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Abstract The DC microgrid has become a typical distri-

bution network due to its excellent performance. However,

a well-designed protection scheme still remains a challenge

for DC microgrids. At present, researches on DC micro-

grids primarily focus on the topology structure, control

method and energy control, while researches on fault

analysis, detection and isolation have not drawn enough

attention. Therefore, this paper intends to depict the current

research status in different relative areas and review the

proposed protection strategies in order to help researchers

to have a clear understanding on DC microgrid protection.

Meanwhile, to solve the protection issues and promote the

development of the DC microgrid, this paper points out the

key areas of future research. The future protection research

directions lie in the development of novel protection

devices, which are based on electronic technology to pro-

vide loose protection constraints and the improvement of

suitable protection schemes. In addition, the novel concept

of coordinated strategy of control and protection of the DC

microgrids is explained.

Keywords DC microgrids, Protection devices, Fault

characteristics, Grounding options, Protection schemes

1 Introduction

The concept of microgrids has been proposed in order to

make good use of distributed energy resources (DERs). The

development of DERs can effectively reduce the carbon

emissions, while enhancing the power quality and reliability

[1, 2]. According to the power properties, microgrids can be

divided into AC and DC microgrids. AC microgrids have

been comprehensively researched because of the similari-

ties to the traditional AC power system. Nowadays, the

advantages shown within DC microgrids arouse increasing

interests of scholars around the world. Compared to AC

microgrids, DC microgrids require less conversion stages

and transmit more DC power through a given cable.

Moreover, DC systems are inherently efficient without any

skin effect and can decrease line losses [3, 4].

High-voltage DC (HVDC) technologies have been uti-

lized extensively, while the practical application of med-

ium-voltage (MV) and low-voltage (LV) DC microgrids is

just beginning. DC microgrids have been investigated in

specific applications, including: � LV (up to 1.5 kV DC)

data centers [5] and LVDC distribution systems [6]; ` MV

(up to 35 kV DC) systems on electric ships and also off-

shore wind power plants [7]. Realizing this potential,

academic and industrial institutions are conducting projects

around the world, for example FREEDM [8], UNIFLEX

[9] and HEART [10]. They all aim to promote this tech-

nology at a new research level.
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In spite of the excellent characteristics of DC micro-

grids, effective fault protection schemes for DC microgrids

still remain a challenge. In addition, protection standards

and guidelines that can be widely accepted in industrial and

commercial applications have not been proposed [11].

Some organizations have developed practical standards in

specific fields such as the European standard ETSI EN 300

132-3-1 [12], IEEE Standard 946 [13] and IEC SG4 [14],

which are respectively designed for data/telecom systems,

DC auxiliary power systems and LVDC distribution sys-

tems. However, they did not reach a consensus and the

widespread acceptance of standards still have a way to

come. Due to the high magnitude and significant changing

rate of the fault currents, fault detection and isolation

should be evaluated as soon as possible. Previous resear-

ches indicate that typical voltage sourced converters

(VSCs) can only tolerate twice the converter full-load

current rating and the fault clearing time should be around

2ms [3], [15]. In addition, the implementation of protection

has to restrain the transient voltage and requires operating

the devices in a coordinated way.

At present, studies on DC microgrids are primarily

concerned with the topology structure, control method and

energy management. The design of protection schemes for

DC microgrids has not drawn enough attention. As a result,

this paper intends to depict the current research status in

order to help researchers to have a clear understanding on

the protection issues of DC microgrids.

The organization of the paper is as follows. Section 2

gives an introduction about typical DC microgrids. In

Section 3, current status is depicted in detail, including

fault current response, protection devices, grounding

options and simulation software of DC microgrids. Sec-

tion 4 reviews proposed protection schemes and discusses

the design of a protection system. Then research prospects

are presented in Section 5. Finally, the conclusion is drawn

in Section 6.

2 DC microgrids

2.1 DC microgrids configuration

A microgrid refers to an independent and autonomous

system consisting of multiple distributed generators,

energy storages, energy conversion devices, loads, moni-

tors and protection devices. Thus this system is indepen-

dently able to realize self-control, protection and

management requirements. Microgrids can either be con-

nected to the main grid or be isolated as an island [16].

Microgrids can be divided into AC, DC and AC-DC hybrid

microgrids according to the differences of the bus form.

A DC microgrid system primarily consists of those main

components including sources, converters, energy storage

and loads. The typical ring busbar structure of a DC

microgrid is shown in Fig. 1.

Distributed generations in a DC microgrid are divided

into AC and DC sources. Typical DC sources, such as

photovoltaic arrays are connected to the DC bus via a DC/

DC converter. Similarly, wind turbine generators are

preferably connected to the DC bus through an AC/DC

converter and greatly reduce the conversion stage com-

pared to being connected to an AC bus. Therefore, com-

pared with the AC microgrids, the energy conversion

stages are greatly simplified.

