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ABSTRACT
The development of microgrids can prove to be a game changer in the realization of future smart
grids. The increasing trends of automation in domestic loads and smart homes have increased the
penetration of DC loads at the distribution level. Hence, the development of a low- or medium-
voltage DC microgrid seems the need of the hour to match this changing scenario. Another point
is that the various distributed generation (DG) sources like PV, batteries, fuel cells, etc., also provide
energy in DC form. Hence, integrating these sources into the DC system also becomes convenient as
the power conversion at each point of connection will no longer be needed. But, due to the lack of
universally accepted standards and technological advancements, the implementation of DC micro-
grids is still limited to very small-scale usage. The unavailability of an efficient and reliable protection
system is one such issue that is hindering the implementation of DC microgrids on a larger scale.
Therefore, a thorough examination of the several DCmicrogrid protection difficulties and challenges
is necessary. Thus the purpose of this article is to provide a comprehensive analysis of the protec-
tion challenges, and the currently available protection schemes for DC microgrids and to highlight
the gaps for future research to enable the development of a more reliable and efficient protection
system.
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1. INTRODUCTION

Electrical energy continues to play a significant role in the
economic growth of any country [1]. In fact, per capita
energy consumption is among the significant indicators
of the development of a country [2]. From industries
to ordinary people, all depend on electricity for their
well-being. With an increasing rate of urbanization and
industrialization worldwide, the demand for electrical
energy is increasing rapidly. The microgrid provides a
very efficient, reliable, cost-effective, and in most cases
pollution-free way to meet this increasing demand [3],
and plays a very important role in the electrification of
remote rural areas where grid integration is not econom-
ically feasible [4]. Amicrogrid can be defined as an active
distribution network in which small-scale power genera-
tion facilities,mainly distributed energy sources like solar
photovoltaics, wind, bio-mass energy, etc., are connected
directly to the main grid at the distribution level near the
load centers [5].

With distributed energy resources (DERs) like PV sys-
tems, fuel cells, storage devices, wind resources, and
more, a microgrid can help make the smart grid of the
future possible [6]. The microgrid can be characterized
as an AC microgrid, DC microgrid (DCMG), or hybrid
AC/DC microgrid, depending on the kind of source and
load linked [7]. However, due to a lack of standards,

technological innovation, and reliable protection mech-
anisms for the DC microgrid, the AC microgrid is con-
tinued to be favored [8].

With a large influx of electronic loads and smart appli-
ances thatmainly utilizeDCpower, alongwith themajor-
ity of DERs like PV, fuel cells, storage devices, etc., pro-
viding DC energy, the concept of a DC microgrid seems
realistic in the near future [9]. A DC microgrid typically
covers a small geographical region, such as a building or
a colony. As a result, the length of the distribution line in
a DC microgrid is shorter than in an AC microgrid [10].

The DC system has many advantages over its AC coun-
terpart, such as no skin effect, no inductive reactance, no
frequency mismatch issues, less losses, and many more.
Another major advantage of DC microgrids is that the
storage devices can easily be integrated into the DC sys-
tem [11]. But just like every good thing comes at a cost,
the DC system also has some major issues, particularly
those related to the protection of the DC system. In the
case of an AC system, current crosses the zero point twice
in each cycle, and this property of AC current is very
useful in isolating the faulty section at the natural cur-
rent zero point. But this natural current zero point is not
present in the case of DC, and for this particular reason,
the mechanical circuit breakers, being used in the AC
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system, cannot be directly employed in the DC system
[12]. In this case, we have to produce an artificial cur-
rent zero point so that the faulty sections can be isolated
using conventional mechanical breakers. This is one of
the major challenges of DC microgrid protection. Some
of the major differences between DC and AC systems
from a protection point of view are: (1) in the case of a
DC system, the frequency-dependent parameters, such as
inductive reactance, phasor quantities, sequential com-
ponents of current, etc., are not available. These are the
quantities that may be used for fault detection in AC sys-
tems. The parameters readily available for fault detection
in DC microgrids are voltage, current, and resistances
only [13]. (2) The physical inertia imposed by the DC
system is generally very less compared to that of the AC
system. Due to this reason, DC systems are more sensi-
tive to transient disturbances or temporary faults [14]. (3)
Due to less physical inertia and the capacitive nature of
the circuit, the fault currents in the DC system increase
very rapidly. Hence the protection systems used in DC
microgrids should be very fast in detecting and isolating
the faults [15].

Therefore, to provide a comprehensive analysis this paper
presents a complete literature review of the DCMG pro-
tection challenges, protection schemes and standards
available till date. The major highlights/contributions of
this paper are as discussed below:

• It provides a complete overview of the different
topologies of DCMG and discusses their effects on
protection methodologies.

