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Abstract: Fault detection and isolation are important tasks to improve the protection system of low
voltage direct current (LVDC) networks. Nowadays, there are challenges related to the protection
strategies in the LVDC systems. In this paper, two proposed methods for fault detection and isolation
of the faulty segment through the line and bus voltage measurement were discussed. The impacts of
grid fault current and the characteristics of protective devices under pre-fault normal, under-fault,
and post-fault conditions were also discussed. It was found that within a short time after fault
occurrence in the network, this fault was quickly detected and the faulty line segment was efficiently
isolated from the grid, where this grid was restored to its normal operating conditions. For analysing
the fault occurrence and its isolation, two algorithms with their corresponding MATLAB/SIMULINK
platforms were developed. The findings of this paper showed that the proposed methods would
be used for microgrid protection by successfully resolving the fault detection and grid restoration
problems in the LVDC microgrids, especially in rural villages.

Keywords: DC microgrid; fault detection; fault isolation; short circuit; circuit breakers; ring-main
system; protection system

1. Introduction

Fast and effective fault detecting and isolating in any DC microgrid (DCMG) is still
challenging, where researchers are considering the application of DC circuit breakers (DC-
CBs) and relays for fault detecting and isolating the faulty part of the microgrid [1]. Micro-
grid systems are autonomous and independent systems, that are capable of self-controlling
and protecting system necessities [2,3]. Several customers in rural LVDC distribution
networks experienced long periods of electricity outages due to the lack of an appropriate
strategy for network protection [4]. Therefore, protection is considered the backbone of
the sustainability of any DCMG network. Different types of fault detection and isolation
schemes that were previously used have been proposed in [5]. Instead, [6] classified the
fault detection methods as current derivative protection, differential protection, distance
protection, directional overcurrent protection, and overcurrent protection. The authors
of [7] proposed another method for fault detection called the resistance-based method
where the selection of the faulty branch was completed in a few milliseconds.

Comparing DC with AC microgrids (ACMG), DCMG has more advantages related to
efficiency (no energy conversion), cost, and scalability [8]. The key challenges in protecting
the DCMG network are the absence of procedures and standards as discussed in [9]. In
smart DCMG networks, grid relays are installed on the protective equipment for sensing
and controlling faults in the network, and communicating with their DAB converters [10].
The currently available protection schemes for LVDC consist of the shutdown of the whole
network during the fault occurrence [11]. In this paper, the proposed LVDC microgrid
protection with fault detection and isolation consists of quick fault detection and isolation
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of the faulty grid part, resulting in the grid restoration without shutting it down for a long
time. According to [12], despite numerous advantages of DCMGs, their protection systems
suffer from quite a lot of challenges such as grounding and lack of natural zero-crossing
current. The high magnitude of the fault current change is a challenge for securing a DCMG
and causes significant difficulties in establishing specific rapid methods for fault detection
and isolation in the network [13]. In the LVDC microgrid, the rate of rising faults would be
significantly high, resulting in the cause of severe damage to the MG structural components.
Therefore, power protecting devices (PPDs) were employed for protecting the DCMG
networks [14]. Referring to [15], it was reported that the perfect selection of the reclosing
sequence of the grid is the major challenging technique in the grid protection system, which
leads to the preventable whole grid system shutdown. Therefore, the purpose of this paper
will be to select a suitable and quick method, where the faulty section would be isolated
from the grid through the PPDs followed by automatic grid re-energisation. After being
inspired by the above studies, the principal contributions of this paper are summarised
as follows:

e  Detailed study of the LVDC microgrid networks, their topologies, possible faults in
the LVDC microgrid, power protective devices, and fault protection method.

e  Selection of the suitable and quick method for fault detection and isolation of the
faulty segment in the LVDC microgrid network to efficiently protect that network.

e  Analysis of the fault current into the LVDC microgrid.

The rest of this article is subdivided into five consecutive sections. Section 1 introduces
the LVDC microgrid and the article’s contribution. Section 2 discusses the background
of DCMG topologies and their protection systems. Section 3 discusses the materials and
methods used to carry out this research. Section 4 presents the results and discussion of
this work. Lastly, Section 5 discusses the conclusion of the paper.