According to the sources and loads characteristics, AC/

DC, DC/AC and DC/DC converters are required. Different

converters are applied to connect different sources and

loads in order to match the requirements such as nominal

voltage, galvanic isolation and efficiency. In addition, DC

microgrids have an advantage on conversion over AC

microgrids. Generally, converters used in DC microgrids

are much simpler as there are less conversion segments.

Due to the intermittent conditions of renewable sources,

energy storage is necessary to balance the power transient

response. Moreover, energy storage is responsible for

power quality improvement and the emergency power

supply [3]. Common energy storage devices include bat-

teries, super capacitors and flywheels [17]. Flywheel

devices have to be connected to a DC bus via a machine

and converter while batteries and super capacitors can be

connected directly.

DC microgrids are most suitable to supply sensitive

electronic loads [3]. The power supply characteristics are

of high availability thus they can match the demands of the

lighting system, data and communication system as well as

the safety system. Some DC loads have direct connection

to the DC bus, while other DC loads and AC loads have to

be fed through converters.

DC/ACDC/DC

AC loadsDC loads

AC grid AC/DC DC/DC

AC/DCWind turbine DC/DC

Cable 1
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Node 1

Node 3
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Fig. 1 Typical structure of a DC microgrid
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2.2 Control strategies of DC microgrids

Effective control strategies are crucial to stable and

efficient operation of the DC microgrids. Control strategies

for DC microgrids consist of centralized, decentralized,

distributed and hierarchical controls [18]. Decentralized

control is able to optimize resource utilization and retain

system reliability based on local measurement without

communication [19]. It is more suitable for a DC microgrid

with small capacity [20]. Droop control is a typical rep-

resentative of decentralized control methods. The control

method based on the droop characteristic of a converter has

been proved effective in merging multiple sources and

storages. Since control methods have obvious impact on

the transient behavior of DC microgrids, they significantly

affect protection aspects [7]. In order to improve the

transient characteristics of DC microgrids subsequent to

fault, control strategies should be constantly developed.

For example, a new droop control algorithm proposed in

[21] makes it possible to control charge/discharge priori-

tization, thus the batteries are protected from transient

cycling. A dynamic droop method in [22] proposed for a

hybrid energy storage system (HESS) has been proved

more effective than the preceding droop control. Both of

the new control methods have contributed to the DC

microgrids stable operation.

3 DC protection systems

3.1 Fault characteristics

According to its fault character, DC microgrids fault

types are pole-to-pole fault and pole-to-ground fault. The

pole-to-ground faults are the most common in industrial

systems [23]. Generally, the fault impedance of pole-to-

pole faults is low. However, the fault impedance of pole-to-

ground faults can be either low or high. On the other hand,

the fault types can be bus fault and feeder fault based on

the fault location. As mentioned, the electronic equipment

is vulnerable and the tolerance of the over current is finite.

The fault would be much severer when the fault location is

closer to the energy sources; therefore the bus fault is

critical for the whole system. Faults inside VSCs and bat-

teries may cause a pole-to-pole short-circuit fault and these

are terminal faults that generally cannot be quickly cleared.

In these cases, the devices have to be replaced and using

fuses could be a proper choice.

The typical fault response of a converter interfaced DC

network is presented in detail in [4]. In case of a DC short-

circuit fault, the IGBTs are immediately blocked for self-

protection, leaving reverse diodes exposed to overcurrent.

In the meantime, the charged filter capacitors play the role

of high fault-level sources, the typical fault current profile

can be depicted by the equivalent circuit illustrated in

Fig. 2 regardless of where the DC-cable short-circuit

occurs. Comprehensive and systematical analyses were

done in [24] using the Laplace method, where the natural

responses of the equivalent circuit were defined in two

separate phases. The fault characteristics can be obtained

from these analyses, and help to define protection operation

time and assess the effect of any proposed protection

schemes.

