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Abstract- The integration of Distributed Generation (DG) units into distribution networks has challenged the operating
principles of traditional AC distribution systems, and also motivated the development of emerging DC systems. Of particular
concern is the challenges associated with the operation of conventional protection schemes and/or devices. This paper first
analyses the fault current characteristics in AC and DC distribution systems; it then presents a comprehensive review of the
latest protection methods proposed for distribution systems embedding DGs. In addition, the advantages and disadvantages of
each method are outlined and compared. The differences between the protection algorithms employed in / proposed for AC
and DC systems are also discussed. Finally, this study identifies the future trends and provides recommendation for researches
in the field of protections of DC distribution networks.
Keywords- AC distribution systems; DC distribution systems; distributed generation; power system protection; renewable
energy resources.

1.

INTRODUCTION

The employment of Renewable Energy Systems (RESs) such as wind energy systems, Photovoltaic (PV) systems, biomass
power plants, and small hydro turbines is increasing in electric networks. These resources, which constitutes one of the most
relevant technologies among DGs, are typically smaller than conventional power plants and more distributed from a
geographic point of view [1, 2]. Although the main part of electrical power is still generated by conventional power plants,
RESs are the world’s fastest growing energy market [3]. Moreover, deregulation of electric utilities based on the liberalism of
power markets, increases the opportunity for further deployment of RESs and other types of DGs [4]. One of the main reasons
for this worldwide attention is the environmental concerns about the effects of using conventional power plant. While
conventional power plants with fossil-based fuel has a significant impact on the greenhouse emission and global warming,
RESs stand out as clean resources of energy [4, 5]. On the other hand, the limitation of fossil fuels and their increasing costs,
along with the limited investment on constructing new large power plants and transmission lines, are the other reasons that
have contributed to the deployment of small power plants. These power plants can be connected to strategic points of
distribution systems or close to load centers [2].
Despite the aforementioned incentives, the integration of renewable-energy-based DGs into power systems has dramatic
effects on the energy supply and the service continuation of distribution network; it also causes fundamental changes in the
topology and operation of these networks [6]. Traditionally, distribution systems are passive grids [7] which deliver the
electrical power from upper voltage levels down to the loads connected to medium-/low-voltage networks without generation
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facilities. The topology of these systems is selected based on the required consumer reliability and economic considerations.
Although loop topology has been used in distribution systems, most distribution feeders have a radial structure [8, 9].The
integration of RESs into distribution networks changes the operational philosophy of conventional power systems, especially
those with the radial and passive nature [10, 11]. In other words, RESs converts the distribution system to an active network
[7]. In addition, the intermittent nature of most RESs can adversely impact the operational aspects of power systems.
Protection coordination, voltage control, system stability, and power quality are the major issues associated with DGs [12-14].
Particularly, protection of active distribution networks may not be adequately achieved by conventional methods, and new
techniques are required [9, 15, 16].
Most RESs are interfaced with the grid through power-electronic converters [2, 17]. Therefore, using DC distribution systems
can contribute to the loss/cost reduction, as some power conversion stages are eliminated [18, 19]. Moreover, compared to AC
systems, DC networks can transmit higher power over longer distances. Enhancement in system safety, reduction of
electromagnetic fields, and power quality improvement are other advantages of DC networks [19]. In addition to the
abovementioned points, the simple integration of most modern electronic loads that are supplied by DC power has caused the
concept of DC distribution systems to attract a considerable attention. It is worth mentioning that almost all voltage and current
levels can be currently obtained by series or parallel combination of new power electronic devices [20, 21].
The employment of medium-voltage DC (MVDC) distribution systems has so far remained as a research topic, although they
had limited application such as electrical ships [22]. However, due to their advantages, they are introduced as an alternative for
AC systems in future commercial and industrial grids [23-29]. Creation of multi-microgrids [30], providing collection grids for
off-shore wind farms and wide-area solar power plants [20, 31, 32], increasing the power transmission capacity of the existing
AC lines [26, 33], and simple integration of industrial DC loads, [24] are some of the applications of MVDC systems. Fig. 1
shows a typical multi-terminal DC distribution system. Although MVDC systems can be considered as a future alternative for
AC distribution networks, there are serious concerns about their application. Protection is one of the main key issues
associated with the application of DC grids [3, 20, 34, 35]. The differences between the characteristics of AC and DC fault
currents, inadequacy of conventional protection methods for fault detection, fault location, and fault interruption
devices/methods are some of the protection challenges in these grids.
Aside from the type of the distribution system, it must be effectively protected against different types of faults. An effective
protection scheme shall provide adequate sensitivity, redundancy, selectivity, and security [36]. Therefore, it must be designed
based on the characteristics of the system as well as applicable standards/regulations. This means that the following main
protection issues should be addressed in emerging AC and DC distribution systems:
1) The impacts of DGs on the protection schemes of existing AC distribution systems, and proposing new effective
protection methods.
2) Identification of the protection requirements for emerging DC distribution networks.
The main objective of this paper is to provide a comprehensive and up-to-date review of the latest protection methods
employed in /proposed for AC and DC distribution systems embedding DGs. The study also identifies the differences between
the protection schemes in AC and DC systems. The review could be of great value for protective relay manufacturers, utility
engineers as well as academicians and researchers.The rest of the paper is organized as follows: Section 2 discusses and
compares the characteristics of fault currents in AC and DC systems. The protection challenges in both AC and DC systems
are studied in Section 3. The proposed methods for AC and DC distribution systems are explained in Sections 4 and 5,
respectively. Section 6 provides a brief comparison between the AC and DC protection schemes. Finally, the conclusions and
future trends are provided in Section 7.
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Fig 1.
2.

The structure of a prototype DC distribution system.

FAULT CHARACTERISTICS IN AC AND DC DISTRIBUTION SYSTEMS

The design of a proper fault detection method requires some knowledge of the fault current characteristics. In addition, to
coordinate protective devices and to determine the type and rating of fault interrupting and/or measuring devices, the features
of the fault current should be known. In this section, the main characteristics of short-circuit currents in AC and DC systems
are briefly discussed while the DG impacts are ignored; the effects of DGs will be discussed in Section 3.
2.1. Fault Characteristics in AC Systems
Fault types vary from network to network. However, their classifications are universally accepted. They can generally be
categorized to symmetrical faults, that is, three-phase faults (LLL, LLLG), and asymmetrical faults, that is, single-phase-toground faults (LG), phase-to–phase faults (LL), and double-phase-to-ground faults (LLG). The magnitude of the fault current
depends on the type, location, and impedance of the fault. Typically, three-phase faults create maximum fault currents; Fig. 2
shows a simplified equivalent circuit of a power system when a three-phase fault impacts the network.

Fig 2.

Equivalent circuit for LLLG fault in AC systems.

