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In recent years, low-voltage direct current (LVDC) microgrids are becoming more attractive because they represent a solution to
integrate renewable sources, storage, and electronic loads bringing some advantages in comparison with traditional AC grids.
However, the protection of such a network involves many challenges, especially in the case of LVDC microgrids with more than
one feeder and multiple energy sources. Indeed, the traditional protection breakers used for an AC grid cannot isolate the faults
and protect the components of a DC grid, while the use of solid-state circuit breakers increases energy losses. This paper deals with
the analysis and design of the protection schemes for LVDC microgrids through the combination of mechanical circuit breakers
and hybrid circuit breakers. This solution has the advantage of energy loss reduction but introduces further issues due to the slow
transition times of the mechanical circuit breakers. Thus, a completely decentralized control system capable of overcoming the fast
fault-clearing time, cost-effectiveness, and selectivity issues is designed to protect from pole-to-pole faults. The proposed control
strategy is compared with a centralized protection scheme available in the literature through numerical simulation. The two
algorithms show similar performances, with a mean voltage dip duration of less than 30 ms and a maximum voltage dip duration
of about 100 ms in the most severe fault condition, but the proposed solution is more reliable and flexible since it does not depend

on the communication system.

1. Introduction

Nowadays, the development of power electronics tech-
nology, the wider diffusion of renewable energy sources
(RESs), and the integration of energy storage systems
(ESSs) are supporting the realization of direct-current (DC)
grids [1, 2]. The advantages of a dc grid compared to the
traditional one are well known [3] and include higher
energy efficiency [4] and natural interfaces with RESs,
electronic loads, and ESSs [5]. In addition, dc grids do not
exhibit the typical issues of AC grids, such as synchroni-
zation, frequency regulation, reactive power flow, and
three-phase imbalances.

These advantages combined with the use of controllable
power electronic converters will provide many benefits for

the low-carbon energy transition [6]. In this context, DC
transmission will play an important and increasing role in
the grid for long-distance bulk power transmission with the
aim of interconnecting separate power systems within
a country or connecting the national grids of separate
countries. Moreover, HVDC can be used for the connection
of offshore wind farms [7] and to increase grid flexibility.
HVDC grids can be realized with a multiterminal or a point-
to-point structure that typically carries power between two
different AC areas. Although HVDC is an efficient tech-
nology, some challenges need to be addressed for its wide
diffusion, such as the availability of fast and lossless circuit
breakers, the detection, location, and clearance of faults, and
the availability of HVDC grid codes to achieve technical
standardization [8].
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Over the past few years, low-voltage direct current
(LVDC) has gained great attention from the global research
community as it gives an extensive usage of renewable
energy resources [1, 9]. Compared to an HVDC network, an
LVDC grid works with a low voltage (<1500 Vdc), and thus,
it is less complex from the converter’s and circuit breakers’
points of view, but it suffers from a lack of standardization of
voltage levels and power quality that is still the main
challenge to the widespread adoption of this technology.
Moreover, an LVDC grid has more nodes and components
than an HVDC grid, such as distributed generators, loads,
and energy storage systems which makes the adoption of this
technology more challenging. Indeed, an LVDC microgrid
introduces several converters with various characteristics
into a system with low inertia and without a natural zero-
crossing current with possible stability and protection
problems [10].

In such a system dominated by power electronics, the
design and control of these converters are of great impor-
tance. However, converter control schemes are generally
designed to achieve voltage regulation and current (or
power) sharing [11], but in control design, the power
converters dynamics are often omitted or described by
linear models [12]. However, power electronic converters
have limitations due to their characteristics and topology
which can add further instability to the system. The in-
terface of a load through a converter introduces a constant
power load (CPL) that is nonlinear and time-dependent
and has a negative incremental impedance which can
deteriorate the system stability. Various stabilization
techniques have been proposed in the literature [13, 14]
which are mainly based on ideal CPLs to include their
nature of negative incremental impedance. However, the
assumption of an ideal CPL does not regard the influence of
the controller design and operating conditions on the
system stability. The characteristic impedance of the
converter, its output power, and its control bandwidth
indeed influence the stability margin [15] and must be
taken into consideration in the development of the control
structure of the LVDC microgrid. However, DC microgrids
are a complex system due to a high number of energy
sources, with uncertainty in power generation, non-
linearities introduced by power converters, and the in-
teraction between the dynamics of converters operating
with different modes [14].

Protection is another crucial topic for the future de-
velopment of LVDC microgrids. Indeed, this type of grid
introduces a complex mix of power converters with different
typologies, which require filter capacitors to mitigate the
voltage ripples. In the case of a dc bus short circuit, these
capacitors rapidly discharge into the fault, causing a current
surge with an amplitude that depends on the filter design
and location of the fault [16]. It is worth noting that not all
converters can block the fault current. Indeed, when the
capacitor voltage drops, the antiparallel diodes of voltage
source converters (VSCs) and boost converters will be
forward-biased, and the source will continue to supply the
fault [17] even if the converter is turned off. Because the
diodes can only withstand a certain level of current, the fault
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must be detected and eliminated very quickly to protect the
converters.