The pole-to-pole fault is the most typical type in DC

microgrids. The pole-to-pole fault response can be depicted

in three stages: capacitor discharge stage, diode freewheel

stage and grid-side current feeding stage. The equivalent

circuit is shown in Fig. 3.
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Fig. 2 Equivalent circuit of the faulted network
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Fig. 3 Equivalent circuit for pole-to-pole short-circuit fault
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1) Capacitor discharge stage. In this stage, the DC-link

capacitor discharges immediately after the fault, shown in

Fig. 3a, and the expression could be given by:

LC
d2udc

dt2
þ RC

dudc

dt
þ udc ¼ 0 ð1Þ

Under the condition of R\2
ffiffiffiffiffiffiffiffiffi

L=C
p

, while assuming the

fault occurs at time t0, the initial voltage and current to be

udcðt0Þ ¼ U0, icableðt0Þ ¼ I0, the solution of (1) is:

udc ¼
U0x0

x
e�dt sinðxt þ bÞ �

I0

xC
e�dt sinxt ð2Þ

icable ¼ C
duc

dt
¼ �

I0x0

x
e�dt sinðxt � bÞ þ

U0

xL
e�dt sinxt

ð3Þ

where

d ¼ R=ð2LÞ; x2 ¼ 1=ðLCÞ � ½R=ð2LÞ�2; x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d2 þ x2
p

;

b ¼ arctan x=dð Þ.
2) Diode freewheel stage. This stage shown in Fig. 3b is

initiated when the DC-link voltage reaches zero. Assuming

the stage happens at timet1, the initial value of the current

isicableðt1Þ ¼ I1. The expression of the cable current is

given by:

icable ¼ I1e
�R

L
ðt�t1Þ ð4Þ

3) Grid-side current feeding stage. At that stage, the

equivalent circuit performs as an uncontrollable

rectification depicted in Fig. 3c. Without fault clearance,

although the fault current is reduced significantly at that

time, it will exist for a long time and there is no zero-

crossing point.

The typical pole-to-pole fault characteristics are shown

in Fig. 4, the fault response can be depicted in three stages:

capacitor discharge stage, diode freewheel stage and grid-

side current feeding stage. Assuming the fault happens at

t0, the capacitor quickly begins to discharge and the fault

current reaches its peak in a few milliseconds until the

capacitor voltage drops to zero. After that, the cable

inductance begins to drive the current around the freewheel

diodes path as illustrated in the period t1 to t2. At that

moment, the current through the diodes is abrupt so that the

didoes would be rapidly damaged. After a certain attenu-

ation, the DC side of the fault current and AC side current

are nearly of the same magnitude. Consequently, the AC

side feeds the fault point, as described for the time after t2.

Pole-to-ground fault has been analyzed in detail in [25].

Compared with the pole-to-pole fault, the typical pole-to-

ground fault does not have the diode freewheel stage,

although the rest of the features are similar.

3.2 Protection devices

At present, the commercially available protection devi-

ces for DC microgrids are fuses and circuit breakers [11].

Interruption of the current leads to the creation of an arc

that cannot be easily extinguished in a DC system without

the current crossing through zero. That’s still a challenge

for applying the DC power system technologies. Fortu-

nately, those difficulties have to be gradually overcome.

Fuses are the most traditional protection devices through

melting down the fuse link in the circuit. Fuses are appli-

cable for both AC and DC systems. Different from DC

systems, the ratings in AC systems are determined in terms

of RMS values. However, given the restriction on time of

protection and the time constant of the fault current, fuses

are carefully chose based on application.

Circuit breakers are the key equipment in DC systems;

however these current devices cannot totally and perfectly

satisfy the protection requirements. Traditional molded-

case circuit breakers (MCCB) are the most common pro-

tection devices in current DC systems. The tripping device

of the MCCB could either be thermal-magnetic or elec-

tronic so that the ratings are quite different. The magnetic

tripping devices detect the instantaneous values while the

thermal tripping devices sense the RMS values of the

current. In order to achieve sufficient voltage blocking

capacity, the contactors could be connected in a series in

both cases [26]. However, the discharge current of the filter
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Fig. 4 Typical pole-to-pole fault characteristics
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capacitor after the short circuit are of high magnitude

which lasts for a very short time. Therefore, the case may

exist that the current force is unable to open the contacts of

the MCCBs.

In order to break down the limitation of the usage of

fuses and MCCBs, power electronic based protection

devices were proposed and developed. These commonly

refer to solid-state circuit breakers (SSCB) [27, 28] and

hybrid circuit breakers [29, 30]. Semiconductor devices

such as insulated-gate bipolar transistors, insulated-gate

commutated thyristors and gate turn-off thyristors are the

predominate components that determine the characteristics

of these novel protection devices. Although these devices

have more power losses, they could be a feasible method to

meet the strict protection requirements. The comparisons of

these typical electronic-based circuit breakers are listed in

Table 1 [31].

Reference [32] investigated the technical parameters

such as reliability, power losses and relative investment

costs of different DC breakers and concluded that the solid-

state circuit breaker shows the best overall performance.