AC power systems are typically energized by three-phase synchronous generators, which can be modeled by a voltage source
in series with impedance. Considering the equivalent circuit of Fig. 2, the three-phase fault current can be obtained as [36]:
( )=

(

+

− )+

( − ) + (0 )

(1)

where
denotes the nominal source voltage; = | |∡ is the equivalent impedance, which consists of the generator
impedance and the impedance from the generators terminal to the fault point, ( = + ); signifies the network nominal
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frequency (in rad/s); is the phase angle (point of wave) at which the fault is initiated; (0 ) is the pre-fault current, and
= /
denotes the circuit time constant.
As Equation (1) shows, the fault current in AC networks has two components: i) decaying DC component and ii) steady-state
AC component [37, 38]. Although the term steady-state is commonly used, it should be noted that the magnitude of this
component is not constant during the first few cycles following the fault. Therefore, subsequent to a fault, the AC component
will have different magnitudes during the three following periods [39] :
1) Sub-transient period, during which the magnitude of the AC component is calculated using the generator sub-transient
reactance ( ); this period typically lasts for less than 50ms.
2) Transient period, during which the generator transient reactance ( >
) is used to obtain the fault current level; based on
the transient reactance value, fault currents during the transient period (50ms-1s) are smaller than those experienced during the
sub-transient period.
3) Steady-state period, during which the fault current settles at its steady-state value; the fault current at this period is
calculated using the generator synchronous reactance ( > ) and is smaller than the sub-transient and transient fault
currents.
2.2. Fault Characteristics in DC Systems
In bipolar DC systems, short circuit faults are divided into two main categories, namely, pole to pole faults and pole to ground
faults. In pole to pole faults, the positive pole is directly connected to the negative pole (PP) or simultaneously connects to the
negative pole and ground/neutral point (PPG). These faults are often of low-impedance type and, thus, endanger the system
very seriously. Pole to ground (PG) faults, on the other hand, occur when either the positive or negative pole is connected to
the ground or the neutral point. This type of faults, which usually occur due to the insulation degradation, are the most
common types of short circuits in DC grids; however, they are not as critical as pole to pole faults [40-42].
Different types of Voltage Source Converters (VSCs) are widely employed to connect DGs to DC grids and to construct DC
switchgears. For instance, a multi-level VSC is used to interface an MVDC grid with an existing AC system [43]. Connection of
PV systems and/or wind farms to DC networks also requires an energy conversion mechanism, including a medium-frequency
interconnection transformer [44]. The transformer is particularly necessary for the connection of low-voltage DGs. It is
important to note that, in addition to the network impedance, the operational characteristics of VSCs affect the behavior of DC
faults and must be considered in the design of a proper protection system. This paper mainly focuses on VSC-based DC
distribution systems. The fault characteristics of PP faults are discussed in the following paragraphs.
Fig. 3 shows a simplified schematic diagram of a typical PP fault assuming that a two-level VSC is used as an interface. In this
figure, R and L represent the resistance and inductance of the DC line between the main DC bus (location of DC-link
capacitor) and the fault location. The analysis of the equivalent circuit of Fig. 3 indicates that the fault current is supplied by
three sources, that is, i) DC-link capacitor, ii) cable inductance (discharged through freewheeling diodes), and iii) utility grid
[45, 46]. Therefore, DC fault currents are constituted of three different components with different behavior, as follows:
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Fig 3. A simplified schematic diagram for a PP fault in a VSC-based DC grid.

2.2.1-DC-Link Capacitor Discharge Component
Following the occurrence of the fault in DC grids, the DC-link capacitor is discharged, mainly due to the voltage drop of the
main DC bus. Using the equivalent circuit of Fig. 3 (see also Table 1), the DC-link capacitor component, , can be obtained
by solving the following second-order differential equation:
+

1

+

(2)

=0

where R and L denote the DC line resistance and inductance, respectively; and C represents the capacitance of the DC-link
capacitor. Depending on the damping factor (i.e., ) of the RLC circuit (see Table I), three different responses can be
considered for the DC-link capacitor current, namely, i) under-damped response ( < 1), ii) critically damped response ( =
1), and iii) Over-damped response ( > 1). The damping factor, in turn, is given by:
(3)
=

2

As Equation (3) shows, the waveform of the DC-link capacitor current depends on the system impedance (R and L) as well as
the DC-link capacitor (C). For example, in a short distribution feeder, if a solid fault impacts the DC line, the fault current will
most likely have an under-damped form which is obtained as [45]:
( )=−
where

=

, and

and

sin(

)+

[cos(

)+

2

)]

sin(

(4)

are the initial values of the capacitor voltage and cable current.

The above discussion shows that the fault impedance can significantly affect the characteristics of the DC-link capacitor
component of the fault current. In particular, the fault resistance changes both the magnitude and transient response of the fault
current. It should also be pointed out that the DC-link capacitor current appears subsequent to a fault in all VSC-based DC
grids, whereas the existence of the two other fault current components depends on other factors including the type and control
of the VSC supplying the DC bus.
2.2.2-Cable-Discharge Component
Fig. 3 shows a typical VSC whose DC side is struck by a fault. Subsequent to the fault, the control scheme of the converter
turns off the VSC switches (e.g., IGBTs) to protect them against the overcurrent condition. Once the switches are blocked and
the DC-link capacitor is discharged (V (t) = 0), the energy stored in the cable inductance will be discharged through the
antiparallel freewheeling diodes. Using the equivalent circuit of this phase (see Table 1), the cable-discharge component, i ,
can be obtained by solving a first-order differential equation as follows:
di
+ i .R = 0
dt

(5)

Solving (5), the cable-discharge current is calculated as:
(6)

i (t) = I e

2.2.3-Grid-Side Component
Following the blocking of the main converter switches, the VSC operates as an uncontrolled full-bridge rectifier; thus, it
continues to feed the fault from the AC grid through the freewheeling diode paths [47, 48]. In case of a three-phase AC-to-DC
converter, this rectified current is obtained by [46]:
( )=

, (> 0) +

, (> 0) +
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, (> 0)

(7)

where , (> 0) denotes the positive value of phase-x current ( ) which contribute to the fault current through freewheeling
diodes. For example, the phase-a part , (> 0) is calculated as [46] :
( )=

where

[(1 −

=

(

) +(

+ )+

) ];

(

+

=

+ ;

=

+ )+

(

− arctan

.

);
=
−
;
is the maximum grid current amplitude; and
voltage angle of phase-a of the grid voltage.

− arctan(
and

(8)

)

.

);

= −(

+

are the angular frequency and phase

It is noted that, except the DC-link capacitor current, the other two fault current components flow through the freewheeling
diodes; thus, these diodes may get damaged quickly if proper provisions are not put in place [47, 49].

2.3. Comparison of AC and DC Fault Current Characteristics
Based on the discussion of Sections 2.1 and 2.2, it is evident that AC and DC fault currents have different characteristics. In
the view of the system protection, the main differences can be categorized as the following:
 Since the AC fault current has a sinusoidal shape, it has two zero crossing points in each period. Hence, the fault
interrupting devices can break the currents during a zero crossing of the current waveform. However, DC fault currents do
not cross a zero point. Consequently, AC breakers are not suitable for breaking DC fault current.
 In AC power systems, the fault impedance consists of reactance and resistance limits the fault current where the value of
reactance is normally larger than its resistance. In DC networks, however, the value of reactance is quite negligible as
compared to the network resistance. Consequently, not only the peak value of DC fault currents is higher than the peak
value of fault currents in counterpart AC systems, but also the lower value of the fault impedance gives rise to a higher
rate of change of the DC fault currents [50].
 Since DC faults cause a high-raising-rate currents, faults in VSC-based DC systems develops faster than AC systems [34,
51]. On the other hand, the withstand rating of semiconductor devices employed in VSCs is fairly lower than that in AC
power generators [41]. Consequently, the protection systems in DC networks must operate relatively faster in order to
prevent any damage to the converter’s semiconductor (particularly, freewheeling diodes). The operating time of DC
protection systems, which is in the range of several milliseconds, is typically less than the operating time of AC protection
systems and is given by [46]:

= ( − arctan((
where

=

√

cos −

)/

(9)

.

