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Abstract——DC microgrids are gaining more attention with the 
increased penetration of various DC sources such as solar pho‐
tovoltaic systems, fuel cells, batteries, etc., and DC loads. Due 
to the rapid integration of these components into the existing 
power system, the importance of DC microgrids has reached a 
salient point. Compared with conventional AC systems, DC sys‐
tems are free from synchronization issues, reactive power con‐
trol, frequency control, etc., and are more reliable and efficient. 
However, many challenges need to be addressed for utilizing 
DC power to its full potential. The absence of natural current 
zero is a significant issue in protecting DC systems. In addition, 
the stability of the DC microgrid, which relies on inertia, needs 
to be considered during system design. Moreover, power quality 
and communication issues are also significant challenges in DC 
microgrids. This paper presents a review of various value 
streams of DC microgrids including architectures, protection 
schemes, power quality, inertia, communication, and economic 
operation. In addition, comparisons between different mi‐
crogrid configurations, the state-of-the-art projects of DC mi‐
crogrid, and future trends are also set forth for further studies.

Index Terms——Architecture, communication, DC microgrid, 
economic operation, inertia, protection, power quality.

I. INTRODUCTION

ELECTRICITY has been the cornerstone of the industrial 
advancements that have taken place since the early 20th 

century. The improvements in electrical technology are the 
prime reason for the enormous strides in the scale of prog‐
ress made by humanity over the past century [1]. Electricity, 
as a valuable form of energy, has been generated and trans‐
mitted in the form of AC or DC since its inception. Though 
DC was prominent initially, indicated by the establishment 
of 58 localized DC power plants in the United States of 
America by Thomas Alva Edison in the early 1800’s, over 

time, AC took over the lead and dominated the electricity 
generation and transmission [2].

The ever-increasing demand for fossil fuels due to explo‐
sive growth in automotive and other industrial sectors has 
rendered the earth lack of fossil fuels. Furthermore, the ex‐
cessive use of fossil fuels has resulted in an escalation in 
pollution levels on the planet [3], [4], which demands a 
change or rather replacement in the electricity generation 
procedure. The prime contender, i.e., renewable energy sourc‐
es (RESs), are primarily DC. Even though DC power genera‐
tion was limited initially by its voltage drops and reduced 
generation voltage, the advancements in power electronics 
and allied sections of electrical engineering have resolved 
these problems [5]. Subsequently, the focus on electrical 
power generation has shifted from fossil fuels to RESs [6] -
[8]. Unlike conventional energy production, localized genera‐
tion becomes possible with RESs [9]-[11], which is economi‐
cally advantageous [12] and is a promising step towards sus‐
tainability.

The conventional grid requires a transmission and distribu‐
tion infrastructure for distributing the generated energy. The 
losses in the transmission and distribution network are huge, 
especially in countries like India [13], which demands a per‐
sistent solution. The initial gaze falls upon distributed genera‐
tors (DGs), which generate power at locations close to the 
load centers. It offers many technical, economical, and envi‐
ronmental advantages [14]. The technical benefits are re‐
duced line losses, improved voltage profile, increased overall 
efficiency, and improved system stability and reliability. The 
economic benefits include reduced operation and mainte‐
nance costs along with increased productivity [15]. It also 
has low infrastructural requirements in comparison with the 
actual power grid [16]-[18]. Moreover, the public’s keen in‐
terest in environment-friendly energy production and rapid 
growth in demand for power has necessitated the usage of 
DGs. Microgrids thus emerge as a better solution by operat‐
ing various distributed energy resources (DERs), loads, and 
storage devices as a single controllable unit. Microgrids can 
operate in both grid-tied and islanded modes [19]. Mi‐
crogrids reduce the burden of main grid by supplying a 
share of its loads [20]. A microgrid is different from the con‐
ventional grid in the aspect that the sources are close to the 
load centers and offer a bidirectional flow of electricity [21]. 
As most of the DGs associated with storage devices and the 
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connected loads are DC [22], DC microgrids are acquiring 
more attention. Figure 1 shows the general configuration of 
a DC microgrid. Due to the increased penetration of various 
RESs into the system, the system inertia reduces [23] - [25] 
as these RESs are coupled to the grid using power electronic 
converters (PECs) [26]-[28] which do not possess any rota‐
tional inertia. As the number of PECs in the system increas‐
es, the inertia issue will aggregate, leading to drastic stabili‐
ty issues. This will also make the converter control more te‐
dious [29], [30]. Hence, the disturbances easily affect DC 
bus voltage, causing unwanted tripping and load shedding. 
Thus, various energy storage devices such as batteries, super‐
capacitors, flywheels, etc. have to be integrated with the sys‐
tem for adequate inertia support [31]-[33]. Battery is the stor‐
age device mainly used with microgrid [34].

But the overcharging and discharging scenarios associated 
with the battery compel the battery integrated system to oper‐
ate in an insecure zone [35]. Other factors of concern in‐
clude the capital cost, maintenance cost, and the size of the 
battery [36], [37]. Interconnecting multiple microgrids to 
form a cluster can reduce the overall size of the battery in 
the system [38], [39]. Thus, the interconnection of neighbor‐
ing microgrids will improve the virtual storing potential and 
discharging efficiency of the system [40], [41]. Figure 2 de‐
picts the structure of an interconnected microgrid with n bus‐
es.

This paper takes DC microgrid as its focal point and ex‐
plains various benefits and challenges in implementing a DC 
microgrid system. The rest of this paper is organized as fol‐
lows. Section II explains various DC microgrid architectures 

and their comparison. Different types of faults in DC mi‐
crogrids and protection schemes are discussed in Section III. 
Power quality (PQ) issues and inertia issues in DC mi‐
crogrids are presented in Sections IV and V, respectively. 
Section VI gives an idea about various communication chal‐
lenges. Economic operation and control of DC microgrids 
are described in Section VII and various applications of DC 
microgrids are depicted in Section VIII. Section IX portrays 
the comparison between different microgrid architectures 
and Section X lists the latest DC microgrid projects around 
the world. Section XI lists the future trends in the DC mi‐
crogrid research. Finally, conclusion is given in Section XII.

II. DC MICROGRID ARCHITECTURES 

The hardware topologies for a DC microgrid are decided 
based on practical requirements. The main factors to be con‐
sidered are the robustness, flexibility, and reliability of the 
microgrid [42]. For industrial applications, the most robust 
structure is the microgrid with storage devices directly con‐
nected to the main bus [43], [44]. The most commonly used 
energy storage device is a battery stack [45]-[48]. Such archi‐
tecture is used in telecommunication networks [49] or rural 
microgrid networks [50], [51]. So, by interfacing storage de‐
vices directly, issues related to the converters can be avoided 
[52], [53].