To prevent damage and promptly isolate a fault from the
grid, Bui et al. proposed the use of fast-acting fuses, which
can protect a dc microgrid with a short critical fault-clearing
time and limited cost [18]. Nevertheless, this protection
cannot be automatically restored after the fault, causing an
outage in the faulty part of the grid. To solve this issue, Peng
and Huang suggested the use of a semiconductor switch in
series with the capacitor of the dc link [19]. This solution
limits the fast rising of the discharge current of the capacitors
but affects the voltage of the dc grid and cannot prevent the
conduction of the antiparallel diodes of the converters.
Baran and Mahajan proposed a hardware modification of
the power electronic converters through the replacement of
the freewheeling diodes of the VSC with other IGBTs and the
design of smoothing capacitor branches [20]. This solution
makes it possible to quickly limit the fault current, but new
challenges arise in the development of a protection scheme
that can detect and locate faults.

The protection of a dc microgrid faces many challenges
involving fault detection and location, equipment durability,
and fault ride-through capability [21]. Patil and Satarkar
suggested the use of a ring-type LVDC distribution system
protected by solid-state circuit breakers (SSCBs) installed at
the terminal point of each line [22]. This solution guarantees
a high breaking speed and the ability to withstand high
short-circuit currents, but the use of IGBT causes an increase
in energy losses [23]. To protect a multiterminal dc grid with
limited losses, Hernandez et al. suggested a combination of
SSCBs and hybrid circuit breakers (HCBs) [24]. Although
this combination of HCBs and SSCBs reduces the energy
losses, the installation cost increases.

For this reason, this paper proposes a combination of
HCBs and mechanical circuit breakers (MCBs) to reduce
both the cost and energy losses. This paper deals with the
integration of the traditional MCBs and the HCB proposed
in [25]. This novel hybrid circuit breaker can trip the circuit
during normal operation and fault conditions, preventing
overcurrent and overvoltage on the breaker and dc grid’s
components. The proposed structure can also open during
a short circuit using its internal inductances to partially limit
the increase in current.

The use of MCBs reduces costs but introduces further
issues. Indeed, MCBs have slow transition times because of
the need to blow the arc in the extinguishing chamber, and
the lifetime is reduced in the case of high-current in-
terruptions. For this reason, the HCBs and MCBs in a dc
microgrid must be coordinated to protect the system and
reduce the maintenance of the mechanical breaker. In this
situation, it is essential to develop a well-designed protection
scheme. Lazzari and Piegari proposed a centralized con-
troller to coordinate the intervention of the converters and
the HCBs installed in the grid for ensuring protection from
a pole-to-pole short circuit in a low-voltage dc grid [26]. This
control strategy allows fast fault-clearing time and selec-
tivity, but due to its centralized structure, it must be updated
at any new installation of RESs or any time the grid topology
changes. Moreover, in case of faults in the communication
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line, the selectivity of the intervention is not ensured, and the
whole grid could remain out of service until a human in-
tervention restores the correct operation.

This paper deals with the analysis of a completely
decentralized protection scheme for a low-voltage dc
microgrid with several renewable generators, energy storage
systems, loads, and VSCs that interface with the AC grid.
Firstly, the paper analyses the protection issues of LVDC
grids by evaluating the system behaviour during a pole-to-
pole fault using numerical simulations. Starting from the
results of this analysis performed through an LVDC
benchmark, the protection devices’ positioning is evaluated
by considering the installation of both MCBs and HCBs.
Finally, a completely decentralized control strategy is pro-
posed, and it is compared with the one of [26] using nu-
merical simulations of pole-to-pole faults on dc test
microgrids. From the comparison, it is shown that the
performances of the proposed decentralized controller are
comparable with the performances of the centralized one.
Nevertheless, it does not rely on a communication line, and
it does not need to be updated when the grid topology
changes. Finally, the decentralized control strategy proposed
in this paper could be used as the first choice or as a backup
control strategy in case of failure of the communication line.

The paper is organized as follows. Section 2 illustrates the
impact and the issues of a pole-to-pole and pole-to-ground
fault on a DC system and presents a literature review about
protection schemes and breakers for LVDC grids. Section 3
addresses the effect of a short-circuit incident in an LVDC
microgrid to individuate the placement of the HCBs and
MCBs. In Section 4, the centralized protection scheme of
[26] is recalled, the new decentralized controller is proposed,
and finally, these two schemes are verified and then com-
pared resorting to simulations. Finally, some conclusions are
given in Section 5.