2. Background of DC Microgrids and Their Protection Systems

In this section, typical microgrid topologies are discussed. Additionally, possible
faults that most of the time happen in the DC microgrids with their protection methods
are analysed. Protective devices, fault detection methods, and DCMG topology for fault
detection are discussed. According to [16], DCMG protection is an important option for
power system studies and the major objective of DCMG protection strategies is to improve
the overall reliability of the system. Thus, a smart protection scheme could be provided
such that it employs the flowchart which can solve the network protection problems due
to the appropriately designed topologies [16]. For better grid protection performance, it
is essential to reflect on the impacts of currents injected from DAB converters into the
grid during fault occurrence. Since the fault is not detected, switches in converters are not
blocked, and the control systems keep the normal control strategy during this period [17].
To determine the influence of fault current injected into the grid, it is essential to consider
the converter control effects on the characteristics of the transient fault.

The DCMG topology can be categorised into three main types; (1) single bus, multi-
bus, (2) meshed, and (3) loop or ring [18]. An example of a DCMG topology is presented
in Figure 1, where different distributed energy systems (DESs) and DC loads are intercon-
nected to form a ring-main type, where loads and power sources are interconnected to
form a ring system. Comparing the ring type with other types, the ring-main topology was
selected and its advantages compared to other topologies were analysed [19].
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Figure 1. A typical ring-main topology of a DCMG.

2.1. Possible Fault in DC Microgrid

The fault can happen at any segment of the grid network. The fault detection and
isolation also may dramatically affect the grid system performance as a result of protection
strategies [20]. When any fault occurs in a DCMG, it causes the fault current to go through
an unsuitable path, resulting in damage to the system equipment, which also leads to a
power outage. It was found that the danger of the grid fault depends on the fault current
level, voltage level, and fault location [21]. The study of DCMC protection is mainly based
on the control for grid stable operation. According to [22], the DC fault is classified into
short-circuit and arc fault, as shown in Figure 2 [22,23], and in this work, short-circuit with
line-to-line fault was considered. Two categories of short-circuit fault line-to-ground and
line-to-line fault were discussed in [24]. Ground faults occur due to the objects falling on
the power line, such as trees, which create a path to the ground [24]. The line-to-ground
fault also occurs in the MG network due to the ageing of grid components and their
physical contacts.

DC microgrid fault i

G ) G ]

Line-to-line fault | |Line-to-ground fault | [Series arcfault | |Parallel arc fault

Figure 2. Possible fault types in the DCMG system.

Line-to-line faults may result from an object falling across the negative and positive
power lines. It may also happen during the switching device failure, which causes the
power lines to be short [10]. It was found that during short-circuit fault in the DCMG, the
line resistance will tend to zero or minimum value, while its current will tend to infinity or
maximum value [25,26].

2.2. Network Protection and Fault Detection in the DCMG

The main objective of the protection scheme in the DCMG network is to quickly detect
the fault and isolate it at any power line [27]. Thus, when the fault happens, the fault
current in the DCMG would increase to 100 times the rated current. The main objective
of smart MG protection when a fault is identified is that the trip signals must be sent to
the DC circuit breaker for isolating the faulty section to prevent the MG components from
being damaged [6]. The protection of DCMG systems employs numerous types of PPDs
such as CBs and overcurrent relays [27]. The DCMGs can be protected by preventing them
from reaching their current limit, where the grid components can be damaged [28].
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In this work, the proposed flowchart for DCMG protection involving the process
of detecting the fault up to its removal is shown in Figure 3. The DCMG presents some
challenges for protection systems; refer to [1,27]. There is a difference in fault clearance
in AC systems in comparison with DC systems [1]. The common methods used for fault
detection in DCMGs were discussed in [2]. To optimise the time for short-circuit fault
detection, different types of PPDs are used in DC systems [15]. According to [3], the
requirements for a typical CB to be used for DCMG are described. First of all, this CB
might be able to rapidly trip with adequate breaking aptitude. The five kinds of PPDs
that are used for interrupting the DC fault are described in [29]. Important fault sequences
from the event where the fault happened to that where the fault is isolated in a DCMG are
developed in [30]. Thus, after fault locating, the quick restoration of the remaining non-
faulty section of the MG line is desirable for ensuring a minimum power outage time [15].
According to [31], during the design of the protection strategy, the following factors must
be considered: fault types, fault positions, and grounding system.