• It provides a complete discussion of the issues and
challenges in the protection of DC microgrid.

• It provides a comprehensive analysis of the already
existing protection schemes for DCMG protection.

• It provides the research gaps for further improvement
in existing protection strategies.

The organization of the rest of the paper is as follows:
Section 2 provides a review of the DCMG architecture;
Section 3 discusses different types of faults in DCMG;
Section 4 presents the protection challenges inDCmicro-
grid; and Section 5 provides a detailed review of DC
microgrid protection schemes, the research gaps identi-
fied are presented in Section 6 followed by a conclusion
in Section 7.

2. DCMICROGRID ARCHITECTURE

The structure of the microgrid, like any other factor,
must be taken into consideration while designing a

Figure 1: Unipolar topology of the DC microgrid

Figure 2: Bipolar topology of the DC microgrid

protection system for a DCMG [16]. Power flow direc-
tion, whether unidirectional or bidirectional, is a crucial
issue to consider while designing a protective system
[17]. The direction of power transfer largely depends
on the topology of the DC microgrid, whether it is a
single-bus topology, a multi-bus topology, or a ring-bus
topology [18]. Apart from these, the DCMG architec-
ture can also be either unipolar or bipolar topology, as
shown in Figure 1 and Figure 2. The bipolar topology
of DCMG proves to be superior than unipolar topology
in many ways, such as enhanced power handling capac-
ity, enhanced reliability, and more flexibility in terms of
DG and load connection [19]. A comparative analysis of
the different DCMG architectures has been presented in
Figure 3 [20,21].

3. FAULT CLASSIFICATION IN DCMICROGRID

The faults in theDCMGcan be broadly grouped as short-
circuit faults and arc faults, and again, these two can be
further classified as shown in Figure 4. The pole–pole
(PP) and pole–ground (PG) faults generally occur onDC
buses and DC feeders, while the arc faults, i.e. series arc
faults or shunt arc faults, generally occur on the source
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Figure 3: Comparative analysis of different DCMG architecture

Figure 4: Fault classification in DC microgrid

side or inside the power electronic converter [22]. The
magnitude of a fault current in a DC microgrid is deter-
mined by the type of fault, fault impedance, type of DERs
connected to the microgrid, energy storage devices,
grounding methods, and grid connectivity (i.e. whether
grid connected or islanded). Just like the LG fault in an
AC system, the PG fault is the most commonly occur-
ring fault in a DC microgrid. The fault current, in the
case of a PG fault, depends on the type of grounding and
the ground fault impedance. PP faults very rarely occur in
the DC microgrid, but the fault currents in such types of

faults are comparatively very high due to the low system
resistance.

4. DCMICROGRID PROTECTION CHALLENGES

A secure and reliable protection system is a must for the
successful realization of a microgrid. The conventional
distribution system is a passive network with unidirec-
tional power transfer from the grid to the load cen-
ter. However, the distribution system becomes a more
dynamic and vibrant distribution network in the case
of a microgrid with several DERs connected at various
locations [22]. Hence, the designing of protection sys-
tems for such a dynamic microgrid network becomes a
tedious task. The complexity of the protection scheme
increases even more in the case of DCMG, as the fault
isolation in DC systems becomes more difficult due to
the absence of a natural current-zero point [23]. Some
of the key challenges of DC microgrid protection are as
follows [24,25].
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4.1 Bidirectional Power Transfer

In a conventional distribution system, the power trans-
fer is mostly unidirectional as shown in Figure 5(a). So,
the current direction is fixed and the protection scheme
will be designed by keeping the fixed direction of the
current in mind. But in the case of a DC microgrid,
the direction of power flow becomes bidirectional due
to the addition of DGs at the distribution level, and the
direction of power transfer keeps on changing depend-
ing on the availability of the power from DGs [23], as
shown in Figure 5(b). This bidirectional power transfer
can severely affect the performance of protection devices
[26]. Hence, building a protection scheme for such a
dynamic system becomes a challenging task.

4.2 Variation in Fault Current Level

The fault current level in a DC microgrid will depend
on whether it is operating in a grid-connected mode or

an islanded mode. In the case of islanded operation, if
a fault occurs then fault current will be the current sup-
plied by the distributed generation sources only, as shown
in Figure 6(a). But, in the case of grid-connected opera-
tion, the fault current will be supplied by both the grid
and the DG source, as shown in Figure 6(b). Hence,
there is a notable shift in the fault current level in both
operating conditions. This disparity in fault current lev-
els may cause relay operation and coordination problems
[27]. Therefore, the protection scheme must be adaptive
enough to embrace these operating conditions.