The system flexibility gets enhanced by the introduction 
of various PECs, as voltage regulation and control become 
much easier [54], [55]. Based on this, various configurations 
such as transformer-enabled DC networks [56]- [58], bipolar 
networks [59], [60], and DC grids with redundant bus struc‐
tures [61], have been proposed. The classification of DC mi‐
crogrid architectures is portrayed in Fig. 3.

A. Single-bus Topology

Single-bus topology can be considered as the simplest mi‐
crogrid structure. The system will have only one common 
bus, and all components such as sources, loads, storage de‐
vices, are connected to the bus using various converters 
[62]. Direct connection of storage devices is also possible. 
Figure 4 shows the structure of a DC microgrid with a sin‐
gle-bus topology and battery directly connected to the bus 
[63]. Even though this structure is robust, the poor regula‐
tion of bus voltage due to variation in battery current and 
state of charge (SoC) makes it less reliable [64], [65].

The overall system performance in this configuration can 
be improved through the converters in the system, which 
make the voltage control much easier and more flexible. Fig‐
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ure 5 shows the DC microgrid with a single-bus topology 
and battery connected via a PEC. However, there are issues 
like difficulty in designing the control circuits and the avail‐
ability of only one bus in the network to supply power for 
multiple units [66]-[68].

B. Multi-bus Topology

The reliability and flexibility of the system can be im‐
proved by extending single-bus topology to multi-bus topolo‐
gy with more voltage levels. A DC microgrid with multi-bus 
topology and improved system performance is developed in 
[69], as shown in Fig. 6. Various approaches to selecting the 
most suitable bus for the interconnection of the load are pre‐
sented in [70], [71].
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Fig. 6.　DC microgrid with multi-bus topology.

In microgrid cluster configurations, each microgrid can in‐
ject or absorb power, during power surplus or deficit, respec‐
tively. Moreover, diverse units in the system support each 
other and can be controlled accordingly [72].

C. Reconfigurable Topology

Various reconfigurable architectures have also been pro‐
posed for DC systems to address the intermittent nature of 
RESs [73]. The DC systems are connected with conventional 
AC systems to ensure the reliability of the system. The inter‐
face between the systems is categorized in different ways.
1)　Radial Configuration

In this architecture, the AC system is interfaced with the 
DC system at one end. The path available for the power 
flow to the load is limited to one. Figure 7 shows the DC 
microgrid with radial configuration. The configuration can 
be a single bus or multiple buses as explained in the Section 
II-A and II-B. Radial configuration can be series or parallel 
based on the requirements. Compared with the series radial 
type, the parallel radial type is the most preferred configura‐
tion as it makes the isolation of faulty sections easier and is 
more flexible as power-sharing is possible between various 
units in the system [74], [75]. However, the design is much 
more complex as the single bus has to manage the overall 
power flow. The distribution losses in this configuration are 
comparatively negligible and it is mainly used for low volt‐
age applications such as domestic loads [76].

2)　Ring or Loop Configuration
The main drawback of radial configuration with one path 

for power flow is eliminated by providing multiple paths, 
for customer and grid interface, in a ring configuration. Fig‐
ure 8 shows a DC microgrid with ring configuration. During 
fault conditions, an intelligent electronic device (IED) pro‐
vided in the system isolates the fault section by operating 
the sectionalizing switches [77], thereby improving the sys‐
tem’s reliability. Also, the entire DC part of the system gets 
isolated from the AC power grid during contingencies.
3)　Interconnected Configuration

In interconnected systems, the DC microgrid is provided 
with multiple AC supplies, ensuring the availability of at 
least one AC supply in the system during all fault condi‐
tions, thereby improving the system’s reliability. Intercon‐
nected configuration has two architectures, i.e., mesh or zon‐
al type. Mesh-type architecture is the most suitable for high-
voltage DC systems, which provides better operational reli‐
ability compared with previous configurations [78].
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AC utility is interfaced with DC through converters, as 
shown in Fig. 9. In a mesh-type system, the effect of the 
fault on the system operation will be less as multiple AC 
feeders are available for supplying various sections in the 
system. One of the methods by which the faulty bus gets iso‐
lated is a technique called handshaking. Various fault detec‐

tion techniques in multi-terminal DC systems are explained 
in [79].

The second configuration, zonal type, is mainly used in 
shipboard integrated power systems [80]. In zonal type, 
there are multiple options for the load to get powered. The 
supply to the load can be provided simultaneously, sequen‐
tially, or from only one bus at a time. Since there are multi‐
ple buses for the load to receive power, the most suitable 
bus is decided based on the bus selection method. According 
to the requirements, loads can be switched between various 
buses. Figure 10 shows a DC microgrid with zonal-type ar‐
chitecture, where the entire system is divided into multiple 
zones. Each zone in the system has various components like 
sources, converters, loads, and energy storage devices. Multi‐
ple switches are provided in the system to isolate the faulty 
sections and ensure continuity of supply to non-faulty sec‐
tions in the event of fault [81]. Even though this system is 
more reliable than the mesh-type, a disadvantage of the sys‐
tem is complex. Due to the electronic revolution in this era, 
most end-user types of equipment based on DC have con‐
quered the markets. Various domestic loads, data servers, 
communication systems, etc., are DC systems nowadays 
[82]. The major requirement of these systems is a stiff bus 
voltage even with variations in load and generation [83].

Supercapacitors have grown as a major solution to the is‐
sues associated with the fluctuating bus voltage in DC sys‐
tems. A DC microgrid architecture with a supercapacitor is 
developed in [84] and is shown in Fig. 11, where a superca‐
pacitor is connected as the DC link capacitor, thereby elimi‐
nating all the output capacitors of different sources and stor‐
age devices. This configuration ensures constant bus voltage 
under all operating conditions. Table I gives the summary of 
the features of different DC microgrid architectures.

III. DC MICROGRID FAULTS AND PROTECTION SCHEMES

DC microgrid faces several challenges in the protection 
sector and the major area of concern is the fault. DC mi‐
crogrid architectures are still evolving and this proves to be 
another barricade in devising a proper protective strategy in 
a general context [85]. The protection challenges come in a 
variety of forms. Issues in a DC microgrid arise mainly due 
to load variations, input power fluctuations, maximum power 
point tracking (MPPT) controls with DERs, the occurrence 
of temporary faults, delay in communication, etc. [86].
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Unlike AC microgrids, DC microgrids have no natural ze‐
ro-crossing, and hence the arc quenching in the case of open 
contacts is censorious [87]. In [63], a review of the types of 

DC microgrid faults and challenges associated with protec‐
tion is provided, and the classification of the faults is given 
in Fig. 12. There are a large number of converters associated 
with the DC microgrid. The capacitors associated with these 
converters, either in the form of harmonic filters or other 
purposes, discharge to produce a sharp spike in current val‐
ues and hence is a challenge to the smooth operation of the 
DC microgrid. Apart from that, it demands increased ratings 
of the protection devices [88]. Furthermore, the lack of prop‐
er standards and an excessively large number of sources add 
to this difficulty. DC circuit breaker (DCCB) implementation 
is hindered by loss in the system, speed requirement for op‐
eration, accuracy in fault current management, and overall 
cost [89]. The details regarding the challenges in the protec‐
tion of DC microgrid in the event of faults and the methods to 
for overcoming these challenges are discussed in this section.