Microgrid Protection system

Fault detection Fault location Fault isolation

b

v

Y Y Y

Recognition of the fault Estimation of the faulty | | Disconnection of the faulty
occutrence in the DC part location in the part of network and
network network testoration of the grid

Figure 3. Proposed flowchart for protection schemes for a DCMG system.

Normally, a DCMG system is working without fault. At the time the fault is occurring
in the grid, proper fault localisation is essential for minimising the fault effects, otherwise,
this would disturb the healthy sections of the MG. Referring to [32-34], the methods for
localising a fault were discussed as follows: (1) The online-based fault localisation method
and the key benefits of this method are (i) reliable, (ii) robust, (iii) capable, (iv) fast, and
(v) able to accurately locate the fault [35]. (2) The offline-based fault localisation method,
which is focusing on the pre-setting of the voltage or current threshold value in which the
tripping signal will be given [33]. (3) Another method is applied by voltage or current
measurement at each network bus, which can determine the abnormal changes in threshold
MG ratings [27]. It was reported that a sudden decrease in the DC voltages and increase in
current is considered as an indicating parameter for detecting the fault in the network [32].
In this paper, other methods for detecting a fault in the LVDC microgrid are proposed.

2.3. Rural Village LVDC Microgrid

At present, there is an increase in demand for LVDC microgrids compared with
AC microgrids, where they are most commonly employed in rural villages. To meet
the demands for the DC grid for electrifying the rural village, grid network protection
is important [36]. In this work, the network topology is designed to be installed in a
rural village, powered by the solar PV system with battery storage, and far away from
the national grid. The grid network owner must improve the efficiency of electricity
supplied from the MG to the rural customers. This is due to the increase in the system
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equipment failures and power supply outages; the system protection is critical once the
fault has remained in the grid without being isolated [37]. Thus, rural MGs provide many
benefits due to the replacement of the low-value energy resources being locally used with
the higher-value energy resources for improving the community life standards including
education, productivity, safety, and health [38]. It was concluded that the LVDC microgrid
configurations can be proposed as suitable solutions that provide reliability to the electricity
access for remote villages resulting in higher efficiency, the performance of load-sharing,
stability, and aptitude of being coupled to other DC energy or storage units [39].

2.4. Proposed Topology for Fault Detection

The proposed structure from the previous work for the case study of Kagoma Vil-
lage [19] was upgraded into Figure 4, which consists of a DC source, the DAB converter that
creates the interface between the DC loads DC sources, two DC loads, and grid relays by
considering a ring-main network type. Referring to [35], this DAB converter has capacitors
that are connected to the load side of the DCMG for absorbing the higher-frequency ripple
current. According to [40,41], this DAB converter possesses numerous advantages such as
good power density, bidirectional power flow, galvanic isolation, etc. This is undertaken
because the low impedance which is offered by the grid cable is not capable of limiting
the high rate of the fault current rise. Referring to [42], it was reported that the ring-main
distribution system has a noble system efficiency compared to the topologies for the case of
a remote village.

c-M
DAB
FaultatL3 CB?
i |CBZ Faultat L1

?& Hq::p |

c2 C1 e CB3

CBS

CB4
Load two D_IE —I—D Load one

CB6 = o (BS

\ Fault at L2

Figure 4. Proposed DCMG with possible line faults (F-L1, F-L2, and F-L3).

In this paper, it was considered that under normal operation the DAB operates based
on the conventional single-phase shift strategy. However, when the fault is detected, the
DAB converter stops the feeding of current into the DC network and starts a checking mode
where it injects pulses to determine whether a particular segment of the grid is faulty or not.
Generally, the DAB converter is used to detect something wrong within the grid system
and can block the fault current. The ring-main topology used in this paper is recognised
as more expensive due to a greater number of grid relays, but it is resulting in additional
advantages compared to other topology types [25].