Hybrid mechanical and solid state circuit breakers have not

been available in practice. Mechanical passive or active

resonance circuit breakers are specifically applied in CSC

HVDC [33]. Therefore, SSCB is available and technically

feasible for MVDC applications, the SSCB and hybrid

solid-state DC circuit breakers are appropriate for the DC

microgrids. The relatively high conducting loss remains a

major drawback of SSCB, thus selection of SSCB semi-

conductors are an important design factor [34]. Since 2011,

SiC JFET/SIT were identified and implemented in building

LV and MV SSCBs and the conducting losses were sig-

nificantly reduced [35–39]. The hybrid solid-state DC cir-

cuit breaker with mechanical disconnector provides an

ultra-fast and efficient protection solution [40]. With the

improved topology, a 2 ms, 10 kV class hybrid DC circuit

breaker prototype based on a single 15 kV SiC ETO device

is presented in [41]. Meanwhile, the development of

semiconductor technology pushes hybrid DC circuit

breakers to a new level. As a result, the developments of

DCCBs for DC microgrids primarily focus on the topology

structure and the power electronic device selection.

3.3 Grounding options

Grounding is a critical issue for DC microgrids protec-

tion. Different grounding options come with different fault

characteristics and influence the configuration and setting

of the protection. The purpose of grounding designs is to

facilitate the ground fault detection, minimize the stray

current and to ensure the personnel and equipment safety

[42]. As proposed, DC microgrids could be grounded with

either high resistance or low resistance, even ungrounded

[11]. However, none of these grounding alternatives have

been widely accepted.

The ungrounded mode has been highly recommended

especially in LV applications [43, 44]. In that case, the

common-mode voltage could not be high enough to pose a

threat to personnel and equipment safety. Meanwhile the

system could operate continuously when a single phase-to-

Table 1 Comparisons of typical protection devices

Parameter Full solid state CB Hybrid solid state

CB with mechanical

disconnector

Hybrid mechanical

and solid state CB

Mechanical passive or active resonance

CB

Interruption time \1 ms \2 ms \5-30 ms \60 ms

Maximal rated

voltage Un

\800 kV 120 kV verified by

test (up to 320 kV

achievable)

AC circuit breakers

[500 kV ultra-

fast-switches

\12 kV

\550 kV available

Maximal DC

breaking

current In

\5 kA expected 9 kA experimentally

proven (up to

16 kA expected)

*6-12 kA

(estimated)

Up to 4 kA proven in operation (up to

8 kA possible with active resonance)

Expected power

loss in

comparison to a

VSC converter

station

\30% (large forward voltage due

to serial connection of solid

state devices)

\1% (only few

IGBTs in series in

the main path)

\0.001% (metal

contacts)

\0.001% (metal contacts)

Further

development

steps

Development in solid state device

technology to reduce on-state

forward voltage and number of

modules in series

Field experience

with prototype in

a test grid;

reduction of IGBT

costs

Development of

ultra-fast-

mechanical drives

to reduce

commutation time

Optimization of DC arc chamber for

passive resonance to achieve higher

current rating and to minimize time

for current zero creation
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ground fault occurs. However, a possible second ground

fault at another pole may result in a line-to-line fault and do

severe damage to the whole system [45].

Solid grounding has rarely been adopted because of the

corrosion caused by stray current [42]. Compared with low

resistance grounding, high resistance grounding limits the

ground fault current so that the system could keep oper-

ating during a fault, but the detection and location of the

fault becomes much more difficult. Moreover, the point of

the system selected to be grounded could be the midpoint,

the positive or the negative pole of the common DC link

[46]. For that matter, [47] suggests midpoint grounding to

minimize the ground potential and enhance the whole

system’s safety. Similar to an AC power system, the IEC

60364 standard [48] determines three grounding strategies

TN, IT and TT which are shown in Fig. 5. TN systems are

typical low impedance grounded, the detection of the line

fault is easy to implement, but the touch voltage may be

incredibly high. Different from TN systems, IT systems

require high impedance, the fault current is low and

increases the detection difficulty. On the other hand, TT

systems have multiple grounding points and the fault does

not migrate [44].

In addition to these methods aforementioned, an auto-

matic grounding method has been presented in [42]. Diode

grounding depicted in Fig. 6 consists of a connection of the

DC system negative pole with the ground through a diode.

In that case, the system will be automatically transformed

to ungrounded mode when the ground faults happen at the

negative pole. However, in this type of system, a periodic

maintenance is required to protect against the possibility of

corrosion [49].

3.4 Simulation software

The fault analysis and protection coordination simula-

tion is extremely important for protection design and

implementation. As for the matter of the electro-magnetic

transient (EMT) process simulation of DC microgrids,

several applicable simulation softwares are list in Table 2

[50–52]. Among them, PSCAD/EMTDC is designed ini-

tially for a DC system EMT analysis. Meanwhile PSCAD

is also widely used in modeling HVAC and FACTS devi-

ces. As the power systems become more and more complex

with a large quantity of electronic devices, real time sim-

ulations are increasingly important in modeling. Real time

simulations such as RTDS primarily include control, pro-

tection and investigation of operational problems [53].