It can be concluded from Equation (9) that many of conventional protection methods for AC systems are not suitable for
application in DC systems as they are not fast enough. Thus, conventional protection schemes in AC grids should be modified
to fulfill the fault detection/isolation requirements in DC systems. To provide a better understanding of issues, Table 1 has
summarized the main differences between the characteristics of AC (LLLG) and DC (PP) fault currents.
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Table 1. Comparison of AC and DC fault currents characteristics.
AC Fault (LLLG)

DC Fault (PP)

Schematic of
faulty feeder

Equivalent
circuit (EC) of
faulty feeder

Fault Current
waveform

0

0

First stage of
fault current

Second stage of
fault current

Final stage of
fault current

Sub-transient stage:

Capacitor discharge current (for under-damping condition):
=

(

+

)

( )=

Transient stage:

sin(

)+

[cos(

)−

sin(

)]

Cable discharge current:
=

(

+

( )=

)

Steady state current:
=

The rectified grid side current:
( )=
, (> ) +
, (> ) +
(

+

, (> )

)

Zero crossing
time

Based on the rated frequency.

No zero crossing point (direct current).

Maximum value
of fault current

Is related to voltage and equivalent fault impedance.

Is according to the size of DC-link capacitor, DC voltage and
equivalent fault impedance.

Effect of fault
impedance

Change the amplitude of fault current.

Change in the fault current characteristics. (Under/over/critical
damping).

Ideal fault
clearing time

The first possible zero crossing point.

Before finishing the capacitor discharge stage.
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3. PROTECTION CHALLENGES IN AC AND DC SYSTEMS
Conventional distribution systems are passive networks and are mostly arranged in radial topology [8]. These networks are
normally protected by current-based devices such as O/C relays, fuses, reclosers, and sectionalizers. The O/C protective relays
monitor the current flowing through a protected circuit/element and trip the CB if the current exceeds a threshold for a specific
period of times. The operating time of the relay is determined by the current magnitude measured by the relay, the relay
settings, and the employed time-current characteristic (definite-time or inverse-time). O/C relays provide a non-unit protection
in which the physical borders of the protected zone are not specified. The main feature of the non-unit protection is that the
upstream relays can provide remote backup for downstream ones. However, the coordination between the main and backup
relays should be performed very accurately so that adequate selectivity and sensitivity are achieved. Conventional protection
systems are designed based on the assumption of unidirectional flows of power within the network, which may be affected in
the presence of DGs. With the increasing penetration of DGs, the fundamentals of distribution system protection have been
challenged. In the following paragraphs, the main issues associated with the protection of AC distribution system embedding
DGs as well as protection challenges of DC grids are discussed.
3.1. Protection Challenges in AC Systems
As discussed in previous section, the introduction of DGs has affected several operational aspects of AC power systems
including their protection philosophy [8, 52]. Although impacts of DGs on the distribution network depend on such factors as
size, type, location, and interconnection interface of DGs [52-55], they can potentially change the following: i) fault current
level of the feeder and ii) power flow direction on the feeder. These changes, in turn, can impact the performance of currentbased protection schemes as described below.
3.1.1. Change in the fault current level
DGs can change the fault current seen by a protective device depending on their size, type, location, and interconnection
medium [56]. The increment in current can cause nuisance tripping if the measured current by the relay exceeds its pick-up
setting. On the other hand, O/C protective devices of a distribution feeder are coordinated for a range between the minimum
and maximum fault currents of that feeder. Therefore, any change in the fault current may lead to the protection miscoordination amongst relays, fuses, and reclosers [16, 57]. Moreover, in the presence of DGs, both DG and the main grid will
contribute to the fault and hence, the fault current will be shared between them. This can reduce the fault contribution of the
main grid and cause a delayed operation (or non-operation) of the corresponding relays, which is known as “blinding of
protection"[39]. The severity of protection blinding depends on the local short-circuit level, grid impedance, and DG capacity
and location [16].
3.1.2. Change in the power flow direction
Connection of a DG to a distribution feeder can also change the power flow and fault current direction in the corresponding
feeder [55]. Therefore, the coordination amongst current based devices can be disrupted as most of them are non-directional
units. On the other hand, when a DG is installed on a feeder, it can contribute to faults located on adjacent radial feeders. In
this case, due to the change of the fault current direction (i.e., from feeder to main bus), the non-directional relays may
incorrectly operate for a fault in the neighboring feeder. This issue, which is referred to as the “false tripping” in the technical
literate [39], can decreases the system reliability. It should be pointed out that, with the addition of DGs to distribution
networks, the demands will play a more active role in power systems. Thus, the system operational condition may regularly
change. This requires the protection system adapting itself to the new operational situation in order to ensure system reliability.
3.2. Protection Challenges in DC Systems
In addition to the aforementioned issues which may happen in both AC and DC systems with DGs, there are specific
challenges which are related to the use of conventional protection devices in DC systems. These issues, which can exist with or
without the presence of DGs, are described in the following subsections.

3.2.1. Difficulties in the coordination of O/C relays
The key point in the coordination of time-inverse O/C protective devices is the discrepancy between the fault currents
measured by them. Due to low value of the line reactance and the high rising rate of DC fault currents, coordination of O/C
relays in DC systems is a challenging task [58, 59]. As mentioned before, the raising rate of DC fault currents is relatively
higher than AC fault currents. Therefore, subsequent to the fault, all in-series O/C relays simultaneously measure a high
8

⁄I
I
ratio. This may lead them to operate on instantaneous mode. Moreover, O/C relays must be able to effectively
detect both PP and PG faults, whereas there is a significant difference between the current magnitudes of these two types of
fault. If the relay settings are selected based on the PP fault currents, it may result in the delayed operation of the protection
scheme for PG faults. On the other hand, selection of a low pick-up for the relay can cause protection mis-coordination for PP
faults. Reference [18] has analyzed various fault scenarios for a typical DC feeder. The results of the study show that O/C
relays cannot protect DC systems in a coordinated manner, leading to a decreased selectivity. Although definite-time O/C
relays can be used as an option to achieve selectivity in DC systems, coordination of definite-time relays may result in a long
fault clearance in large DC systems with several radial lines [60].