The proposed LVDC ring-main system with possible fault occurrence and their re-
spective relays is shown in Figure 4. To ensure the fault checking at each point shown in
Figure 4, this circuit consists also of six-line segments, where segment one is composed of
three circuit breaker relays (CB1, CB2, and CB9), segment two (CB2 and CB3), segment
three (CB3, CB4, and CB5), segment four (CB5 and CB6), segment five (CB6, CB7, and CBS),
and segment six (CB8 and CB9). In this paper, the process of fault detection according to
Figure 4 is assumed clockwise, i.e., from CB1 to CB2 and ends at CB9. This is undertaken
for simplification because the location where the fault is occurring is unknown, and from
this reference direction, the faulty section will be determined. Initially, it is assumed that
a current will flow from the grid source with the main current source (Icy), passing into
the DAB converter (to boost the voltage source up to 200 V) and entering the ring-main
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network in two directions: C-1 and C-2, where C-1 denotes a right-side current direction
(Ic1) and C-2 denotes a left-side current direction (Ic1), as formulated in Equation (1).

Iem =1Ict + 1 1)

From Figure 4, it is assumed that the faults can either happen in line 1 (between CB2
and CB3), line 2 (between CB5 and CB6), or line 3 (between CB8 and CB9). It is considered
that there is no operator (human interaction) to suddenly remove the cause of the fault
when this fault happens. Once the faulty line is successfully isolated and de-energised
the current will be cut by the CB from that line, and only the current will flow from the
remaining healthy grid side. The study of reclosing scheme in the LVDC microgrids could
be used to significantly expand the reliability of MG operation [1].

3. Methods and Materials

In this paper, it is assumed that once a fault is detected in any line or bus segment, the
PPDs will be enabled to isolate that faulty segment for restoring the grid. The fault detection
and its isolation in the LVDC microgrid were accomplished through the implementation
of the algorithms and simulated into the SIMULINK platform in the interval of 1.4 s. In
this paper, two methods named bus fault search and line fault search for fault detection
and isolation were proposed and analysed; refer to the flowcharts from Figures 5 and 6,
respectively. Both methods were based on the voltage measurement, where a faulty segment
of the grid would be identified and the decision of the fault location is taken by looking
at the sudden increase in current and drop compared with the rated threshold values of
current and voltage simultaneously. The voltage characteristics are provided after the DAB
converter injects the pulses of the current into the grid for testing if the fault is in a specific
grid segment using the two methods shown in Figures 5 and 6. The first method, named
bus fault search, relied on the voltage measurement through each CB bus where a faulty
bus segment would be identified and isolated from the healthy remaining bus segments.
After isolating the faulty segment, the next step was to re-energise the grid and bring back
the customers into electricity comfort, as shown in the algorithm in Figure 5. From this
method, once a fault has occurred at any unknown grid bus, the DAB converter sends the
current signal into the grid relays to open the CBs where there is no more current flow in
the network. To start fault searching, the DAB converter sends the current signals in the
grid for tripping the bus (CB1), and then the bus voltage is measured. Once the bus voltage
is increased, it means that there is no fault detected. However, once this measured voltage
is not increased i.e., almost zero, the fault is detected and the fault bus segment is isolated
from the network followed by the grid restoration.

The difference between this method with the first one is that the fault is occurring
at any grid line, and the technique for detecting the fault is based on the line voltage
measurement across the two line relays of both ends of the tested line. Here, a fault is
detected once the measured line voltage is not increasing or equivalent to zero by following
the steps shown in Figure 6. In both methods, it is assumed that during normal operation,
the current and voltage are constantly working at rated threshold values. Under the fault
condition, the protective relays will detect and isolate faulty line segments for ensuring
the normal operation of the remaining healthy line segments. For simplifications during
design and simulation, it was assumed that the DAB converter represents the power source
in the considered DCMG network. Thus, the converter nominal voltage at its high voltage
side (HVS) under normal operating conditions (Vy,) was 200 V, while the converter rated
current at its high voltage side (HVS) under normal conditions (Is,) was 5 A as shown in
Table 1. These threshold values were considered as the output from the HVS of the DC-DC
converter, where the rated values from the grid source were discussed by the authors
in [19], and this converter acts as the interface between the grid DES (at its LVS) and the
load (at its HVS).
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Fault occurred in an unknown bus of MG and
DAB converter cuts the MG current flow

v

DAB converter sends the command to open CB (1), and injects current
pulses into the network to check if the fault is in bus (). [1=1]
Fault search is from CB (i) to CB (N)

Does the voltage in bus (1)

increase?