4.3 Rapidly Rising Fault Current

Due to less physical inertia and less resistance shown by
the line, fault current in DCmicrogrids increases to a sig-
nificantly high magnitude in very short duration of time
and may reach the maximum tolerable level very quickly
[28]. This rapidly rising fault current may damage the
voltage source converters (VSCs) [14]. This necessitates

Figure 5: (a) Unidirectional power flow in a conventional distribution system and (b) bidirectional power flow in a microgrid

Figure 6: (a) Fault current in case of islanded operation and (b) fault current in case of grid-connected operation
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the requirement for ultra-quick fault detection and iso-
lation in DCMG. Hence, the protection scheme for DC
microgrid should be fast and capable enough to protect
the VSCs against this rapidly rising fault current.

4.4 Selectivity Issue with Overcurrent Relays

Asmentioned earlier, DCmicrogrids possess less inertia,
they are highly responsive to even transient or temporary
faults. This may cause false tripping of overcurrent relays
even in the case of temporary faults, which may cause
selectivity issues for over-current relays. For this reason,
it is not advisable to use an over-current relay as primary
protection in a DC microgrid. However, it can be useful
for backup protection.

4.5 Improper Grounding

The effective grounding is one of the requirements of
a healthy/normal system. The major advantages of an
effective grounding are [29]:

• Ease of fault detection
• Reduction in DC stray current
• Increase in safety of personnel working on the system

due to reduction in common-mode voltage (CMV).

Moreover, grounding has a notable effect on the mag-
nitude of fault current, particularly in case if the fault
involves ground. Since it has an impact on fault cur-
rent, the current-based protection methods may not
work properly due to improper grounding. The stray
current and the CMV both depend on grounding resis-
tance. In the case of high grounding resistance, the
stray current will be less but the common-mode volt-
age (CMV) will be high, and if the grounding resis-
tance is less, the stray current will be high but the
CMV will be less [30]. The advantages and disadvan-
tages of differently grounded systems have been shown in
Table 1.

According to IEC 30364-1, the three main grounding
strategies for DC systems are TT, TN, and IT. TN again
has three subcategories like TN-S, TN-C, and TN-C-S. In
these notations, the first letter represents the earthing of
neutral wire, and the second letter represents the earth
connection of exposed metallic parts of the appliances.

The first letters like T and I represent the direct con-
nection to the earth and no connection to the earth,
respectively. Similarly, the second and third letters, i.e. T
and N, represent the direct earthing of exposed metal-
lic parts and the connection of exposed metallic parts
to neutral, respectively [31]. The pictorial representation
along with some details of these grounding methods has
been given in Table 2.

4.6 High Resistance Faults (HRF)

In the event of an HRF, the fault current is very small
and may be comparable with the overload current [32].
Hence, it becomes very difficult to distinguish between
the HRF situation and an overload condition. There-
fore, the protection schemes of DCmicrogrids should be
capable of dealing with such faults.

4.7 Lack of Operational Guidelines and
Well-defined Standards

There are several standards and guidelines available for
AC microgrid operation and protection requirements
[33]. But in the case of the DCMG, there are only a few
standards available. Some of the standards available for
areas related to DC microgrid are IEEE 1547, IEC stan-
dards SG4 for LVDC distribution systems [34], and IEEE
standards 946-2020 for DC auxiliary power systems [35].
Due to a lesser no. of rules, regulations, and protection
standards, the design of a protection scheme becomes a
challenging task.

There must be several improved and globally accepted
DC microgrid standards in terms of system voltage,

Table 1: Merits and demerits of different grounding scenarios [26,28]
Grounding systems Merits Demerits

Ungrounded system • Uninterrupted operation during pole-ground fault
• Less stray current
• Simple and cost effective

• Ground fault detection is difficult
• CMV will be high
• A secondground fault on another polewill turn into a pole-

pole fault
• Safety concerns for working personnel

Solidly grounded system • Fault detection will be easy for such type of system
• Low common-mode voltage
• Less danger to personnel working on the system

• High stray current
• Fault current will be high in case of ground fault

Diode-based grounding • Low or moderate CMV • Moderate to high stray current
• Moderate/High fault current in case of ground fault

Thyristor-based grounding • Low to moderate stray current • Medium to high CMV

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



K. KANT AND O. H. GUPTA: DC MICROGRID: A COMPREHENSIVE REVIEW ON PROTECTION CHALLENGES AND SCHEMES 579

Table 2: Details of different groundingmethods of dc system [29,37]
Grounding
systems Connection detail Pictorial representation Remarks

TT • Neutral (N) is connected to earth, & Exposed
metallic parts of the appliance is also directly
connected to earth

• Simple and easy to install
• Fault does not propagate to other parts of the grid [38]