The fault current sources in the DC microgrid are the 
DGs, storage devices, and associated AC grid. The magni‐
tude of the fault current depends on the methods for power 
control, bus voltage, location of the fault, fault type, fault im‐
pedance, and techniques adopted for grounding. The severity 
of fault is high for a line-to-line (L-L) fault compared with a 
line-to-ground (L-G) fault. The discharge current from capac‐
itors in L-L faults causes spike in voltage [90]. In L-G fault, 

the grounding system has a major influence on the severity 
of the fault. Faults can also be associated with DC feeders 
and sources [91]. The sequence involved in the fault manage‐
ment of a DC microgrid is shown in Fig. 13. The major chal‐
lenges in terms of protection include voltage transients, cur‐
rent surges that are caused by improper grounding systems, 
arc-fault clearing time, and no natural zero-crossing, 
etc. [92].
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TABLE I
FEATURES OF DIFFERENT DC MICROGRID ARCHITECTURES

Architecture

Radial

Ring

Mesh

Zonal

Overall 
cost

Low

Medium

Very high

High

Protective 
system design

Easy

Moderate

Very difficult

Very difficult

Reliability 
of supply

Low

High

Very high

High

Interconnection 
with AC grid

One

One

Multiple

Multiple

Redundancy 
level

Very low

Moderate

High

High

Voltage level (V)

380, 500, 600, 760

240, 350

50-350

50-800

Applications

Best for low-voltage DC, domestic applications

Telecommunication networks, data centers

Telecommunication networks, data centers

Shipboard system
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The problems regarding voltage transients occurring dur‐
ing turn-on and turn-off of the system can be minimized by 
using metal-oxide-semiconductor field-effect transistor 
(MOSFET) or insulated gate bipolar transistor (IGBT) based 
solid-state devices. Power relays are capable of protecting 
over-voltage, over-current, under-voltage, variation in current/
voltage, ground faults, etc., and ultra-fast protective action 
can be achieved by using solid-state circuit breakers (SS‐
CBs) [93]. The faults arising due to the dynamic behaviour 
of the DC fault current magnitude bring some problems for 
over-current relays (OCRs) with fixed settings [94]. The cur‐
tailment of current by converters leads to a major problem 
for OCRs. The dynamic nature of fault currents can be 
caused by constant power loads or even the bidirectional na‐
ture of the current. DC microgrids lack a natural zero-cross‐
ing, which, in combination with transient over-voltage, poses 
major challenges to the operation of fuses [95], [96].

Proper operation of the protection devices involves accu‐
rate data being sensed. Inaccuracies in the sensor measure‐
ments can bring huge problems for protection devices. The 
sensors can be calibrated using the methods mentioned in 
[97]. In [98], different cable fault types in a PV integrated 
DC microgrid are discussed. According to the earlier men‐
tioned classification, the faults considered are L-L and L-G 
faults. L-L faults are divided into three different stages, i.e., 
the discharging stage of the capacitor, the comprehensively 
feed stage, and the reactor freewheel stage. The most vulner‐
able DC faults are due to uncontrollable power electronic de‐
vices and diodes. Bidirectional DC-DC converters and con‐
trollable electronic equipment are proposed as solutions to 
the protection of diodes and other devices. Normally, fault 
current peak falls rapidly with increased fault distance and 
causes severe problems for protective devices. In an L-L 
fault, the magnitude can even be negative, but due to the 
very short duration of faults, the diodes in the system will 
not be damaged. Another challenge to DC microgrid protec‐
tion is the transient resistance [99]. Fault location in the case 

of a DC system is far too difficult due to the much lower 
values of the DC line resistance and reactance [100]. In the 
events of fault in DC microgrid systems such as ships, reli‐
able systems need to be incorporated to quickly identify the 
fault location and restore normal power distribution [101]. 
This normally requires expensive communication equipment 
and allied devices.

In high-voltage DC transmission, traveling wave based 
time-dependent fault identification methods are adopted, 
which locate the fault by analyzing the traveling waves that 
propagate along the transmission line [102]. Even though ad‐
vantageous, these methods face a fair share of difficulties 
such as the need for highly accurate detection of the time of 
arrival of the surge and high-performance data acquisition 
equipment [103]. Another issue is reflected wave detection 
and discrimination [104]. A non-iterative method for identify‐
ing the fault using a probe power unit is provided in [105].

The protection devices used in DC microgrids are classi‐
fied as fuses, DCCBs, protective relays, SSCBs, hybrid cir‐
cuit breakers (CBs), and arc fault interrupters (AFIs), and 
their types are listed in Table II. DC microgrid protection 
can be designed by considering the directional element [106] 
that ensures the possibility of adjacent protection devices 
communicating with each other and taking combined actions 
to ensure safe operation. Fuses, though commonly used, are 
unsatisfactory from the perspective of their usage in a DC 
microgrid due to the constraints regarding the transients in 
microgrid voltage [107]. Various protection schemes [108] -
[122] in DC microgrids are summarized in Table III.

IV. PQ ISSUES IN DC MICROGRIDS 

The PQ of a system is defined by several international 
standards. The scope of definition varies from one standard 
to another. According to IEC 61000, PQ is defined as “PQ 
encompasses the characteristics of electricity at the given lo‐
cation in a system, analyzed by comparing with a set of ref‐
erence parameters” [123]. PQ can be considered as the com‐
bination of the voltage quality and the current quality. Thus, 
PQ is associated with variation of voltage and/or current 
from the ideal waveform. This is another definition of PQ in 
an electrical system [124].

TABLE II
TYPES OF PROTECTIVE DEVICES IN DC MICROGRID

Protective device

Fuse

DCCB

Protective relay

AFI

SSCB

Hybrid CB

Type

- Conventional type
- Semiconductor type

- Molded case
- Vacuum CBs
- Hybrid-solid or vacuum CBs

- DC relays
- Digital type relays

- Arc fault circuit interrupter
- Combination arc fault interrupter (CAFI)

- Gate turn-off thyristor (GTO)
- IGBT
- Insulated gate commutated transistor (IGCT)
- Coupled inductor SSCB (CISSCB)

- Combination of DCCB and SSCB

Faults in DC system

+
�

L-G faults 

(low or high fault impedance)

L-L faults 

(low fault impedance)

+
�

Fig. 12.　Types of DC microgrid faults.