4 Protection principle and schemes

Similar to AC systems, the protection schemes designed

for DC systems are divided into non-unit and unit protec-

tion techniques. All the desirable characteristics like reli-

ability, selectivity, speed, performance, economics and

simplicity have to be taken into consideration when

designing a protection system [26]. In this section, the

current proposed protection schemes for DC systems are

summarized.

4.1 Non-unit protection

Non-unit protection is not able to protect a distinct zone

of the power system and operates directly when the

threshold is exceeded. Meanwhile, non-unit protection

schemes have inherent advantages for coordinating the

whole protection system [4]. Non-unit protection realizes

L+

L
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Optional 

application of 

a battery

Earthing of system

Exposed-conductive-parts

Earthing of exposed-conductive-parts

TN system

PEL

L+

L

PEOptional 

application of 
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Earthing of system Exposed-conductive-parts

TT system

L+

L
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Optional 

application of 
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Earthing of system
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IT system(c)

(b)

(a)

Fig. 5 DC microgrids grounding
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Fig. 6 Block diagram of diode grounding system

1118 Lin ZHANG et al.

123



fault discrimination in a DC microgrid system by analyzing

the current, voltage, di/dt, dv/dt and the impedance

response in a range of the fault. A protection system

designed in [3] combined the usage of the current, voltage

and di/dt information to realize fault detection based on a

case study. On the other hand, this paper analyzed the

coordination of non-unit protection in a new perspective. A

two-section current protection principle and reverse current

protection principle were proposed in [54], in which the

protection schemes sufficiently utilized the fault current

direction information. Reference [55] presented a protec-

tion scheme based on the fault current natural character-

istics and its first and second order derivatives. Various

faults are easily discriminated with the derivatives of the

currents. The approach for a multiterminal DC distribution

system based on overcurrent protection was outlined in

[56]. Though proved effective, this approach is unable to

acutely sense the fault in the case where the DC line is

short and the system is ungrounded. As for the loop net-

work, [57] proposed protection schemes with instantaneous

current di/dt information. However, the selectivity of non-

unit protection methods was on the basis of complex set-

ting values and proper time delays. Given that, current

limiting methods were presented to release the time coor-

dination tension [58–60].

A resistive superconductive fault current limiter (SFCL)

that could quickly respond to the short circuit fault was

applied within [61]. A resistance SFCL consists of a shunt

resistance and a superconducting cable as shown in Fig. 7.

The parallel shunt resistance is used for limiting the

overvoltage. The resistance SFCL can operate in the

superconducting mode or in the normal resistive mode.

When the critical temperature is exceeded, the resistance

SFCL enters the normal state to limit the fault current. In

that case, a novel transient current protection method based

on the peak value of the current and the transient time for

the fault current to reach its peak was put forward.

The effect of SFCL is shown in Fig. 8. In comparison

with Fig. 1, the result is obtained with the same simulation

parameters except for the installation of the SFCL. As

illustrated in those two figures, the DC cable peak current

is reduced from 3.7 kA down to 0.45 kA, meanwhile the

decrease of the capacitor voltage is also limited. The diodes

will not suffer the high magnitude fault current as the DC

voltage never drops to zero. The currents of the DC line,

AC side and through the diodes are obviously limited, and

the protection scheme has more time to clear the fault.

In order to realize the ability to distinguish the different

fault zones and facilitate the non-unit protection, recent

researches advised to install current limiting reactors that

could increase the electrical distance [62, 63]. A small

reactor was installed at each head of the line to set pro-

tection boundaries, thus adjacent lines are easily discrimi-

nated. In [62], the system simply adopted the over current

and low voltage protection principle, but there was no need

to utilize time delay to guarantee the selectivity. In fact,

this method that uses current limiting reactors to divide the

grid into different zones is borrowed from the protection

scheme in HVDC grids. In the DC system, this approach

Shunt resistance

RSFCL

Fig. 7 Structure of the resistance SFCL

Table 2 Comparison of several applicable simulation softwares

Software Study type Features

EMTP EMT analysis Calculation precision is identified by IEEE and CIGRE;

abundant models

PSCAD/

EMTDC

EMT analysis, especially feasible for DC system Precious DC simulation components and models

PSAPAC Steady and transient state analysis Comprehensive function in power system simulation

BPA Load flow and transient stability analysis Feasible for large-scale AC/DC power system

PSASP Steady state, fault process, and electromechanical transient

stability analysis

Mainly used in electromechanical transient stability analysis

PSS/E Steady and dynamic state analysis Especially feasible for electromechanical transient stability

analysis

DigSILENT Almost all power system analysis function Steady and dynamic state analysis; harmonic analysis

RT_LAB Large-scale power system transient stability analysis Feasible for FACTS and HVDC control component design;

real time simulation

RTDS Real time simulations; protection testing; control system testing Feasible for real time simulations of small-scale power

system
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makes it possible to realize the whole system protection

simply with applying non-unit protection methods.