TN-S • Neutral is connected to earth, & the exposed
metallic parts of the appliances are connected
to neutral

• Separate wires for protective earth (PE) and
neutral (N) conductors are used

• Due to separate PE & N conductors it has highest
electromagnetic compatibility [31]

• Higher safety than TN-C
• Suitable for tele-communication networks

TN-C • PE and N conductors are combined to form a
PEN conductor

• Cost effective
• Poor safety

TN-C-S • It is a combination of TN-S and TN-C grounding
system

• Mainly used in US, UK, Russia, etc.
• Combines the benefits of both TN-S and TN-C
• Identificationof fault becomedifficult in case if neutral

is disconnected

IT • Neutral point is not grounded & the exposed
metallic parts of the appliance are separately
grounded

• Small line to ground current
• Difficult to predict the fault current path through DGs

in case a second LG fault occurs simultaneously [39]

communication protocols, protection and safety, ground-
ing, standards for grid-connected and islanded modes of
operation, etc. [36].

5. AVAILABLE PROTECTION SCHEMES FOR DC
MICROGRID

DCmicrogrid protection has so many challenges, as dis-
cussed in the previous section. The designing of protec-
tion schemes for DC microgrids is not yet matured and
a lot of work needs to be done to design a reliable pro-
tection scheme. Because there aren’t a lot of important
things like frequency, phasor, and sequential components
of current, it becomes difficult to find faults in a DCMG.
The protection process of a DCmicrogrid can be divided
into four stages: fault detection, fault localization, isola-
tion, and reclosing. Speed of operation, selectivity, and
reliability are some of the parameters used to measure
the effectiveness of a protection scheme. Based on the lit-
erature available so far, a review of different protection
schemes has been presented in this section.

5.1 Local Measurement-based Protection
Schemes

The voltage and current are the two most important
and basic quantities that can be used to determine the

occurrence of faults in any system. In the past, many pro-
tection schemes have been reported in which local bus
voltage and current measurement data are used to detect
the fault in the system.

These schemes can further be subdivided as follows:.

1) Current-Based Methods

The current-based protection schemes generally work on
overcurrent principle. If the actuating current is greater
than the set threshold value, the fault will be detected. In
[40], a current-based unit protection scheme for DCMG
has been discussed. In this scheme, the current measured
by the devices placed at both ends of the line segment
is used to decide fault. This scheme employs double-
ended measurement, hence the implementation of such
schemes in physical networks tends to be costly. Ref. [41]
proposes an overcurrent protection scheme for an LVDC
microgrid. The proposed scheme is a communication-
assisted protection scheme and can also provide back-up
protection, which is not possible in the case of a differ-
ential protection scheme. The proposed scheme is fast
and can detect faults within 2ms. In [42], a local cur-
rent measurement-based protection scheme for a stan-
dalone DCMG has been discussed. Current and voltage
feedback are used in this method for quick and reliable
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Figure 7: Change in fault current level for a fault during grid-
connected and islanded operations

fault detection. In [43], another current-based protec-
tion scheme has been proposed. This scheme employs
communication links between the intelligent electronic
devices (IEDs), which may reduce the reliability of the
scheme. In the case of a microgrid, the fault current level
changes significantly with a change in the mode of oper-
ation, i.e. grid-connected and islanded operation. For a
typicalmicrogrid, the difference in fault current for a fault
in DCMGduring grid-connected and islanded operation
is shown in Figure 7. This change in fault current level
may cause mal-operation of the overcurrent relays. The
current-based schemes also fail to protect the HRFs. Due
to these reasons, these schemes are rarely used forDCMG
protection.

2) Current Derivative-Based Method

The conventional current-based schemesmay fail to pro-
tect the system against the faults having smaller fault
current even if the rate of rise of the current is quite high
in a DC system. Further, protection against the rapidly
rising current is necessary as this can cause malfunc-
tioning or even damage to the converters present in the
system. In current derivative-based schemes, the slope of
the current at the relaying points is calculated, and if the
rate of change of current is greater than the preset value,
the fault will be detected.

In [44], a protection scheme based on the rate of rise
of fault current has been presented for the protection of
DCMG. The fault current in DCMG increases rapidly.
This property of DC fault current is utilized in this
scheme to design an accurate, fast, and adaptive protec-
tion scheme, which is equally effective in both radial as
well as ring-type DCMG architectures. The fault detec-
tion time of this scheme is 1ms. In [45], a similar current
derivative (di/dt) based protection scheme has been dis-
cussed. This scheme also compares directional currents
and uses the adaptive droop technique to find and fix
faults and isolate them, as well. This scheme also provides

protection against HRF of resistance up to 500 Ω. How-
ever, the physical implementation of this scheme may
be complex, as it employs both single as well as double-
ended measurement. The proposed scheme employs
single-ended measurement for protection against nor-
mal low-resistance ground faults and double-endedmea-
surement for protection against HRF. This scheme also
requires communication infrastructure between relays
connected at both ends of the line segments, hence relia-
bilitymay also be poor due to the vulnerability associated
with the communication systems.