Detection and localization of fault

Isolataion of faulted segment

De-energization of the system

Re-energization of the system

Fig. 13.　Sequence involved in fault management of a DC microgrid.
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The DC systems are nearly oblivious to power frequency 
variations and harmonics as the entire system operates on 
DC voltage [125]. Even though the absence of harmonics 
and power frequency disturbances is proven to be useful in a 
wide variety of ways, in terms of energy savings [126], DC 
microgrids also have a set of PQ disturbances associated 
with them. As indicated in [127], the PQ disturbances are 
broadly classified as events occurring for short and long peri‐
ods, as shown in Fig. 14. Short duration events or transient 
events are sags, swell, interruption, oscillatory transients, 
and impulsive transients. Long duration events or steady-
state events are noise, notching, voltage fluctuations, under-
voltage, and over-voltage. Most of the disturbances associat‐
ed with voltage in DC microgrids are due to transients in 

voltage from AC grids [128], inrush currents [129], and cir‐
culating current within converters [130]. Transients, which 
are subdivided into impulsive and oscillatory, are defined in 
IEEE Standard 1159 as “sudden non-power frequency chang‐
es from nominal conditions of voltage and current or both, 
that include both positive and negative polarity values” 
[131]. DC voltage fluctuations may result from providing 
power to the AC grid, or from low-frequency power fluctua‐
tions [132]. Voltage transients occurring in DC microgrid 
can reach up to 194% of the working voltage [128]. This is 
extremely large and causes equipment damage and several 
other consequences.

Faults occurring in the bus is another major PQ issue in 
the DC microgrid. Fault currents with low power can devel‐
op issues in voltage at different locations in the system. 
Thus, the protection system gets confused between real 
faults and overload conditions in the system [133]. As the 
DC system does not offer a natural zero-crossing point, arc 
extinction is a tedious task in the event of a fault. Voltage 
sags and swells are mainly due to capacitor switching, 
which involves capacitors in DC-DC converters. Other 
causes include the equipment being turned on and off. In 
DC microgrid, poor voltage regulation leads to under-voltage 
and over-voltage. The impacts of these events vary in terms 
of their effect. The voltage sag and under-voltage trigger de‐
vices to turn off, while voltage swell and over-voltage cause 
serious effects such as insulation breakdown. Under-voltage 
can lead to increased losses as the increases of current deliv‐
er the same amount of power [134].

Inrush currents are drawn by capacitances associated with 
the electromagnetic interference (EMI) filters in converters 
[135]. Current harmonics in the DC bus cause voltage oscil‐
lations and unwanted EMI. Thus, a detailed harmonic analy‐
sis is to be performed while designing the DC distribution 
system. The factors affecting inrush currents are capacitance, 
resistance, reactance, and DC bus voltage [136]. The size of 
the capacitor is decided by considering the EMI standards 
that are to be met by the system. When a load is energized, 
the capacitance draws inrush current, which leads to voltage 
sags that affect the operation of various types of equipment.
[137]. To address the issues due to inrush current that devel‐
ops with converter capacitance, pre-charge circuits or other 
soft-start methods in Fig. 15 are adopted [138].

Inter harmonics are generally the waveforms that occur in 
the frequencies that are not integral multiples of fundamental 
frequency [139]. Inter harmonics form as a result of the cur‐
rent injection of switched-mode converters. Inter harmonics 
affect the customary operation of protection devices such as 
arc fault detection devices and residual current devices. Inter 

TABLE III
PROTECTION SCHEMES IN DC MICROGRID

Protection scheme

Over-current 
protection

Current 
derivative-based 

protection

Differential 
current protection

Voltage-based 
protection

Impedance-based 
protection

Traveling 
wave-based 
protection

Algorithm 
techniques with 
time-frequency 

transform

Protection based 
on converter 
control action

Other protection 
schemes

Features

- Modern converters have OCRs, which operate as an 
efficient current limiting CB [109]

- The fault in the system is identified within millisec‐
onds

- The strategy based on directional over-current im‐
proves the redundancy

- Fault detection using rate of change of fault current
- Calculated current differential is compared with a 

threshold for operation [110]
- For fault in DC loop, the rate of change is calculat‐

ed considering inductor voltage drop

- Unit protection is preferred over non-unit for better 
fault management in the system [111]

- Differential current protection can be used as back-
up with over-current for more reliability [112]

- Voltage-based protection is based on the magnitude 
of voltage and comparatively fast in action

- Fault resistance characteristics are one of the impor‐
tant factors evaluated for the scheme

- By checking the impedance of the power electronic 
module, it will be different during fault condi‐
tions as compared to the designed value [113]

- Active impedance estimation technique is adopted 
for the impedance calculation [114]

- Fault location is estimated by analyzing various fea‐
tures of a traveling wave such as polarity, magni‐
tude, and time interval [115]

- Wave trap and GPS signals are combined for better 
fault identification

- Off-line analysis is carried out by developing the 
network graph

- Surge arrival time is evaluated for the fault detec‐
tion [116]

- Fault estimation is carried out by analyzing the fre‐
quency along with the time domain information 
related to the signal using various transform tools 
like wavelet transform or Fourier transform

- It avoids the requirement of tripping set point and 
the method depends on the window size

- Converter operation is controlled to develop a 
breaker-less configuration [117]

- Various methods like hand shaking [118], fault isola‐
tion and network reconfiguration [119], and DG 
interfaced converter protection [120] are adopted

- A non-iterative fault location technique employing 
probe power unit (PPU) [121]

- Current injection techniques to overcome the draw‐
backs of fault detection using PPU [122]

Harmonic 
currents

Circulating 
currents

Issues related to PQ in DC microgrids

GroundingInrush
currents

Bus fault and 
voltage imbalance

Fig. 14.　PQ issues in DC microgrid.
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harmonics can arise at frequencies near power frequency 
though they are also observed to occurring at much higher 
frequency range of 1-100 kHz [140]. Even though the funda‐
mental frequency of a DC system is 0 Hz, the oscillations of 
current and voltage in a DC system are similar to AC sys‐
tem harmonics. The harmonic contents arise, as a result of 
the operation of the converters required to interface DERs 
with a common DC bus, or the converters required to con‐
nect the DC microgrid with the utility grid [141].

Though inevitable, the harmonic content of the current 
and thereby the total losses associated with harmonics can 
be practically reduced using SiC MOSFET [142]. Smaller 
current harmonics of the converter based on SiC MOSFET 
produce output with better PQ and improve the efficiency of 
DC microgrid. Oscillations associated with the DC mi‐
crogrid can be damped out by using electrical springs 
[143], [144].