3.2.2. Inadequacy of AC circuit breakers (ACCBs)
ACCBs are conventional fault current interrupters in distribution systems; they typically have a mechanical operating
mechanism which is capable of clearing the fault in several tens of milliseconds [61]. ACCBs interrupt the fault current during
a zero crossing of the current waveform. DC fault currents, however, do not cross zero point. Moreover, DC systems require a
relatively faster protection system capable of operating in several milliseconds to prevent any damage to the freewheeling
diodes of VSCs [18, 49, 62]. Therefore, conventional ACCBs are not suitable for fault current interruption in DC systems.
Different types of solid-state and hybrid DC breakers have been proposed/implemented by researchers/engineers [63, 64].
However, due to the economic and technical issues associated with these CBs, fault interrupting devices are still one of the
main challenges in the development of DC systems.
Table 2 provides a summary of the main protection issues in AC distribution systems embedding DGs as well as MVDC grids.

Table 2. Main issues associated with the use of conventional protection schemes in AC and DC distribution systems.
Method

O/C based fault
detection

AC distribution systems

DC distribution systems

Without DG:

Coordination of protection devices.

Detection of High-Impedance Faults (HIF)

Without DG:

Difficult relay coordination due to the high raising rate of
DC fault currents [58, 59].

Fault resistance changes not only the peak value of the
fault current, but also changes its specifications [45].

With DG:

Change in the current of the feeder which can
cause nuisance tripping [54, 56].

Mis-coordination between current based devices
due to the change in the minimum and maximum
level of fault and also current direction [8, 54].

False tripping [39].

Blinding of protection [16].

Requirement to relays with flexible setting.

With DG:

Similar issues as AC systems.

Requirement for a fast action protection limits obtaining
of the useful information for fault location [49].


AC circuit
breakers
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ACCBs interrupt the fault current at zero-crossing points
which do not exist in DC fault currents.
ACCBs are not fast enough to prevent damages on the
freewheeling diodes of the VSC.
Major economic and technological challenges around
production of solid-state or hybrid DCCBs.

4.

PROTECTION METHODS FOR AC SYSTEMS EMBEDDING DGS

As discussed above, the integration of DGs to the distribution systems results in the inefficiency of traditional O/C protection
schemes. Therefore, in this section, various protection methods that have been proposed for AC distribution systems with DGs
are studied.
4.1. Classical Alternative Methods
Due to the inadequacy of O/C relays, other traditional methods such as voltage-based methods, impedance-based methods,
differential relays, and directional relays have been proposed as the first alternatives to address the protection issues associated
with the DG penetration in distribution feeders. These methods are described below.
4.1.1.Voltage-Based Protection
A voltage-based method has been proposed in [65] in which the RMS value of the DG terminal voltage is measured
continuously. If this value is above 88% of the rated voltage, it is considered as normal condition (or an out-of-zone fault).
However, when this value drops below 88% of it nominal rating, it is interpreted as a fault close to the DG; thus, the DG has to
limit its output current through the intervention of the control system. The main advantage of the voltage-based methods is that
their performance is independent of the value/direction of the current, which may change in the existence of DGs. However,
the network voltage can be affected by various transient incidents other than faults. Therefore, this type of protection would be
vulnerable to transient cases such as load switching and/or energization of dynamic loads. On the other hand, voltage-based
methods cannot provide an adequate selective protection.
4.1.2. Distance Protection
Distance or impedance-based protection is one of the traditional protection schemes for transmission lines. Introduction of
DGs to distribution systems have made them similar to transmission networks where power can flow in both directions.
Therefore, distance relays can be used for active distribution systems [66] where protection zones are defined based on the DG
location. The main issue about using impedance-based relays is the effect of fault resistance on the calculated impedance. The
effect is particularly important in distribution system where the lines are short and the feeders are more likely to experience
high-impedance faults. In addition, the measured current by distance relay depends on the DG status which, in turn, impacts
the impedance measured by the relay.
4.1.3. Differential Protection
Differential relays offer a sensitive unit protection capable of detecting faults in a short period of time; moreover, the
protection scheme is not affected by the DG type, location, and size. Therefore, differential relays can be used to overcome the
limitation of non-unit protections in the existence of DGs [67]. As shown in Fig. 4, the relay located at one end of the line
receives the current measurements from the other end via the communication link; the relay monitors the current difference
between the two ends of the line and issues a trip signal if this differential current exceeds a threshold. Since unit protections
cannot provide backup for other neighboring relays, differential relays should be equipped with a backup protection scheme.
For example, wide area backup protection has been proposed in [68]. The implementation of this backup method in
distribution feeder requires additional communication links. However, due to the requirement for the infrastructure of
communication links, this method is not economic solution for some types of small distribution system. It is noted that a
synchronizing mechanism may also be needed in case the line is long [69].
4.1.4. Directional O/C-Based Protection
In active distribution systems, fault current can be supplied by more than one source and fed from more than one direction.
Therefore, directional overcurrent units have been used to determine the faulty feeder when each feeder embeds several DGs
[15, 70].

Fig 4. Differential protection scheme for distribution feeders.
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Fig 5. Directional O/C based protection [70].
Fig. 5 shows a simple three-feeder distribution system with directional O/C relays. Once a fault occurs in a feeder, it is fed by
all DGs in the system as well as the main utility grid. Therefore, the O/C relays installed at the beginning of healthy feeders
may measure large current in reverse direction. If non-directional relays are used, there is a possibility of protection maloperation. Using directional units, only the protective relay of the faulty feeder operates, after
, and other devices work as
backup for this relay. It should be noted that O/C elements are coordinated considering the presence of DGs [15]. Moreover, in
addition to distribution feeders with high penetration of DGs, this method can be applied to collector grid of wind-power plants
[71].
4.2. Fault Current Limiting Methods
The protection issues in active distribution systems are mainly caused by the contribution of DGs to fault currents. Therefore,
several methods have been proposed to decrease/eliminate the contribution of DGs to the fault without using adaptive
techniques. These methods rely on either Fault Current Limiters (FCLs) or DG disconnection subsequent to the fault; they are
discussed below.
4.2.1.

Application of Fault Current Limiters (FCLs)

FLC is a devices that has no effect on the normal operation of the distribution system, but insert a high impedance in series
with the DGs (immediately after the fault inception) to limit the magnitude of the fault current [57]. These devices are used to
decrease/eliminate the fault current contribution of DGs in order to prevent mis-coordination amongst O/C relays [72, 73].
Typically, FLCs have a constant impedance although the use of variable-impedance FLCs has also been proposed in the
literature [57]. In these types of FCL, the impedance of the FLC is adapted according to the system operating condition. Using
FCLs, the fault current level will not significantly change in different operational modes of distribution systems and, hence,
protection coordination is maintained. However, the application of FLC-based methods in typical distribution systems requires
more experience with these devices [74]. In addition, the performance of FCLs for transient incidents, suddenly change in load
current, and high-impedance faults should be thoroughly studied[75].
4.2.2.

