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ABSTRACT The high penetration of renewable energy resources (RERs) increases the fault current level
of direct current (DC) microgrids and causes bidirectional flow for fault current. Therefore, it may cause a
miscoordination between fuses or other protection devices. The traditional coordination methods are based
on shifting the operation curve of protection devices below the characteristic curve of the fuses during
temporary faults to save fuses. However, in case of low variations of the system topology and low impedance
faults, these methods can be used to save fuses. Also, in the case of high penetration of RERs, due to the
variations of the short circuit level, the traditional methods are not effective. On the other hand, due to the
lack of standards and proper protection methods in the DC microgrids, presenting a recloser switch – fuse
coordination scheme for DC microgrids is essential. To address these issues, this paper proposes a fuse
saving method by finding the appropriate setting of fuses and the recloser switch, which is effective for DC
microgrids with various types and penetration levels of RERs. The proposed protection method is localized,
and without communication links, it is applicable for both digital and conventional protection devices
installed in the DC microgrids. The proposed scheme formulates the fuse-recloser switch coordination
challenge as a curve-fitting problem and solves this problem to obtain the settings of the digital recloser
switch and fuse. The proposed strategy provides a robust setting for fuse and digital recloser switch by
considering different topologies of the DC microgrids. The proposed method is applied to a DC microgrid
in different scenarios. The effectiveness and robustness of the proposed method are illustrated by digital
time-domain simulation studies in the MATLAB/Simulink software environment and comparisons with
previously-reported protection strategies.

INDEX TERMS DC microgrid, fuse, protection, recloser switch, renewable energy resources.

I. INTRODUCTION
In recent years, DC microgrids have been used widely as a
realistic scheme with the majority of DC loads and sources
such as storage devices, fuel cells, and photovoltaic (PV)
units [1] and [2]. DC microgrids reduce the number of con-
verters compared to the alternating current (AC) systems, and
it reduces the power losses [3]. In DC microgrids, one of the
main challenges is the lack of effective protection strategy
and standard [4]. Protecting the DCMicrogrid against fault is
difficult due to the variation of topology, lack of zero-crossing
point, and presence of the power converters [5].

In DC microgrids, the components are protected by using
fuses and recloser switches [6]. Fuses are typically placed as

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

series with the components and at a remote position from
the grid side. During a temporary fault at any part of the
system, the corresponding fuses should not melt, and the
fast operation performance of the recloser switch removes
the path of fault feeding from the grid side. It allows the
temporary fault to clear itself [7]. Also, during the permanent
faults, the fuse must clear the fault by melting before the trip
operation of the recloser switch to prevent interruption of
loads between the recloser switch and fuse. In other words,
during the temporary faults, the fuse is the backup protection
device, while during the permanent faults recloser switch is
the backup protection device. Weak coordination between the
protection devices causes transient voltage interruption and
voltage sag [8] and [9] that specify the overall power quality
of the system. Thus, proper coordination between the fuses
and recloser switch is essential. The coordination of fuse

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 137407

https://orcid.org/0000-0001-9247-0840
https://orcid.org/0000-0002-3127-6398
https://orcid.org/0000-0001-7067-1318
https://orcid.org/0000-0003-0741-070X


N. Bayati et al.: Fuse Saving Scheme for DC Microgrids With High Penetration of RERs

and recloser are discussed in [10] for distribution systems of
power systems without the presence of RERs.

Moreover, in the radial DC microgrids, the fault current
is unidirectional; however, by installing RERs in different
locations, the fault current will be bidirectional. Besides,
installing an additional RERs in DC Microgrid changes the
short circuit level of every node of the system. Therefore,
the probability of the miscoordination in the fuse and recloser
switch operation increases.