In addition, an artificial neural network (ANN) protec-

tion method has been widely used in AC systems [64–66].

The intelligent-based method can realize fault detection

and location without requiring complex mathematical

equation derivations. The ANN protection is applicable in

DC systems since the sample data could be directly fed to

the ANN [67]. High frequency components of the fault

current were selected to feed the ANN in [68] for accurate

fault detection and location in multiple-HVDCs. The pro-

posed method is robust and immune to fault resistance.

ANN-based protection schemes, which are capable of DC

fault detection and classification, have broad application

prospects in DC microgrids. However, the noise and

incorrect sampling for sample data remain a problem [69].

4.2 Unit protection

Because of the additional cost of the crucial communi-

cation and relay devices, the implementation of the unit

protection method is closely restricted. But the develop-

ment of the smart grid and microgrid will call for an

increased investment of sensors and communication

infrastructures within the distribution systems to achieve

advanced automatic network monitoring and management

[70, 71]. Apparently the deployment of these devices will

provide the opportunity to promote the application of the

unit protection schemes. Research in [4] has investigated

the capability of non-unit protection schemes to realize

effective fault discrimination and the result reflected the

limitations of these methods. Unit protection supports a

clear zone and never responds to an external circuit fault.

In comparison with non-unit protection, unit protection

does not have backup protection to the adjacent elements in

the system [72], thus it is common that the non-unit pro-

tection is deployed alongside the unit protection to act as a

backup protection.

The comparisons in [4] have clearly demonstrated the

advantages of unit protection. Unit protection can be

classified as data-based and event-based protection

schemes [73–78]. As described in [75], electric variables

measured at different points in a system are sent to the

interconnected unit to identify the fault in the data-based

protection method, while in the event-based protection

method the measurements during the fault are analyzed and

judged locally and then the fault judgment will be sent to

other interconnected protection units. According to [75],

the event-based protection method does not call for high-

speed communication and synchronization and it transfers

less data than the data-based protection method.

4.2.1 Data-based protection scheme

A current differential protection scheme based on the

case of a loop-type DC bus was proposed in [23], the

scheme simply uses the current difference to achieve fault

discrimination. Similarly, in addition to the current dif-

ferential protection scheme, the under-voltage protection

scheme was deployed as a back-up [79]. To realize pro-

tection coordination and fault location, a further study was

done in [15]. The concept of an intelligent electric device

(IED) that aggregates the function of the fault detection and

isolation was put forward.

As shown in Fig. 9, three CBs controlled by an IED are

installed at each node; the fault can be detected by a dif-

ferential current and can be isolated as quickly as possible.

Meanwhile, an IED would send specific signals to adjacent

IEDs to open their adjacent CBs on the link in case of a CB

open failure. Therefore, the affected parts are isolated and

the remaining parts can continue to operate. Fault current

data was transferred between the adjacent relays based on

the generic object oriented substation events (GOOSE)

message to identify the fault zone in [73]. A high-speed

fault detection and isolation method that utilizes the natural

characteristics of the DC difference was presented in [80],

and made it possible to use the high-speed circuit breaking

technologies. At the same time, the reference pointed out

the synchronization problem of current measurement in the

case of high di/dt in the DC system. As the devices in the
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communication links are synchronized through GPS time

stamping [81], the accuracy of the time synchronization

would be 1 ls and would overcome the challenge of the

current differential protection method.

4.2.2 Event-based protection scheme

Different from data-based protection schemes, the

event-based protection scheme enables each power unit to

identify the type of a fault automatically [75]. Similar to

some non-unit protection, artificial inductive line impe-

dances (AILI) are implemented in each of the feeders to

facilitate the fault discrimination with the value of di/

dt. The strategy of the mentioned event-based protection is

shown in Fig. 10, the initial judgment as to whether it is

bus fault, interconnected fault or adjacent feeder or bus

fault is made locally, then this event information will be

transferred between the interconnected units through high-

level data communication to identify the fault more com-

prehensively and systematically. Subsequently, the final

decision will be made and the protection devices will

quickly react. However, given the severity of a bus fault, a

decision will be made immediately without the step of

reconfirmation through communication [82]. The proposed

scheme is able to accurately achieve fault identification.

The fault can be isolated within 30 ms, followed by the

system restoration. Meanwhile the load voltage drop is

limited to 3%.

