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Abstract: Low voltage direct current (LVDC) distribution has gained the significant interest of
research due to the advancements in power conversion technologies. However, the use of converters
has given rise to several technical issues regarding their protections and controls of such devices
under faulty conditions. Post-fault behaviour of converter-fed LVDC system involves both active
converter control and passive circuit transient of similar time scale, which makes the protection for
LVDC distribution significantly different and more challenging than low voltage AC. These protection
and operational issues have handicapped the practical applications of DC distribution. This paper
presents state-of-the-art protection schemes developed for DC Microgrids. With a close look at
practical limitations such as the dependency on modelling accuracy, requirement on communications
and so forth, a comprehensive evaluation is carried out on those system approaches in terms of
system configurations, fault detection, location, isolation and restoration.

Keywords: DC Microgrids; DC faults; DC protection; circuit breakers

1. Introduction

Growing concern for climate change and carbon emissions (such as, EU’s plan for low-carbon
economy by 2050 [1,2]) has directed the research focus towards the development and integration of
Renewable Energy Sources (RES) to reduce fossil fuel usage and to enhance future energy sustainability.
The EU’s framework plans to cut carbon emissions to 80–95% by 2050 and proposed to accomplish
at least 27% renewable energy usage by 2030 [1]. However, the integration of renewable energy
technologies into conventional power system is one of the main challenges to extract the maximum
benefits from such technologies. This results in the evolution of the concept of smart grids to
reduce operational cost, enhance efficiency and improve the resilience of power networks. With the
development of smart grids, integration of distributed renewable resources at distribution level along
with local loads and possible storages is forming a new structure characterized as Microgrids [2].

The incorporation of Distributed Energy Sources (DES) such as wind turbines, photovoltaic (PV)
and energy storage systems on the end user side has demonstrated significant potential to reduce the
use of fossil fuels and consequent CO2 emissions [3]. The interconnection of DES which behaves as
a single entity as both a service provider to end customers and a customer to the utilities is termed
as a microgrid [4]. Microgrids can be further categorized into AC and DC Microgrids. Extensive
research and feasibility studies have been investigated for AC Microgrids because of its resemblance
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to the conventional macro AC power system. To avoid the unnecessary power conversion stages and
simplify the complexity of system control, DC microgrid is proposed for a distribution system fully
penetrated by power electronics converters. Exponential growth in the development of renewable
energy resources (RES), energy storage systems (ESS) and electric vehicle infrastructure, led to the
concept of distributing DC power at low voltage level, known as LVDC Microgrids [5]. The improved
efficiency brought by the reductions of power conversion stages within a smart distribution system is
the main contribution for the recognition of DC microgrid benefits.

Low and medium voltage DC are already in use in different applications such as railway
traction systems, telecom data centres (up to 1.5kV) and vehicular power systems (up to 35 kV) [6,7].
The proliferation of RES with the increase in more RES, electronic loads and electric vehicles (EVs),
demand in modern power systems has stimulated the concept of implementing LVDC distribution in
residential and building applications as well. As a result, developing DC electrical system architectures,
essential power electronics and protection devices have become the recent focus of research. Despite
the fact of their extra benefits (such as reduced conversion stages, less losses, cost effectiveness, higher
energy efficiency and so forth [8]), the development of an effective and economical protection scheme
for a DC system with bidirectional power flow is still a bottleneck for DC Microgrids implementations.
Consequently, widely acceptable guidelines and standards for LVDC microgrid protection is still to
be explored [8]. For instance, some specified standards such as ETSI EN 300132-3-1, IEEE standard
946 and IEC SG4 have been developed for telecom data centres and DC auxiliary power systems
in grids but they do not cover the protection aspect of LVDC microgrid system [9,10]. The lack of
suitable standards is still one of the major limitations in the practical implementation of LVDC system
of bidirectional power flow due to inadequate investigations.

Time constants for DC control and protections are usually very close, the post-fault behaviour
of converters within a DC grid becomes a new issue that involves both active converter control and
passive circuit transients. Therefore, a systematic view point has to be taken over the interaction among
system configurations, protective device and strategies and individual power converters. And then,
suitable schemes for the fault detection, isolation, location and restoration have to be developed with
such interaction considered.

Existing reviews on the topic of LVDC Microgrids have mainly focused on the operation, control
and energy management of the system [11]. The comprehension of integrating grid architecture,
earthing configurations and circuit breaker selection simultaneously while developing the technique
has not been adequately explored. Therefore, this paper presents protection systematic review
considering system configurations, fault detections, locations, isolations and restorations.

The paper is organized as follows: Section 2 introduces the system configuration for LVDC
Microgrids This section elaborates the DC Microgrid architecture, types of DC faults and earthing
configurations for DC Microgrids. Circuit-breaking technology proposed for DC systems are all
presented under Section 2. Evaluations and investigations of fault detection, isolation and fault
locating methods are carried out in Section 3. Further, the post-fault restoration in DC Microgrids is
analysed in Section 4. Finally, a conclusion is drawn in Section 5.

2. System Configuration

This section gives an overview and comparison on the configurations of LVDC distribution
systems with respect to protection. LVDC networks are expected to play a promising role in the
development of future power distribution networks. Different studies have been carried out for LVDC
networks without developing any standard network and taking the impact of systems earthing for
granted. However, since various grid configurations exists, an analysis of each configuration, earthing
schemes, available circuit breaker technologies under different fault conditions is required to develop
standard protection criteria for the network.
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2.1. DC Microgrid Architecture

Similar as AC distribution network, there are a number of different DC Microgrid architectures
considering specific design requirements and applications that have been proposed [11–14].
An analysis of DC configurations is carried out in this section, exploring the merits and demerits
of the system. DC Microgrid architecture can broadly be classified as: (1) Single Bus Configuration,
(2) Multi-bus Configuration, (3) Ring or Loop Configuration and (4) Interconnected Configuration.

Single bus topology interfaces AC generating renewable sources to DC bus via AC/DC converter.
A single direction of power flow is created in the feeders towards the load. Figure 1 demonstrates the
single line diagram for the single bus configuration in DC Microgrids [11,12].
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Figure 1. DC single bus configuration.

Single bus topology is quite frequently in practice for supplying power in telecom applications
at 48 VDC [14,15]. With simple structure and ease of voltage control, the available voltage level for
a specific DC network is limited to one and a rigid pole-to-ground insulation requirement has to be
considered according to the full pole-to-pole voltage when the negative pole is earthed.

By introducing bipolar configurations, the pole-to-neutral voltage becomes half of the pole-to-pole
value [14] so the pole-to-ground voltage is reduced when neutral is earthed. DC bipolar regulated
bus architecture, shown in Figure 2, with an operating voltage of +/−170 V was suggested [16].
In Figure 2, load side converters have the flexibility to be connected to voltages between 340, +170 and
−170 V. The main challenge of such bipolar type system is the extra complexity of voltage regulation,
voltage balancing between the poles in particular and the suppression of circulating current [14]. Such
configurations are suggested to be implemented in residential buildings where multiple low voltage
DC levels are required by appliances as well as a reduction of power converter stages and ratios [17].