Immediate Disconnection of DGs Subsequent to the Fault

In this method, all DGs connected to the faulty feeder will be disconnected from the network once a fault is detected. As such,
the conventional protection will not be disrupted by DG contributions [76]. IEEE Standard 1547 recommends that, subsequent
to abnormal voltages/frequencies caused by network faults, DGs must be disconnected in a pre-specified period of time [77].
Temporary/permanent disconnection of DGs in response to faults is a simple method to preserve coordination between
protective devices. The main disadvantage of this method is that all DGs that experience the voltage drop will be tripped, even
if they are not directly connected to the faulty feeder. Thus, the use of communication media has been proposed to prevent
unnecessary tripping of DGs. For example, Reference [78], has proposed to divide the distribution system into several zones
controlled by a central relay. The boundaries of zones are determined based on the location of CBs. The proposed method is
able to detect the faulty zone and send the trip signals, via communication links, to corresponding CBs and DGs in order to
isolate the faulty zone. Consequently, only the DGs inside the faulty zone are disconnected in response to the fault. A similar
method has been proposed in [79] where Artificial Neural Network (ANN) has been used to detect the faulty zone. It should,
however, be noted that recent standards make some allowance for DGs to remain connected during faults in order to mitigate
voltage drops, improve system stability, and increase network reliability [80].
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4.3. Adaptive Protection Schemes
As discussed earlier, fixed relay settings may not provide adequate protection for distribution systems with DGs. Therefore,
adaptive protection schemes have been introduced such that the relay settings/characteristics are adapted based on the
operational condition of the power system [81]. Most of the adaptive methods have the following common elements [56]:
1) A central unit for continuous monitoring of the operational parameters of the protected system such as current and voltage.
2) An algorithm developed in the central unit to recognize the structure of the network by analyzing vital data such as status of
CBs and/or DGs.
3) An effective method to calculate/select new protection settings based on the system operating conditions. All required
settings can be calculated off-line and stored in a look-up table or be calculated on line.
4) An efficient communication medium amongst protective devices and central controller.
Although the aforementioned elements are necessary for an effective adaptive scheme, they may not be sufficient. The main
difference between various adaptive methods is the algorithms used to determine protection settings. Therefore, based on the
complexity level of the power system, the central controller must be equipped with the proper relay coordination algorithms.
The proposed methods for the calculation of relay settings in distribution systems with high penetration of DGs can broadly be
divided into the following categories:
1) Mathematical methods: various mathematical methods such as graph analysis [82] and optimization methods [83] are
used for relay coordination in loop networks. These methods can also be applied to active distribution systems;
however, they are typically time consuming and must be executed after any change in the topology of the distribution
system.
2) Intelligent methods: Genetic Algorithm (GA) [84], ANN [85-87], and fuzzy systems are some of the intelligent-based
techniques that have been proposed for relay coordination in the presence of DGs.
Although adaptive methods can provide acceptable protection for active distribution systems, they are normally expensive due
to the communication requirements. Moreover, after any fundamental change in the distribution system (e.g., addition of new
feeder), it is necessary to update the relay coordination algorithm [88].
4.4. Communication-Based Methods
With the recent advances in communication technologies, it has become possible to employ accurate, secure, and safe
protection methods using network-wide information. Various types of data can be transferred to different elements of
protection systems through communication links. For instance, an agent-based method has been proposed in [89] to coordinate
relays in the presence of DGs. In this method, to coordinate the relay settings by use of a pair-to-pair method, the adjacent
relays exchange their current through communication link. A multi-agent based protection method has also been presented in
[9], where the current of adjacent and remote buses are analyzed using the wavelet transform to detect the fault. Reference [78]
proposed an adaptive communication-based scheme in which transfer trip signals are sent from a central relay to all CBs. In
the communication-assisted method proposed in [90], the current directional information is used to detect the faulty section.
Once the faulty zone is detected, a trip signal is sent out to the corresponding CB(s) to isolate the section. In [91], by use of the
signs of the wavelet transform coefficients (WTC), the relay of each bus recognize that fault is inside the bus or not. If the fault
is recognized to be external, each busbar relay exchange the direction of the fault current with the neighboring busbar relay(s)
to determine the faulty feeder. The reliability of the communication media is the main concern associated with
communication-based protection methods. In addition, it is costly to establish a high-speed communication link within the
electric network.
IEC61850 is one of the standard protocols which is used in substation automation applications in order to meet the increasing
demand of modern power systems [92]. It is an Ethernet-based protocol which has the capability to be translated for the future
communication networks [93]. In this protocol, the data is represented in an object-oriented manner and is transmitted multiple
times to ensure its receipt. Moreover, IEC61850 can be used for time-critical applications where a fast protection scheme is
required [94, 95]. According to this protocol, a standard format is used for the data format which is communicated between
Intelligent Electronic Devices (IEDs). Some of the advanced communication-based methods for distribution systems relay on
this protocol. In [96], for example, the information of different IEDs within the network is transferred to a centralized controller
using the IEC61850 protocol. The method uses multi-setting microprocessor-based relays whose settings are selected based on
the network operating conditions. Reference [11] proposes a centralized protection scheme based on the standard transferred
variables (data/attribute) defined by the IEC61850-7-420 protocol, that is, the recent version of IEC61850 developed for DGs.
IEC 61850 has also been proposed for fault location based on the positive-sequence of voltage and current phasors of the two
ends of the feeder [97].
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Table 3. Advantages and disadvantages of protection methods in AC distribution systems embedding DGs
Protection
method
Voltage based

Advantage

Disadvantage



Stable performance against change in the
value/direction of current, due to DG connection.





Operation for transient incidents and disturbances.
Vulnerability to HIFs.
Cannot provide adequate selectivity.

Distance



Providing backup for neighbor protection devices.



Fault impedance impacts measured impedance and cause
mis-operation.
Limited accuracy for distribution systems with short
lines.
The reach of the relay can be reduced by installed DG.



Differential

Directional O/C






Better sensitivity
Lower dependency to fault impedance.
Provide selective protection.
The current direction does not impact the fault
detection methodology.






Applicable for networks with different type of DGs








Fault
limiting.

current



No need to protection audit (DGs do not affect
protection coordination).





DG disconnection



Relays coordination is simply preserved without
any external devices.





Communication
based



Can provide a fast and selective protection without
any complex algorithm.




Adaptive
protection




Providing accurate setting for various operating
conditions.
Possibility of using effective algorithms for
detection of such special faults as HIFs.
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Requirement to communication link which increase the
cost of the implementation.
No backup protection is provided.
Dependency on communication.

Long delay on the operation of backup protections for
large-scale power systems due to using time constant
relays.
Applicable for small scale distribution systems with
radial configurations.
No systematic method to find the exact values of FCL
impedance.
Requires more experience and development to provide
reliable devices especially for networks with high short
circuit level.
Dependency operation time of FCL.
Negative network-wide impacts (e.g., on the voltage
stability)
Impacts on the sound loads and reduced
selectivity/security
Increased outage time due to the delay on returning the
system to normal condition after faulty isolating.
Requirement to a backup protection during the
communication failures.
Costly method due to the requirement to high speed and
reliable communication.
Communication requirements which, in turn, impact the
system cost and reliability.
Need to complex methods for relay setting calculations,
especially in a high- DG penetrated environment.
Possible requirement to revisit the protection algorithm
subsequent to a change in the system.

5.

