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Abstract— A new local current-based fast high impedance fault (HIF) detection scheme for DC microgrid clusters
using mathematical morphology (MM) is proposed in this paper. The proposed strategy consists of two MM based
parts. The first part is MM erosion filtering to extract the current signals and its components to extract the differential
feature vector. The second part is MM regional maxima, for defining a determinative value to detect faults in a line
segment by the lowest possible time. This scheme also uses local measured values to eliminate the need for
communication channels, which provide a low cost, reliable, and fast fault detection method for DC microgrid clusters.
Moreover, to provide an accurate HIF detection method, the accurate HIF model in DC systems is presented and used
in the proposed method. For demonstrating the efficiency, authenticity, and compatibility of the proposed method,
digital time-domain simulations are carried out in MATLAB/Simulink environment under different scenarios such as
overload, noise, low and HIFs to distinguish between overloads and HIFs, and the results are compared with several
reported algorithms. The obtained simulation results are verified by experimental tests, which validate the proposed

strategy's accuracy and speed under different conditions.

Nomenclature
AC Alternating current,
RES Renewable energy source,
LIF Low-impedance fault,
HIF High impedance fault,
MM Mathematical morphology,
WT Wind turbine,
Rac The resistance of DC line,
Lac The inductance of DC line,
C The capacitance of the converter’s capacitor,
Iy Normal current,
Vo Normal voltage,
to Fault time,
t The end time of capacitor discharge stage,
to Operation time of breaker,
ta Delay of measurements,
MCT maximum clearing time,
R The equivalent resistance of HIF,
Vbc Voltage rating,

i Fault current,
k Arc constant,
N Total number of samples,



fn) Signal to be transformed by MM,

g(m) Structural element function,
SE structural element,

Yo Outputs opening filters,

ye Outputs closing filters,

CB Circuit breaker,

SSCB solid-state C.B,

p Primary detection time,

Ip Fault current at detection moment,
W Constant value,

& MM signal magnitude,

AC Alternating current,

RES Renewable energy source,
LIF Low-impedance fault,

HIF High impedance fault,

MM Mathematical morphology,
WT Wind turbine,

Rae Resistance of DC line,

Lac Inductance of DC line,

C Capacitor of the converter,

Iy Normal current,

Vo Normal voltage,

to Fault time,

t End time of capacitor discharge stage,
to Operation time of breaker,

ta Delay of measurements,
MCT maximum clearing time,

R Equivalent resistance of HIF,
Vbc Voltage rating,

i Fault current,

k Arc constant,

N Total number of samples,
fn) Signal to be transformed by MM,
g(m) Structural element function,
SE structural element,

Yo Outputs opening filters,

ye Outputs closing filters,

CB Circuit breaker,

SSCB solid-state C.B,

tp Primary detection time,

Ip Fault current at detection moment,
W Constant value,

é MM signal magnitude,

2 I. INTRODUCTION

3 DC Microgrid applications are increased in recent years due to the development of power electronic technologies,
4  renewable energies, energy storage, and DC loads usage. Compared with AC systems, DC microgrids have the
5  advantages of fewer power conversion stages and higher reliability and efficiency [1]-[2]. However, the utilization of

6  DC systems provides new challenges in terms of protecting the DC network during faults, due to the high penetration
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of RESs, power electronic converters, and the absence of zero-crossing points in DC systems [3].

In recent years, to improve DC microgrids' reliability, the concept of DC microgrid cluster is proposed. In a DC
microgrid cluster, multiple DC microgrids are connected to neighbor DC microgrids and/or the main AC grid to reduce
the investment cost and improve reliability [4]. Due to the connecting of several DC Microgrids with high penetration
of RESs, more point of couplings, and longer transmission lines, compared with the single DC microgrid, the protection
of the DC microgrid cluster is more complicated, and the mutual power flow among DC microgrids need to be
considered [5]. Also, the DC Microgrid cluster performances are usually not considered at the design stage of a
protection scheme.