3) Voltage-Based Methods

In [46], a protection scheme based on the transient
system voltage during fault conditions, has been pro-
posed. The high-frequency components of transient sys-
tem voltage were extracted using wavelet transform, and
this information is then used for decision making dur-
ing a fault. In [47], a pseudo voltage (PSDV) based fault
detection and location algorithmhas been presented for a
multi-terminal DCMG. The PSDV is defined as the volt-
age on other buses of the DCMG, calculated based on the
voltage and current at the faulty terminals. This method
claims to have a better response time, i.e. within 0.2ms,
than the other protection schemes. However, this scheme
has been tested up to the fault resistance of 2 Ω only,
hence the performance of this scheme, for higher fault
resistances, needs to be investigated.

5.2 Line Parameter Estimation-based Protection
Schemes

Line parameter estimation-based protection schemes
present a very good alternative to conventional overcur-
rent and differential protection schemes. Current-based
protection schemes aren’t very good at detecting high
resistance faults (HRF) and also cannot protect the high
rate of rise of fault current. In DCMG, resistance is
the only available line parameter, as inductive reactance
and capacitive reactance show up only during transients.
Hence, most of the line parameter-based schemes are
resistance estimation-based methods. In some literature,
line inductance-based methods have been presented, but
these methods fail during high resistance faults. In [48],
a superimposed resistance-based protection scheme for
tapped line DCMG has been presented. A DC distri-
bution line can be tapped in two ways: to connect a
load or to connect a distributed generator (DG). A pro-
tection scheme for such a configuration is essential. In
this method, the tapping status of the distribution line is
checked with the help of the difference in current avail-
able at both terminals of the line segments. In case if the
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line is untapped, then fault detection is performed using
the superimposed current available at both ends of the
line segment, and if it is a tapped line, the superimposed
resistancemethod is used for fault detection. Ref. [49] has
discussed a resistance estimation-based protection strat-
egy for a ring-bus DCMG. The operation of this scheme
does not depend on the fault resistance, and can success-
fully detect the HRF up to 50 Ω. In [50], a real-time resis-
tance estimation-based method has been presented for
a zonal-type LVDC microgrid. The system voltage con-
sidered for the LVDC microgrid in this scheme is 50V,
and the operation time is 2–2.5ms. The resistance-based
protection scheme can also be applied to DCMG with
constant power loads (CPL). In [51], one such schemehas
been presented for aDCMGwith high usage ofCPLs. The
impact of CPL on the protection of DCMG has already
been discussed in the previous section. The algorithm of
the resistance-based protection scheme for DCMG with
CPL is shown in Figure 8.

As shown in the algorithm, first of all the voltage and the
current is measured at the relay point. Then the slope of
the fault current is calculated from (1). If this slope is
greater than the relay-setting value, then fault resistance
(Rf ) is calculated by (2). Afterwards, the fault location is
estimated based on the fault resistance and the slope of
fault current, and a trip signal for CB opening is also gen-
erated simultaneously. Hence, apart from identifying the
fault situation, the proposed scheme can also determine
the fault location.

Slope = �If
�V

(1)

Rf = Pf
I2f

(2)

In [52], an active impedance estimation (AIE)-based
fault detection scheme has been discussed for zonal type
DCMG. In [53], the same AIE-based scheme is applied
for the protection of DCmarine power systems. In [54], a
fault detection scheme has been discussed which consid-
ers threshold violation in the i–r plane as a fault detection
criterion. This method utilizes local measurements only
and can be used with both radial and ring bus DCMG.

5.3 Differential Protection Scheme

Differential protection is a conventional but fast, effi-
cient, and simple unit protection scheme. This protec-
tion scheme only responds to faults within the protected
section and ignores faults outside this section. If the dif-
ference between the current entering and the current

Figure 8: Algorithm for resistance estimation-based protection
scheme [51]

leaving the protected section is greater than the preset
threshold value, the fault will be detected. In [55], amulti-
sample differential protection scheme has been presented
for a DG-dominated DCMG. In [56], an intelligent dif-
ferential protection scheme has been discussed in which
machine learning techniques are also applied for fast fault
detection. In this scheme, a machine learning-based sup-
port vector machine (SVM) classifier is used to make
the scheme more robust against transient or temporary
faults. The fault detection algorithm associated with this
scheme is shown in Figure 9. According to this algorithm,
the differential current is first calculated with the help of
currentmeasurement obtained from the sensors installed
at both terminals of the line segment. This differential
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Figure 9: Flow diagram for SVM-based differential protection
scheme [56]

current is then fed to the SVM classifier, which makes
decision about the fault occurrence. If fault is detected,
then it must be an internal fault, and the actuating signal
for CB is generated. In [57] and [58], a similar differential
protection scheme has been presented for the protection
of photovoltaic-based DCMG.