The bipolar type configuration is further extended to a concept of multiple buses connections. This
makes the system more flexible by providing different voltage levels between the buses (i.e., +170 V,
−170 V and 340 V) which further improves power supply reliability [18]. The approach was further
expanded to form a multiple DC Microgrid cluster configuration [19–21]. Whereas, developing a
distributed control strategy among all the DC Microgrids and appropriate voltage regulation challenges
are still under investigation for multi-bus architecture [22,23].
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Figure 2. DC Bi-Polar Single Bus Configuration.

Simply enough to implement as a radial topology in a practical LVDC system, it might not be
a suitable choice for a more complex distribution power system with multiple renewable sources,
for example PV and Electric Vehicle (EV) charging systems. Its undesirable feature stems from the
argument that radial structure may lower the reliability of the down-stream load feeders when a faulty
bus occurs from the upper stream. On the other hand, if a permanent fault occurs at a lower-stream
point, there is no other path to restore the power supply in a radial system so the downstream supply
cannot be restored unless the fault it cleared.

Ring (or loop) type architecture in DC Microgrids has been proposed to provide sustainable
power supply after the isolation of a permanent fault. Ring topology contains multiple paths among
the sources and loads as shown in Figure 3. DC circuit breakers are suggested to be used to provide
flexibility in disconnecting the faulty bus from the network. Intelligent Electronic Devices (IEDs) are
suggested to control the line connection at each node and the links between neighbouring nodes [24].
Under faulty condition, IED detects the fault, isolates the specific faulty bus from the network and
ideally enables supplies power using a healthy path. These type of topologies are proposed to be used
in urban and industrial applications [22]. Similar to AC system, a ring network will allow the fault
current to flow into the faulty point via multiple paths, which tends to increase the overall fault current
and hence the complexity of protections as well.

Figure 4 demonstrates the interconnected configuration by connecting DC Microgrids to an
existing AC network through AC-DC-AC converter interface, where, the power flow can be
bidirectional according the requirements [22]. This configuration improves power supply reliability
with the presence of a DC conversion stage in between AC systems, which can effectively regulate the
fault propagation from one AC side to another. Interconnected configuration is often designed for the
unmanned aerial vehicle (UAV), shipboards and aircrafts applications where power reliability is the
primary concern [23].



Energies 2019, 12, 1001 5 of 30

Energies 2019, 12, 1001 5 of 32 

 

 

Figure 3. Ring bus configuration. 

As is shown above, since the system fault current contribution may vary according to the 

specific configuration of DC Microgrids, it adds up to the difficulty to develop a generic protection 

scheme that can effectively accommodate all kinds of DC microgrid configurations.  

2.2. DC Fault Types and Fault Characteristics 

Understanding system behaviour under various fault conditions is essential for developing an 

appropriate protection strategy. This section defines possible fault types in DC Microgrids and 

illustrates the post fault response of the system.  

The network fault in a DC system can be categorized into 2 types: short-circuit fault and 

open-circuit fault. Considering the commonly implemented real-time hierarchical voltage control 

strategy, open-circuit is more of a control strategy issue rather than protection; hence not in the 

scope of this paper. Generally, there are two types of short-circuit faults in DC systems: a) Positive to 

negative Pole short circuit fault (pole-to-pole fault) and b) Positive or Negative Pole to ground fault 

(Pole-to-ground fault). Though the post-fault voltage profile may vary significantly in these two 

types; the nature of the short circuit current is largely similar for both types of short-circuit fault.  

Figure 3. Ring bus configuration.Energies 2019, 12, 1001 6 of 32 

 

 

Figure 4. Interconnected bus configuration. 

Apart from the fault impedance itself, the location of the short-circuit point may significantly 

affect the post fault behavior as the feeder impedance between the fault point and source often 

plays a significant role to bring down the transient fault current. For example, the fault originating 

at the main bus produces higher transient current which usually posts the most severe threat to the 

network as the fault loop impedance contributed via the feeder line is minimum [27].  

Fault current analyses for each located fault is crucial for designing a protection system as well 

as maintenance and post-fault restoration [28]. As all sources contribute towards the total fault 

current in the network, their participation, in addition to the control during the transient, also 

heavily relies on the actual impedances between the respective source and the fault locations. For 

elaboration, consider the (pole-to-pole) bus fault in a single bus DC system as shown in Figure 5 (b). 

The transient fault current from point A to B is caused by the immediate current discharging from 

the converters smoothing capacitors. Contribution of this fault current from the capacitors can be 

demonstrated by (1), [29]: 

����(�) =  
���

����
 (��� ��⁄   ) (1) 

Figure 4. Interconnected bus configuration.

As is shown above, since the system fault current contribution may vary according to the specific
configuration of DC Microgrids, it adds up to the difficulty to develop a generic protection scheme
that can effectively accommodate all kinds of DC microgrid configurations.

2.2. DC Fault Types and Fault Characteristics

Understanding system behaviour under various fault conditions is essential for developing
an appropriate protection strategy. This section defines possible fault types in DC Microgrids and
illustrates the post fault response of the system.
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The network fault in a DC system can be categorized into 2 types: short-circuit fault and
open-circuit fault. Considering the commonly implemented real-time hierarchical voltage control
strategy, open-circuit is more of a control strategy issue rather than protection; hence not in the scope
of this paper. Generally, there are two types of short-circuit faults in DC systems: (a) Positive to
negative Pole short circuit fault (pole-to-pole fault) and (b) Positive or Negative Pole to ground fault
(Pole-to-ground fault). Though the post-fault voltage profile may vary significantly in these two types;
the nature of the short circuit current is largely similar for both types of short-circuit fault.

Apart from the fault impedance itself, the location of the short-circuit point may significantly
affect the post fault behaviour as the feeder impedance between the fault point and source often plays
a significant role to bring down the transient fault current. For example, the fault originating at the
main bus produces higher transient current which usually posts the most severe threat to the network
as the fault loop impedance contributed via the feeder line is minimum [25].