Protection coordination of fuses and recloser switch during
the high penetration of RERs is a challenging task. In recent
years, the coordination problem of these protection devices
has been well studied for AC systems. In [11], the distribu-
tion system has been divided into different zones to propose
an adaptive protection coordination strategy for fuse and
recloser in the presence of RERs. Further, an adaptive setting
for recloser has been proposed in [12] to coordinate the
fuse and recloser by modifying the instantaneous overcurrent
and time delay elements of the recloser. In these methods,
implementing a communication channel is essential, and
they require a remote control for the system. The maximum
RER injection during the fault without affecting the fuse
and recloser coordination in a radial distribution system have
been discussed in [13]. Also, in [14], the RER locations,
fuse, and recloser characteristic curves have been modified
to maintain the coordination of fuse-recloser. This method
improves coordination by decreasing the number of fuse-
recloser miscoordination cases. Also, the impact of inverter-
based resources on the miscoordination of fuse-recloser has
been investigated in [15]. Also, the fuse and recloser coordi-
nation have been adjusted by using the directional properties
of the microprocessor-based reclosers. The mentioned meth-
ods have been developed for implementing in theAC systems,
while the usage of DC systems is widely increased in recent
years.

On the other hand, due to the difference in the nature
of DC and AC, to correctly selecting of a DC fuse for DC
microgrids, the capabilities of fuse and critical parameters of
the system should be known. In some applications, the AC
fuses can be uses in DC systems. However, there are no
specific roles that safely convert an AC voltage rating to DC
voltage rating [16]. In AC systems, on the frequency of 60 Hz,
the current crossing at zero point 120 times per second. But,
due to the lack of a zero-crossing point in DC systems, DC
fuse should be able to absorb and extinguish the total energy
of the DC arc. Therefore, the DC fuses should be designed
especially for use in the DC systems. In [17], the analysis
of an active fuse in DC fault is carried out. The active fuses
consist of two components, a passive cutout bridge, and an
active switch. During the fault, the active switch is activated
by a signal, and when the switch is released, an excess fault
current flows via the cutout bridge and melts it, and finally,
the current path is interrupted. In [18], a model for calculating
the melting time of a DC fuse is proposed to model voltage
fluctuations and fault current from start point to melting
point.

One of the othermain components of protection schemes in
DCMicrogrids is the recloser switch. Similar to AC systems,
the system recovery of DC Microgrids can be realized by the
reclosing operation of protection devices. However, due to
the different working principles, the operation time of AC
breakers are in the range of 40-60 ms, while DC breakers can
operate within 3 ms. Also, DC systems have no zero-crossing
point. Thus, reclosing operation in the DCMicrogrids should
be considered. The application of the recloser switches in
the DC distribution networks has been discussed in [19] to
protect the system against temporary faults considering the
high inrush current and avoiding the false tripping. In [20],
a DC breaker reclosing operation is suggested, and a novel
sequential auto reclosing strategy for DC grids is presented.
Therefore, the potential adverse impacts such as damage to
power electronic devices and line insulation failure due to
the using traditional reclosing schemes are eliminated. Also,
a recloser switch for DC distributed systems is suggested
in [21], which uses DC thyristors to provide low conduction
losses and quick recloser switch.

However, the installation of fuses and recloser switches in
a DC system without considering the coordination between
these protection devices deteriorates the overall operation
of the protection system. The coordination between the DC
circuit breaker and fuses for maritime DCMicrogrid has been
discussed in [22]. In thismethod, the settings of theDC circuit
breakers have been adjusted first, and then the proper fuse
has been selected to be used in the system. This method
causes difficulty in the selection of fuses due to the lack of
availability of a wide range of characteristics of fuses. Also,
to reduce cost and shutdown time, the main aim of the fuse-
recloser switches should be saving fuses, which has a lack of
enough research.

In the studies mentioned above, the time dial setting (TDS)
of the recloser for both slow and fast modes has been selected
for coordinating with the time-current characteristics of the
fuse. Further, because the majority of the mentioned studies
have been focused on the AC systems, further studies should
be done to address the fuse-recloser switch coordination
problem in the DC microgrids. Also, due to the variation of
the RERs power injection and high penetration of RERs in
these systems, a special coordination method for DC micro-
grids is essential.