2. DC Fault Types and Protection Methods

A fault in a DC system can be classified as (a) a positive to
negative pole short circuit (pole-to-pole fault) and (b)
a positive or negative pole-to-ground fault. A pole-to-pole
fault occurs when a path between the positive and negative
poles is created, and it can be due to a short circuit or an
internal converter fault. The latter is a terminal fault that
cannot be cleared by DC grid protections. However, when
a short circuit between two lines occurs, the fault must be
detected and eliminated very quickly to avoid any damage to
VSCs and boost converters. In this situation, as shown in
Figure 1(a), the DC-linked capacitors C,,, will discharge
through the fault with current i s, limited only by the line
inductance L and resistance R as expressed in

Vdc (O)e— a

Lo, “sin (w,t)

ifuult (t) =
(1)

+ig (0)e [cos (wyt) - wi sin (wyt) |,
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This causes the system voltage to collapse with a con-
sequent impossibility to block the fault current provided by
these converters (Figure 1(b)). Indeed, after the capacitor
discharge stage, the electronic switch §;...S, cannot be
controlled, the antiparallel diodes of VSCs and boost con-
verters D, ... D, will be forward-biased, and the converters
act uncontrollably. The current in the fault during this phase
is expressed in (2), and the current flow through the anti-
parallel diodes:

it (8) = Toe™ ", (2)

where I =i, (t;), where t, is the time when the capacitor
voltage drops down to zero.

The source V is then directly connected to the DC grid
by means of the input inductors L;, and continues to supply
the fault [17] even if the converter components are turned off
(Figure 1(c)). In the case of a VSC, the current is expressed in

ifault (t) = iDl + iD3 + iDS = iga,(>0) + igb,(>0) + igc,(>0)’
(3)

where iy, (50)> igb, (50)> igc,(>0) ar€ the positive values of each
phase current. For i this current is equal to

ga,(>0)>
iga (t) = I, sin (gt + o — ¢) +Igne_t/T, (4)
where w; is the grid angular frequency,
¢ = arctan [w, (L;, + L)/R], 7= (L, +L/R), I, =

(Lo sin(a—¢y) — I sin(a— )], and I, ¢, denotes the
initial grid amplitude and phase. In the case of a boost
converter, the current is expressed in

Vs -()

RC (5)
where 7 = (L;, + L/R). For both VSC and boost converter,
the magnitude of the steady-state fault current is lower than
the transient current, but it remains for a longer period if not
interrupted [27]. Therefore, the diodes will be damaged
without an appropriate protection scheme.

The behaviour of the system during pole-to-ground fault
is strongly influenced by the grounding configuration of the
LVDC and the connected AC grid. In general, the DC
grounding options can be classified into three types:
unearthed DC system, earthed DC system, and solidly
earthed DC system. Compared with other grounding
methods, the unearthed DC system has a lower ground
leakage current, simpler implementation, and lower in-
stallation cost. Moreover, an unearthed DC system provides
better reliability of power supply as the system operation is
not influenced by a single pole-to-ground fault. However, in
the case of a hybrid AC-DC network, in which the neutral
point of the AC grid is grounded on the MV/LV trans-
former, the occurrence of a pole-to-ground fault on the DC
side causes a zero-sequence current flowing through the AC/
DC converter [28]. In the case of an earthed DC system, one
pole or the neutral point of the system is earthed via a low or
a high impedance. A single pole-to-ground fault determines
the circulation of a fault current limited by the ground
impedance. In this case, the main issue is related to fault
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FiGUREe 1: Transient stage during pole-to-pole fault: (1) VSC and (2) boost converter. (a) Capacitor discharging stage, (b) free-wheeling stage,

and (c) current feeding stage.

measurement and detection because the faulty current be-
comes small. Finally, in the case of a solid earthed DC
system, one pole or the neutral point of the system is
connected to the earth without any impedance between
them. In this situation, a single pole-to-ground fault de-
termines a short circuit between the two poles or between
a pole and the neutral point of the system, with the same
issue explained for a pole-to-pole fault.

In general, the impedance of pole-to-pole fault is low,
while the impedance of pole-to-ground fault can be either
low or high [29]. For the analysis proposed in this paper, the
pole-to-ground fault was not considered because although
pole-to-pole faults are less probable than pole-to-ground
faults, this type of fault causes the most serious condition for
the converters [30].

2.1. Protection Devices for DC Microgrid. To prevent damage
and promptly isolate a pole-to-pole fault, different breaker
topologies can be used. A DC circuit breaker must ensure the
following requirements: (i) low power losses, (ii) fast in-
terruption without stress during breaking, and (iii) high
dielectric strength to isolate the two sides of the breaker after
the interruption [31]. Mechanical circuit breakers (MCBs)
are widely used as protection devices in both AC and DC
grids and comply with the first and third requirements.
However, the absence of natural zero-crossing makes arc
extinction difficult. Thus, an MCB cannot offer a quick and
reliable operation [32].