One of DC systems' main equipment for tripping the fault current is C.B, and due to the lack of zero-crossing point
in DC systems, the traditional AC C.Bs cannot be implemented directly in these systems. Several schemes are
suggested for DC C.Bs to isolate the DC lines during faults in [6]-[8]. In [6], a Thomson coil-based fast C.B for medium
voltage DC systems. The designing of the C.B is optimized by circuit parameters and geometric dimensions of
components. Moreover, one of the main challenges in designing DC C.Bs is operation time, thus, in [7], an ultrafast
medium-voltage hybrid DC C.B consists of three switching devices, silicon carbide emitter turn-off thyristor as the
main isolator, a mechanical switch, and a commutating switch to quickly turn the primary current to the main isolator
for arc less interruption. In [8], the node currents' behavior under DC faults and their natural response is analyzed more
specifically. A protection system is designed based on protective devices that included hybrid circuit breakers and
relays. These protective devices monitor local measures to detect and isolate DC faults as quickly as possible.

In terms of fault detection of DC microgrid clusters, LIFs can be detected and cleared rapidly due to the high transient
fault current by discharging of capacitors of converters, which could damage the freewheeling diodes of converters
within a few milliseconds [9]. Moreover, one of the possible fault types is HIFs in DC systems, which have low fault
current magnitude, and may cause the fault detection failure [10]. Consequently, DC microgrids' fault detection scheme
should be equipped with both of the LIFs and HIFs detection functionalities.

Several research types have been performed on the fault characteristic analysis and fault detection methods in DC
microgrids. In DC Microgrids, the fault current has a high rise and magnitude characteristic, and the DC/DC and
AC/DC converters are vulnerable to this high amplitude fault current [11]. Therefore, DC microgrids must be equipped
with fault detection and isolation schemes. In terms of detecting faults, non-unit protection methods based on under-
voltage and overcurrent have been discussed in [11]-[14], which use different methods. However, they have limited
functionality during HIFs. In [15], a fault detection scheme is proposed for islanded DC microgrid clusters using the
threshold in the value of fault current. However, this method cannot detect HIFs and has low-speed performance during
LIF detection. In the studies mentioned above, the transient behavior of HIFs has not been extensively considered,
which causes a difference between the simulation and practical results. Also, the fault detection strategies and adjusting
the value of threshold are very difficult to set, and reliable and fast fault detection to avoid damage to converters cannot
be guaranteed.

The current derivative has also been investigated as a fault detection factor in DC microgrids in [16]. However, this

method is vulnerable to noise, sampling rate, and a small delay could cause a high difference between the measured
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and actual value of fault current derivative. Also, it could be difficult to implement in DC microgrids due to the low
line impedance. Communication-based fault detection strategies such as directional and current differential methods
are suggested in [17], [ 18] to high selectivity, and fault detection device speed. However, due to the additional utilizing
devices for communication infrastructure, higher cost, failure possibility, and delay are involved than local-based fault
detection approaches. The studies mentioned above cannot guarantee the detection of HIFs due to the low magnitude
of HIF currents. Although many methods have been implemented on the HIF detections, they have been designed
based on conventional AC systems or cannot meet DC microgrids' appropriate speed and reliability requirements [19].

The HIF detection schemes for DC and AC Microgrids are investigated in [20]-[22]. In [20], a method based on a
discrete wavelet transform of current is presented for detecting HIFs of distribution systems. However, it is not reliable
in different system conditions. In [21] and [22] the heuristic methods based on artificial neural network for HIF
detection is suggested, which require complex computations and implementation. However, these strategies did not
provide a cost-effective and satisfactory protection scheme during HIF on DC systems.

This paper takes advantage of using MM, in which different features of signals caused by electricity system
disturbances are extracted to distinguish different conditions of the system with high accuracy. MM uses morphological
operators, which are fast and simple and applicable to non-periodic high-frequency signals. Therefore, MM provides
an accurate and reliable signal component extraction method without any distortion. In [20], MM and erosion filters
are used to detect a microgrid's islanded mode within a short period. The transient phenomena of the power system,
caused by RLC circuits and switching instruments, are quickly detected by MM in [24] even when the transients are
very close to each other.

The studies mentioned above reveal that the HIF and LIF detection in DC systems is still an unsolved challenge. The
lack of research in the protection of DC Microgrid clusters motivates to propose a fast fault detection method for these
systems. Moreover, due to MM's advantages in feature extractions, utilizing a MM regional maxima-based fault
detection scheme improves the performance of fault detection methods. Therefore, in this paper, an advanced local and
MM-based fault detection scheme in DC microgrid clusters can be applied for both HIF and LIF. The proposed scheme
uses a fast fault detection feature using MM based filters to detect the faults before damaging the freewheeling diodes
of converters during the fault without requiring any communication links.