This paper presents a local fuse saving method by proper
coordination between fuse and recloser switch in DC micro-
grids. The main contribution of this paper is a new non-
standard switch characteristic for fast tripping of recloser
switches to avoid miscoordination with fuses in DC Micro-
grids. The proposed strategy uses a series of constraints to
provide a robust coordination scheme for different operation
modes and situations. The characteristic curve of the recloser
switch is modified by a coefficient to improve the speed and
coordination of fuse and recloser switch. Moreover, to main-
tain the coordination of these protection devices, the con-
straints of the proposed method ensure robust operation of
recloser by providing an approximately constant distance
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between both characteristic curves. Finally, to evaluate the
performance of the proposed algorithm, offline digital time-
domain simulation studies are carried out on a test micro-
grid system in MATLAB/Simulink software environment,
and also the results are compared with previously reported
methods.

The remainder of the paper is organized as follows:
Section II discusses the behavior of the fuses and reclosers
in the DC system. Section III discusses the proposed fuse
saving and coordination scheme. The performance of the
proposed coordination method is validated by simulation
results in section IV for different scenarios. Finally, section V
concludes this study.

FIGURE 1. The structure of a radial DC microgrid.

FIGURE 2. The structure of a ring DC microgrid.

II. FAULT CALCULATIONS OF DC FUSES AND RECLOSERS
In this section, the performance of DC fuses and reclosers
during the fault in DC Microgrids are investigated. There
are two types of DC microgrids in terms of the structure of

the system; ring and radial systems. In the radial systems,
all loads are fed by the grid by a unidirectional power flow.
However, due to the existence of the RERs, loads are fed
by RERs by a bidirectional power flow. As shown in Fig. 1,
the fault current is made by three different current sources,
IG by grid through an AC/DC converter, and IPV1, and IPV2
injected by PV1 and PV2, respectively. The structure of a ring
DC Microgrid is shown in Fig. 2. Despite the unidirectional
flow of the grid current in radial systems, the fault is fed
by grid in-ring DC microgrids by a bidirectional current.
Therefore, the value of fault current from the grid affects all
lines of systems; thus, using a recloser switch on the place of
converter1, as shown in Fig. 2, can control the fault current
during the temporary faults to save the fuses. Also, all RERs
in the system contribute to supplying the fault current from
both sides of the fault. Therefore, it increases the complexity
of coordinating the fuse and recloser switch.

During fault in DC systems, the behavior of the system
can be categorized into three stages, 1) capacitor-discharge,
2) conducting freewheeling diode, 3) current from the con-
verter. Immediately after occurring the fault, the capacitors
of converters start to inject high rise current to the faulty
point. And after 1 or 2 ms, capacitors are completely dis-
charged, and the second stage will start. At the second stage,
the equivalent circuit of the system will be an inductance-
resistance circuit. Therefore, due to the high melting time of
DC fuses, compared to recloser switches, the operation curve
of recloser switches and DC fuses can be defined during the
first and second stages, respectively.

In selecting a DC fuse, the challenging part is finding the
operation time of DC fuse based on the fault characteristic.
In determining the operation time, because the fault current
rise is based on the L/R, a time constant, the inductances of
system and arc have significant differences. In AC systems,
by using the AC fuses, the melting times can be from 4ms to a
few cycles. However, in DC systems, because the fault current
requires more time to reach the steady-state value, the DC
fuse takes more time to sense the fault current. For example,
in a DCMicrogrid with an L/R lower than 10ms, the DC fuse
curve is the same as the operation curve of AC fuses, but at the
higher current portion of the curve, it has a minor difference.
For an L/R higher than 10 ms, there is a slowing isolating of
the fault by fuses, due to a slow increase in fault current. The
effect of L/R on the operation of DC fuses and comparing
with an AC fuse is shown in Fig. 3. Based on this figure, only
DC fuses for a component with low value of L/R can use the
characteristic curve of AC fuses. For instance, in most cases,
the L/R value of batteries is approximately 2 ms.

Based on the difference between DC and AC fuses,
the characteristic curve of a DC fuse should be defined in
terms of L/R. During a fault in a DC system, the DC line can
be equivalented by the inductance-resistance circuit. There-
fore, the fault current can be defined by [23]:

Ii = If (1− e−n) (1)
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TABLE 1. Converting AC fuse curve to DC fuse curve.