PROTECTION METHODS FOR DC SYSTEMS

Due to the specific characteristics of DC systems, they cannot be effectively protected by conventional protection methods, at
least in the same manner that they are used in AC systems. Thus, modified or new fault detection/interruption methods are
needed for these systems. This section describes some of the proposed methods for DC systems. It is noted that the protection
methods which can be applied to both HVDC networks and MVDC distribution systems are also discussed in this section.
5.1. Fault Interruption Schemes
As mentioned before, one of the main protection challenges in DC distribution networks is the choice of a fast and costeffective fault interrupting schemes [98]. This is in contrast to AC networks where the fault interrupting technology has been
well developed. In the following subsections, some of the proposed methods for fault clearance in DC grids are discussed.
5.1.1. Converter Blocking Schemes
All the conventional and RES-based sources are interfaced with DC grids through an energy conversion system. Therefore, the
controller of converter can turn off the main converter switches subsequent to a fault occurrence to provide protection for the
network. This type of protection, the “converter blocking”, causes a complete shut-down for the entire system and is normally
used for HVDC lines [36, 99]. Although blocking the converter can break the fault current in line commutated converters
(LCC), this method is not useful for VSC-based DC networks. Further, once the main switches of the VSC are blocked, the
VSC will lose its control and the fault can be still fed through the freewheeling diodes [44]. Therefore, to provide adequate
protection for VSC-based multi-terminal DC systems, revising the converter topology has been proposed [41, 62, 100].
Replacing the IGBT-Diode configuration of VSC by a structure consist of two Emitter Turn Off (ETO) has been used in [62],
while [41] suggests using thyristor switches to eliminate the freewheeling effect of diodes. These methods, however, increase
the initial investment on the converters. In addition, they may cause unnecessary outage of healthy load and sources, especially
in multi-terminal DC systems. In addition, for a typical two-terminal DC line, it is acceptable to de-energize the line once a
fault takes place within the line; however, for multi-terminal distribution systems such as the one shown in Fig. 1, this option
does not provide adequate selectivity and system reliability.
5.1.2.

Converter Blocking with AC-Side CBs

The operation of the AC-side CBs introduced in [47] along with the converter blocking scheme can provide an economic
protection method for VSC-based DC networks. In this method, after the fault occurrence and blocking the VSCs, ACCBs
located on the AC-side of the VSCs operate to prevent the fault to be fed through the freewheeling diodes. Although this
method can interrupt the fault current contribution from the AC side, it is not fast enough to prevent damages to the
freewheeling diodes of VSCs; this is due to the fact that the operation time of medium-voltage ACCBs is in the range of
several tens of milliseconds [61]. Moreover, AC-side CBs cannot break the discharge current of DC-link capacitors. Also,
selectivity issues remains as the main weakness of these methods [40].
5.1.3.

Converter Blocking with AC-side CBS and DC Isolator Switches

To provide a selective protection, the use of fast DC isolator switches has been suggested by researchers. Although these
switches cannot extinguish the fault current, they can be used to de-energize low-current and/or no-load DC feeders. Reference
[101] has suggested that each DC feeder be equipped by a DC isolator switch, e.g. DC contactor, which operate in
coordination with the fully controllable converters. In this method, once a fault impacts a feeder, all the converters are blocked
to de-energize the DC bus. While the fault current decay to a low value, less than the nominal current of DC switch, the switch
of faulty feeder operates and isolates the faulty part. Subsequently, the converter re-energizes the DC bus and sound loads. The
method also proposes to equip each load with a capacitor in order to prevent any interruption of the supply during the
temporary de-energizing of the DC bus. This method can provide a selective protection and prevent unnecessary outage of
healthy feeders. However, the efficiency of the method for VSC-based MVDC systems is still a question under investigation;
this is because the discharge current of capacitors is allowed to flow in the fault circuit, consisting of DC busbar and faulty
feeder. Moreover, this method is not applicable to general structures of VSCs in which the converter is not able to interrupt the
fault current.
In [102], another method has been proposed which provides selective protection for looped DC networks using DC switches.
The method which has been named ‘Hand Shaking’ method is based on the coordinated operation of high-speed DC switches,
converter controllers, and AC-side CBs. For a typical looped DC distribution system with DGs, as shown in Fig. 1, the
switches of all converters are blocked once a fault takes place within the system. The AC-side CBs are then tripped to clear the
fault. After the fault current interruption, the corresponding DC switches of the faulty feeder, labeled by B in Fig. 1, will
operate to isolate the fault. Finally, the rest of the system is re-energized by closing the ACCBs and unblocking the VSCs.
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These methods do not consider the requirements for proper equipment capable of breaking/reducing the capacitor discharge
current; it is borne in mind that the capacitor discharge current is the most hazardous part of DC fault current and can seriously
damage the system equipment. On the other hand, as mentioned in Section 5.1.2, AC-side CBs are not fast enough to prevent
damages to freewheeling diodes. This is in addition to the fact that operation of AC-side CBs can impact the AC network. To
that end, such methods which are based on ‘cut and try’ process can potentially threaten the system reliability [20].
5.1.4.

Fault Current Limiting Methods

Limiting the fault current can protect sensitive elements employed in VSC and DC grids. For example, using a well-designed
inductor at the terminal of converters has been suggested in [44]. The employment of active DC fault current limiters (FCLs)
which consist of superconducting windings has been proposed in order to reduce the short-circuit level in DC systems [103].
Installation of FCLs in series with VSCs, see locations labeled by A in Fig. 1, can protects the freewheeling diodes against the
fault current and mitigate the impacts of DGs on the protection coordination. On the other hand, multi-mode control schemes
can also be used for special designed converters to limit the fault current in DC distribution systems; this is done by switching
between different control mode as the system operating conditions changes [35, 104]. Such techniques have also been
proposed for a prototype MVDC distribution network used in a shipboard [35]. In this method, the distribution system divided
into various zones, and each zone is protected by Power Electronics Building Blocks (PEBB) converters. Therefore, applying
this method to distribution systems requires replacing all switches (locations A and B in Figs. 1) with PEBB-based converters,
resulting in a costly approach.
5.1.5. Employment of DC Circuit Breakers
DC circuit breakers (DCCBs) are designed to operate based on the specification of DC fault currents, and various applications
have been proposed for them. For instance, employing a solid-state DCCB in series with the DC-link capacitor can prevent fast
discharging currents from flowing [51, 62]. Although this type of CBs can interrupt the main part of the DC fault current, i.e.,
capacitor discharge part, they also affect the voltage of the main bus and sound feeders. Further, switching the DC-link
capacitors has a destructive effect on the system power quality [45].
Reference [105] has proposed to use hybrid DCCBs at the connection point of VSCs and DC grid (locations A in Fig. 1), while
fast DC isolating switches should be used in other locations within the network (locations B in Fig. 1). In this method, when a
fault impacts the DC grid, all the DCCBs operate to interrupt the fault current. Then, DC switches located on both sides of the
faulty part isolate the fault and, finally, the healthy parts of the network are re-energized by reclosing proper DCCBs. A similar
method was also presented for DC microgrids [106], where the fault is first cleared by DCCBs as well as converter
disconnection; then, re-energization of healthy parts is achieved by the operation of disconnect switches. Although these
methods can provide selectivity, their operating time should be verified in accordance with power quality standards. Moreover,
the application of these switching-based methods in DC systems should be investigated if industrial and sensitive loads are
used in the network; this is because they may adversely impacts the reliability of DC systems [34].
Expanding upon the above discussion, it has been proposed to use independent CBs and relays for each feeder of the DC
network (both locations labeled by A and B in Fig. 1) to increase the reliability of complex DC grids embedding DGs [107]. It
is, however, acknowledged that economic and technical issues associated with the widespread use of DCCBs require further
investigations. Table 4 summarizes the operational aspects of DC fault clearance methods in the context of the system of Fig.
1, when a fault occurs in the line between Bus2 and Bus3 (i.e., Fault F1 on LineL23).
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Table 4. Compare the performance of fault interruption schemes for a typical VSC-based MVDC Systems, shown in Fig. 1.
Fault interruption
method

Protection system
description

parts which loss the
supply after fault at
F1 (see Fig. 1)

Remarks


Converter blocking

Blocking the
converter
 No switch in points
A and B


Converter blocking
with AC-side CB

Converter blocking
with DC switches
and AC-side CB




Blocking the
converters
AC-side CB
No switch in points A
and B

 Blocking the
converter
 AC-side CB
 Fast isolating DC
switches in points A
and B

Entire DC system.