Converter closes CB (1), and opens CB (i+1).
Then, inject current pulses into the grid to
check if the fault is in bus (i+1)

h 4

Fault is detected and faulty bus
segment is isolated from the grid

y v

Grid is restored waiting the removal No fault detected and the
of the cause of the fault system is restored

Figure 5. Fault detection using bus fault search by opening and closing individual CBs.

Fault occurred in an unknown line L of MG and
DAB converter cuts the MG current flow

v

DAB converter open two CBs [CB (1), and CB (1)] and injects current
pulses into the network to check if the faultis in L (1). [1=1]
Fault searching is from L(1) to L(N)

Does the voltage in L (i)

increase?

Converter closes CB (1) and CB (i+1), then opens
CB (1+1) and CB (1+2). It injects current pulses
into the grid to check if the faultisin L (1+1)

y

Fault is detected and faulty bus
segment is isolated from the grid

YES

h 4

v
Grid is restored waiting the removal No fault detected and the
of the cause of the fault system 1s restored

Figure 6. Fault detection using line fault search by opening and closing two nearby CBs.




Energies 2022, 15, 4460

8 of 16

Table 1. Ratings of DCMG components for the study case.

System Component Rating
Converter nominal voltage at HVS (Vi) 200V
Converter rated current at HVS (Iy,) 5A
Rated power 1000 W
Frequency of operation 100 kHz
Line resistance 0.81508 mQ)/m
Line inductance 0.1 mH/m
Length of grid cable 500 m
Converter low-voltage side 48V
Converter capacitor 50 uF

In both used methods, both line voltage (Vine) and bus voltage (Vi) are compared
with the rated threshold voltage (Vy,) as shown in equation (2). Under normal operating
conditions, these three voltages are of the same values and during the fault, Vijne and Vi
become less than Vy,. Consequently, Viine and Vi,,g decrease and collapse to zero. This is
associated with the sudden increase in line current for a short moment, where also it drops
to zero. During this research, the system components and their ratings are presented in
Table 1, where the types of used power cables are found in [43].

VLine (Vbus) < Vth (2)

In this work, the proposed system protections with fault detection, identification,
and isolation are constructed through SIMULINK/MATLAB as shown in Figure 7 with
a ring-main system. In this model, the threshold values of voltages are compared with
simulated values in the whole interval from 0 to 1.4 s. From this model, the faulty segment
was detected and isolated from the healthy grid network, where the voltage and current
values under normal operating conditions are compared with those under fault conditions.
At this time, the block diagrams of the network between the DER source, DAB converter,
and fault detection logic in a ring-main system with the CBs display were shown.

vdc

“_”552

¥

iprim 3

CB displays

DAB converter

Fault search algorithm

Source parameters under normal operation

contactor_output

Continuous

Fault detection logic Ring- main system

Figure 7. Simulink model with PI controller for fault detection logic and renewable energy source
parameters normal operation controller.

4. Results and Discussion

The proposed fault detecting and isolating methods employed in DCMG systems are
analysed in this section. Here, the tripping devices (i.e., protective relays) could reliably trip
within microseconds for limiting the effects of the fault in the network. In this work, the
ring-main system is fragmented into line sections and each section is monitored by a DAB
converter which is used to send the current signal to the relays (located at each bus) for
opening or closing the corresponding grid CBs. Once a fault is detected, the relay receives
a command from the DAB converter for opening its assigned CB of the corresponding line
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as presented in Figure 8, and these CBs could be automatically closed once there is no fault
detected or when the faulty section is isolated from the network.

T T
1 [—— cozsignal]
=
?
o
= 05[ Fault detected 7
o
1}
ok
Il Il Il Il Il Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
T T T T T T T T T
1 [——cBs sgna |
=
?
o
= 05[ Fault detected 7
O
1}
0 |-
Il Il Il Il Il Il Il Il Il

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(sec)

Figure 8. The CB2 and CB3 signals under grid fault occurrence at Line-1.