On the other hand, solid-state circuit breakers (SSCBs)
offer a high breaking speed and the ability to withstand
high short-circuit currents [23]. Appropriate power
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semiconductors are used to operate as a circuit breaker
offering the advantage of a very short interrupting time and
the absence of phenomena such as arc, contact erosion, and
bounce. However, the use of IGBT causes higher energy
losses than an MCB. Furthermore, to allow bidirectional
operation, two unidirectional SSCBs must be connected in
“antiseries” causing double the resistance in the on-state of
a unidirectional SSCB, with consequent nonnegligible power
losses for an LVDC system [33]. Thus, the application of the
SSCBs s strictly limited to applications where fast off-
transition is the essential requirement, and the losses are
manageable.

For this reason, recently, considerable progress has been
achieved in combining MCBs and semiconductor devices to
realize HCBs [32]. In an HCB, during normal operation, the
current flows through the MCB which offers a very low
resistance path. When the fault is identified, the current is
commutated from the MCB to the parallel solid-state path
that realizes a fast and arc-less transition from the con-
duction to the blocking state. In this way, the solid-state part
is crossed by current only during the interruption stage,
avoiding the use of a bulky cooling system. Nevertheless, the
cost of these breakers is higher than an MCB, and thus, it is
necessary to resort to a limited number of these devices.

2.2. DC Microgrid Protection. The main purpose of a pro-
tection scheme is first to detect and identify the faulty section
in the shortest possible time. Then, once the fault is rec-
ognized, the faulty section must be isolated to prevent
damage to power electronic devices. Up to now, several
methods have been proposed to detect and identify the
faulty, and the most applied methods include overcurrent,
directional overcurrent, derivative, distance, and differential
protections [23]. Each protection method has different
features in terms of speed, selectivity, sensitivity, reliability,
and cost.

2.2.1. Overcurrent Protection. Like the traditional AC
overcurrent protection, a fault is detected and isolated when
the current reaches values above the overcurrent threshold.
To properly isolate the fault, overcurrent relays must be
coordinated. However, in the DC microgrid, due to the low
value of line resistance and the high value of fault rising rate
in the DC microgrids, the relay coordination based on time-
current curves is a challenge. It may result in either long fault
clearance times or the disconnection of larger parts of a DC
microgrid. Therefore, to improve the selectivity, overcurrent
protections are proposed in combination with under-voltage
measurement [20]. Another solution to rise selectivity
performance is to use a communication link between the
overcurrent relays, but in this case, the infrastructure cost is
highest.

2.2.2. Directional Overcurrent Protection. Directional
overcurrent protection improves the selectivity of an
overcurrent protection introducing the measurement of the
current direction. After a rapid variation in the current and

voltage magnitude, the current direction is sensed and used
for establishing fault location through a master intelligent
electronic device (IED) [34]. The directional overcurrent
protection is suitable for a DC microgrid with a commu-
nication system. Thus, like all communication-based pro-
tection schemes, it suffers from communication delays and
failures. Additional infrastructural costs due to communi-
cation channels and computational units are further de-
merits of this protection scheme.

2.2.3. Derivative Fault Protection. Current derivative pro-
tections aim at interrupting fault before the DC grid ca-
pacitor currents attain the peak. This protection method
utilizes the measurement of current and/or voltage profile
derivatives to estimate the equivalent inductance between
the device and the fault location, determining whether the
protection device should react. This kind of protection is
governed by a central processing unit that detects and locates
the fault based on the current derivative values of each
protection device. The highest among the current derivative
values for each protection device detects the fault [35]. In
real practice, this method needs high bandwidth commu-
nication link, and fast and accurate data synchronization and
is affected by the measurement noise introduced from the
current/voltage sensing devices, which undermines the
overall protection performances [36].

2.2.4. Differential Protection. Differential protections offer
a suitable protection method for both AC as well DC
microgrids as the detection accuracy, and sensitivity is not
affected by the load, distributed generation (DG), and short-
circuit fault magnitudes [37]. Typical differential protection
protects the system by using and comparing the current
measurements at each side of a specific line or feeder.
Through the communication between two relays, located at
the ends of the line, this protection scheme calculates the
current difference between the two ends of the line and
activates the trip signal if this differential current exceeds
a threshold. Differential protection is a fast and accurate
method to detect a fault in a DC microgrid, but it requires
good synchronization between the two relays to avoid trips
even in normal operating conditions [38]. Yet, due to fast
and accurate communication means, this protection method
is expensive.

2.2.5. Distance Protection. Also known as the impedance
estimation method, its working principle is based on the
estimation of the fault loop impedance through the syn-
chronous measurement of current and voltage [39]. This
quantity is then used to evaluate the distance between the
point of measurement and the fault location. If this mea-
surement is within a given distance value, a tripping signal
will be sent to the associated circuit breaker after a specific
time delay. This method is a common and effective pro-
tection for AC systems, but in DC, systems small impedance
and the absence of a fundamental frequency are the main
obstacles to adopting this method. The active impedance



estimation (AIE) technique [40] improves the fault locali-
zation thanks to the injection of a triangle current waveform
once the faulty condition is recognized. However, this
method requires additional equipment to inject transient
current and record the bus transient voltage to evaluate the
line impedance. This increases the cost of the protection
system due to the deployment of current injection units,
high bandwidth measurement, and computational units.