Fault current analyses for each located fault is crucial for designing a protection system as well as
maintenance and post-fault restoration [26]. As all sources contribute towards the total fault current
in the network, their participation, in addition to the control during the transient, also heavily relies
on the actual impedances between the respective source and the fault locations. For elaboration,
consider the (pole-to-pole) bus fault in a single bus DC system as shown in Figure 5 (b). The transient
fault current from point A to B is caused by the immediate current discharging from the converters
smoothing capacitors. Contribution of this fault current from the capacitors can be demonstrated
by (1), [27]:

icap(t) =
vdc

Rcap
(e−t/τd ) (1)

where vdc denotes the voltage at the dc bus when fault starts, Rcap is the capacitor series resistance
and τd = CdRcap represents the time constant of the converter and dc bus RC system. Moreover, cable
impedance should be incorporated in calculation if the cable length from converter to the dc bus
is considerable which would result in a higher order dynamic system [27]. Similarly, if the feeder
fault is initiated, the immediate fault current contribution towards the feeder fault can be obtained by
considering the overall effective impedances [28]. Hence, total fault current between the short-circuited
conductors can be evaluated by adding all the currents contributed to the fault current as [25]:

i f (t) =
n

∑
k=1

is,k(t) (2)

where k is the number of sources connected to the dc bus. Similarly, in those cases of poles-to-ground
fault, the system principle of fault current contribution is the sum of the contribution of all connected
sources; however, the paths of fault currents are heavily dependent on the earthing configurations.Energies 2019, 12, 1001 7 of 32 
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Apart from the capacitor discharging current during fault, source side contribution towards the
fault is another important factor needs to be considered while developing a fault locating criteria [29].
Source side contribution is highly dependent on the converter technology type, either non-isolated or
isolated, being used in DC Microgrids [29]. Commonly suggested non-isolated type of converters for
LVDC systems are two or three level voltage source converter (VSC), neutral-point-clamped (NPC)
converter and modular multi-level converter (MMC) [30–33]. Short-circuit fault currents in LVDC
systems based on VSC interfacing to AC-grid side can be divided into three stages, (1) capacitor
discharge stage, (2) diode free-wheeling stage and (3) ac-side contribution stage. All the three stages
during short-circuit fault is elaborated in Figure 6.Energies 2019, 12, 1001 8 of 32 
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Then, the response of the system under all these stages (assuming the fault initializes at to) can be
approximated as follows:

Stage 1: vc =
Voωn

ω
e−αtSin(ωt + σ)− Io

ωC
e−αt Sinωt (3)

icab = C
dvc

dt
= − Ioωn

ω
e−αtSin(ωt− σ)− Vo

ωLcab
e−αt Sinωt (4)

where α = Rcab/2Lcab, ω2 = (1/LcabC)− (Rcab/2Lcab)
2, ωn =

√
α2 + ω2, and σ = tan−1(ω/α).

Stage 2: iD = I′oe−(Rcab/Lcab)t (5)

Stage 3: vg−a =VgSin(ωst + β) (6)

ig−a = IgSin(ωst + β− ∂) +
[
Igo Sin(β− ∂o)− IgSin(β− ∂)

]
e−

t
τ (7)

where Vg is the voltage at grid, ωs is the angular frequency, ∂ = tan−1(ωs τ), τ = (Lcab/Rcab) and β is
the voltage angle at phase-a.
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System’s response for NPC converter-based connection shows the similar behaviour as in the
case of VSC under pole-to-pole short-circuit faults. Equivalent circuit of NPC converter is shown in
Figure 7. Fault level controllability is quite limited for NPC type converters. Whereas, MMCs can
provide enhanced fault controlling and resilient operational capabilities for LVDC systems [34,35].
The use of H-bridge sub-modules can enable a full blockage against the fault current [36]. Hence, these
types of MMC with H-bridge configurations are capable enough to block AC side contribution under
DC pole-to-pole fault conditions.

The requirement of limiting post-fault contribution from the source, balancing power flows,
dc-bus voltage regulation and appropriate AC-DC-AC bi-directional interfacing conditions for LVDC
systems led to the development of isolated converters [37]. Some of the most commonly considered
isolated converters are dual active bridge (DAB) converters [38–43], isolated boost and phase-shift full
bridge converters [44–46]. Isolated converters, for example DAB converter topology, have a simple
structure with soft switching characteristics, which is shown in Figure 8. Due to the presence of
galvanic isolation, the source side fault current is blocked upon a fault on the DC network side [47].Energies 2019, 12, 1001 9 of 32 
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Apart from sophisticated converter architectures, the source side current contribution can
be blocked by source side protective devices or converters with modified semiconductor devices.
Installing single electronic switch along with fast mechanical disconnector or by replacing antiparallel
diodes with GTO’s are some of the techniques suggested for blocking source contribution for fast DC
fault isolation [48,49].

The fault current contributed from source side can be significant upon a DC fault. The use of extra
semi-conductor device and/or galvanic isolation can effectively block fault current contributed from
the source side though; it will normally introduce extra conduction loss.

2.3. DC Earthing Configurations

Earthing is one of the key factors in a dc power networks which highly influence the transient
fault current, over-voltage and the protection settings of the system [25]. Carefully designed earthing
configuration helps in detecting the ground fault, minimizes the stray currents and provides safety
to personnel and equipment [50–53]. For LV DC power system, earthing schemes can be categorized
into the following types, that is, (a) Unearthed System, (b) Resistance earthed system and, (c) Solidly
earthed system.
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2.3.1. Unearthed DC System

Unearthed DC system provides better reliability of power supply as compared to other earthing
configurations because it can allow the system continue its operation for a moment when single line to
earth fault occurs [54]. Due to very low earthing current, pole-to-ground fault is difficult to be detected
using fault current detection only [55]. In addition, unpredictable DC voltage offset in the presence of
small leakage current is another shortcoming for such earthing configuration [56]. Moreover, problem
of electrical noise in the entire system can be encountered, which may disrupt signals resulting in
missing pulses. Additional insulation may be required to withstand the uncertain potential between
conductor lines and earth, which increases the cable cost, weight and footprint as compared to other
grounding configurations [57].Energies 2019, 12, 1001 10 of 32 
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2.3.2. Earthed DC System

One option for DC earthing is to earth one pole via a certain amount of impedance, that is,
resistance, which is illustrated by Figure 9a, where at the negative pole of a VSC-based terminal is
earthed via a resistance. On the other hand, earthing can also be achieved by connecting the neutral
point between the converters to the earth point through resistance, as shown in Figure 9b.

Resistance earthing is often configured without neutral point and is practically implemented
in some early-stage VSC-based High Voltage DC (HVDC) systems [58,59]. If a DC power system is
earthed at the neutral point, a bipolar system is formed; therefore a large earthing resistance can be
used to limit the power losses during normal operation [60].
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In general, neutral point earthing scheme is used for reducing ground potential against live
conductors hence improve personnel safety and relieve some stress of insulation during normal
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operation [61]. It can also minimize the circulating current with respect to ac-side neutral grounded
system, which helps to suppress the current and voltage transients during a pole-to-ground fault [62].
However, fault measurement and detection becomes challenging for small ground fault currents which
may energizes metal enclosures of loads. Equipment insulation requirement becomes higher than
normal condition during a pole-to-ground fault as it has to withstand the full bipolar DC voltages
before the fault is isolated.

2.3.3. Solid earthed DC system

Solid earthing is the concept of connecting any of the DC poles to the earth without any
(or very small) impedance in between. To solidly earth the Bipolar DC (BPDC) system, middle point
between the two poles is electrically connected to the ground point as shown in the Figure 10. Solidly
earthed scheme produces larger ground current and higher voltage transient than other earthing
schemes [63]; hence successful detection of such fault becomes relatively easier. The insulations
required for equipment and the cables is to withstand half DC pole-to-pole voltage, which reduces the
overall systems cost, space and weight.
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Solid earthing can also be implemented in monopole DC power grid by connecting negative pole
to earth but it has been reported that leakage current can be 30 times greater than unearthed in traction
systems [36]. Solid earthing is not suggested to be used in modern power systems due to its major
drawback of corrosion and safety issues [49,50].