FIGURE 3. Effect of L/R on fuse curves.

where Ii is the instantaneous current, n is the number of the
time constant, and If is fault current, and it is determined
by the initial value of voltage, V, and resistance, then If is
V/R. On the other hand, the heating effect of DC fuses during
melting is calculated by the RMS value of (1) as follows:

Irms = (
1
T

∫ T

0
i2(t)dt)0.5 (2)

where T is the period over which integrated or the number
of time constants. By substituting of (1) into (2), the Irms is
obtained by:

Irms = If (1+ 2
e−n

n
−
e−2n

2n
−

1.5
n

)0.5 (3)

Moreover, the value of n is tR/L. On the other hand, the
characteristic curve of AC fuses obtained by [14]:

log(tfuse) = a log(Ifuse)+ b (4)

where a and b are the settings of fuse, Ifuse is the fault current
through AC fuse, and tfuse is the operation time of fuse. Based
on (3), the characteristic curve of DC fuses can be presented
by

log(tfuse) = a log(
IDCfuse

(1+ 2L e−tR/L
tR − L

e−2tR/L
2tR − L

1.5
tR )

0.5
)+ b

(5)

where IDCfuse is the fault current through DC fuse. Therefore,
(5) can be used as the characteristic curve of DC fuses. Also,
it could be noted that the value of n is replaced with tR/L to
define a time-based equation (5). For example, in Table 1,
a time-current curve of an AC fuse, SMU-40, is converted to
the DC fuse curve by using (5) for two different time constant
values. It indicates that the higher value of time-constant
causes more differences in values of IDCfuse with Ifuse, espe-
cially in lower time. The algorithm for converting the time-
current characteristic curve is summarized as follows:

1. Find the points of the time-current curve of fuse and
determine the related times and currents.

2. Define the number of time constants.
3. Solve (3).
4. Plot (3) in terms of the time of plots.
5. Select another point at the time-current curve and repeat

steps 1 to 4.
Different types of protection devices such as recloser

switches, fuses, solid-state circuit breakers, and relays are
used in the DC microgrids. The main aim of an effective
protection system is clearing both permanent and temporary
faults as quickly as possible and de-energizing the minimum
zones of the DC Microgrid. In DC microgrids, faults are
often temporary and caused by transient contacting of an
energized line. The temporary faults are cleared themselves
after flowing the current through the fault path. On the other
hand, the fast operation of the recloser switch and fuses
should be coordinated to avoid the unnecessary melting of
fuses, and consequently, it saves the fuses.

Also, the current based relays with the characteristic curve
of Fig. 4 are implemented in DC Microgrids [24]. And,
the fast operation curve of these relays is adjusted to be
under the fuse curve. However, due to the increasing the
maximum of fault current by installing a RERs or changing
topology, from IF,max to I1, the coordination between relay
and fuse will eliminate. Also, due to the slow operation of
these relays, the traditional relays cannot be implemented in
the DC microgrids protected by fuses. Consequently, down-
stream fuses should be coordinated by the operation of a
recloser switch. Therefore, the operation curve of the recloser
switch for permanent fault should be located in the upper area
of the fuse curve, and the temporary fault should be in the
lower area of the fuse curve.
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FIGURE 4. The characteristic curve of fuse.

Evaluating the selectivity of fuses between downstream
and upstream fuses is common in the microgrid research
today. Time current curve is compared to determine the selec-
tivity of events, and fuses are presumed to be selective if
a separation between the total clearing curve of the down-
stream fuses and the minimum melting curve of the upstream
fuses is maintained. In should be noted that fuse clearing
and melting I2t values should be compared for assessing
the selectivity of fuses. The I2t value of downstream DC
fuses should be less than the melting I2t value of upstream
DC fuses for selectivity during faults. In this paper, because
the backup of the downstream DC fuses is recloser switch,
therefore, by appropriate coordination between DC fuses and
recloser switch, the selectivity of the protection system will
be ensured.