The rest of this paper is organized as: the characteristics of faults in DC microgrid clusters are analyzed in section
II. In section III, based on fault current features, the MM based fault detection scheme and framework of the utilization
of the scheme are proposed. The simulation and experimental test results of the proposed scheme are described in

section IV. Finally, the conclusions of the paper are presented in section V.

II. FAULT CHARACTERISTICS OF DC MICROGRID CLUSTERS
A. Basics of DC microgrid clusters

With the development of advanced power electronic devices and converters, the efficient transfer of DC electricity
to DC-based loads has more possibilities. Fig. 1 presents the test DC microgrid cluster of this paper, and the parameters
of the system are represented in Table 1. Each DC microgrid has different RES technologies, loads, and power values.
Due to the system's DC structure, more power can be transmitted through the DC lines than the AC systems with the

4



1 same voltage rating. Furthermore, utilizing DC power reduces the number of power conversion stages; for example,
2 WTs require AC/DC and DC/AC converters for connecting to AC systems; however, in DC microgrids, WTs only
3 requires an AC/DC converter. Therefore, it reduces power losses and costs and improves system efficiency.
4 The DC microgrid clusters usually contain a DC/DC converter to connect two neighboring DC microgrids and an
5  AC/DC converter to connect to the AC main grid. For DC microgrid clusters, different fault current characteristics
6  with high magnitude are anticipated. Therefore, a new fault detection scheme should be established by considering the
7  characteristics of both HIFs and LIFs in the DC microgrid clusters
8
9 TABLE 1
10 SYSTEM PARAMETERS
Component Rating
Line lengths (km) Line/=1, Line,= 1, Lines= 0.5, Line;/~ 0.5
Inductance and R =10 mQ/km, L= 0.05 mH/km
resistance
Nominal Voltage 480V
DC Microgrid,; WT: 200 kW, Reactance: 3.23 Q
Photovoltaic: VOC=64.2 V, ISC= 5.96 A, 25 series module, 66 parallel strings, Series and parallel resistances for 1 module: 0.037 Q
and 993 Q, respectively.
Fuel cell: 100 kW, Ohmic loss per cell: 0.000328 Q, number of cells: 1000
Battery: 200 Ah, 0.1 Q
DC Microgrid, WT: 200 kW, Reactance: 3.23 Q
Fuel cell: 100 kW, Ohmic loss per cell: 0.000328 Q, number of cells: 1000
Battery: 200 Ah, 0.1 Q
DC Microgrids WT: 200 kW, Reactance: 3.23 Q
Photovoltaic: VOC=64.2 V, ISC= 5.96 A, 25 series module, 66 parallel strings, Series and parallel resistances for 1 module: 0.037 Q
and 993 Q, respectively.
Battery: 200 Ah, 0.1 Q
11
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Fig. 1. DC Microgrid cluster test network
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B. LIF characteristics in DC microgrid clusters

An analysis of the response of the DC microgrid cluster during LIF is provided in this section. In terms of fault
current magnitude and rise time, a LIF is generally considered the most serious condition for converters. The equivalent
circuit of AC/DC and DC/DC converters are depicted in Fig. 2. During fault in DC systems, the fault current passes
through two states. The first state is capacitor-discharge, and the natural response of an RLC circuit due to the DC-link
capacitor's discharge immediately after the fault. The second stage starts when the capacitor's voltage becomes less
than the maximum voltage input, and the fault current reaches its magnitude. It results in the participation from
converter interface sources to the faulty node. During the capacitor-discharge, the capacitor starts discharging through
cable impedance by the occurrence of a fault, and the waveform is shown in Fig. 3. The peak current has resulted
during the discharging of the DC link capacitor. Its magnitude goes around several times of the system's rated current
without the operation of any fault detection devices. The second state of fault current is with a freewheeling diode
paralleled with the converter's active devices. This state starts after dropping the voltage across the DC link capacitor
to zero or negative value. As an effect, the voltage of the converter terminal is reversed, and the diode starts conducting.
The current response changes due to this alternative path irrespective of the IGBT conducting state. During a fault,
AC/DC converters immediately cut off the IGBT switches to self-protect, and DC link capacitors behave like a DC
source. Thus, the DC link capacitors discharge a current to the fault location exponentially decaying as (1) through the
path depicted in Fig. 2(a). It should mention that, in (1)-(5), for the case of AC/DC converter, the value of R, Lac, and
C should be replaced by R;, L;, and C;, as shown in Fig. 2 (a), respectively, and for the case of DC/DC converter of
Fig. 2 (b), the value of Ry, L4, and C should be replaced by R», L, and C>, as shown in Fig. 2 (b), respectively. The

voltage and current of the capacitor discharge stage can be obtained by [25]:

V. . I, _,.
V.=-"Y¢ 'sin( t+ )——Oce "sin( ?) (1)
dv 1 V,
= —C =0 0, fgin( t= )+—"¢ ‘sin ¢ 2
Sfaul, dt ( ) L ( )
L=1+C — )/ 3)
where
:Rdc/Zde
- f I Ry
L,C (2de)
= tan”'(—) “)
= tan"'( Vy ,Csin
Vy (Ccos -1

where, Rq and L. are the resistance and inductance between converter and fault location, respectively. Then, during
the second stage, the fault current starts to flow through the freewheeling diodes, after the dropping capacitor voltage

to zero, due to the cut-off of the IGBTs. Therefore, the fault current is calculated by

R
_(ﬁ)
=Je " t (5)

JSault 0
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where [y is the initial value of fault current at ¢, [25], in this stage, due to the high-rise current of LIFs, diodes might be
damaged. Consequently, the fault should be detected within ¢#,, before reaching the capacitor's voltage to zero to avoid
diodes' damage. Therefore, it can be concluded that LIFs should be fast seen because the voltage of the capacitor drops

to zero within a few milliseconds.

der _Rf Li
WA _"
lel T in
o 1@ +
—
Cl == Fault
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R2 L2 4["_2 i
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="
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1=}
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oL
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Fig. 2. Equivalent of (a) AC/DC (b) DC/DC converter during fault

In terms of the DC/DC converter contribution, the equivalent circuit is illustrated in Fig. 2(b). The corresponding
voltage and current DC/DC and AC/DC converter equations are the same during the fault, as presented in (1) to (5).
However, because the AC/DC converter's filter size is much larger than DC/DC converters, the fault current
contribution of the AC/DC converter would be more than DC/DC converter. Therefore, based on the transient behavior
of converters in DC microgrid clusters, the fault should be detected quickly to avoid damages to diodes under the
condition. The MCT can be used as an index to determine the performance of the protection method. The value of
MCT is defined as

MCT =t,—t,—t,—t, (6)

Therefore, a fault detection scheme should detect a fault of less than MCT to guarantee converters' safety. Fig. 3
represents the different fault current stages of a DC system. As shown in Fig. 3, the fault current reaches its maximum
value during the capacitor discharge stage. Then after a few milliseconds, the current flows through the freewheeling

diodes.
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Fig. 3. Fault current in the DC Microgrid cluster.

C. HIF characteristics in DC microgrid clusters

When a conductor approaches close to another conductor or ground through a high resistance, a HIF arcing will
occur. Due to the low value of fault current during HIF, detecting this small magnitude fault current is a challenging
task. If a HIF remains in the system for a long time, it results in repetitive re-ignition and extinction [26]. The HIFs are
very complex phenomena and illustrate a highly nonlinear performance. The characteristic of a HIF is divided into
three stages, buildup, shoulder, and nonlinearity. In the buildup, the fault current rises to the maximum value at the
first stage; then, the buildup ceases in the shoulder stage. The nonlinearity stage refers to the nonlinear behavior of
HIFs. The model of HIFs in DC systems has been considered rarely. The model of [28] is utilized in this paper to
accurately considers the performance of HIFs. The performance of HIFs can be modeled by

Ri, +k/i'?+35-V, sin ¢
m T R-12k/i (7)
2n + /3 t 2n +2 /3 n=0,12,...

Therefore,

po L2H [0 =12k 187 =k /i* =35+ V,csin ¢

j+l

i (8)

The equation (7) is used laboratory observations, and the constant value of £ can be calculated by experimental tests
for different HIFs in different situations. In this paper, the value of & is considered as 27000 by laboratory tests and
observations. The fault current of the presented model is shown in Fig. 4. As shown in the figure, the fault current has
repetitive behavior with a small change in the current magnitude. In this paper, the HIF is modeled by a nonlinear
resistor using (8) and inputs of current and voltage. In this paper, this model is considered to detect the HIFs in DC

microgrid clusters.