2.4. Circuit Breaker Technologies

To isolate a fault, suitable protective devices are required by regulation. Lack of natural zero
crossing and high current changing rate (di/dt) are the major challenge to disconnect an LVDC fault
circuit. This makes DC current interruption more difficult, thus, bringing consequent challenges for
designing DC circuit breakers (DCCB). Appropriate design and implementation of circuit breakers is a
fundamental requirement for developing the protection scheme for DC power system.

Various DC circuit breaking and fault limiting technologies have been developed, implemented
and analysed in different DC applications. This section examines and evaluates these DC current
breaking technologies with respect to their design, time of operation and power losses.

2.4.1. Mechanical Circuit Breakers

Mechanical circuit breakers are widely used as a protective device in most AC systems and
LVDC systems. To further assist opening an DC circuit, the tripping device in conventional
Moulded-Case Circuit Breakers (MCCB) are proposed to operate with resonance circuitry to generate
zero crossing [64–67]. Basic configuration for such kind of implementation is shown in Figure 11.
As the MCCB switch opens after the fault current detection, resonance circuit can generate a negative
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transient current to counter the fault current flow in the main circuit. As the negative current grows, it
may eventually become greater than the fault current when a zero-crossing is created. Thus, the fault
current can be interrupted with MCCB [68]. These types of MCCB are known as passive resonance
DCCBs. Based on similar principles to create zero-crossing, active MCCB configuration adds an
additional switch and pre-charges the capacitor to excite the resonant circuit [68]. This can accelerate
the rise of the resonance current, eventually leading to a faster operation of MCCB. An active resonance
MCCB configuration is illustrated in Figure 12 [69].
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Though the mechanical circuit breakers are considered well-developed and in general mature
in low voltage sector, their fault interruption time is typically as slow as 30-100 ms [70]. Such low
operating speed limits their usage since a DC transient current can reach its peak value up to tens of
the nominal value in a few milli-seconds, the application of mechanical circuit breaker requires system
be able to withstand a let-through energy (i2t) over longer time comparing with those DCCBs that can
operate faster (when no fault current limiting measurement is carried out).

Commercially Available LVDC Circuit Breakers

With a rapid development of Photovoltaic (PV) generation, a range of mechanical CBs suitable
for LVDC have been commercially available in the range of 500 VDC to 1000 VDC, can be seen in
References [71,72]. PVGard DC circuit breakers are available for 500 VDC & 1000 VDC with an
interrupting capacity ranging from 1.2 kA and 7.5 kA [71]. Both have the ability to open on signal from
DC arc or ground fault detector.

ABB offers a wide variety of circuit breakers for the DC overcurrent protection of LVDC Microgrids
falling in the category of air type circuit breakers (ACBs), miniature circuit breakers (MCBs) and
moulded-case circuit breakers (MCCBs) [72]. ACBs are from Emax-series having breaking capacities
from 35kA to 100 kA operating at 500, 750 and 1000 VDC. SACE Tmax T-MCCBs series typically
for 500, 750 & 1000 VDC having breaking capacities up to 150 kA. Then, MCBs series of S200M UC,
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S800 UC and S800 PV are also available starting with rated operational voltage of 220 VDC to 1200 VDC.
The short-circuit interruption capacity ranges from 5 kA to 10 kA in such breakers [72].

2.4.2. Solid-State Circuit Breakers

Since the inherent time delays in tripping and the overall protective operation with slow-reacting
fuses and mechanical MCCBs limit the protective performances, power electronics-based protective
devices have been developed for DC applications. Such devices are generally referred to as Solid-State
Circuit Breakers (SSCBs) [73]. SSCBs are based on semiconductor devices, such as Insulated-Gate
Commuted Thyristor (IGCT), Insulated-Gate Bipolar Transistor (IGBT) and Gate Turn-off Thyristor
(GTO) [74]. These types of CBs require an energy dissipation element to be attached in the circuit
so as to prevent the pulsing energy from damaging switching devices. Generally, those energy
dissipation elements are Metal-Oxide Varistors (MOV), capacitors, switched resistors and combinations
of them [75,76].

Various SSCBs configurations have been proposed for DC protection with their own pros and
cons [77]. SSCBs started with simple architectures for unidirectional power flow which stem from the
circuitry illustrated in Figure 13.

As shown in Figure 13, a surge arrester branch (i.e., MOV) is connected in series with a
free-wheeling diode which is connected in parallel to the DC bus. Under normal conditions,
semiconductor device remains on and load current flows through it. When a fault is initiated,
the semiconductor turns off and the fault current is forced to commutate through the free-wheeling
diodes with the surged energy captured by the MOV [78]. Since there is only one fully controllable
semiconductor device, such CB structure is for unidirectional only. As an enhanced version,
bi-directional SSCB, is proposed thereafter, which is illustrated in Figure 14 [79]. As is shown in
Figure 14, two unidirectional SSCBs are connected in “anti-series” directions so the current flowing in
both ways can be switched off. Enabling bidirectional operation, such structure also introduces twice
as much as the conduction losses during-steady state operation for unidirectional SSCB.
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Very fast operating time within 100 micro-seconds is the key advantage of SSCBs which enables
the system with fast fault isolation capabilities. However, considerable conduction losses in SSCBs
in steady state condition are the major drawback, which is more significant in LV systems since the
conduction voltage drop of a semiconductor is more considerable with the respect to the nominal
voltage level.

2.4.3. Hybrid Solid-State Circuit Breakers

In order to reduce the conduction losses in the main circuit, the concept of Hybrid Circuit Breaker
(HCB), introduces a bypass branch mechanical switching devices to allow steady state current to pass
through, which is illustrated in Figure 15 [80].
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As is illustrated in Figure 15, all the current flows through bypass branch whereas current remains
zero in the main branch under normal conditions. When a fault occurs, fast mechanical switch (or CB)
opens and the fault currents instantly gets commutated to the main SSCB by load commutation
switches [81]. Hybrid SSCBs have been modelled for 320kV (or higher) HVDC systems, which boasts
an operational time of less than 5ms [80]. Combining the strength of mechanical CB and SSCB, the
concept HCBs are not being generally used and developed for LVDC applications due to their high
complexity and the inherited costs.

2.4.4. Fault Current Limiters

Fault Current Limiter (FCL) is a device that can instantly suppress transient fault current as well
as the rate of current rising so as to assist circuit breaking [82]. FCL helps to reduce the required
rating of the circuit breaker and brings down electrical stresses on the system components under
faulty conditions. Therefore, FCLs potentially provides an opportunity to handle the problem of those
most severe fault scenarios within DC systems. Generally, two different methods for limiting current
transients have been developed: resistive based and inductance based FCL [83].