III. PROPOSED PROTECTION STRATEGY AND
COORDINATION FOR RECLOSER SWITCH AND FUSE
When a fault occurs in a DC Microgrid, the IGBT switches
of converters are blocked and leaves the antiparallel diodes
exposed to the fault current. This means that during the fault,
and collapsing voltage, the current flows through diodes,
and cannot be limited. However, typically, the fault current
tolerant of diodes is high, but the thermal limit of diodes,
which determines by I2t should be considered during the
selection of fuses. For example, the maximum non–repetitive
surge current of diode NTE5338 is 1500 A, and the maximum
I2t is 9350 A2sec. Then, the capacitors of converters start to
discharge through the lines. The equivalent circuit of a DC
line is shown in Fig. 5. The fault current of this circuit from
the AC side can be calculated by [25]

IFseen(t) =
V0
L1ω

e−αt sin(ωt)

+ I0e−αt (cos(ωt)−
α

ω
sin(ωt))

α =
R1 + RF
2L1

ω =

√
1

L1C1
− α2

(6)

FIGURE 5. Equivalent circuit of a DC line, connected to AC grid and
DC/DC converter during fault.

FIGURE 6. Fault current behavior during fault.

where IFseen is the fault current that seen by the recloser
switch, V0 and I0 are initial voltage and current, respectively.
R1 and L1 are the resistance and inductance from AC/DC
converter to the fault location. C1 is the capacitor of the
AC/DC converter, and RF is the fault resistance. During the
capacitor discharge stage, the fault current is shown in Fig. 6.
By Differentiating (6), the maximum value of fault current
occurs at

tmax =
1
ω
tan−1(

2αωI0 − ωV0
/
L

α2I0 − I0ω2 − αV0
/
L
) (7)

where tmax is the time of the maximum value of the current.
Also, the value of fault current cannot exceed the short term
thermal tolerant of components. Therefore, a new current
factor for the setting of recloser switches is defined by

ISetting = σ − IF,max (8)

FIGURE 7. The inverse time-current characteristic curve of the proposed
recloser switch.

where, ISetting is the current setting of recloser switch, and σ
is the short term thermal tolerant of the conductor. Therefore,
(7) and (8) are used for setting the recloser switch of AC/DC
converter. For this aim, the recloser switch uses the ISetting
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and tmax for the setting of the switch, and the I-t curve of
the recloser switch is an inverse time-current curve, as shown
in Fig. 7. The fast operation curve of the recloser switch is
responsible for temporary faults and should be located below
the fuse characteristic curve. Moreover, the slow operation
curve of the switch for permanent faults is located above the
fast operation curve with a time delay. The proposed I-t curve
is depicted in Fig. 7. Moreover, to determine a general equa-
tion for the characteristic curve of recloser switch, the data
of the maximum fault current and the corresponding time are
estimated by two exponential terms, as indicates in (9):

tmax = Ae−BIsettings + Ce−DIsettings (9)

where A, B, C, and D are the constant settings of the recloser
switch. Moreover, due to the exponential nature of the fuse
and recloser switch curve, these curves will be depicted in
logarithmic figures. Therefore, the fuse characteristic curve
should be located between these two curves. After the fault
detection, based on the fault current, the recloser switch
cut the power line, then after a specific delay, if the fault
is cleared, the system will back to the normal operation;
however, if the fault is still in the system, recloser switch trips
again. Based on the standards of AC protection systems, three
times, a recloser should check the fault. Then, if the fault is
still in the system, the fuse will be de-energized the faulty
section. The slow operation curve is the backup of the fuse.
The flowchart of the proposed method is depicted in Fig. 8.
Therefore, by considering the characteristic of DC micro-
grids, high rise current, and low tolerant of DC components to
high fault current, the proposed scheme clear both temporary
and permanent faults by lowest operation time.

In this method, two delays should be identified for set-
ting the slow operation time of the switch, and coordination
between fast operation time of recloser switch with the fuse.
All conductors of DC Microgrid have a thermal limit, which
shows by I2t curve. Therefore, the slow operation of the
recloser switch should be in the below part of the thermal limit
curve. Thus, the fuse characteristic curve should be between
these two curves. Therefore, the delay between the slow and
fast operation curve is identified by τ . The values of a, and b
of (5) should be calculated by curve fitting.