The PQ and safety of the system are based on the configu‐
ration selected for grounding. The major grounding schemes 
for DC systems are shown in Fig. 16. For low-voltage (48 
V) systems used in communication networks, TN-S ground‐
ing configuration (T means terra signifying a direct connec‐
tion to earth; N means neutral; and S means seperate), where 
either a positive or negative pole is connected to the ground, 
is used. +Ve and -Ve are the positive and negative voltages, 
respectively. For higher voltages (380-400 V), IT grounding 
configuration is adopted [145] (I means isolated). Therefore, 
the flow of fault current depends on the adopted configura‐
tions and the effect of fault current on the system can be 
minimized by selecting the most appropriate scheme. Also, 
the selection depends on the availability of suitable cables, 
connectors, etc. [146]. Various IT grounding schemes in a 
DC system are classified in Table IV [133].

V. INERTIA ISSUES IN DC MICROGRIDS

The inertia in DC systems will be less due to the presence 
of a large number of PECs compared with conventional AC 
systems [147]. In the case of a DC microgrid, the inertia is 
supplied by the kinetic energy of wind turbines and energy 
storage units. This inertia is not sufficient to support the sys‐
tem during load switching and variation in generation due to 
intermittent sources in the system [148].

The inertia in a DC system can be provided using capaci‐
tors or supercapacitors, but both have their advantages and 
disadvantages. DC capacitors are used to support the system 
by reducing voltage fluctuations. However, the stability of 
the system will be affected [149], [150]. Capacitor size can‐
not be increased beyond a limit as it has less power density, 
larger size, etc. The cost of supercapacitors is another issue 
[151]. The power variations in the DC microgrid get elimi‐
nated when they are in grid-connected mode as large inertia 
is provided by the synchronous generators in the grid. But 
for an islanded DC microgrid or cluster of DC microgrids, 
the problems due to inertia will be severe. The power bal‐
ance equation can be written as in (1) [152].

Pi -Po =CVbus

dVbus

dt
(1)

where Pi and Po are the input power and output power of 
the DC bus, respectively; Vbus is the bus voltage; and C is 
the sum of parallel capacitance in the DC microgrid. In (1), 
C is analogous to the inertia constant of the AC system. 
However, the inertia control with capacitors is effective only 
up to an extent. Various inertia control techniques have been 
implemented in DC microgrids to improve their stability. A 
flexible virtual capacitance control strategy shown in Fig. 17 
for DC microgrid is developed by analogizing the corre‐
sponding variables in both AC and DC systems [153], [154]. 
Overall dynamic response of the system is improved by im‐
plementing a model predictive control (MPC) based virtual 
inertia scheme by eliminating the multiple control loops for 
the converter [155]. The virtual synchronous generator 

=

=
+
 �

Inrush 

current

Soft-start circuit

Filter

DC 

source

DC-DC 
converter

…

I
out

Time

With soft-start

Without soft-start

(a) (b)

Fig. 15.　Inrush current suppression with soft-start circuit. (a) Soft-start cir‐
cuit. (b) Output current Iout.
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L� DC-DC 
converter
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Fig. 16.　Major gounding schemes for DC microgrid.

TABLE IV
CLASSIFICATION OF IT GROUNDING SCHEMES

Type

Non-isolated 
grounding

Non-isolated 
grounding with 

midpoint

Isolated 
grounding

Description

- Positive or negative pole of the DC bus is connected 
to the ground (normally negative)

- The intensity of fault current depends on the loop im‐
pedance and DC link voltage

- It is widely used for bipolar DC networks
- Midpoint is connected to the earth
- The fault current flowing in this arrangement is mini‐

mized due to the midpoint connection

- DC bus return is isolated from the ground of the 
equipment

- Fault current cannot be accurately measured due to 
current flow in EMI filters even after isolation of 
the circuit
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(VSG) scheme is widely used in AC systems which provides 
the rotational inertia and damping properties of synchronous 
generators. Similarly, in the DC system, the virtual DC ma‐
chine (VDCM) strategy provides the inertia of DC machines 
by the energy storage units and its control scheme improves 
the PQ and stability of the system [156]. A virtual capaci‐
tance control integrated power management mechanism is de‐
veloped in [157], where both the inertia control and power-
sharing are based on MPC. Virtual inertia required for the 
system is provided along with an admittance type droop con‐
trol scheme in DC systems. The transient response and stabil‐
ity of the system are improved as all the energy storage de‐
vices in the system contribute some amount of inertia [158].

Based on the charging and discharging characteristics of 
the battery, the inertia and damping control are proposed in 
[159]. Both the damping control coefficient and virtual iner‐
tia control coefficients are calculated based on stability anal‐
ysis. Among the various components in the DC microgrid, 
energy storage units are much costlier compared with others. 
So the management of each energy storage unit in the sys‐
tem is of great importance. SoC-based virtual inertia control 
scheme improves the power-sharing as well as SoC control 
simultaneously [160]. Considering the economic aspects, the 
rotating wind turbines can act as a virtual inertia source that 
imitates the synchronous machines in the system [161], but 
the response is much slower. In addition, as the variable-
speed wind turbines are interfaced to the grid via converters, 
there will be a reduction in the system inertia [162]. Due to 
better efficiency, insulation strength, and soft switching char‐
acteristics, dual half-bridge converters are used in DC mi‐
crogrids to provide inertia along with a virtual super-capaci‐
tor. The bus voltage stability of the system gets enhanced 
with this control scheme [163]. VDCM has attained signifi‐
cant importance in improving system stability by providing 
adequate inertia in the system. However, to achieve this, 
both the performance and structure of this VDCM must be 
optimized [164], [165]. A battery along with its bidirectional 
converter can suppress the variation in load-side voltage and 
enhance the entire system response [166]. Even though the 
capacitor in the system discharges to compensate for the 
power gap that occurs, the value of the capacitor is limited. 
A virtual inertia control with an exponential change that de‐
lays the oscillation is given in [167]. As inertia is a crucial 
factor that affects the stability of the microgrid and the iner‐
tia is considerably less in DC microgrid, an appropriate iner‐
tia enhancement scheme must be selected to ensure that the 
system is in stable operating state.

VI. COMMUNICATION CHALLENGES

The communication networks employed in DC microgrid 

include home-area network (HAN), neighborhood-area net‐
work (NAN), and wide-area network (WAN). The structure 
of the communication network in the DC microgrid is 
shown in Fig. 18, where BAN means building-area network; 
and IAN means industrial-area network. HAN is used for 
low-bandwidth two-way communication between the appli‐
ances in a load center such as a house, whereas NAN acts as 
a gateway. HAN uses Zigbee, Bluetooth, Wi-Fi, etc., where‐
as NAN uses Wimax, Wi-Fi, etc. Table V shows the features 
of various communication networks [168].

DC microgrid control, as well as protection, relies heavily 
on the accuracy and speed of the communication infrastruc‐
ture. The establishment of a DC microgrid system thus re‐
quires high-speed communication [169]. As the interconnec‐
tion of various controllers is done via internet or wireless 
network, grid security also becomes an element of concern 
[170]. In the hierarchical control scheme, with primary, sec‐
ondary, and tertiary controllers [171] usually employed in a 
DC microgrid, latency in communication can be detrimental 
to the smooth operation of the system. Also, stability is af‐
fected by the communication delays [172]. DC microgrid 
control strategies commonly adopted are the active current 
sharing technique and droop control scheme [173], [174]. 
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Fig. 17.　Virtual capacitance control strategy.
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Fig. 18.　Structure of communication network in DC microgrid.