Inductive FCL can effectively reduce magnitude and the rate of change of transient current with
insignificant steady state losses [83]. However, it may increase the energy that can contribute to fault
current, which results in higher energy dissipation requirement for circuit breakers. On the other
hand, resistive FCL have the ability to limit both continuous as well as transient DC currents within
the system which introduces additional losses within the system. To avoid additional losses under
steady state operation, resistive superconductive FCLs (SFCL) are designed to limit fault current.
The resistance of SFCL can be increased immediately when it is triggered upon reaching the current
and/or thermal threshold [83–86]; whereas the resistance value can be limited to minimum level
during steady state under the condition of a very low ambient temperature.
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Though SFCLs are compact and simple; their inability to withstand high voltages is one limiting
factors against the application of SFCLs to DC systems. More importantly, SFCLs normally require
extra power to maintain a low ambient temperature for the superconductors, which again will degrade
the system efficiency. Further, although the design of SFCL has been considerably improved in
recent years, it is still considered as immature and costly compared to other technologies used for
LVDC protection.

3. DC Fault Detection, Location and Isolation

Detection, location and isolation of DC fault are three key aspects to be considered while designing
a protection scheme for DC relays. During the design process, the specifications of bus configurations
and earthing schemes has to be considered [49,87–92]. In this section, a review of DC microgrid
protection schemes is carried out with respect to their capability and performance in these key aspects.

3.1. Local Measurement Based Fault Detection and Isolation Schemes

In order to achieve the fastest fault detection without any communication delays or consequent
reliability issue, detection based on local measurement is an immediate thought. The schemes using
local measurements are usually known as non-unit-based schemes. Such non-unit protection scheme
is commonly implemented with pre-set threshold values. By building up the relationship between
faulty conditions and certain electrical properties with mathematical modelling, thresholds are selected
to set up the operating criteria. The electrical properties can be used to set up thresholds typically
include overcurrent, overvoltage, under-voltage, di/dt, dv/dt and the impedance [49]. As soon as the
measured value reaches the threshold, the protection system operates. Non-unit protection schemes
are not capable of protecting a specific zone of the DC microgrid. However, these schemes have the
ability to coordinate among the complete protection system and can be effectively used for back-up
protection in the network [87].

3.1.1. Overcurrent Detection

Detecting fault by using the overcurrent principle is one of the most common protection
strategies in AC distribution networks. Unlike the direction current magnitude detection for AC
overcurrent, the methods of DC fault current detection vary. By detecting an instant overcurrent, the
protective operation is tripped. The main challenge is that when the fault loop impedance is large,
the sensitivity might be degraded. Therefore, overcurrent criteria is proposed along with under-voltage
measurement [48]. Such fault detection scheme can provide fast response to a severe fault that is closely
located to the relay, though; insignificant fault discrimination is provided. If the uncertainty of fault
impedance is not fully considered in this method, it may result in unnecessary tripping of non-faulty
sections and lead to a lower reliability. In order to improve the detection of large resistance fault,
overcurrent detection has also been proposed by injecting LC circuit in series to the system, which is
shown in Figure 16 [88]. The injected LC circuits can create voltage signals of different frequencies
depending on the value of the fault resistance, which can be extracted by wavelet analysis; thus, large
resistance faults can be detected. This protection technique requires the data acquisition over a certain
amount of time with a relative complex mathematical calculations. One potential risk is that the
introduction of LC circuit in to the main circuit may give rise to undesirable dynamics against stability.

3.1.2. Derivative Measurement-Based Fault Detection

One derived fault detection scheme based on DC current profile utilizes the measurement of
derivatives of current and/or voltage profile. Such scheme has been suggested and analysed on a
DC ring bus topology, where the DC microgrid is divided into different zones. The rate of current
change(di/dt) is measured for each zone and the highest value of di/dt is used to detected and located
the fault [91].
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Further investigation on di/dt and dv/dt under fault conditions illustrates that the rising time of
di/dt to reach its peak value after a fault is not sensitive to the variation of fault resistance and neither
is du/dt [93]. This means that the oscillation frequency of di/dt and du/dt signals can be useful to
detect the fault locationEnergies 2019, 12, 1001 16 of 32 
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Figure 16. LC based Overcurrent relay [88].

This technique can be used for fault detection in general but the fault cannot be located
accurately and requires fast duplex communication channels among all the relays [87]. In real practice,
the accuracy of the indirect measurement of di/dt and dv/dt can be affected by the measurement noise
introduced from the current/voltage sensing devices, which might, in turn, undermine the overall
protection performances.

3.1.3. Source Current Blocking Protection Scheme

Since the fault current contribution from the terminal sources are considered to be the major
support to a sustained DC fault current, blockage of current from all electrical sources in a DC network
is considered to be a safe way to regulate DC fault current so as to allow the isolation of DC faults during
the blockage period. Therefore, a fast DC current blocking approach, known as the “handshaking” DC
protection schemes is proposed [74]. Based on a scenario that a DC grid is energized by AC sources
via VSCs, it utilizes the conventional AC CBs on the AC sides to block the source of fault current when
a fault is detected [92]; hence the DC protections are carried out by the cooperation of low-cost DC
switches for isolation and AC CBs to cut-off the sustainability of fault current [92]. By disconnecting
all the energy sources, the need for DCCB is not necessary to reconfigure the DC network. After all
AC CBs are open, the fault detection approach can be divided into two steps. Firstly, to disconnect all
the DC switches for the potentially faulty lines by selecting the appropriate faulty line and secondly,
to identify the fault line by reconnecting the DC switches for the healthy part for system restoration
from one line to another [92].

This method is reliable for identifying and isolating faulty line in multi-terminal DC systems.
The identification of faulty line based on local measurement makes it cost effective and less complex
which requires no communication network. However, it compromises the selectivity by producing
a prolonged shutdown by momentarily de-energizing the entire network, which can significant
downgrade the power distribution reliability in a distribution network [94].
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3.1.4. Voltage Prediction-Based Protection

Voltage prediction-based protection method has been proposed for DC ring bus topology.
Fault detection and its isolation is achieved by finding the difference between the expected normal
conditions and measured values in an event of a fault [95,96]. The technique is implemented by using
local measurement and estimate the normal voltage value at the relay point by using a developed
mathematical model which is used to interpolate/predict the next data value. The prediction of the
voltage is based on previously sampled values. It can result in large deviation between the measured
and predicted voltage values during a fault. However, the voltage difference becomes insignificant
when the fault loop impedance is high [95]. Such method also heavily relies on the accuracy of the
mathematical model used. This may result in malfunction of the relays and protective devices when
the fault location is far or with large fault resistances.

3.1.5. Oscillation Frequency-Based Protection

Fault detection and selectivity scheme based on oscillation frequency and power calculations of
the first transient cycle of fault current is proposed to be employed in such scheme [97]. The local
measurements are used to calculate the oscillation frequency and associated transient power as soon
as the disturbance in current is detected. Intelligent electronic devices are used to record the oscillation
frequencies at both ends of the line where they compare the measured oscillation frequencies with the
threshold and confirm a fault’s occurrence when a threshold is reached. Transient power calculation
is used to select the faulty line in the system. Despite the fact of its fault detection and appropriate
fault selection capabilities, the protection method requires fast communication between intelligent
devices to make decisions before fault isolation. Further, the determination of the threshold frequency
heavily relies on the accuracy of the transient model of the faulty system. It could be very difficult to
obtain the threshold frequency that can correctly tell a fault happens in a complex system with various
types of converter architectures and non-linear post-fault responses. These together limit the practical
implementation of such methods for DC Microgrids.