IV. SIMULATION RESULTS
To validate the effectiveness of the proposedmethod, the sim-
ulations are investigated on a DC Microgrid, as shown
in Fig. 9. The case studied DC Microgrid is suggested for
implementing in Rø mø island in Denmark consists of PV,
fuel cell (FC), battery, and offshore wind turbine (WT), and
several loads, and this system is connected to the grid by an
AC/DC converter. Due to the low distance of Rø mø Island
from the mainland, the suggested DCMicrogrid can be oper-
ated both in islanded and grid-connected mode. To improve
the use of RESs and the quality of living of residents, the PV-
WT-FC-Battery is suggested for this island. The total electric-
ity loads of this DC Microgrid in Rømø Island are estimated
to 696 kW. The system is composed of PV systems (400 kW

FIGURE 8. Flowchart of the proposed method.

in total), offshore WTs (300 kW), and an FC (15 kW). Also,
Table 2 represents the detailed parameters of the test system.
The protection scheme of the island is consist of component
fuses, recloser switch, and overcurrent based relays for lines.
The DC fuses are responsible for protecting other sections
of DC Microgrid during faults in each component, and the
recloser switch is responsible for protecting the system and
saving DC fuses against temporary faults. Because the aim of
this paper is saving fuses during temporary faults, the backup
of fuses are a recloser switch. At the connection line between
the grid and DC Microgrid, a recloser switch is installed.
Moreover, the laterals are protected by fuses 1 to 8.

137412 VOLUME 8, 2020
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FIGURE 9. The under-study DC microgrid.

TABLE 2. Parameters of DC microgrid.

At the first stage, the values and times of maximum
fault current for different locations and fault resistance are
determined to find the curve for the fast operation curve
of the recloser switch. The maximum value of load current
is used for determining the range of detectable fault resis-
tance. In other words, after increasing the 20% in the current,
the fault is detected. Therefore, the maximum value of fault
resistance should be responsible for causing a fault current
equal to 20% overload. In this system, the range of fault resis-
tance is between 0 to 16.6 �. In this system, by considering

the conductor thermal limits, the value of delay between slow
and fast operation time of the recloser switch is set to τ = 0.9.
The short circuit faults and coordination between recloser

switch and fuses are studied using the MATLAB/Simulink
software environment. Fuses installed in the laterals are
divided into two groups, load and RESs fuses. The fuses
number 4 to 7 are the load fuses, and other fuses are RESs
fuses. In the fuses operation curve, the value of a is a negative
parameter, and b is a positive value that is considered between
0 to 6.

TABLE 3. Fault current characteristics for fault in different laterals.

To offline calculate the settings of the recloser switch,
the arc faults are simulated at all fuse locations with differ-
ent fault resistances. By using the data of the fault current
magnitude andmaximum time for all situations, the operation
curve of the recloser switch is determined by (7) and (8).
Thus, to cover all situations, the worst case of the fault current
should be taken into account, and the fast operation curve
should be in the lowest place in the I-t curve. Table 3 shows
the IFmax and tmax of several fault scenarios at the fuse later-
als. Moreover, the fault distance from recloser bus is deter-
mined in Table 3, and the faulty points are indicated in Fig. 9.
In the presented DCMicrogrid, due to the low dependency to
generator-based power resources, lower nominal voltage, and
also considering the fault resistance in fault cases, compared
to other DC grids, for example, HVDCs, the values of fault
current are placed in a medium range of fault current.

It should be noted that in the fault at fuse 8 and 2 by
fault resistance 0.2 �, the fault current from the main grid
is 747 A and 425 A for the arc fault at the battery and WT
buses, respectively. However, when the fault resistance grows
to 0.6 �, the main grid current is decreased to 281 A and
216 A at the battery and WT laterals, respectively. If the
fault resistance decreases, the fault current increases, and
consequently, the operation time of the recloser switch should
increases.

