements with response time
well below 1 ms.

V. CONCLUSION

The paper presented a fast fault detection method for radial
DC microgrids. The method uses mathematical morphology
denoising filters and local measurements. Since local mea-
surements are used, it is resistant to communication delays
and failures. The case study demonstrates that the proposed
method distinguishes PP and PG short circuit faults from
no-fault disturbance events, thus avoiding miss-operation of
protection relays and satisfying the reliability. Numerous sim-
ulation studies have proved accuracy and effectiveness of the
presented fault detection scheme. Finally, the proposed method
is cost-effective since it does not require a dedicated specially-
designed protection relay. In fact, any digital signal processing
hardware with good speed and real-time operating system can
be used. Compared with the traditional and frequency-based
fault detection methods in DC microgrids, the proposed one
is improved in view of relatively low sampling frequency,
high fault resistance tolerance, and robustness against noise.
In future studies, other aspects of fault management, such as
fault location, identification and isolation will be investigated.
Another line of research will be directed to other DC microgrid
topology types, i.e. ring and mesh.
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