3.1.6. Differential Protection

Differential protection detects fault based on the difference in current magnitudes and the relative
directions on both sides of a specific component within a system [29,87,98–100]. Consider that the
current flowing into the protected component as io, out from the component in. The difference between
both currents is: ∆i = in − io.

As a fault current occurs at the middle of protected component, ∆i, becomes greater than a
threshold value, the occurrence of fault is detected and then suitable signals will be directed towards
the protective devices to isolate the fault.

Since such method is able to tell a fault without the information of loop impedance, it has been
proposed for all kinds of system topologies including ring type DC bus system [24]. With this method,
DC faults can be detected with synchronous data detected from the Intelligent Electronic Devices
(IED) installed by both ends of the protected component. This can be further explained by Figure 17.
Differential current passing through devices helps to detect the fault and can be isolated quickly.
On the other hand, in case of operation failure, IED sends configured signals to neighbouring IEDs to
operate their adjacent CBs as a backup protection. As a result, faulty section can be isolated without
shutting down the healthy sections [24,81].

This protection technique is reported to be quite effective because it detects fault by only observing
the relative change between the inputs and output current of the protective component irrespective
of fault impedance and fault current magnitude [99]. Comparing with other protection scheme that
requires global data acquisition during a fault, the fast communication of this scheme is only required
between the neighbouring relays, which improves the reliability.
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Current measurement synchronization for high di/dt in LVDC systems is the major challenge for
such scheme. It has been reported that ∆i should be ideally zero for any external fault; however, it is
found that the time delay, ∆t between the measurements of in and io will lead to a non-zero differential
sum and consequently can cause relay malfunctioning [101]. Further, in extreme circumstances, a small
time delay, for example 10-µs, can cause a significant error, for example 75%, of the fault current in
the calculation of ∆i when the fault occurred out of the protected zone [100]. To mitigate the issues
brought by asynchronous communications, sensory networks are suggested [102], which add up to
the complexity and hence the difficulty of the practical implementations.Energies 2019, 12, 1001 18 of 32 
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Figure 17. Differential Protection Scheme Schematic Diagram [24].

3.1.7. Artificial Inductive Line Impedance (AILI) based Protection

Event based fault classification method has recently been developed by combining non-unit and
unit protection techniques [103]. This method utilizes artificial inductive line impedance (AILI) in each
feeder of DC ring bus system to identify fault type with the help of di/dt values. To be more specific,
fault types are categorized as: a bus fault, an interconnected fault or adjacent feeder or a bus fault.
The protection method is based on three stages that is, classification of fault, identification of fault and
finally the isolation of the fault. It is reported that the suggested technique can isolate the fault within
30 ms [103]. There is no fast communication and synchronization required between the units and less
data is transferred as compared to differential protection scheme.

Specifications for the sources attached are given in detail; however, the cable impedance and its
length specifications are difficult to design. Inaccuracy and difficulty for classifying high-resistance
fault is the major drawback of this method which may limit the feasibility of this protection scheme.
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3.1.8. Summary of DC Fault Detections and Isolations

Techniques discussed above for detecting and isolating fault generally rely on communication
among protective devices. Such techniques divide the network into zones and sends signals to the
devices in other zones, where it tries to detect the faulty region accurately and isolate it. However,
this communication among the devices introduces operational delays in fault detection and isolation
which makes the protection critical in such cases.

Based on the investigation above on different protection schemes for LVDC distribution system, their
working principles, operating times, functions and applicable conditions are summarized in Table 1.

3.2. Fault Location Schemes

Locating fault accurately is one aspect of a protection system for timely maintenance and system
restoration to increase the resilience of a DC microgrid.

In general, the techniques of fault location can be divided into two types: online methods and
offline methods. Most of the existing techniques for locating fault primarily are based on offline based
methods [24,104–106]. These methods usually employ a probe to inject current or voltage signals
to the main circuit and identify the fault location by detecting the electrical response to the injected
signals. Obviously, extra operating time and manual intervention are required for the offline method.
To reduce the level of human invention and accelerate the post fault maintenance, online methods are
proposed. This subsection analyses different offline and online methods and examines the accuracy of
the different developed techniques.

3.2.1. Offline Fault Location Methods

(a) Active Distance Estimation-Based Technique

Distance protection scheme works on the principle of estimating the distance from the protective
device to the fault by measuring the short circuit reactance based on predefined frequencies. Such
methods are widely used for AC systems protection; however, very small series cable inductance in
DC systems creates a main challenge for this method to be used for DC systems. Moreover, the term
of fundamental frequency is no longer a predefined default value to define the impedances of a DC
system in transient [81].

Table 1. Comparison of Different Protection Schemes for LVDC Application.

Protection
Schemes Working Principal Claimed Operation Time Proposed

Functions
Suggested

Configuration

Overcurrent [48,88] I > Ith

<2 ms—Low Impedance
Faults & <5 ms—High

Impedance Fault
Fault Detection

LVDC Test Grid based
on IEEE 14-bus system &
Interconnected Topology

di/dt [26,105] Idiff > dI/dt
<0.1 ms—Solid Fault &
<0.2 ms—Low/High

Impedance Fault
Fault Detection Ring Topology

Voltage Estimation
[95] ∆V > Vth <0.5 ms Fault Detection Ring Topology

Handshaking [92] ∆I > ∆ Ith

Takes approx.
<0.3 s

For the complete operation

Fault Detection,
Location and

Isolation
Ring Topology

Differential [24] Idiff =|Iin + Iout| >
Ith

<2 ms Fault Detection
and Isolation

Single bus & Ring
Topology

Artificial Inductive
[103]

Based on
dI/dt

Takes approx.
<30 ms

For the complete operation

Fault Detection,
Location and

Isolation
Interconnected Topology

Active Distance
Estimation [24,106]

Based on
dI/dt & I > Ith

Takes approx.
<60 ms

For the complete operation

Fault Detection,
Location and

Isolation
Ring Topology
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Deriving from similar concept of distance protection of AC systems, active distance estimation
methods for DC Microgrids protections are proposed [24,107]. In such methods, power injecting unit
(which is named as a probe power unit) is employed to inject low-power current or voltage signals of
predefined frequency spectrum to the faulty loop. The voltage/current responses of the signals are
sampled and analysed to estimate the fault distance to locate the fault. To implement, active distance
relays usually incorporate a low power electronics converter as the probe unit to generate the intended
signals. Voltage or current signals with various magnitudes and frequencies can be generated by these
units using full-bridge or half-bridge architectures as shown in Figure 18a [106]. The injection unit can
be embedded into the main DC circuit and share the passive components to save the cost, which is
illustrated by Figure 18b [24,104], where the probe circuit is open during normal operation.