In the next step, the performance of the recloser switch
is identified, and the parameters of the recloser setting are
determined. For this aim, the values of the recloser setting
are depicted as Fig. 10, and the parameters of estimation are
shown. The depicted curve shows that by increasing the fault
current, the operation time of the recloser switch decreases.
The setting of recloser switch is defined by (9), and therefore
an exponential curve fitting is performed by using data of
Fig. 10 to find the values of A, B, C, and D. Therefore,
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FIGURE 10. The estimation of the recloser switch setting.

the characteristic curve of recloser is defined by

tmax=84.96e−0.09689Isettings+0.09308e−0.0003729Isettings (10)

FIGURE 11. The operation curve of (a) load fuses (b) resource fuses.

It should be noted that the least-squares fitting-exponential
calculates the curve fitting. Therefore, the I-t curve of the
recloser switch by adding τ to the fast operation curve is
shown in Fig. 11. At the next stage, the fuse operation curves
are determined by curve fitting, which should be adjusted
based on the worst-case in fault current on the installed
branch. The curve fitting is performed by using an optimiza-
tion algorithm, the genetic algorithm in this paper, to find the
best values of settings subjected to placing between recloser

switch curves. Therefore, the DC fuse curve of load fuses are
defined by

log(tfuse) = −0.95 log(
IDCfuse

(1+ 2L e−tR/L
tR − L

e−2tR/L
2tR − L

1.5
tR )

0.5
)

+ 4.8 (11)

Moreover, the value of L/R of loads in this paper is
assumed to be 2 ms. The fuse operation curves of fuses 1 to
8 are depicted in Fig. 11, and the settings are represented
in Table 4. In Fig. 11 (a), the time-current curve of Fuses
number 4 to 7 are indicated. These fuses are load DC fuses;
therefore, due to the same behavior of these loads, the char-
acteristic curve of them are the same. Which is located
between the slow and fast operation curve of the recloser
switch. On the other hand, other resources DC fuses have a
different time-current curve, as shown in Fig. 12 (b). In these
curves, DC fuse2 has the lowest operation curve, and DC
fuse1 has the highest one. The reason for this has a different
fault current magnitudes. The difference between the settings
of fuses is due to the difference between the maximum value
of the fault current of the protected branch by the corre-
sponding fuse. For the case of installing an additional RESs
or increasing the value of fault current, the maximum value
of fault current will increase, however, due to the approxi-
mately fixed margin between fuse and recloser switch curve,
it cannot jeopardize the operation curve of recloser switches
in higher fault currents.

TABLE 4. The settings of the fuses.

Also, during the fault, the fault current behavior in the
recloser switch is shown in Fig. 12 (a) for a temporary fault
at load 1 location with fault resistance of 1.5 �. During the
fault, the fault current increases to 253 A, as shown in Fig. 12,
and then after approximately 90ms, it reaches the steady-state
value of fault current. Based on Fig. 12 (a), the recloser switch
is tripped in 84.3 ms, and after a delay of 16 ms, the recloser
switch is closed, and the DC Microgrid is restored to the
normal operation mode. On the other hand, for investigating
the impact of source and line impedances, in Fig. 12 (b),
these impedances are neglected. Therefore, the magnitude of
fault current increased to 387 A. Then, the recloser switch
will operate within a lower operation time than Fig. 12 (a) by
76.2 ms.

This operation of recloser does not permit the fuses to melt
during the temporary faults. Furthermore, based on Fig. 13,
the characteristic curves of recloser switch and load DC
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FIGURE 12. The fault current behavior with and without recloser switch
(a) by considering the resistance of lines and sources (b) Ignoring the
resistances of lines and resources.

FIGURE 13. The fuse- recloser switch characteristic curve and the
thermal limit curve.

fuse are designed based on I2t curve of load 1. Therefore,
the operation of recloser and fuse ensure the safety of load
1 during the fault.

For the investigation of the proposed method during faults,
faults with different scenarios are applied to the test system,
and the results are shown in Table 5. Based on Table 5,
during the temporary faults, recloser trips in less than 130 ms,
and 90 ms for fault current less than 100 A, and more than
100 A, respectively, to save fuses. It can be seen during the
low fault resistances, the high fault current can be dangerous
for all components of the DC microgrids, and therefore,
by using the proposed method, the clearing time of low
fault resistance faults is to lower than other types of faults,
which it ensures the safety of all components of the system.
Moreover, the impact of line outages on the performance of
the proposedmethod is evaluated. During the line outages, for
example, Line1 outages during a fault on the batterywith fault
resistance of 3 �, the recloser switch operates during 98 ms
to save the fuses of downstream. The results of Table 5 show
the robustness of the proposed method against variations of
fault resistances, line, and power resource outages.