2.3. Proposed Method. As explained in the previous section,
an LVDC microgrid can be protected using breakers suitably
managed by different protection schemes. However, pro-
tecting a DC microgrid in case of pole-to-pole fault is
challenging due to the possible damage to the power con-
verters. 'The wuse of SSCBs in combination with
communication-based protection schemes allows to detect
DC faults very fast and accurately, but due to the com-
munication requirements, this protection scheme is ex-
pensive [36]. Moreover, resorting to only SSCBs reduces the
energy efficiency of a DC grid. The additional infrastructural
cost due to communication channels and computational
units are further demerits that should be considered during
the design of a protection scheme.

2.3.1. Main Objective. The scope of this work is to develop
a protection scheme that can offer low costs and high energy
efficiencies. This is achieved by minimizing the number of
hybrid circuit breakers and by combining HCBs and MCBs
with a communication-less protection scheme. Although the
absence of a communication system reduces the speed of
fault detection, this solution is not affected by the failure,
delay, and synchronization problems that make it difficult
to ensure system protection. Moreover, in the design of the
protection architecture, the installation of the HCBs is
performed considering the current circulating during
a fault. In particular, the HCBs are installed only to protect
the nonlimited converters that must be disconnected as
soon as a fault is recognized. This is done through the HCB
proposed in [25] and shown in Figure 2 which can trip the
circuit during normal operation and a fault condition,
preventing overcurrent and overvoltage on the breaker and
DC grid’s components. This breaker can also open during
a short circuit using its internal inductances to partially
limit the increase in current, providing high efficiency and
a long lifetime. During normal operation, this breaker
offers a low resistive path composed by the mechanical
breaker T'and the inductors L and L, while the capacitor
C is maintained charged through the electronic switch S,.
To trip the breaker, S, is turned off while S; is turned on
connecting the capacitor C in parallel to T. In this way, the
current flowing in Tis inverted and maintained in a range
near zero acting on S; by means of a hysteresis control.
Thus, the mechanical breaker can be opened with a current
near zero and a limited arc. It is worth noting that the
output inductance L, is used to limit the overvoltage on
the load when the breaker opens, and it allows a current
limitation during a short circuit for the time necessary to
open the circuit.
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In this way, once the nonlimited converters are pro-
tected, the current circulating in the fault is limited, and all
other feeders can be protected with a breaker capable of
opening only the maximum current of the line. In this way,
as soon as the current in the faulty line drops below the
maximum manageable current, its breaker can open. This
allows MCBs to be used without oversizing.

2.3.2. Protection Scheme. As explained previously, the
protection scheme is designed to manage a pole-to-pole fault
resorting to a reduced number of HCBs and MCBs. When
a fault appears, the current in the pole-to-pole fault is
provided by each limited and nonlimited source:

NNL

NL
Lo (1) = Z inpi (8) + Z ik (1), (6)
P p

where iy ; is the current provided by the k-th nonlimited
source, and iy, is the one provided by the k-th limited
source.

Resorting to HCBs to each nonlimited converter allows
disconnecting these devices before reaching the free-
wheeling stage (Figure 1(b)) and limiting the faulty cur-
rent to the sum of the maximum currents i; _ that can be
provided by limited sources:

NL
ol = Z i, k(D) (7)
%

In this situation, even if the faulty current is limited, the
breaker of the faulty feeder must be designed to interrupt
a high current in the case of a high number of limited
sources. This can make it necessary to also use HCBs for the
feeders because these can open a short-circuit current, which
increases the installation cost of the DC microgrid. However,
to solve this problem, it is possible to define a protection
scheme capable of reducing the current in the faulty feeder to
a lower value before the breaker trips. To make this strategy
effective it is necessary to disconnect the limited sources in
case of fault and, therefore, limited sources must be capable
of identifying the faulty condition autonomously. Limited
sources cannot detect a failure with a simple current
threshold. Using a current threshold, the sources would
disconnect each time they reached saturation even in the
event of a simple temporary overload. For this reason, the
opening of the limited sources derives from the occurrence
of two conditions: the achievement of a current close to the
maximum and a terminal voltage under a certain threshold.
This last threshold depends on the components of the DC
grid and must be defined considering the grid structure. The
overall voltage of the DC grid, after the disconnection of the
nonlimited source, is in fact sustained only by the limited
source and reaches the value expressed in (7):

NL
Ve = Ryaus z Ik (8)
k

Once the limited sources are disconnected, the current in
the faulty line drops below the maximum manageable
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FIGURE 2: Hybrid circuit breaker [25] used in this study.

current and the breaker can open. Once the faulty line is
opened, the sources can be reconnected, and the DC grid can
be restored after a transitory disconnection. However, it
shows very interesting performances as indicated in Table 1
and allows the use of traditional MCBs and HCBs reducing
the overall cost of the infrastructure and increasing the
efficiency of the DC grid.