TABLE V
FEATURES OF VARIOUS COMMUNICATION NETWORKS

Type

Consumer-
side networks 
(HAN, BAN, 

IAN)

NAN

WAN

Feature

- These networks include industrial, residential, and com‐
mercial areas

- Since all the components in these networks are closer, a 
high-frequency communication system is not required

- Coverage area is between 1 to 100 m at a data speed of 
1 to 100 kbit/s

- A high-speed communication network is required to 
communicate or receive data from grid-connected 
equipment

- Service provider gathers pieces of information regarding 
energy consumption using smart meters which re‐
quires a sophisticated communication structure

- It has a higher coverage area of 100 m to 10 km and da‐
ta speed up to 10 Mbit/s

- More developed technologies are required for monitor‐
ing the system with WAN

- Compared with conventional supervisory control and da‐
ta acquisition (SCADA) systems, WAN requires high‐
er data resolution and faster decision-making

- It has coverage area up to 100km and with a data rate 
up to 1 Gbit/s
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The active current sharing can be further classified into cen‐
tralized, master-slave, and distributed control strategies 
[175]. Communication delays pose several difficulties in the 
proper implementation of these control strategies. The great‐
er the communication delay in the system, the greater the 
voltage deviation and error in the controller, leading to sub‐
stantial spikes [176]. In [177], the effects of communication 
delay on the system performance are studied. Here, the maxi‐
mum allowable communication delay for a DC microgrid is 
computed using a mathematical model. The control method 
under consideration is proportional-integral (PI) control. In a 
real-world system, the control strategies, as well as the num‐
ber of elements will be huge. Thus, the effect of communica‐
tion delay will be more pronounced. Reference [178] studies 
the effect of wireless communication delay in DC microgrid.

The importance of coordination of DC microgrid design 
and selection of communication technology is emphasized in 
[168]. Reference [179] discusses the secondary controllers 
and their dependence on communication. An expression is 
developed to represent the delay margin and to compare 
their performances. However, it is nearly impossible to calcu‐
late the delay margin accurately by using simulation or ex‐
periment and validate the proper operation of a controller. 
The conclusion drawn is that the delay margin is indepen‐
dent of the controller used; and the greater the number of 
communication links, the less the delay margin.

In [180], communication delays from 2 to 300 ms have 
been reported, thus confirming the possible inaccuracy that 
may arise while evaluating the delay margin. Reference 
[181] emphasizes the importance of information exchange 
for distributed secondary controllers, while evaluating the 
distributed optimal control of the DC microgrid. Reference 
[182] studies the operation of microgrids under various con‐
ditions, using the low-voltage microgrid based on the CI‐
GRE and IEEE benchmarks, and focuses mainly on commu‐
nication delays. One case study includes a system with a 
transient fault with delay in communication systems and it is 
found that the system cannot achieve stable operation be‐
yond a level of delay. Reference [183] discusses load shar‐
ing considering the delay. It also highlights that the power 
control information being sent over the same wireless chan‐
nel with other system information can result in loss or cor‐
ruption of data. A time-varying delay in communication is 
studied and a controller for mitigating the problem is speci‐
fied in [184]. The unified Smith predictor is used to intro‐
duce delay in local feedback and remote signals of LC for 
conducting the study. The communication delay affects the 
reference parameter generation, generally reference voltage, 
for proper load sharing. The outdated power information 
used to generate reference values disrupt the operation of mi‐
crogrid. Reference [185] describes various adverse effects 
due to limitations of communication technology on mi‐
crogrids and discusses different control strategies and lays 
out the challenges posed by communication delays and other 
limitations of communication technology.

A list of suggestions is also proposed, which includes vari‐

ous analyses regarding the significance of adopted communi‐
cation technology, degradation in the microgrid operation 
and resilience, the definition for control architectures based 
on communication, risk assessment of communication tech‐
nology on the hardware, critical analysis of the Internet of 
Things (IoT) technology and a lot more. The results show 
that the communication delay causes deviation in reference 
value generation and thereby adversely affects the operation 
of controllers. Moreover, the smoothing inductor used to im‐
prove PQ also adversely affects the delay. References [186] 
and [187] consider the effect of communication in the sec‐
ondary control of autonomous microgrid. The system under 
consideration is an AC microgrid and it is shown that if the 
islanding operation is delayed, the frequency oscillation asso‐
ciated with the system also increases. Sources of noise in a 
communication network are generally processing and queu‐
ing, propagation, and delays due to other external activities 
[188], [189]. Reference [190] analyzes the effect of commu‐
nication delay of DC microgrid during both grid-tied and is‐
landed modes. It is shown that the impact of the communica‐
tion delay can be minimized by designing the system in syn‐
chrony with the selection of communication networks or sys‐
tems. Several studies on mathematical modelling and evalua‐
tion have been conducted considering the communication de‐
lay in microgrid systems [191] - [193]. Experimental works 
are present but are less in number. Hence, a proper emphasis 
on practically realized systems can be explored further.

As DC systems are designed with different communica‐
tion topologies and technologies, the integration will be easi‐
er only if the technologies are formulated with proper proto‐
cols and standards [194]. Since the modern grid is integrated 
with various IEDs, existing communication technologies 
based on SCADA will be less effective. Thus, the modifica‐
tion of existing infrastructure to accommodate the latest tech‐
nologies is a major challenge. Even though the communica‐
tion networks will have many advantages, cyber security and 
data privacy issues are also major threats [195]-[197].