TABLE 5. The operation times of the recloser and fuses in different
scenarios.

In the first and fourth scenarios, all RERs produce at the
full capacity, and the fault resistance is zero, which makes
the worst situation for the fault current. Therefore, during
the temporary fault, the recloser switch trips by the lowest
operation time compared to other scenarios. Also, during the
permanent fault, the fuse melts at the lowest time compared to
other scenarios. In general, it can be shown that fuse saving
is achieved in all scenarios under different fault conditions.
In other words, the recloser switch operates before the fuses
for temporary faults. The results show that the proposed
method can save the fuses and clear the fault in different con-
ditions by a scheme which is specially designed to implement
in DC microgrids.

A. COMPARATIVE ASSESSMENTS
To compare the performance of the proposed protection strat-
egy with the existing recloser-fuse coordination methods,
it should be noted that there is a lack of study of recloser-
fuse coordination on the DC Microgrids. Therefore, in this
section, the qualitative and quantitative comparison between
the proposed method and existing protection coordination
approaches for other protection devices on the DC Micro-
grids are compared and shown in Table 6. It is observed
from Table 6 that the proposed strategy coordinates the fuse
and recloser switches irrespective of RESs output and fault
location and resistance. Moreover, it is a costless scheme
that can be implemented easily in practical systems. In the
proposed method, the recloser switch is coordinated with lat-
eral fuses by considering the variation of fault current. Also,
this method is a local scheme that causes higher reliability
and lowers cost due to the lack of communication channels.
Therefore, in terms of different parameters, the proposed
method and other methods are compared.

1) COST AND EFFECT OF NOISE
Due to the high dependency on communication links, the cost,
noise, and delay of suggested methods in [26], [27] are high.
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TABLE 6. Comparative assessment of the proposed strategy with existing methods.

However, the local DC coordinationmethods of [28], [29] and
the proposed method have low cost and noise.

2) FAULT RESISTANCE
Considering the impact of fault resistance is one of the most
important factors in coordinating different protection devices.
In [27]–[29], the impact of fault resistance is not considered.
Therefore, the outcomes of research cannot be implemented
in practical situations. In [26] and proposed method, the
impact of fault resistance is considered, and the maximum
value of fault resistance in [26] and the proposedmethod are 2
�, and 3 �, respectively.

3) OPERATION TIME
Typically, coordination strategies using a time interval
between protection devices, and appropriate coordination
methods should consider this interval time and reduce the
operation time of protection devices. The operation times of
[26], [27] are 200 ms and 120 ms, respectively, which are
high. And the operation times of [28], [29] and proposed
scheme are 13 ms, 30 ms, and 84 ms, respectively, which are
categorized into low operation times.

Consequently, the proposed method has low operation
time, cost, and noise due to the lack of communication link,
and proper coordination method between recloser switch and
fuses. Therefore, these advantages make it more reasonable
to implement the proposed scheme on the DC Microgrids.

V. CONCLUSION
A new recloser switch – fuse coordination strategy based on
the time-current characteristic was proposed for DC micro-
grids in this paper. Despite the other methods which only can
be used in AC systems, the proposed method was designed
to implement in the DC microgrids. This approach uses the
fault current magnitude and time to reach the maximum for
the setting of the recloser switch. The new strategy uses only
local measurements and does not require any communication
links. Thus it increases the reliability and reduces the cost
of the proposed scheme. The proposed strategy was vali-
dated by offline digital time-domain simulation studies in
MATLAB/Simulink software environment for different fault
types and resistances. Then, the results were compared with
other reported strategies. Based on the obtained simulations
and comparisons, it was found that the proposed method is

fast and inexpensive in different scenarios. Moreover, the
new characteristic can be robust against the variations in
the injected power of RERs and fault resistances and can save
the fuses during the temporary faults.
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