Signal processing analysis techniques, for example Fast Fourier Transform (FFT) and least square
curve fitting, are used to extract the information of the fault impedance from the post-fault data
acquisition over a certain amount of time. Using the mathematical relationship between the fault
location and the fault impedance, the distance between the relay and fault point is estimated [47,48].
Sensitivity of fault location estimation is highly dependent on the mathematical relationship developed.
Therefore, it is essential to carefully consider all the variables and dynamics of the system during fault
transient. This is further elaborated and explained by comparing different research works carried
out in Ref [24] and Ref [107] which uses the same methodology. It is assumed the natural frequency
of the system to be equal to the damping frequency of the injected current which is not true and
also ignored the damping co-efficient of current in calculation; whereas, Ref [107] tried to consider
all the dynamics and variables of the system under fault conditions. Table 2 compares and analyse
the variations in fault distance estimation error by both the methods when a pole-to-pole is created,
where E1 and E2 represents the percentage estimation error by the methodologies adopted by [24,107],
respectively. The comparison shows that it is essential to consider all system dynamics for developing
any mathematical relationship for estimation or system modeling.

Table 2. Comparison of two different methods under same fault conditions [107].

Fault Resistance (in Ω)

0.5 1.0 1.5 2.0

Length (%) E1 (%) E2 (%) E1 E2 E1 E2 E1 E2
20 0.943 0.421 4.231 2.114 8.322 3.887 8.225 5.219
40 0.713 0.212 2.312 0.956 4.856 2.014 8.065 3.843
60 0.708 0.465 1.887 0.692 4.132 1.956 6.759 2.935
80 0.362 0.154 1.342 0.658 2.721 1.343 4.441 2.272
100 0.389 0.184 1.086 0.458 2.473 1.224 3.843 1.943

Ideal enough for a simple DC system as point-to-point, one single probe unit (as mentioned in
Figure 18a) cannot clearly tell the remote fault location when there is a more complicated circuit on the
far end. To locate the fault in a relatively complex system topology, the DC system is suggested to be
divided into different zones where one probe is assigned to each of the zones independently. Even
though the active distance protection demonstrates comprehensive information about the state of the
system. The requirement of probing arrangement with signal injection and high bandwidth measuring
unit for each node increases the protection system cost. The interaction between different probes and a
more sophisticated DC system topology may significantly add up to the complexity of such scheme.
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3.2.2. Online Fault Location Methods

(a) Derivative Based Technique

To provide faster fault location, online methods to estimate the fault location are proposed by
measuring the voltage, current and di/dt values in a transient stage locally in a radial DC distribution
system [108,109]. These methods are based on developing linear relationship between di/dt and the
fault loop impedance. Fault inductance from the protective device to the fault point is estimated
by using these measured values for distance estimation. The suggested time for fault detection and
location estimation is assumed theoretically, for example in less than 0.65 ms with an error of less than
20% to effectively build up the linearized relationship between di/dt and the fault location. It is quite
critical to establish an accurate transient model to minimize the fault locating error. This inaccuracy
is added due to the non-linearity of the converters under fault conditions which introduces more
complexity in the system evaluation. Time to locate fault, distance estimation error and DC microgrid
modelling inaccuracies make this method difficult to be generically applied to a multi-terminal DC
Microgrids with various converter topologies [91].

(b) Noise Pattern Analysis-Based Technique

Locating earth fault in unearthed system is one of the major difficulties in DC Microgrids.
This is due to the insignificance of fault current under such faulty conditions. Most of the fault
locating techniques cannot locate pole-to-ground fault for unearthed system. To address this issue,
pole-to-ground fault locating technique based on Multi-Resolution Analysis (MRA) using wavelet
analysis is proposed [110,111]. MRA is a technique used to extract significant features from the signal
with higher resolution [112]. By analysing the electrical noises over a period of time, wavelet analysis
technique is used to recognize inherent high frequency noise patterns. Presuming these specific
patterns are introduced by interaction of parasitic inductances and capacitances with the switching
patterns of power electronic devices, the information of earth faults can be extracted from the analysed
feature of the noise signals. This method does not require any additional signal generating equipment,
voltage or current measurement or communication among devices.

Nevertheless, the technique is suggested to work under the following conditions: (1) The system
is unearthed or having very high impedance; (2) Creates a circuit loop with parasitic circuit elements
through earth; (3) The presence of an excitation in the ring circuit; (4) Fault signal characteristics should
be significantly relevant to fault location and (5) Noise signal should be measurable [110]. For a DC
microgrid with a relatively sophisticated structure, for example a system with multiple terminals,
various types of converters and variable switching frequencies, the fore cited conditions may become
quite demanding to completely fulfil.
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(c) Voltage R esonance-Based Technique

For VSC-based DC system, voltage and current resonance are initiated by the discharge of terminal
capacitors after a short-circuit fault [111,113]. Such resonances can go through VSC-link capacitor,
cable resistance, cable inductance and fault resistance and form an RLC resonance circuit in fault
transients. By defining a relationship among the cable parameters (i.e., cable inductance and resistance)
during the resonance behaviour of the circuit, a voltage resonance based fault location scheme can be
developed [113]. Such scheme develops two separate relationships under solid fault and resistance
fault conditions. Then, Prony’s method is applied to solve the transient circuit based on the RLC circuit.
These results of the impedance values are then used to estimate the distance of fault location. Though
the method does not use any communication links for fault location estimation, the accuracy still relies
on the accuracy of the linearized RLC modelling and its consistency to the data acquisition.

(d) Transient Peak Current Based Technique

Given the fact that the values of both transient peak current and steady state fault current are
closely relevant to the fault impedance, they are suggested to be used for online fault location as
well. By developing a linear relationships among dc side resistance, inductance and transient peak
current over a prolonged process of post-fault oscillations [114], the total inductance in the loop can be
obtained. As a drawback, the use of steady-state current profile also implies that the semiconductor
devices have to be able endure a let through energy (i2t) for longer time, which requires the ratings of
the semiconductor and/or the fault current limiting devices be sufficiently large to survive after those
most severe faults.

3.2.3. Summary of Fault Locating Techniques

Locating fault accurately with less network shutdown time is still a challenge. As various
researchers have developed offline techniques for locating fault where all of them requires a separate
signal injection unit (probe unit). These signal injection units add extra cost and increases the
additional delay in the restoration of the network. Whereas, online methods for locating fault
depends on the accurate circuit modelling of the system by considering the system’s dynamicity
under fault conditions. Therefore, online techniques developed till date are not matured enough for
their practical implementation.

Finally, Table 3 compares all the developed fault locating methods based on their operation
criteria, indicative estimated time for locating fault, fault type that can be located and the maximum
distance estimation error.