Despite its remarkable characteristics, the unit protec-

tion scheme might work in the case of communication

delay or failure. Meanwhile, fault detection and isolation

will become more challenging and the whole system may

be exposed to danger [83]. To guarantee security, non-unit

protection is usually deployed alongside the unit protection

to act as a backup protection. Furthermore, [78] presented a

handshake method to divide the system into three possible

zones to facilitate isolation of any possible bus faults.

Although the method has the drawback of completely

shutting down the whole system after the fault, it is still

effective as a backup protection scheme.

4.3 Other problem of protection

4.3.1 Ground fault monitoring technique

In addition to the protection schemes, ground fault

monitoring techniques for the DC microgrid are also

important. Detecting a high-resistance grounding fault

proves a tough and challenging task for DC system safety.

Traditionally, the methods of AC injection and DC leakage

are widely used [84]. The method of AC injection monitors

the ground fault through injecting a low frequency sine

wave signal into the DC system, while the method of DC

leakage directly inspects the ground fault with a DC

leakage current. Reference [84] proposed a novel method

of injecting different frequency signals. This method

maintains both the advantages of high precision of the

traditional AC injection method and it can be protected

from the influence of the distributed capacitor in the DC

system. A ground fault monitoring technique for an extra-

low voltage direct current (ELVDC, up to a 60 V DC)

distribution system was presented in [85]. A built envi-

ronment equipotential property was applied in this tech-

nique. It is a good solution for ground fault detection when

the DC leakage current is at a low level and not detectable.

Reference [44] designed a probe unit to detect and locate

the ground fault for unground a DC traction system.

Although the proposed method realized fast detection and
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accurate location of the ground fault, it increased the cost

with the need for additional equipment. A novel high-re-

sistance ground fault monitoring method for DC railway

traction systems was put forward in [86]. The voltage and

current of two adjacent substations are applied in calcu-

lating the ground fault. The resistance effect was wiped out

with the help of communications. At present, effective

ground fault monitoring techniques for DC microgrids are

still in demand.

4.3.2 Control scheme effect on protection

As mentioned in Section 2.2, control strategies have a

strong effect on protection aspects. Reference [87] inves-

tigated the impact of power flow strategies on fault

response in MTDC systems. A single converter voltage

control (SVC) method and distributed voltage control

(DVC) method were employed respectively to compare the

fault dynamic characteristics. The fault response included

two aspects: the fast fault isolation and the post-fault

control of system recovery. Only overcurrent protection

was implemented in that paper, thus the fault identification

and fast fault isolation were independent from the control

method. However, the post-fault operation was affected to

some degree. When the SVC was applied, once the single

VSC controlling the DC voltage was blocked after the

fault, the system would never resume normal operation.

However, in the case of the DVC, the system could

maintain the voltage control capability and come back to

the set voltage operation state. As a result, the DVC

strategy strengthened the fault ride-through its ability to

some extent.

The overcurrent protection is immune to the voltage

control method, so that the protection scheme, by analyzing

the voltage or dv/dt such as undervoltage protection, would

be affected. In addition, when the constant current control

method is applied, the fault current could be suppressed to

about 0.1 p.u. [88]. Therefore, the current protection

schemes have to adjust their setting values.

4.3.3 Operation criterions and setting rules

In Sections 4.1 and 4.2, the non-unit and unit protection

are depicted in detail. Furthermore, the principle, operation

criterions and setting rules are summarized in Table 3.

5 Research prospect

In this paper, the basic protection schemes and

grounding methods have been discussed within the

framework of the current available protection devices. To

solve the protection issues and to promote the development

of the DC microgrid, it is necessary to point out the key

lines of future research. The future protection research

directions lie in the development of novel protection

devices based on electronic technology, which could pro-

vide loose protection constraints and the improvement of

the protection schemes suitable for the DC microgrids.

5.1 Novel protection devices

As for the isolation of the DC faults in the DC grid,

various types of new structures of circuit breakers have

gained a great deal of attention. To overcome the current

commutation difficulty of hybrid direct current circuit

breakers that consist of a mechanical and static DCCB

branch, a current commutation drive circuit (CCDC) that

has low cost, low operation losses and free maintenance is

proposed [30]. The press-pack IGBT mechanical design of

SSCB has been solved and makes it possible to provide

practical application of SSCBs based on series-connected

IGBTs [90]. Reference [91] presented a new SSCB with

the ability of quickly isolating a fault with no delay in the

breaking operation. The researches on DCCB will continue

and finally bring a product that meets the technical and

economic requirements.

5.2 Grounding and protection scheme

A grounding method has not been determined for DC

microgrids and this will continue to be an important

research topic. The fast acting grounding devices to limit

fault current on the basis of solid-state technology need

more attention as well. Moreover, novel protection

schemes based on fault characteristics are still required to

realize fast and accurate fault detection and isolation.