During this case refer to Figure 8, where the fault is detected in L-1 at 0.5 s; the
corresponding relay is acting in the way that the CBs of the faulty line would open and
de-energise the fault segment. If the faulty section is successfully de-energised, the relay
attempts to send a command for reclosing the protective relays for restoring the faulty
section but it fails, and the reclosing will be achieved once the cause of the fault is removed.

Once fault checking is complete without fault recognition (the same case as normal
grid operation), all grid relays are switched-on as shown in Figure 9; for ensuring the
current flow in both directions refer to Figure 4. Once a short-circuit fault is detected in any
part of the grid (see at 0.5 s in Figure 8), all CBs are tripped to cut off their respective current
flow in the specified faulty section of the MG. This is accomplished in a short period to
avoid the MG structures becoming damaged, and so that customers do not lose electricity
comfort for a long time. Figure 8 shows the position of two CBs in the segment under fault,
while Figure 9 shows the positions of two CBs under normal operation.

T T T T T T T T T
1
ﬂc=> Normal operation
I < >
< 0.5 > i
(,? No fault detected
- Fault search
or i
1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
T T T T T T
1
.
(e}
1l
< - -
< 0.5
(e}
I
ok i
1 1 1 Il 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(sec)

Figure 9. The CB5 and CB6 of the MG under normal operation, fault searching, and no-fault detected
at Line-2.
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4.1. Bus Fault Searching by Operating Individual CBs in the Microgrid

The simulation results in this section were obtained following the methodology from
the flowchart in Figure 5. Quick fault detection and the isolation of the faulty part of the
LVDC microgrid are necessary for keeping the grid customers in electricity comfort, and
the grid remains safely protected. Therefore, possible technologies and methods could be
applied for reaching the above goals. In this paper, the first proposed method was to search
for where the fault was occurring by considering each bus in the network. Referring to
Figure 10, it can be seen that during normal operation, the rated current continues to flow
without any blackout and variations as this current was injected from the DC-DC or (DAB)
converter HVS. In this study, the threshold values of the currents and voltages when the
MG is under normal operation are shown in Table 1. Initially, refer to Figure 10 during
normal operating conditions (from 0 to 0.175 s.), no fault was detected and both current
and the voltage are at their threshold rated values. When a fault is detected, the voltage is
suddenly dropped to zero, while the current is transiently increased to its higher value and
then dropped to zero. Therefore, the fault searching is started by opening the bus-1 using
CBI1 and letting the DAB converter inject pulses of current into the grid to see if the fault is
there and continue to do so for CB2, CB3 up to the last CB.

1 1 l 1
J B I cBa I ce7
. 0.8 . 0.8 - 0.8
g g 1
o 08 406 & 06
5 0.4 6 0.4 5 0.4
[} I I
T o2 T o2 T 02
0 0 0
1 1 ] 1
I cB2| | cBs J  cB8
08
0.8 0.8 5
§ §| & 06
d 06 Jd o6 £ o4
£ I Qv
O 04 Qo 04 < 02
[} I )
T o2 o2 0
0 - 0 L 0 02 04 06 08 1 12 14
1 _— T
J cB3 CB6
08 + 0.8 g Bus Voltage
i Q 2 100
o 08 & 06 g
£ £ d 0
S 0.4 3 0.4 £
X o2 - 02 > 00
0 0
| 1 i | L | | | I ] / L -200 : -
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
Time (secs) Time (secs) Time (secs)

Figure 10. Bus fault searching by opening and closing each relay in the DCMG with the fault detected
at CB8in 0.9 s, and the faulty part was isolated, then the grid was re-energised.