VII. ECONOMIC OPERATION AND CONTROL OF DC 
MICROGRIDS 

With the rapid proliferation of DC microgrid, the econom‐
ic operation and control are essential to provide high-quality, 
economical, and reliable electricity [198]. The economic op‐
eration is achieved by improving efficiency, reducing the op‐
erating cost, or by economic dispatch [199]. Multi-objective 
optimization-based scheduling is performed to ensure the 
economical operation of the DC microgrid in [200], but the 
line losses, which contribute to 5% of total losses in the sys‐
tem, are neglected. A stochastic approach is proposed in 
[201] for the optimal operation considering the effect of in‐
termittent energy sources in the DC microgrid. In [202], the 
economic operation is achieved by using a consensus algo‐
rithm that calculates the generation cost of the individual as 
well as neighboring units and re-routes the power flow ac‐
cordingly. An optimal operation with high penetration of var‐
ious sources and energy storage systems is achieved in [203] 
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with a mathematical optimization model for the economic 
dispatch using semi-definite programming. An optimal sched‐
uling model that provides the economic power strategy for 
the generators in the DC microgrid is developed in [204] 
considering operation costs, emission costs, and power loss 
costs. In [205], the optimal load sharing in a DC microgrid 
is obtained by considering fully distributed control with vari‐
ous equality and inequality constraints. The distributed con‐
trol shares the details of estimated voltage and operating 
costs with neighboring grids using a communication net‐
work. In [206], the optimization problem aims to reduce the 
operating costs in microgrids containing the sources with un‐
certain power output, utilizing the power predictions and 
technical constraints. In [207], a modified economic droop 
scheme with DG generation cost and the utility tariff as ma‐
jor factors is proposed for cost minimization. In [208], a 
cost function that considers the cost of various microgrid 
components, as well as the utility demand response, is uti‐
lized to achieve improved system efficiency. The total operat‐
ing cost is reduced with optimum droop control parameters 
obtained using a genetic algorithm. Reference [209] focuses 
on the minimization of generation cost in DC microgrid dur‐
ing both grid-connected and islanded mode using a com‐
bined sub-gradient algorithm and incremental rate criteria. 
The economic operation and planning of DC microgrid clus‐
ters are much more complex than autonomous systems. La‐
grange multiplier-based online power flow optimization tech‐
nique for a DC microgrid is developed for economic opera‐
tion in [210]. As the adaptation of the DC microgrids is on a 
rise, extensive research needs to be carried out on the eco‐
nomic operation and economic control strategies dedicated 
to DC microgrids.

VIII. APPLICATIONS OF DC MICROGRIDS 

Observing the numerous features including energy efficien‐
cy, DC microgrids can be utilized for different applications 
in power systems, especially for future smart grids. This sec‐
tion explores the various applications of DC microgrids.

A. Household Applications

Nowadays, the majority of household loads and energy 
sources at the utilization point are in DC form [211].

Therefore, the conversion stage can be avoided by using 
DC instead of AC, thereby improving the system efficiency 
[212]. Also, the energy management schemes associated 
with DC systems are much more flexible compared with AC 
and hybrid grids [213]. Various researches related to DC-
powered highly efficient homes, which are the key enablers 
of future smart grids, are ongoing in various countries across 
the world [214] - [216]. The major requirements of various 
smart grid road maps are improved flexibility and reliability 
for household consumers with renewable integration [217]. 
The reliability of such systems gets improved with the addi‐
tion of more storage devices and smart appliances. To re‐
duce the amount of storage, increase reliability, and facilitate 
power management, the individual houses can be operated as 

a cluster [218]. Figure 19 shows the schematic diagram of a 
DC-powered home.

B. Renewable Energy Parks

Renewable energy parks are formed by clustering various 
sources to a common DC bus. Here, multiple solar PV sys‐
tems or wind generation systems are connected in parallel. 
These systems are also called collector grids, which is a bet‐
ter option for PV and wind power applications [219].

The structure of a solar park is depicted in Fig. 20 and 
the top 5 solar parks and the top 5 wind parks around the 
world are listed in Tables VI [220] and VII [221], respective‐
ly. Compared with household applications, the control and 
management of such grids are much more complex and the 
operation must be supported with various ancillary services 
based on existing grid codes [222]-[224]. The stability of a 
DC-based park with hybrid energy sources is explained in 
[225] and the optimal allocation of energy sources in an en‐
ergy park is depicted in [226].

TABLE VI
TOP 5 SOLAR PARKS AROUND THE WORLD

Name of park

Bhadla solar park

Pavagada solar park

Huanghe Hydropower 
Golmud solar park

Benban solar park

Tengger desert solar 
park

Location

Jodhpur, Rajasthan, 
India

Tumkur, Karnataka, 
India

Golmud, Qinghai, 
China

Benban, Egypt

Zhongwei, Ningxia, 
China

Capacity (MW)

2×2245

3×1850

3×1800

1650

2×1547

Area (km2)

2×57

3×53

37.2

2×43

PV panels Combiner

 boxes

Output from

 the park

…

…

…

… … … …

Fig. 20.　Structure of solar park.
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Fig. 19.　Schematic diagram of DC-powered home.
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C. Electric Vehicle (EV) Fast Charging Stations

EVs and plug-in hybrid EVs (PHEVs) are being investigat‐
ed as possible solutions to power backup, emergency power 
for buildings, and improving grid stability [227], [228]. The 
interest in EVs is also increasing worldwide drastically as it 
is an effective solution to the recent concerns connected 
with fossil fuels [229].

As the adoption of EVs increases, the number of charging 
stations must also increase. Unlike conventional AC charg‐
ing stations, DC fast charging is one of the promising tech‐
nologies that can charge most vehicles to 80% within 15-45 
min, thereby enabling EV users to charge on the go [230]. 
Apart from the EVs, a variety of DC energy resources are al‐
so interfaced with the charging stations that operate in vehi‐
cle-to-grid (V2G) and grid-to-vehicle (G2V) modes to en‐
hance the reliability of the system [231]. Energy storage devic‐
es like flywheel, battery and sources like PV, wind are consid‐
ered as viable options for this [232]. Figure 21 shows the struc‐
ture of a typical EV charging station with RES support.

D. Data Center Support Systems

Data centers possess various complex networks that power 
different computing devices and the supporting infrastructure 
[233]. The critical energy end-use in data centers includes 
the computing equipment and the energy end-use infrastruc‐
tures like high-voltage AC (HVAC), uninterrupted power sup‐
plies, lighting, and communications [234]. The efficiency of 
data centers is as low as 30%. The studies prove that data cen‐
ters distributing DC to the IT equipment avoid multiple power 
conversion stages and reduce electrical power losses [235].

E. Remote Microgrids

DC microgrid is a promising solution to remote applica‐
tions. The major challenge to a remote microgrid is that 
there is no external energy support as in other microgrids. 
They operate as autonomous systems, almost all the time, 
and hence, energy adequacy is a major concern [236]. Un‐
even geographical conditions or less populated or isolated 
communities are the major bases of remote microgrids 
[237], [238]. Renewable sources will be the appropriate gen‐
eration sources for such grids [239] as fossil fuel based pow‐
er generation remains uneconomical due to comparatively 
less load [240]. Batteries also play a crucial role, especially 
in providing power during nighttime [241].

IX. COMPARISON BETWEEN DIFFERENT MICROGRID 
ARCHITECTURES 

Microgrid systems can reduce energy costs, and enhance 
overall system efficiency and reliability. Microgrids are main‐
ly classified into AC, DC, and hybrid AC-DC ones. Each ar‐
chitecture has its own advantages and disadvantages. Table 
VIII and Table IX [242]-[244] depicts a comparison between 
DC and AC microgrids, and DC and hybrid AC-DC mi‐
crogrids, respectively, on the basis of a list of of value 
streams of microgrids including economics, efficiency, reli‐
ability, PQ, and protection.