Although the aforementioned protection methods all

behave well to some degree, the protection coordination of

upstream and downstream devices is envisioned as a fur-

ther study topic in the future. Therefore, all types of pro-

tection devices need to be coordinated and integrated into

an overall protection system.

5.3 Coordinated strategy of control and protection

Since a microgrid integrates multiple distributed gen-

erations, energy storages, energy conversion devices and

loads, the coordination control strategy of those compo-

nents is of great importance [92]. To ensure efficient, safe

and economical operation of the system, it is impossible to

split control and the protection in future considerations. An

effective control strategy can bring the system back to

normal after a small disturbance. Even under a short-circuit

fault condition, an effective strategy can reduce the

severity of the fault to some degree by controlling the fault
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current and voltage. On the other hand, a well-designed

control strategy can make the fault characteristics much

more significant to facilitate fault detection and protection.

Especially in IT grounding systems, the superiority of the

method will be well embodied. As shown in Fig. 11, the

coordinated strategy of control and protection is more

effective than traditional stand alone protection schemes.

The control strategy becomes the first line of defense for

DC microgrids and helps to realize fault detection and

isolation to ensure system security. The immediate control

segment responses following the fault and different

strategies will be adopted according to whether the fault

characteristics are significant.

6 Conclusion

This paper presents the current research status on rela-

tive issues of DC microgrids and reviews the proposed

protection strategies. The concept of DC microgrids,

including distributed generators, converters, storage bat-

teries and various loads, is introduced. The fault current

quickly increases with large peaks due to low fault impe-

dance, which means that fault detection and isolation

should be performed as soon as possible. The current

protection systems have been presented in detail including

protection devices, grounding options and protection

principles and schemes. These aforementioned contents

cannot completely satisfy the protection requirements for

DC microgrids. Lacking effective overall protection sys-

tems restricts the development and promotion of DC

Table 3 A summary of protection schemes of DC microgrids

Protection

scheme

Non-unit protection Unit protection

Current based Voltage based Hybrid electrical

quantities based

Differential Event based

Principle Detect the fault

through current,

di/dt, and even

d2i/dt2

Identify the fault

through voltage,

du/dt

Detect the fault through

hybrid electrical

quantities

Distinguish the internal

and external fault with

current differential

Judge the fault

type locally and

interconnect

with other units

to make fault

isolation

decision

Communication No No No Yes Yes

Operation

criterions
i[ ith;Di[ i0th;

D2i[ i00th

u[ uth;Du[ u0th i[ ith;Di[ i0th;D
2i[ i00th

u[ uth;Du[ u0th; x\xth

idiff ¼ iin þ ioutj j[ id th Fault event is

determined by

communication

with other

interconnected

units

Setting rules Threshold depends on

the current related

values when direct

short circuit fault

occurs at the end of

the protected scope

Threshold depends on

the voltage related

values when direct

short circuit fault

occurs at the end of

the protected scope

Threshold depends on the

hybrid electrical

quantities related or

fault location values

when direct short

circuit fault occurs at

the end of the protected

scope

Threshold is mainly based

on the overcurrent

value of the power

electronic devices,

measurement errors,

and induced noise and/

or transients of external

faults [79, 89]

Fault type

judgment

threshold

setting rules

similar to non-

unit protection

schemes

Comments Appropriate threshold

is need; sensitive to

fault resistance

Appropriate threshold

is need; sensitive to

fault resistance

Setting rules is complex

to some degree;

sensitive to fault

resistance

Only the magnitudes of

currents are needed to

compare; insensitive to

high di/dt and fault

resistance

Achieving fault

identification

accurately;

isolating fault

within 30 ms

Control strategy

Fault characteristics

Reduce the fault 

severity

Enhance the fault 

characteristics

Protection scheme

System security

Significant Nonsignificant

Fig. 11 Coordinated strategy of control and protection
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microgrids. Several key lines of protection research pro-

spects can be pointed out. Novel protection devices meet-

ing the technical and economic requirements should

continue to be studied and developed. The influence of

different grounding methods should be analyzed. Only then

can a widely accepted grounding method for DC micro-

grids be determined. Novel protection schemes are still in

demand to realize fast and accurate fault detection and

isolation. Meanwhile, the protection coordination of

upstream and downstream devices will be an important

research topic in the future. With the development of DC

microgrids that contain a large amount of electronic devi-

ces, the concept of protection could be extended. The

control strategy will be the first line of defense for DC

microgrids in response to short-circuit faults. As a result,

the coordinated strategy of control and protection could be

more effective than considering traditional protection

schemes by themselves.
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