Here, when the fault is detected it refers to the voltage characteristics when there is
no voltage increase (remains at 0 V) as discussed in Section 3. If the fault is detected, the
relay will isolate the faulty bus segment from the healthy network and the DAB converter
activates/closes all relays of the healthy part for restoring the grid network. It is observed
that the fault is detected the bus-8, where this faulty bus is isolated (remains at 0). It
is clear that during the fault searching when the fault is detected (from 0.2 to 1 s), the
measured voltage value is zero (0 v), i.e., less than the threshold value of 200V as indicated
by Equation (2). Once the faulty bus segment is isolated, the grid is restored and the
customers are back into electricity comfort, as shown after 1 second. The advantage of
using this method is that the fault can be detected once it is occurring at any grid part, but
it suffers from a long time that it could take to detect the fault and isolate the faulty part of
the MG because each grid bus must be checked.
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4.2. Line Fault Searching through the Two Nearby CBs across a Line

The simulation results in this subsection were obtained following the methods from
the flowchart in Figure 6. This paper proposed an improved scheme for detecting the fault
and isolating the faulty section in any DCMG network compared to the previous one (bus
fault searching) because it takes a short duration to check all CBs in the grid lines. Here,
the fault searching is achieved by opening the two grid relays located on both sides of a
grid line (for example CB2 and CB3 for Line-1) in Figure 4, where the remaining relays of
other lines will remain closed.

To detect the faulty segment, here the DAB converter also sends the current pulses
into the grid as completed in Section 4.1. As shown in Figure 11, the fault is detected at
L-3, and the two relays around this line open and isolate this faulty line segment, and the
DAB converter activates all relays in the remaining healthy grid part followed by the grid
re-energisation and the customers are back in electricity comfort in a short time after the
fault occurrence. The simulation results show that during normal operation (pre-fault and
post-fault conditions), the fault current is ideally zero as shown in Figure 11 from 0.2 to
0.5 s. When the fault is detected at 0.175 s, the current is suddenly increased to 20 times the
rated value of the current, and at 0.2 s the current is dropped to zero; then the next step
is to search for where the fault is located. As observed in Figure 11, the fault search starts
by opening the two relays in the first line (CB1 and CB2), and then the current is injected
into this line. As observed, the fault is not detected there and those relays are closed, then
the fault search continues to the next line where CB3 and CB4 are opened. Despite the
fault occurrence, it can be observed that the normal current would continuously flow for a
short time (0.175 to 0.2 s) from the DAB converter to the grid network due to the load-side
discharge capacitor because of the fault current blocking conditions. The advantage of this
method is related to the short time it would take for detecting the fault and isolating the
faulty segment of the MG compared to the bus fault search method, and this method is
recommended to be applied to the LVDC microgrid networks. The choice of this method
is also linked to the reduction in the PPDs because one relay can be used to monitor the
status of two CBs around a power line. From Figure 11 it is observed that in 0.5 s the fault
is detected, the faulty section is removed from the grid, and simultaneously the grid is
restored, which is one of the advantages of using this method.
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Figure 11. Line fault searching using a pair of the CBs across each line of the grid, the fault is found
in Line-3 (see CB5 and CB6), where the faulty line is isolated and the grid is restored.
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4.3. Analysis of Current under Normal and Fault Conditions

Fault current analysis in the DCMG network is crucial during the design of a suitable
protection scheme. The rapid increase in the initial transient DC fault current in a short
time of fault occurrence [31], as shown in both Figures 12 and 13 (from 0.175 to 0.2 s),
exposes the grid system to a high thermal and mechanical stress. For avoiding the grid
equipment damage, the fault clearance through the PPDs could be completed in a short
scheduled period. Thus, the DCCBs could be capable of resisting the high fault current.
Load current and grid current are affected by the fault occurrence in the DC ring-main
distribution networks. It was observed that DCMD systems have a high rate of fault current
rise compared to ACMG systems due to the availability of DC capacitors in the output
DAB converters which discharge over a cable of low values of impedance parameters. This
is also associated with a slow decaying of the fault current resulting from the discharge of
the grid inductors. Figures 12 and 13 show these current characteristics during the normal
operation (with a bidirectional current flow from 0 to 0.175 s), fault searching, and after
grid re-energisation (unidirectional current flow). During the normal operation, the grid
current of 5 A is injected into the ring-main DCMG network and is subdivided into two
directions with 2.5 A on each side (Ic1 and Ic2) as a result of bidirectional current flow
during the pre-fault condition (under normal operation).