TABLE VII
TOP 5 WIND PARKS AROUND THE WORLD

Name of park

Gansu wind park

Jaisalmer wind 
park

Alta wind energy 
center

Muppandal wind 
farm

Los Vientos wind 
farm

Location

Jiuquan, Gansu, China

Jaisalmer, India

Kern County, 
California, USA

Kanyakumari district, 
Tamil Nadu, India

Texas, USA

Capacity (GW)

2 × 8

1.6

3 × 1.57

3 × 1.50

2 × 0.912

Number of 
turbines

2 × 7000

24

3 × 600

3 × 3000

2 × 108

TABLE VIII
COMPARISON BETWEEN DC AND AC MICROGRIDS

Factor

Conversion 
efficiency 

[245]

Converter 
cost [246]

Control 
complexity 

[247]

Supply reli‐
ability 
[248]

Protection 
system 
[249]

Integration 
with exist‐
ing grid 

[250]

Transmis‐
sion effi‐
ciency 
[251]

DC microgrid

- The conversion efficiency 
is high as only minimum 
conversion stages are re‐
quired to feed the load

- DC LED driver has an effi‐
ciency of around 97 per‐
cent

- It is 6%-8% more efficient 
in PV utilization

- The cost is reduced for the 
converters along with the 
cost reduction due to re‐
newable sources

- Only bus voltage is the 
main parameter for con‐
trol

- It is more reliable with pro‐
vision for remote loca‐
tion power supply

- An immature protection 
system with more risk 
factors

- More arrangements are re‐
quired to integrate with 
the utility grid

- More efficiency is achived 
due to the absence of re‐
active current

AC microgrid

- The conversion is less effi‐
cient as multiple conver‐
sion stages are required

- The conversion efficiency 
of AC LED driver is 
about 93%

- Costs of converters are 
more

- Various factors such as the 
voltage, frequency, reac‐
tive power, and harmon‐
ics have significance

- Synchronization is a major 
task

- It is less reliability and dif‐
ficult to provide adequate 
power under adverse con‐
ditions

- Cost-effective and well-
structured protection sys‐
tems are available

- It is easy to integrate with 
the existing utility grid

- It is less efficient

PVWind turbine

==
=

=
~

=
~

=
~ =

=

Battery

 storage

EV

Utility grid

AC-DC 
converter

DC-AC 
converter
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Fig. 21.　Structure of a typical EV charging station with RES support.
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X. MICROGRID PROJECTS AROUND THE WORLD 

Various DC microgrids have been established to supply 
power, or have been developed at the research centers to ana‐
lyze the working and performance of DC microgrids. A large 
portion of the studies conducted by researchers focus on con‐
trol, reliability, and protection, while operating in islanded or 
grid-connected mode. The details about various currently run‐
ning microgrid projects around the world are provided in Ta‐
ble X [252].

XI. FUTURE TRENDS IN DC MICROGRID RESEARCH 

The depleting fossil fuel and increased penetration of re‐
newable sources have transformed the DC microgrid into a 
hot topic for research with huge scope for future works. Cur‐
rently, many research works are ongoing around the world 
on DC microgrids and related topics. Various architectures 
are available in the literature for the interconnected DC mi‐
crogrids which operate in grid-tied or islanded mode. Even 
though each of them possesses various advantages, more re‐
search needs to be conducted to design a better DC microgrid 
architecture that ensures a reliable, flexible, and simple opera‐
tion. The control strategies available today for reliable opera‐
tion of the DC microgrid cannot be accomplished with simple 
controllers. Research needs to focus on implementing various 
hybrid controls that include both centralized and distributed 
controls at different levels to improve reliability.

DC microgrids are mainly PEC-dominated systems. The 
precise design and control of these converters are of greater 
importance. Topologies for converters incorporating solu‐
tions to the challenges related to various PQ issues like cir‐
culating currents, inrush currents, and inter harmonics are 
the best topic for future research. The protection of mi‐
crogrids is also a crucial topic for future researchers. Even 
though the standards for DC microgrid integration and inter‐
connection are in the developing stage, a well-designed CB 
and effective grounding schemes are essential for their flexi‐
ble operation. Different energy management schemes can be 

designed for DC microgrids by considering various factors 
like response time of storage devices and controllers, associ‐
ated losses in converters, etc. By developing a more transpar‐
ent and effective strategy, the economic operation of the mi‐
crogrid, optimum sizing of resources, etc., can be improved.

Another area related to DC microgrid with vast scope for 
future research is stability. Various works address the issues 
of low-inertia DC microgrid and virtual inertia strategies for 
stability enhancement. Mainly, the inertia support for such 
weak grids is provided using converters. But the size of stor‐
age devices, their protection, and issues due to overcharging 
and discharging are major concerns. Interconnection of DC 
microgrids forming various clusters can be the best solution 
to these issues. Various pieces of literature explain the power 
management and control of DC microgrid clusters. But still, 
it lacks clarity in the factors like criteria for interconnection 
with neighboring microgrids, selection of the most suitable 
microgrid for interconnection, stable interconnection via 
proper synchronization, and best topology for interconnec‐
tion and the dynamic operation of such microgrids.

XII. CONCLUSION 

Even though the DC microgrid is a major topic of discus‐
sion due to its potential benefits, it still faces several chal‐
lenges in design, operation, and proper control. The main is‐
sues arise due to the increased penetration of RES, grid pow‐
er balance, energy management, and DC link voltage con‐
trol. This paper brings out a comprehensive review on vari‐
ous issues related to DC microgrid implementation. Various 
architectures for DC microgrid, protection schemes, protec‐
tive devices, issues due to inertia that affects the system sta‐
bility, PQ issues, and communication-related issues have 
been reviewed. Also, applications, economic operation, and 
control of DC microgrids, comparison between different mi‐
crogrid configurations, the state-of-the-art DC microgrid proj‐
ects around the world, and future trends in the area of re‐
search related to DC microgrids have been briefly explained. 

TABLE IX
COMPARISON BETWEEN DC AND HYBRID AC-DC MICROGRIDS

Factor

Converter cost

Control complexity

Supply reliability

Protection system

Integration with existing grid

Voltage conversion

Synchronization

DC microgrid

- Reduced converter cost

- Less complexity in control

- More reliable system

- Still in a developing stage

- Majority of components being DC and easily in‐
tegrated

- DC-DC converters to obtain various voltage lev‐
els

- Only bus voltage required to be considered 
while synchronization

Hybrid AC-DC microgrid

- More converter cost since a large number of converters 
are involved

- More complex controls as both AC and DC compo‐
nents are interfaced

- Increased reliability by reducing the converter stages

- A wide range of protection schemes available

- Separately designed converters for both AC and DC 
parts

- DC-DC converters for the DC part and transformers for 
the AC part which make the system more complex

- Easy synchronization for DC part and complex for AC 
part
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