3. Short-Circuit Occurrence in an
LVDC Microgrid

This section illustrates the effect of a pole-to-pole fault on an
LVDC microgrid. The analyses were carried out on an LVDC
benchmark by means of a simulation model realized in
Matlab/Simulink through the toolbox Simscape Electrical™.
Finally, the protection device’s location is presented and
verified.

3.1. DC Microgrid Benchmark. To analyse the possible
protection schemes, a DC microgrid benchmark was built
based on the AC microgrid benchmark proposed in [41],
which was opportunely modified to consider a voltage level
of 380 V and a unipolar distribution. The rated power of the
grid is 75kW, and a two-bidirectional AC/DC converter
supplies the grid. The benchmark was defined considering
various components, such as PV fields, wind generators,
several loads with different characteristics, energy storage
systems, and two front-end converters with the AC main
grid. Furthermore, different converters typologies were
considered to verify the necessary protection devices. These
components are listed in Table 2, while the schematic of the
LVDC microgrid benchmark is shown in Figure 3. The
sections of the lines were calculated to maintain a voltage
drop lower than +5% and considering PCU/XLPE/PVC 600/
1000V cables. The parameters of the lines are indicated in
Table 3. For the simulations, all the converters have been
modelled using the well-assessed switching model in which
the switching transients are neglected. Switching losses do

not affect the behaviour of the system in the simulated
scenario. For what concerns the HCB, the model proposed in
[25] has been used. Batteries have been simulated as an ideal
voltage source while for the PV systems, the well-known
single-diode model [42] was adopted. It is worth noting that
the models used for the sources do not strongly affect the
behaviour of the system in the fast transients of the simu-
lated short-circuit scenario during which the capacitors have
a dominant effect. Nevertheless, using an ideal voltage
source for the battery represents a conservative solution for
the short-circuit analysis.

3.2. Short-Circuit Simulation Results. To verify the behaviour
of the DC microgrid in the case of a short circuit, simulations
were carried out through Matlab/Simulink®. The model of
the DC microgrid has been realized by resorting to the
Simscape Electrical™ toolbox, and every simulation,
shown in the rest of the paper, is performed resorting to
the variable-step solver Ode23t. The simulations discussed
in this section were performed without protection devices
and considering that load 1 and load 2 had resistances of
10 2, and photovoltaic 2 was working at its maximum
power of 3.3kW. During the simulation, four different
converters were considered. The parameters of the dif-
ferent converters are indicated in Table 4. No other
converters for the grid were used during the simulations.
Simulations were carried out resorting to simple battery
and photovoltaic models because they had no impact on
the simulation results.

Starting from a steady-state condition, at time t=0.2s,
a short circuit with a resistance of 10 mQ occurred at the
feeder of load 2. During the fault, the voltage of each node
dropped, as shown in Figure 4. These voltage drops were
different in each node based on the fault’s location and the
source’s typology. Indeed, despite Battery 1 being closer to
the fault than Inverter 1, the voltage was higher for Battery
I’s node. As shown in Figure 5, the current provided by
Battery 1 was greater than the current of Inverter 1.
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TaBLE 2: LVDC benchmark components’ main characteristic.

Component Pnom Typology
Inverter 1 75kW Voltage source converter
Inverter 2 75kW Voltage source converter
Battery 1 45kW-90 kWh Boost converter
Battery 2 50 kW-50 kWh Buck converter

PV 1 3.3kW Boost converter

PV 2 10 kW Buck-boost converter
Wind Generator 10 kW Rectifier and boost converter
Load 1 15 kW Z constant

Load 2 15 kW-6 kW Z constant-P constant
Load 3 12kW Z constant-P constant
Load 4 4.5kW I constant

Load 5 15kW-7.5kW Z constant-I constant

Considering this scenario, during a fault in the DC
microgrid, the converter of Battery 1 tries to reduce its
duty cycle, but it reaches the minimum value without any
possibility of limiting the current. Under this condition, if
the converter is turned off, the antiparallel diode of the
output transistor is forward-biased, and Battery 1 is di-
rectly connected to the DC grid. Inverter 1 presents an
overcurrent due to the conduction of the antiparallel
diodes. When the DC grid’s voltage drops, these com-
ponents are forward-biased, and controlling the converter
is not able to limit the current. The photovoltaic converter
shows an initial overcurrent due to the output capacitor
discharge, but after that, the current is limited because this
source has finite power. At the same time, the converter of
Battery 2 can limit the current because there are no
forward-biased diodes. Thus, the control can modulate the
current acting on the switching characteristic of the
transistors.

From this analysis, it is clear that sources with limited
power, such as the PV plant, or those connected through
self-limited converters, such as the one used for Battery 2, do
not need fast circuit breakers capable of opening to stop
a current that could be unlimited, while it is necessary to
protect the other types of sources.