AW

Current (A)

During HIF

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Time (s)
Fig. 4. Fault current of a HIF model.
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III. PROPOSED MM-BASED FAULT DETECTION METHOD

A. Basic of MM
MM is developed in [28] as a nonlinear time-domain signal processing tool. Despite the frequency-domain signal
processing tools such as Fourier transform and wavelet, which are periodic, the MM applies to non-periodic signals
and does not require any integral transforms. Furthermore, MM operators have fast and straightforward calculations
without using any division and multiplication operations, unlike the frequency-domain signal processing tools. In the
DC systems, the only available quantity of current is the magnitude. Thus, the frequency-domain signal processing
tools are not suitable for DC systems, and MM is more effective in DC systems.
MM has two fundamental transformations, erosion and dilation. Erosion is a shrinking procedure, as defined in (9),
and dilation is considered as a swelling procedure, as presented by [29]
ye(m) = (f © g)(n) = min(f (n + m) — g(m))
0<(n+m)<Nm=0
yp(n) = (f ® 9)(n) = max(f(n —m) + g(m))

0<(n—-m)<Nm=0

©

(10)

SE is the foundation of MM transformation and is a probe for the extraction of the transient signal features [30]. The
length, height, and shape of the SE affect the MM transformation results. Therefore, the selection of SEs should be
made based on the MM application.

Based on erosion and dilation, the basics of the MM filter are calculated by (9). The MM filter's opening and closing

concept refers to the sharping edge and narrowing valleys and gaps, respectively. Opening and closing filters are

defined by
Yo(m) = (feg)()=(f©9) @ 9m (11
yem) = (f-g9)(n) = (FSg) © () (12)

B. MM regional maxima

The function of MM regional maxima sends the regional maxima values to fault detection devices to compare these
values with the threshold. The value of the threshold indicates the border between overload and fault conditions.
Therefore, the threshold is selected for an overload condition by 20% more in normal load current. Within the first and
milliseconds of fault, the fault current starts to rise to a high value. Therefore, the values of MM regional maxima start
to increase faster than the fault current measured value. The MM regional maxima are all higher than any current
magnitude in its finite number of neighborhoods. They can be computed from the residue of the h-maxima of height 1.
The h-maxima transformation suppresses any domes with a height smaller or equal than a threshold level and decreases
the other domes' height by the threshold level. It is defined as the reconstruction by dilation of f'subtracted by a height
of threshold level. Consequently, it causes the fault detection before reaching a maximum of fault current within a few
milliseconds. Also, this method can detect the fault before the maximum value of fault current, which could guarantee

the safety of converters.
C. DC fault current detection

MM-based erosion filter can extract the transient features of the fault current signal and remove the noises from the

9
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main signal. The output of the MM-based erosion filter is the input of the MM regional maxima. As depicted in Fig. 5,
the fault detection function immediately detects the fault before the fault current reaches to freewheeling diode stage.
Therefore, fast detection is possible before the fault current's peak time, which avoids any damages to the converter
and freewheeling diodes. Also, it provides more time for C.Bs' operation due to the low detection time of the MM-
based fault detection method. Also, by utilizing SSCBs, the fault isolation device's operation time is low, and due to
the lack of communication link, the delay is avoided in signals.

Based on Fig. 5, the MM regional maxima signal changes to a high value more quickly than the fault current signal.
Therefore, this signal can be sent directly to the SSCBs for tripping. With the help of erosion filer and low-pass filtering
characteristic, this method is less vulnerable to signal noise. Moreover, the exact time of the fault does not require to
be detected. Fig. 6 illustrates the diagram of the proposed scheme for fault detection on DC microgrid clusters. The
scheme only requires the current of the one end of a line segment, which eliminates the communication link between
measurement devices of both ends of a line.