No selective protection and reduce the reliability.
Incapability in breaking capacitor discharge current.
No backup protection.
Incapability in breaking fault current feeding from AC-side
(for typical VSCs).




No selective protection.
No fast enough method to prevent damage on freewheeling
diodes.
Incapability in breaking capacitor discharge current.
Negative impact on AC side network.

Entire DC system.





Temporary overall
blackout during ‘cut
and try’ process and
then Line23.





Provide selectivity after a ‘cut and try’ process.
No fast enough method to prevent damage on freewheeling
diodes.
Incapability in breaking capacitor discharge current.
Impacts on the operation of sensitive loads.
Negative impact on AC side network.

Employment of
DCCB [51, 62]

 DC CB for main
capacitor

Based on the existence
of switches in points
B.




No backup protection.
Destructive impacts on DC-bus voltage and power quality.

Employment of
DCCB [105, 106]




DC CBs in point A
Fast isolating DC
switches in point B




Provide selectivity after an overall blackout.
Can impact on the operation of sensitive loads.

Employment of
DCCB [46, 107]



DC CBs in both A
and B Points

Temporary overall
blackout during ‘cut
and try’ process and
then Line23.
Only the faulty line
(Line23).





Costly.
Selective protection.
Requirement to effective fault detection and location methods.

5.2.

Fault Detection Methods

Although different types of fault detection techniques have been proposed for AC systems, protective methods in DC systems
are still in the early stage of development [58]. Moreover, the characteristics of DC systems limit the variety of the methods
that can be employed to detect faults in these systems. For instance, a number of fault location methods are designed for AC
systems, which work based on the phasor and harmonic analysis. However, due to the lack of frequency and phasor
information, these methods are unlikely to be applied to DC systems [49]. Moreover, the lack of information in time domain
limits the use of digital-signal-processing-based methods, such as DFT-based methods [58]. On the other hand, the need for a
fast protection in DC networks prevents the application of those methods that extract fault data from the voltage and current
waveforms [18, 49]. In the following section, the most important proposed methods for protection of active MVDC system are
discussed.
5.2.1. Current-Based Protection
Due to the simplicity of O/C protection, they are always the first choice for the protection of AC distribution systems.
However, as explained in Section 3.2., this type of protection does not provide adequate selectivity for multi-terminal DC
systems. Nonetheless, these relays can be used along with other types of protective functions to protect small DC grids. For
instance, Reference [25] has proposed to analyze the magnitude of DC-link voltage along with the fault current in order to
locate the fault in low-voltage DC microgrids. In Reference [62], a hybrid relay has been devised which is based on
overcurrent and under-voltage elements; once both the overcurrent and under-voltage element pick up, the relay confirms the
occurrence of the fault. The methodology proposed in [108] and the O/C-based relay suggested in [109] have been designed
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based on the slope of the current in DC networks. However, as discussed in Section 3.1., the O/C-based methods can
potentially fail when DGs are integrated into the network.
Establishing communications between O/C relays has been proposed to improve the protection selectivity. For instance,
References [110] suggests using the current magnitude, current direction, and voltage of the DC bus to provide a fast and
reliable protection for low-voltage DC networks. In this method, faults are detected by monitoring the DC current of the
individual feeders and the voltage of the DC bus. Then, the faulty feeder is determined based on the direction of the DC fault
currents. It is noted that the feeder relays exchange the information of fault current directions via a suitable communication
link. If a relay detects the fault with a forward current direction, its corresponding feeder is recognized as the faulty feeder and
is disconnected from the DC bus.
5.2.2.

Distance Protection

In [46], a distance protection scheme has been proposed for MVDC networks. The salient difference between the proposed
method and the conventional distance protection in AC system is on the calculation of the fault location. As compared to AC
systems, the method of Reference [46] employs a simpler formulation to achieve a fast fault detection. According to the
proposed methodology, the fault distance is estimated using two DC measuring elements installed on the protected line, and is
given by:
=

( )
( )− ( )

(10)

where ( ) and ( ) are the measured voltages by the two DC measuring elements, and denotes the distance between these
two measuring devices. This method has a favorable fast detecting time and also is applicable in DC systems with DGs.
Active impedance estimation (AIE) has also been suggested in [111], where a current with a wide-range frequency is injected
to the DC feeder while the resultant voltage is recorded. Then, using the measured voltage and current, the equivalent system
impedance is estimated. The main challenge associated with the distance protection is that it is vulnerable to the fault
impedance. Also, the choice of a proper frequency range for injected current is an important shortcoming of the AIE method.
5.2.3.

Differential Protection

As discussed in Section 4.1.3, differential protection has an accurately defined protection zone. The fault current level, the
rate-of-change-of the current, existence of DGs, and fault resistance have relatively low impact on the performance of
differential protection, making differential protection one of the best options for the protection of DC systems [18]. Reference
[40] has proposed a protection methods for DC systems in which each section of the system is protected by a master controller;
the controller, in turn, operates based on the difference between the measured currents at two ends of the protected section. If
the current difference is more than a threshold, it is interpreted as a fault and trip commands are sent to the solid-state switches
located at both ends of the faulty section. References [112, 113] suggested that a telecommunication link should be used
between the protective devices in the both sides of each DC feeder. Then, each differential relay, which is installed on one side
of the line, will only send the trip command to its corresponding CB. It is remembered that the protection system must be very
fast for DC systems and, thus, differential protection is a proper choice. The results of Reference [114] show that differentialbased protection methods can detect DC faults in less than 40µs while the operating time of differential protection in AC
networks is more than 20ms; these times are without considering the communication delay. It is worth noting that most of
differential relays in Ac systems have to compare both the magnitude and the phase-angle of 3phase currents, whereas only the
current magnitude are compared in DC systems; therefore, it can operate faster. It should be pointed out that communication
delay and/or failure must also be taken into consideration when differential protection systems are designed, especially in case
of MVDC feeders. For example, Reference [107] has employed O/C relays to provide backup protection if the communication
network fails. Nonetheless, providing remote backup for adjacent protections, dependency on the communication network, and
potential need for synchronized measurements in large systems are some of the challenges associated with differential
protection in DC systems.
5.2.4.