5.4 Distance-Based Non-Unit Protection
Scheme

The protection schemes discussed earlier are good for
fault detection, but fault location estimation using those
methods becomes difficult. Hence, in some literature, a
distance-based protection scheme has been discussed for
precise fault location. The backup protection can also be
implemented using distance protection. In [59], a novel
DC distance relay has been presented for the protection
of medium voltage DC (MVDC) microgrids. To imple-
ment this scheme, a small inductor needs to be installed
at the end of each line, and then the distance and direc-
tional components are extracted from the local inductor
current and voltage.

5.5 Signal Processing-BasedMethods

Such methods may have further sub-classification as fol-
lows:

1) Travelling Wave-Based Methods

For the various reasons discussed in previous sections,
the fault current inDCMG increases very quickly. Hence,
to provide proper protection to the equipment connected
to the DCMG, the speed of the protection system should
be very fast. Hence, to achieve a faster operation, travel-
ing wave (TW) based protection has been discussed in
many works of literature. In [60], a protection mecha-
nism based on the TW-basedmethod has been proposed.
In this scheme, a discrete wavelet transform (WT) tech-
nique is utilized to extract the high-frequency compo-
nent of the fault current, and then this information is
processed through support vectormachine (SVM) classi-
fiers and aGaussian regression engine (GRE) to know the
fault type and fault location, respectively. One of themain
merits of TW-based schemes is that they do not depend
on the magnitude of fault current, and for this reason,
these schemes provide satisfactory operation against high
resistance faults [61]. In [62], another TW-based protec-
tion scheme has been presented for anMVDCmicrogrid.
Another TW-based protection scheme has been pro-
posed in [63]. In this scheme, single-end measurement is
needed, hence no communication link is required. Some
of the main advantages of TW-based DCMG protection
schemes are [64]:

• Ultra-fast operation
• Utilizes local measurement of TW information only.

Hence, no communication requirement.
• Back-up protection is possible
• Can handle high resistance fault very efficiently.

2) Oscillation Frequency-Based Method

A fault in a DC microgrid produces an oscillation in DC
current during a transient, and this frequency of oscilla-
tion depends on the location and the type of fault [65].
In [66], a protection scheme has been proposed which
utilizes the oscillation frequency of the fault current for
fault identification. This scheme has been implemented
for a ring-bus DCMG. In this scheme, the oscillation fre-
quency and the associated transient power in the first
cycle of oscillation have been calculated and utilized for
designing the protection scheme. The algorithm for this
scheme is presented in Figure 10.

According to this algorithm, a disturbance index is cal-
culated by using the current samples obtained from the

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



K. KANT AND O. H. GUPTA: DC MICROGRID: A COMPREHENSIVE REVIEW ON PROTECTION CHALLENGES AND SCHEMES 583

Figure 10: Flow chart of oscillation frequency-based protection
scheme [66]

measurement devices placed at the relay points. If this
disturbance index is greater than the threshold value,
the current derivative is calculated, and if there is any
oscillation detected, then the transient power and the
frequency of oscillation is determined. The trip signal
will be generated only if both the transient power and
the oscillation frequency are greater than their respective
threshold values.

The mathematical formulation to calculate the distur-
bance index has been given in (3).

d = 1
N.�t

( N∑
k=1

|ik+1 − ik|
)

(3)

Here, d is the disturbance index and N is the number of
time interval of �t.

In [67], another oscillation frequency-based protection
scheme for DC microgrids has been proposed. This
scheme presents an improvement to the existing differ-
ential current and di/dt-based protection schemes. In the
differential current-based schemes, the differential cur-
rent becomes available after a certain delay, and this delay

is mainly due to the delay in measurement and data pro-
cessing and the communication link delay. The proposed
scheme provides a method to minimize this time delay.

3) Mathematical Morphology (MM)-Based Method

MM is a signal processing-based tool that is used to
extract the different features of a signal, and these
extracted features are used to distinguish between differ-
ent operating modes of the system. The morphological
operators are fast, simple, reliable, and applicable to high-
frequency non-periodical signals [68]. In [69], an MM-
based fault detection scheme has been proposed for the
DCMG. The proposed scheme is fast, reliable, and pro-
vides accurate protection against HRFs of up to 50 Ω.
The response time of this scheme for HRFs is about 4ms.
In [70], the MM-based technique is employed to design
a protection scheme for ring-main DCMG. In the pro-
posed scheme,MM-based filters were used to distinguish
between HRFs and low resistance faults (LRFs).