On the other hand, selectivity is an essential function in fault detection systems, which capable of the protection
system only operates during fault at their protection zone. For this aim, in this paper, an additional factor should be
added to each fault detection system's operation time. By increasing distance from fault location, the fault magnitude
will decrease. Therefore, the closer protection device senses a higher magnitude in fault current and should operate by
lower time than other protection devices. Thus, the operation time of each protection device is calculated and sent to
SSCBs by

=yt (13)

In this paper,  is assumed 10000. In (13), due to the low value of &, the range of additional term is around several
microseconds. The value of & is based on the MM magnitude, and therefore it is approximately less than 25 107 of
Ip. Therefore, it cannot cause a significant delay in the operation time of SSCBs; however, it makes an appropriate

selectivity for the proposed protection system.
800

<—— Detection timg

600 —

Maximmunr vatue of fautt current

Current (A)
B
S

200

/MM regional|maxima signgl

0
0.98 0.99 1 1.01 1.02 1.03

Time (s)
Fig. 5. MM regional maxima of fault current in DC Microgrid cluster
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D. HIF fault detection

As discussed previously, the proposed fault detection strategy can be used to detect the fault before the peak time of
fault current. However, based on Fig .4, the HIF current has a repetitive and spiky performance. Fig. 7 represents the
operation of the proposed method during HIF. As mentioned before, based on (8), the fault current has spiky and
repetitive characteristics by a small change in the magnitude of the fault current. Based on this figure, the fault is
detected immediately after occurring the fault, and it is independent of the small change of the fault current during HIF.

Therefore, this method does not need any function for distinguishing LIFs and HIFs.
10

\
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0
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Time (s)
Fig. 7. Fault current and the fault detection signal during HIF

IV. SIMULATION AND EXPERIMENTAL RESULTS

For verifying the proposed fault detection scheme's performance, the test DC microgrid cluster system shown in Fig.
1 with parameters of Table 1 is modeled in MATLAB/Simulink and implemented experimentally. The MM-based
relay is located on one side of each line segment to detect the faults. Then, each line only requires one measurement
device at the relay side with the sampling rate of 50 kHz. Relays are connected to SSCBs at both sides of the line
segments. In case of selection of sampling rate, although the higher sampling rate provides more current samples and
accurate results, it requires more cost on the installation of sensors. Therefore, based on [31], in DC systems, the
accuracy of fault protection methods for sampling rate from 25 kHz to 100 kHz is almost constant. Therefore, in this

paper, the sampling rate of 50 kHz is selected for sensors.

11
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A. Simulation results

Fig. 3 represents the fault current of Line; during a LIF that occurs at £ =1 s on the middle of the line segment with
fault resistance of 0.1 Q. The fault causes a high-rise capacitive discharge current at the first milliseconds of the fault
stage. Based on the fault location and resistance, the magnitude and time to reach a maximum of fault current are
varied, and the corresponding MCTs are shown in Table 2. After #,, the freewheeling diode stage starts with a reduction
trend from an extremely high current value of 49 times more than the normal current (23-1146 A). Therefore, a fast
fault detection scheme should detect the fault before MCT. In this paper, the values of #, and #; are assumed as 1 ms.
Fig. 8 presents the simulation results of the MM regional maxima output for fault current at # = 1 with fault resistance
of 0.05 Q at Linel is shown. Based on this figure, MCT's value is 24 ms, and starting the freewheeling diode stage is
25 ms. Therefore, the fault should be detected within 24 ms. Using the MM regional maxima, the value of this signal
reaches its maximum value within 3.8 ms, which shows the high speed of this method. Moreover, the peak time of
fault current is 4 ms, in which the detection time is less than this value.

Also, the value of &, in this case, is 0.0552 107, then the operation time after adding the selectivity term will be
4.24 ms. In Fig. 9, a LIF at L3 has occurred at ¢ = 1 with fault resistance of 0.2 Q, and after detecting fault by MM-
based fault detection function, the tripping signal is sent to the related SSCBs to isolate the fault. As shown in Fig. 9,
since the value of &, in this case, is 0.112 107, the LIF is detected and isolated within 3.9 ms and 4.9 ms, respectively,
which is much fewer than the damaging time of converters. In Table 3, the results for different cases of LIFs are
indicated. As can be seen, the LIF is detected within a time lower than the MCTs in all scenarios. Therefore, the
proposed method guarantees the fast detection and isolation of LIFs. Moreover, the length of this scheme's utilized
structural element is selected by considering MCT, which is 100 in this paper. The fault detection transferred signal is
the current of the line.

In HIFs, Fig. 10 represents the simulation results of the MM-based fault detection output for HIF at t = 1 with
equivalent fault resistance of 4 (), and arc constant of 27000 at Line; is shown. Based on this figure, this signal's value
reached to peak immediately and oscillated every 40 us. By utilizing the proposed fault detection method, the fault is
detected after 1.04 ms and isolated by SSCBs within 2.04 ms, which shows the high speed of this scheme, as shown in
Fig. 11.