3.3. Protection Device Location. Considering the analysis
presented in the previous section, it is worth noting that
intrinsically nonlimited sources must be equipped with
HCBs, like the one shown in Figure 2. In this way, the
current circulating during a fault is limited, and all the other
feeders can be protected with a breaker capable of opening
only when the maximum current of the limited sources is
reached.

These protection devices can be realized either with
traditional breakers or with the hybrid circuit breaker sized
to open only under a limited current. Furthermore, the
protection devices for the sources must be bidirectional or
unidirectional depending on the type of source. In any case,
the ability to open under a short-circuit condition must be
guaranteed only in one direction. In contrast, the breaker of
the feeders must be able to open under short-circuit currents
in both directions. This is true for all the feeders to which at
least one source or storage system is connected. These

protection devices can be sized to open only under the
maximum current and can be realized through two unidi-
rectional HCBs connected in antiseries. The trip time of the
feeder protections must be appropriately slower than the
source protection systems. This ensures that the opening
occurs when the DC grid is no longer able to sustain
a current higher than the nominal one. After the isolation of
the faulty feeder, the sources can be reclosed on the DC grid.
The positions of the different protection devices are illus-
trated in Figure 6.

To verify these statements, a simulation was performed
considering the use of hybrid circuit breakers for Inverter 1
and Battery 1, capable of opening under a short-circuit
condition, with a trip threshold of 375 A. Finally, the use
of mechanical breakers was considered, with a trip delay of
50 ms, installed on the faulty feeder. During the simulation,
after a delay of 100 ms, the sources connected through the
HCBs were reclosed. It is worth noting that to achieve
a reconnection without transients, the converter regulators
needed to be reset after the breaker tripped. Thus, the
controller of the converters had to be integrated with the
protection. At time #=0.2s a fault occurs, after 50 ms, the
faulty feeder opens, and at the time £ =0.3 s, the HCBs of the
sources were reclosed.

Looking at the voltage graph shown in Figure 7, it is
possible to observe an immediate voltage drop when the
fault occurs. In the first milliseconds, this voltage drop is
limited by the current provided by all the converters and
remains quite contained. After a few milliseconds, the HCBs
of Inverter 1 and Battery 1 open, causing a further rapid
decrease in the voltage, which is sustained at over 100V by
Battery 2 and the photovoltaic panels.

Battery 2 supplies its maximum current of 250 A, as
shown in Figure 8, while the photovoltaic plant, after the
initial overcurrent due to the output capacitor discharge,
supplies a current higher than the one delivered before the
fault. Indeed, the PV plant works at its maximum power
point. Thus, when the voltage drops, the current increases
until it reaches the short-circuit current of the panel.

After the HCBs trip, it is possible to observe that the
currents of Inverter 1 and Battery 1 are not zero. These
currents are due to the output capacitor of the HCBs, which
are being discharged on the fault. At time t=0.25s, the fault
is cleared by the opening of the breaker on the feeder where
Load 2 is connected. The DC voltage starts to increase as
a result of Battery 2, which continues to supply a constant
current. The photovoltaic system absorbs current for a short
time to recharge the output capacitor of its converter. Fi-
nally, a new steady state condition has been reached, in
which Battery 2 supplies the whole DC grid, in island op-
eration. When, at time t=0.3s, the HCBs of the two dis-
connected sources are reclosed, and a new voltage transient,
due to their reconnection, takes place.

It should be noted that, when the fault occurs, there is
a current peak that reaches about 700 A, as shown in Fig-
ure 9. This high value is due to the sum of all the sources
connected to the system that temporarily supports the fault.
However, after the HCBs trip, the current naturally drops to
about 300 A, which is the current supplied by the limited
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F1GURE 3: Schematic of the LVDC microgrid benchmark.

sources. The feeder protection must be able to open this
current.

It is worth noting that if there are many limited
sources in the grid, which are, therefore, not discon-
nected by the protections, the current that the faulty

feeder breaker must interrupt can reach very high values.
For this reason, it is necessary to consider this aspect
when the network is sized or to define a protection
scheme capable of reducing this current before the faulty
feeder trips. This problem will be analysed in the
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TaBLE 3: LVDC benchmark lines’ parameters.