5.6 ANN and AI BasedMethods

The artificial neural network (ANN) and artificial intelli-
gence (AI)-based methods are very useful in designing
an adaptive protection scheme for DCMG protection.
In [71], an ANN-based fault detection technique has
been discussed for LVDC microgrids. The ANN-based
schemes are very fast and reliable. The neural network is
trained for different short-circuit levels to make the sys-
temmore adaptive to different fault conditions. Based on
the literature available till date, a few such schemes have
been presented in this section.

1) Support-Vector Machine (SVM)-Based Method

A SVM-based fault location scheme for DCMG has been
presented in [72]. Along with determining the fault loca-
tion, the SVM-based method can also calculate the fault
resistance and hence can determine the characteristics of
the fault current. This method only looks at the current
at one terminal, so there is no need for a communication
link.

2) Wavelet Analysis-Based Method

The Wavelet transform (WT) is a very important math-
ematical tool and is widely used in studies on power
system dynamics and protection. Previously, WT was
frequently employed to design protection schemes for
AC systems and HVDC systems [73], [74], and [75].
Nowadays, it is also been used for the protection of
LVDCmicrogrids. In [76], a protection scheme for LVDC
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microgrid using wavelet transform has been discussed.
In [77], a real-time boundary wavelet transforms-based
protection scheme for the protection of multi-terminal
DC (MTDC) systems has been discussed. The proposed
method is claimed to be a fast, reliable, selective, and sen-
sitive protection mechanism. In [78], another WT and
ANN-based protection strategy for DC microgrids has
been discussed. In this scheme, the branch current is
measured and the WT is applied to the sampled current
data to extract the characteristic feature of the current sig-
nal during a fault condition. The change in the current
characteristic feature over time is used to find out what’s
wrong with the system.

3) Fuzzy Logic-Based Method

Integration of fuzzy logic in power system protection
improves the decision-making process through fast and
reliable decision-making. Fuzzy logic enhances the adap-
tivity of the protection scheme by thoroughly updating
the threshold of relays in dynamically changing grid
operation [79]. In [80], a fuzzy interface system (FIS)
based differential protection scheme has been proposed
for the protection of LVDC microgrids. In this scheme,
FIS is employed to decide the threshold differential cur-
rent value, above which the protection scheme should
respond. In [81], an ANN and fuzzy logic-based hybrid
approach has been discussed to design the protection
scheme for amicrogrid. Another fuzzy logic-based differ-
ential protection scheme for DC microgrids is discussed
in [82].

5.7 Several Other Methods

Apart from the methods discussed above, there are sev-
eral other techniques for DCMG protection that have
been discussed in various literatures. In [83], a closed-
form mathematical model-based approach for LVDC
microgrid protection has been discussed. The proposed
method uses single-ended measurement and can be
applied to both radial andmeshed distribution networks.
Due to the application of single-ended measurement,
the response time of this scheme is faster than those
differential current-based schemes in which both end
measurements are required. However, to calculate the
current derivative accurately, the current data needs to
be sampled at a very high sampling frequency (i.e. in
MHz range). This can be considered one of the limita-
tions of this protection scheme. In [84], an event clas-
sification approach-based method for the protection of
a multi-bus DCMG is discussed. In this approach, any
fault is first classified into three categories, i.e. bus fault,
interconnected feeder fault, and adjacent bus fault, and

then the decision on fault condition is made depending
on the type of fault and the information received from
the other interconnected feeders through a communi-
cation link. Since this method employs communication
links, hence reliability of such a scheme is less due to
the chances of communication failure. In [85], a param-
eter estimation-based protection scheme for fault loca-
tion in DCMG is discussed. The presented scheme is
based on single-end measurement and no communica-
tion link is required; hence the cost is less and the chances
of failure of the protection scheme are also less as it is
independent of the failures of the communication sys-
tem. However, this scheme may not be very suitable for
the protection against high resistance faults. In [86], a
way to protect against short-circuit faults in a capacitor-
dominated LVDC microgrid has been talked about. In
this scheme, the average capacitor current has been con-
sidered as a fault detection criterion. For the protection
ofDCMG, amodel-based protection strategy is proposed
in [87]. This scheme provides a system-level centralized
protection solution andhas better selectivity and sensitiv-
ity than themodel-free methods. This protection scheme
claims to have a response time of 1ms. An active con-
verter injection-based protection scheme has been pro-
posed in [88]. This scheme is designed for the protection
of PV-based DC microgrid. Further, a brief overview of
the available protection schemes has been presented in
Table 3.