TABLE 2
FAULT CURRENT CHARACTERISTICS OF DIFFERENT FAULT TYPES AT LINE,;

Fault resistance () MCT (ms)  Fault current magnitude (A)

0.10 23 1146
0.20 22 1060
0.30 21 467
0.40 21 355
0.50 20 286
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12
13 One the other hand, one of fault detection scheme challenges is distinguishing overload conditions and faults.

14  Besides, having noise in the measured value of current affects the effectiveness of the fault detection method.
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Therefore, an overloaded case is applied to the system, in which a 10 kW load is connected to the system at =0.996 s,
and a fault is occurred at =1 s with fault resistance of 0.95 ), as shown in Fig. 12 (a). The overload current in the
presence of noise is shown in Fig. 12 (b). Based on Fig 12 (a), the fault detection method detects fault within 0.24 ms,
without affecting by noise and overload.

400
—Measured current |
—Trip signal K

300

Current (A)
[3~]
[=3
(=]

100

0

0.990 0.992 0.994 0.996 0.998 1.000 1.002 1.004 1.006
Time(s)
()
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Time (s)
(b)

Fig. 12. Operation of proposed method during overload, noise, and fault (a) trip signal and fault current (b) the noisy overload current

Another type of HIFs is no arcing faults, which are linear HIFs, and can be modeled by linear resistor. Therefore,
the performance of the proposed method in linear HIFs is also evaluated to show the effectivity of the proposed fault
detection scheme. As shown in Fig. 13, during the linear HIF, the current magnitude is increased approximately 10 A,
and the fault, same as nonlinear HIF with the same magnitude, is detected within 1 ms. Therefore, the proposed method

is effective during both nonlinear and linear HIFs.

60
55
z
§ 50 Fault
5 detection
<——Fault
45
0.998 0.999 1.000 1.001 1.002

Time (s)
Fig. 13. Fault current and the fault detection signal during linear HIF

B. Experimental results

Various experimental tests were carried out with the scaled experiment system consists of power supply, converters,
equivalent line segment, and dSPACE, as shown in Fig. 14. In this paper, LIF and HIF are applied to different line
segment locations and measured by a current sensor at one side of the line with a sampling rate of 50 kHz. It should be

noted that each power supply is equivalent to the output DC bus of a DC microgrid cluster.
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A LIF is occurred at 30% of the line from the relay side by fault resistance of 3.2 Q. The current sensor measures
the fault current, as shown in Fig. 15, and sends the measured values of line current to dSPACE, and the MM-based
fault detection function is designed in the dSPACE environment. Therefore, within 2.18 ms, the fault is detected, as
shown in Fig. 16.

As shown in Fig. 15 and Fig. 16, the fault is detected less than peak time, which guarantees converter and
freewheeling diodes' safety. After fault detection, the tripping signal sends to switches to isolate the line. As shown in
Fig. 17, a LIF occurs at 60% of the line from the relay side by fault resistance of 3 2, which is detected within 2.10 ms
and isolated by switches after 2.3 ms much fewer than the MCT. Based on the standard IEC-60909, the minimum fault
current is defined based on a fault resistance, which increases the faulty line's current to a 20% increase in normal
current. Therefore, in the under-study system, the fault resistance of 50 Q is considered maximum fault resistance.

On the other hand, to validate and prove the proposed method's efficiency during HIFs, a HIF fault is applied to the
end of the line segment with fault resistance of 50 Q, and the fault current waveform is shown in Fig. 18. Due to the
nature of HIFs, the fault current reaches 1.2 A, which the normal current is 0.9 A. Then, the tripping signal is sent to
the switches to isolate the faulty line, as shown in Fig. 18, which shows the line's isolating within 3.8 ms.