Signal-Processing Based Methods

To overcome the challenges about the fault location in DC grids and provide a selective protection for these systems, wavelettransform-based methods have been suggested in [34, 115, 116]. In these methods, the criteria of fault location are defined
based on the analysis of DC voltage and currents through wavelet transform (WT). For instance, a fault detection/location
technique has been proposed in [34], which is based on the wavelet-transform coefficients of voltage and current as well as
magnitude and derivative of the voltage. On the other hand, References [116] has used complex-wavelet coefficients of
transient currents to detect DC faults. The use of a feature vector containing the energy of wavelet coefficients has been
suggested in [115]; the proposed vector is generated based on the multi-resolution analysis (MRA) and compared with a
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predefined threshold to detect the fault. The method proposed in [115] has also shown satisfactory results for the DC systems
in the presence of DGs. However, since the fault location criteria and settings vary from network to network, the application of
feature network may not provide a generic method for DC systems.
Artificial Neural Networks (ANNs) have widely been used in AC power system. In most cases, the input data to ANN is
obtained from the analysis of post-fault waveforms. For instance, Fourier transform has been used in [117] to extract the
harmonic contents of voltages/currents in order to feed an ANN. However, as mentioned before, FFT cannot be easily used in
DC systems due to the lack of time-domain information as well as required time for the process. Therefore, it has been
suggested in [118] that the sampled value of DC current and voltage be fed to ANN directly. The main concerns about the
direct use of voltage and current samples include noise and incorrect sampling [34]. Therefore, the use of wavelet transform
and multi-resolution analysis (MRA) has respectively been suggested in [58, 119]in order to extract the feature vector of faults
and feed them to an ANN. It is worth mentioning that the ANN-based protection schemes have the capability of both detection
and classification of DC faults.
The travelling-waves-based protection methods are also proposed for DC systems [120-122]. Following the fault occurrence in
a line, the travelling waves are propagated from the fault point to the both sides of the line. By using the synchronized
measurements, the accurate difference in arrival times of the travelling waves to each end of the line is determined. This means
if the velocity of travelling waves is known, the fault location can be calculated. Reference [120] has used a travelling-wavebased method to protect multi-terminal DC systems with DGs. However, due to the small length of distribution feeders, it is
very difficult to obtain the exact time difference and locate the faulty feeder. Moreover, since the travelling waves propagate
along the lines of a multi-terminal system, most of the measurement devices installed within the DC network may receive
these waves. As such, the travelling wave boundary method of Reference [122] may not find the exact location of the fault
[116]. The abovementioned issues should be added to the concerns associated with the use of some sort of synchronizing
mechanism for travelling waves in long lines

6. COMPARISSION OF PROTECTION METHODS IN AC AND DC NETWORKS
Different protection methods for AC and DC distribution networks were explained in Section 4 and 5, respectively. The main
features of these methods are summarized and compared in Table 5.
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Table 5. A summary of protection methods in AC and DC networks.
Fault detection
method
Over current

AC distribution systems




DC distribution systems




Simple algorithm.
Inefficient in the presence of DGs.



Differential




Distance




Fault current
limiting



Mostly, phase and Magnitude of three-phase
currents are compared.
Detects faults in 20-50ms.





Only the magnitudes of DC currents are compared.
Faster than AC differential relays.
Insensitive to high raising rate of DC currents and fault
resistance.

The measured current and voltage are used for
distance estimation.
Use of symmetrical components analysis to avoid
the impact of fault resistance.





Simple algorithm (use simpler fault location estimator).
Faster than AC relays.
More sensitivity to fault resistance (as compared to AC
systems).

Typically consists
inductors.



Can be done by external inductors, or the current
limiting modes of especial converter.
Requires high-speed semiconductor switches.
Requires devices with higher withstand rating DC
current with high raising rate.

of

constant

or

variable




Intelligent
methods such
as ANN, Fuzzy





Fast method.
Should be used with other methods or equipped with
communication links to provide selectivity.
Applicable in fault interrupt methods based on
blocking the converters when selectivity is not desired.

Fast methods for fault detection, classification,
and location without requirement to complex
mathematical equations.
Requirements for analysis of the post-fault
waveforms to input proper data to the ANN.





Frequency based transformations are not applicable for
obtaining the input data.
Direct use of sampled data to the ANN increases the
complexity of its structure and its training time.
Direct use of measured data increases the impact of
noises and reduces the accuracy.

Wavelet
transform



Effective for fault detection and location with or
without other methods, e.g. wavelet-ANN,
wavelet-Fuzzy, etc.




Applicable for the analysis post-fault waveforms.
Can be used with intelligent methods for the protection
of DC systems with DGs.

Communication
Based



Is increasing in distribution systems and smart
grids due to the providing a fast, accurate and
selective protection.



Can be applicable for coordination of O/C relays
instead of using time grading methods.
Delay on the communication link can be a major
concern.
Lack of the standard protocols for DC systems.




Directional O/C



Detects the fault current direction according to the
relative phases of the voltage and current.



Requirement to accurate and fast methods for detecting
the current direction.

7. CONCLUSIONS AND FUTURE TRENDS
This paper analyzed the fault current characteristics in AC and DC distribution systems. The issues associated with the
protection of these systems in the presence of DGs were also explained in the paper. Moreover, the methods proposed for the
protection of both AC and DC distribution systems embedding DGs have been compared. The analyses reviewed in this study
show that the conventional protection schemes must be modified to provide adequate protection for distribution systems with
DGs. In particular, the realization of future DC systems requires further investigation about protection issues/solution,
especially in multi-terminal DC systems with DGs. The outcomes of this study are of great interest for protective relay
manufacturers, utility engineers as well as academicians and researchers. The following are specific conclusions and/or
recommendations of this study for future works:
-

Fault detection/location methods in AC systems heavily rely on the processing of local values (current, voltage,
harmonic contents, etc.) that are not effective for DC systems. Moreover, conventional protection methods, such as
directional O/C relays and distance protection, must be modified based on the characteristics of DC networks during
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faults and transient incidents. Therefore, worldwide application of DC distribution systems requires a fresh look into
the traditional protection schemes.
-

The effect of fault resistance on AC and DC systems are not exactly the same. Therefore, the proposed methods for
high-impedance fault detection in AC systems are not necessarily applicable to DC systems. However, to the best of
authors’ knowledge, no independent study has been conducted on the detection and location of high-impedance faults
in DC distribution systems.

-

Due to the characteristics of DC fault currents, ACCBs are not suitable for fault current interruption in DC systems.
On the other hand, economical concerns and technical challenges preclude the widespread use of DCCBs. Therefore,
further studies are required to address the issues associated with fault breaking devices in DC distribution systems; the
problem particularly manifests itself in medium-voltage level and above.

-

The high rising rate of DC fault currents makes it difficult to coordinate current-based protective devices in these
systems. Although the use of communication technologies may enhance the performance of DC protection systems
and improve the selectivity, there are other issues such as communication delays and the speed of fault detection
methodology which should be taken into consideration.

-

The grounding method has a significant impact on the fault behavior and, hence, protection performance in DC
systems. However, this factor has not been fully investigated in the existing technical literature. It is an important
subject that should be addressed in the future studies.
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