100 F T T T T T T a

Load current
— — DAB converter (grid) current

80

40 - -

Fault current

20

Current (A)

A
Y

PRE-FAULT Under fault I POST-FAULT (Unidirectional flow) current
= (Bidirectional (Fault search) I I
flow) current I
-40 -
-60
| | L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Time (secs)

Figure 12. DAB converter (or grid) current and load current under normal or pre-fault (bidirectional
current flow), fault searching, and after grid re-energisation or post-fault (unidirectional current
flow) conditions.

As explained in Section 3, a fault current would rise to hundreds referring to its rated
value as shown in Figure 12 between 0.175 and 0.02 s. Under fault conditions, after short
variation followed by the voltage and current are dropping to zero, the next step is to
quickly identify the faulty segment and isolate it. The current pulses available from 0.2 to
0.5 s are due to the relay opening, injecting the current and closing that CB relay, means
that no fault is detected. In this condition, the purpose of sustaining the grid customers’
electricity was achieved first by identifying (or locating) and isolating the faulty bus or line
in the shortest time. Once the fault occurs at 0.175 s, as shown in Figure 12, the tripping
signals were sent to the CB for isolating the faulty line using the method developed in
Section 3. After fault line searching, this fault was localised at 0.5 s, then the fault line was
isolated. After isolating the faulty line (from 0.5 to 1.4 s), the grid was re-energised, which
results in a unidirectional current flow as the ring-main system was converted into a radial
distribution system, where one current direction is cut. Consequently, the DAB converter
current became the same as that of the load (load current was changed from 2.5 to 5 A) as
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shown in Figure 12. Therefore, the whole current from the DAB converter would be the
same as that of the loads in the remaining healthy part after isolating the faulty part of the
LVDC microgrid. Figure 13 shows the fault current characteristics from 0 to 1.4 s. It was
shown that the fault current was zero during normal operating conditions and when there
was an isolation of the fault in the grid. This current started appearing from 0.175 to 0.2 s
when the fault suddenly appeared in the MG, and the level of this current depended on the
fault type and its cause.

100

80

Fault current

<
E) 20 /% Fault current |
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a3 ’
PRE-FAULT! Current under POST-FAULT (No fault current)
-20 (F(No fault | fault search ¥ : .
current)
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1 | 1 1 1 1
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Figure 13. Fault current in the LVDC microgrid during normal operation, during the fault, and when
the fault is isolated.

It was observed that once the fault was detected and isolated from the grid, this
current remained at zero position i.e no fault current detected. Mostly, the proposed LVDC
protection scheme consisted of detecting the fault current in the line and bus segments of a
DCMG system. Looking at both Figures 12 and 13, it was observed that the fault current
became 20 times the threshold value, and the methods for isolating a faulty segment were
discussed for avoiding the whole grid system blackout for a long time, which results in the
customers’ loss of electricity comfort. In practice, an inductor is needed to be inserted into
the output filters of the DAB converters for reducing the above high current fault.

5. Conclusions

In this paper, the methods for detecting the fault and isolating the faulty segment in
the low voltage DCMG system were discussed. The simulation results showed that the
faulty part of the network could precisely and quickly be identified and isolated from the
entire network, resulting in the grid restoration allowing the customers of the remaining
unfaulty part to continue to receive electricity. From the proposed methods, the line fault
searching method was recommended for detecting the fault and isolating it from the grid as
it took a short amount of time to restore that grid after isolation of the faulty segment, which
improved the grid performance. Moreover, it was seen that the design and simulation of
the said method could reduce the time taken to detect the fault, requiring relays inserted at
both ends of the grid line for communicating with the DAB converter. It can be concluded
that the proposed scheme for grid protection may be applied in different DCMG systems
in remote villages.
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Nomenclatures

CB Circuit breaker

DAB Dual Active bidirectional (converter)
PPD Power protective devices

zCpP Zero-crossing point

Icv Main Current (from DAB converter)
Ic1 Current in direction-1

I Current in direction-2

Viine Line voltage

Vbus Bus voltage

Vih Threshold voltage

I Threshold current

LVDC Low-voltage direct current
MG Microgrid

RENGA Resilient Electricity Networks for a productive Grid Architecture
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