In this paper, the results of fault detection and isolation proposed method for both LIFs and HIFs in a DC microgrid

cluster are proposed. It is evident that the proposed method detects and isolates the faults within an extremely low

Fault resistance

operation time to avoid any damages to converters.

model

| Line equivalent

| DC Motor,

g Current
= (b)

Fig. 14. The experimental test setup (a) power supplies, dSPACE, sensors, converter, SSCB, (b) loads, line, fault resistance (c) dSPACE interface

15



Do—

E NS

{%VARIABLE%}

outt

08

05

0.4

02

02

04

08

outt

1

Fig. 15. The fault current waveform

B

10

of a LIF

Fig. 16. The fault detection signal during LIF

9

10

n

12

13

1 2 3 4 5 6 8 9 10 1 12 13

Fig. 17. The fault current waveform of LIF after

16



A WLro—

O 0 9 N W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

<%
R

(HVARIABLES)

0s 10 15 20 25 30 35 40 45 50 55 80 85 7

Fig. 18. The fault current isolation during a HIF
C. Comparative analysis of the proposed method

For emphasizing the efficiency of the proposed method, this method is compared with [32]-[34] in terms of fault
detection time, ability to detect HIFs, and requiring communication facilities are compared and presented in Table 4.
It should be noted that, due to the lack of enough protection scheme for the DC microgrid cluster, this method only
compared with other fault detection methods for protecting DC microgrids.

In [32], a differential current based fault detection method is proposed. This method, due to the utilizing differential
concept, requires communication links, and also the fault resistance is considered a limited value. In [33], a fault
detection method for DC microgrids is suggested. This method requires only the data of current for one end of the line.
However, this study does not consider the higher values of fault resistances than [34]. And the fault detection time of
this method is not appropriate. In [34], the HIF detection of DC microgrids has not been considered on this method.
However, this method does not require a communication link. An intelligent three tie switch is presented in [35] to
detects HIF. However, this method requires a communication link, and the fault detection time is too high. In [36], a
wavelet-based HIF detection method is suggested and does not require any communication links; however, it only
applies to radial DC systems.

The proposed method in this paper only requires the measured information on one side, which reduces the cost,
failure probability, noise, and delay. Moreover, this paper considers the HIFs with an accurate model of these DC
faults. Besides, the fault detection's operation time is much fewer than other methods with less than 4 ms.

Moreover, one of the aims of the proposed method is distinguishing HIFs and overloads during the noise. Therefore,
in Fig. 19, the di/dt fault detection method [37] is compared with the proposed method during overload and HIFs under
noisy conditions. As shown in Fig. 19, the di/dt method detects both overload and HIFs. However, the magnitude of
di/dt of overload and HIF signals is approximately the same, 298 A/s and 302 A/s, making it difficult to distinguish
overload and HIF conditions. Moreover, the proposed MM fault detection scheme detects HIF 1 ms after di/dt method;
however, by distinguishing HIFs and overloads, this amount of operation time is acceptable. On the other hand, as
shown in Fig. 12 and 18, the proposed scheme only detects the HIFs, which shows the effectiveness and appropriate

performance of the proposed scheme under different scenarios.
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TABLE 4
COMPARING OF PROPOSED METHOD WITH EXISTED METHODS
Method Commynlcatlon Cost Det_ectlon HIF Max1mum fault Req}nred Accurate model
link time resistance sampling rate of HIF
[32] Yes High 110 ms Not considered 2Q 5kHz No
[33] No Moderate 20 ms Not considered 0Q 20 kHz No
[34] No Low 4 ms Not considered 8Q 10 kHz No
[35] Yes High 300 ms Considered 20Q Not mentioned No
[36] No Low 5.5 ms Considered 300 Q Not mentioned No
Proposed method No Low 4 ms Considered 50 Q 50 kHz Yes
100 P p——— 100
(\V L |
il
80 ——————e—tf———— 1 | 90
—di/dt of overload
—di/dt of HIF ”
= 60 MM of HIF |80 —
EI) —MM of overload g
740 —Overload current 70 £
- - HIF current O
20 60
A
T ——— 5)
0.998 0.999 1.000 1.001 1.002 1.003
Time (s)

Fig. 19. Comparison of the proposed method with di/dt method
V. CONCLUSION

An advanced local fault detection and isolation scheme is proposed in this paper to protect DC microgrid clusters
against faults by using MM-based relays. An MM-based filter is used to eliminate the noises, and a MM regional
maxima function is used to detect the LIFs and HIFs. The proposed scheme can provide a fast LIFs detection within a
few milliseconds, thereby avoiding any damages to vulnerable converters during the high-rise fault current. It also can
provide reliable detection of HIFs, which is difficult to detect due to the small changes of current. Due to the localized
performance of the proposed scheme, this method can be considered an economical solution for protecting DC
microgrid clusters. Moreover, a communication channel between relays and other components are not required in this

strategy. The effectiveness of the proposed method has been validated in simulation and experimentally.
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