6. FUTURE SCOPE ANDGAPS

Following are some possible research areas that require
attention based on the findings of this study:

• Optimum placement of DERs in the DC microgrid
such that the impact of DG integration on the protec-
tion and stability should be minimum.

• In DC microgrids, most of the loads are constant
power loads and very few available protection schemes
have examined this scenario.

• Detection and protection from arc faults are still unex-
plored areas. A protection scheme must be designed
for these faults also.

• Requirement of a fast, reliable, and adaptive protection
scheme for protection against HRFs.

• A common protection scheme for both the AC and
DC lines of a hybrid AC/DC microgrid can also be a
very good research area.

7. CONCLUSION

This paper presents a detailed review of the different
protection schemes and their merits and demerits. This
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Table 3: Summary of somewidely employed protection schemes for DCmicrogrid

Literature
Fault detection/classification

technique Operating Time Measurement type
Protection
against HRF

Communication
Link Requirement Remarks

[48] Superimposed resistance 3 ms Double-ended Yes, up to 30 Ω Yes • Applied for tapped DCMG architecture
[41,43] Overcurrent 1–2 ms Single-end Not mentioned Yes • Can provide back-up protection
[45] di/dt+ adaptive droop 0.2–1 ms Single-end for low resistance fault,

and double-ended for HRF.
Yes, up to 500 Ω. Yes • Proposed for stand-alone DC microgrid

• Complex implementation
[46] Transient voltage+wavelet transform 2.2 ms Single-end measurement Yes No • Designed for a modular multilevel converter based DCMG
[47] Pseudo voltage 0.2 ms Single-end measurement Not mentioned No • Proposed algorithm is fast, but the protection against HRF

is not discussed
[49] Resistance estimation 2 ms Single-end measurement Yes, up to 50 Ω No • Proposed for ring bus DCMG

• Operating time 2 ms
[50] Real-time resistance estimation 2.5 ms Single-end measurement Not mentioned No • Proposed for zonal type LVDC microgrid
[52,53] Active Impedance Estimation < 100 ms Single-end measurement Not mentioned No • Proposed for zonal type DCMG

• Designed for protection of DC marine system
[56] Differential current+Machine learning 0.208 ms Double-ended measurement Not mentioned Yes • Effective against temporary faults
[57] Differential current < 100 ms Double-ended measurement Not mentioned Yes • Proposed for PV based DCMG
[59] Distance protection 0.1 ms Single-end measurement Yes No • Can provide backup protection

• Designed for MVDC
[60] Travelling wave+Wavelet transform 0.2 ms Single-end measurement Yes No • Independent to the magnitude of fault current
[62] Travelling wave 1–2 μs Single-end measurement Yes, up to 200 Ω No • Proposed for MVDCmicrogrid
[89] VMD based 3.95 ms Single-end measurement Yes, up to 20 Ω No • Proposed for LVDC microgrid

• Uses local measurement only
[72] SVM based – Single-end measurement Yes, up to 20 Ω No • Less costly
[77] RT-BWT based 0.5 ms Single-end measurement Yes, up to 250 Ω No • Applied for MTDC system
[78] WT+ANN 2–5 ms Single-end measurement Yes, up to 300 Ω No • Fault classification accuracy 98–99%
[82] Fuzzy logic-based differential protection – Double-ended measurement Not mentioned Yes • Fuzzy logic is used to determine the threshold differential

current
[84] Event classification based 0.1 ms Single-end measurement Not mentioned Yes • Designed for multi-bus DCMG
[85] Parameter estimation based – Single-end measurement Yes, up to 6 Ω No • Less costly
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paper also discusses and compares DC as well as AC
microgrids. A detailed study of the protection issues
in the dc microgrid has been presented and the vari-
ous protection challenges along with their reasons have
been listed in this paper. Some of the key issues of the
dc microgrid are the lack of universal operating stan-
dards, the unsuitability of the conventional CBs, the
effect of grounding systems, and the dynamic nature
of the microgrid due to different operating modes i.e.
grid connected and islanded modes. A brief compar-
ative study of different grounding systems for DCMG
has also been presented in this article. A brief overview
of the schemes available for DCMG protection has also
been presented in this study. Further, it has been found
that communication-assisted protection schemes, such
as differential protection scheme, over-current protec-
tion, etc., have better selectivity and some of them can
also provide backup protection also, but the problem
with such schemes is the slow response and less reliabil-
ity. Communication-based protection schemes generally
have a high response time and less reliability due to
the chances of maloperation of communication equip-
ment. Therefore, the possible areas to explore and fill the
research gaps can be protection against arcing faults, the
effect of constant power loads, and the impact of DERs
placement on the protection and stability of the system.
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