3.3. Other Protection Schemes

Artificial Intelligence Protection Scheme:

Artificial Intelligence (AI) has been extensively used in designing control and in developing
protection schemes for power systems [115,116]. Various AI techniques have been investigated and
proposed to be used for LVDC power system protection. Among them, Artificial Neural Network
(ANN) technique is demonstrated to be a promising route for detecting and locating fault in DC
Microgrids because of less development cost [117]. By collecting significant amount of data from the
directly sampled faulty signal, it can effectively detect and locates the fault in the DC system. However,
significant amount time has to be used for data collecting and algorithm training. To achieve satisfactory
performance, the statistical modelling has to be highly consistent to the practical implementation,
which in turn demands the collected data to be highly accurate. In this case, the signal noise and
incorrect sampling may play a part in increasing the chance of protection malfunction under normal
conditions [118,119].
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Table 3. Comparison of Different Fault Location Schemes for LVDC Application.

Fault Locating
Schemes Type Indicative Fault

Locating Time
General Proposed

Application
Indicative Max.

Error

Active Distance
Estimation

[24,104,106,107]
Offline 20 ms Pole-to-Pole fault

only 7%–8%

Derivative based
[108,109] Online 0.65 ms–0.75 ms Pole-to-Pole &

Pole-to-ground 2%–20%

Noise pattern
based [110,111] Online - Pole-to-ground in

unearthed system -

Voltage Resonance
based [113] Online >1.6 ms Pole-to-Pole only <1%

Transient Peak
Current based [114] Online >2 ms Pole-to-Pole only <13%

Signal processing techniques, for example FFT and wavelet transform (WT), are proposed to
extract the features of the faulty signal. In such techniques, extracted features of faulty signal are given
as an input to ANN for fault analysis based on data collection over a significant period of time [116].
Whereas, wavelet transform has the ability to disintegrate signal into its frequency components with
different resolution levels. As compared to FFT, wavelet transform characteristics make it reasonably
effective to be used in ANN based protection schemes. WT is applied on a signal for extracting
features of the signal. These features are then compared with the pre-defined normal signal which is
used to determine the abnormality of the signal resulting in the detection of fault in the system [120].
On the other hand, the extracted characteristics are not similar for all DC system configurations.
Hence, implementation of protection scheme using these techniques cannot be standardized for all DC
systems as it requires restructuring on the basis of each distribution feeder characteristics. Further,
some mathematical predictive modelling techniques based on Fuzzy logic have been developed to
incorporate the non-linearity of DC-DC converters under fault conditions [121–123] However, these
models have not been implemented yet on practical basis in LVDC networks, therefore still requires
practical validation in this field.

Time consumption in training process and the data consistency with the practical implementation for
each system are the major drawbacks for ANN based protection techniques. Moreover, the requirement of
faster protection algorithm in DC Microgrids may also restrict the use of such techniques for those severe
DC faults [24].

4. Post-Fault Restoration in DC Microgrids

DC Microgrids resilience is highly dependent on the post-fault restoration of the faulted
part [124,125]. Therefore, after accurately locating the fault, fast restoration of the non-faulty part
is desirable to ensure a minimum outage duration [126–128]. Though post-fault restoration is one
of the essential part of protection; very few investigations have been reported apart from those
source-current-blocking based schemes.

Considering the non-availability and/or high cost of commercialized fast CBs, the
blocking-and–reclosing all the DC sources after a fault is considered to be a safe restoration strategy.
This is based on the fact that after blocking all the fault current sources, there will be no sustained fault
current to damage the semiconductor devices and there is no need to break a large DC current any
more. As is suggested in the “handshaking protection technique” [92], after blocking all the energy
sources, fast dc switches can be used in the dc system to re-close the healthy lines. After one certain
DC switch is reclosed, message of the healthy condition of the line is acknowledged by DC voltage
signalling. Only when the dc line voltage on the other side of the switch becomes equal to the dc
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voltage of the converters terminals, the reclosed DC switch will stay closed. Eventually, all the other
converters reconnect themselves to the healthy lines one after another.

Similar to the “handshaking” method, DC Microgrid restoration process in the “block-and-reclose”
scheme with DCCBs or terminal converters with self-blocking capability can also be used to block the
sources and then reconfigure the network [129]. The blocked converters during dc fault are restarted
again if no fault is detected in that part of the grid. Decision for reclosing is based on the residual
voltages and currents of the rest of the circuit. Circuit breakers of the healthy part of the DC Microgrid
are reclosed once the faulted part gets isolated. The determination in tripping/reclosing sequence and
the possibility of a much more frequent system outages, though temporarily, is the major challenge
of such block-and-reclose scheme which may lead to the complaint of the end-user customers in a
distribution power system. Obviously, the use of block-and-reclose restoration scheme is a trading-off
between equipment safety and power supply reliability, which is built upon the absence of generic
fault isolation scheme without affecting the healthy lines.

5. Conclusions

This paper demonstrated and investigated the current status of research on the implementation of
protection scheme in LVDC distribution system. Since power electronics devices are highly vulnerable
to over-nominal transients, a DC fault may lead to severe damages to the converter in a very short
period of time. Significant rising rate of current and rapid voltage drop in DC systems due to low
impedance of DC grid is a well-defined challenge for DC protection design. Fast operating DC CB
has been used in some protection techniques on the expense of additional power devices resulting
in increased losses and cost. The optimization of DCCBs is still under development stage balancing
the cost, efficiency and quickness. Therefore, the characteristics of a DCCB still have to be taken into
account when designing a specific fault detection and isolation scheme.

The selection of system configuration and earthing scheme have a significant impact on the fault
transient characteristics. Different system configurations have different fault transient characteristics
and therefore, protection criteria may vary based on the transient characteristics of the fault. On the
other hand, systems earthing scheme also have a greater impact on detecting and locating the fault.
Such as, it is very difficult to detect a pole-to-earth fault in an unearthed system. Hence, dynamics
of transient characteristics with the change in system configuration and earthing criteria needs to be
considered while designing a protection scheme.

Most of the methodologies developed for detecting and isolating DC fault requires communication
among the relays. Communication based methods introduces operational delays making the protection
inefficient for the DC systems, as fault transient’s di/dt is very high in such systems. However,
Local measurement-based methods for detection and isolation based on mathematical modelling
adds inaccuracies due to the non-linear characteristics of power electronic devices. Locating fault
using current injection technique is one of the commonly used methods which becomes ineffective
for complicated circuits. Further, it increases the cost of the protection system which makes such
techniques highly incompatible for DC Microgrids. Therefore, it is still required to develop an
economical, reliable and effective protection scheme considering all the dynamic characteristics of the
system under fault conditions.

Due to the absence of fast and reliable DC fault discrimination and isolation methods, the available
restoration methods after a DC faults are mostly based on block-and-reclose approaches. In this, entire
network has to be de-energized to allow the reconfiguration of the network. This will certainly
degrade the power supply reliability when there is a large number of customers using the DC
distribution system. Accurate identification of tripping/reclosing sequence is the major challenge in
these techniques which leads to the unnecessary shutdown of the whole system. Such schemes are a
compromise between equipment safety and systems reliability which have been established due to the
absence of appropriate fault isolation technique.
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Hence, protection of LVDC Microgrids is a challenging task and a systematic approach needs
to be considered including converter dynamics, system coordination and control and the fault
contribution from the AC side. Fault detection is still the main bottleneck where it is required to
reduce the involvement of communication between devices to make the protection scheme reliable
and economical.
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