Line segment From To r (Q/km) x (Q/km) Length (m) Section (mm?)
Line 1 NO N1 0.193 0.0727 35 95
Line 2 N1 N2 0.193 0.0727 35 95
Line 3 N2 N3 0.193 0.0727 70 95
Line 4 N3 N4 0.193 0.0727 50 95
Line 5 N4 N5 0.193 0.0727 50 95
Line 6 N5 N6 0.193 0.0727 35 95
Line 7 N1 N7 3.08 0.0885 30 6
Line 8 N2 N8 0.524 0.0771 30 35
Line 9 N2 N9 1.15 0.0815 135 16
Line 10 N3 10 1.15 0.0815 30 16
Line 11 N4 N11 0.193 0.0727 35 95
Line 12 N5 N12 3.08 0.0885 30 6
Line 13 N6 N13 0.727 0.0818 30 25
TaBLE 4: LVDC benchmark converters’ parameters.
Component Inverter 1 Battery 1 Battery 2 PV 2
Typology VSC Boost Converter Buck Converter Boost Converter
Max current (A) 250 250 250 20
400

Input voltage (V) ac 3ph 250+ 330 400 + 520 0+210
Output voltage (V) 380 380 380 380
Filter inductance (mH) 0.165 1.2 1.2 1.12
DC bus capacitance (mF) 17.4 5.8 5.8 5.8

400 T T T T T

350 -

2
>c
300 -
250 1 1 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4
time (s)
—— Inverterl Battery2
—— Batteryl —— Photovoltaic2

FIGURE 4: Voltage trend during short circuit without protection device.

following sections where two different protection
schemes will be proposed.

4. Proposed Protection Scheme

This section illustrates, analyses, and compares two different
schemes to protect the grid and the components in the
presence of pole-to-pole faults. The former protection
scheme is based on a centralized controller that receives

information from all the feeder’s protections while the latter
is based on a decentralized structure that does not require
any communication system and has the advantages of being
cheaper and capable of providing a safe solution in the case
of a fault in the central control unit.

4.1. Centralized Protection Scheme. This section proposes
and verifies a centralized protection scheme in a simulation
environment. Using a centralized controller is the easiest
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FIGURE 5: Current trend during short circuit without protection device.

way to guarantee the coordination of the protections.
However, communication delays must be considered. For
this reason and to avoid issues related to communication
system errors, basic functionalities must be implemented
locally. For the sake of simplicity, in this paragraph, it is
assumed that there are no communication failures. In any
case, it is appropriate for the HCBs of the nonlimited
components to trip immediately, disconnecting the source
without waiting for the centralized controller. The breaker
must communicate with the controller to identify both the
short-circuit current and the tripping condition. Indeed, the
controller uses a series of input parameters that include the
short-circuit identification, circuit breaker trip condition
both for the line and for the nonlimited sources, and current
values measured in the DC microgrid. The controller is
realized using a state-flow approach. Based on its status, the
centralized controller performs different operations as de-
scribed as follows:

(i) State 0: During this state, the DC microgrid works
correctly, and the controller waits for the recog-
nition of an over-current condition. This happens
if a short-circuit identification is communicated by
the breakers or if the controller identifies a faulty
current. If the short-circuit condition is commu-
nicated by nonlimited sources, the controller sends
a current limiting signal to the limited sources and
goes to state 1. If the fault is identified by the same
controller, in addition to sending the limitation
signal to the limited sources, the controller sends
the opening command to the nonlimited sources
before the transition to state 1. If the fault occurs
far from the nonlimited sources, the controller
must command the opening of HCBs before the
current of those sources reaches the automatic trip

threshold.

(ii) State 1: The controller, starting from the short-
circuit signals, identifies the faulty feeder. Based
on the current that the faulty line breaker can open,
it may decide to keep one or more intrinsically
limited sources active, completely or partially. This
functionality is to be considered useful only in a case
where a residual voltage for the direct current
microgrid may be necessary for emergency opera-
tions. In this paper, it can be assumed that during
the opening operation, the network can be com-
pletely disconnected, so that after identifying the
fault location, the controller communicates to all the
sources to disconnect (or in any case to bring its
references to a minimum) and then waits. The
controller exits this state and enters state 2 when it
has received from the nonlimited sources the trip
condition and the limited ones the achievement of
the reference current.

(iii) State 2: As soon as the controller enters this state, it
sends the trip signal to the breaker of the faulty
feeder and keeps waiting until this breaker confirms
the opening of the faulty feeder. When this signal is
received, before returning to state 0, the controller
sends a reset signal to reconnect all the sources. If
automatic reclosures are integrated into the scheme,
the controller resets the fault indication and sends
a closing command to the breaker of the faulty
feeder. After a defined number of reclosures, the
controller definitively disconnects the faulty feeder
and reports the need for maintenance.

The logic of the centralized protection scheme is sum-
marized in the state-flow diagram shown in Figure 10.

To verify the effectiveness of the proposed centralized
controller scheme, some simulations in Matlab/Simulink
were performed. During these simulations, a cycle time for
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the controller of about 100 ys and latency in communication
equal to 10 ms were imposed in both directions. Finally, the
controller tries to reclose the faulty feeder with a delay of
50 ms after the sources are reconnected. In the simulation
included in this section, at time t=0.2s, a fault occurs at
Load 2, and it is extinguished at time ¢ = 0.3 s. Looking at the
voltage graph shown in Figure 11, it is possible to observe an
immediate voltage drop when the fault occurs. In the first
milliseconds, this voltage drop is limited by the current

provided by all the converters, as shown in Figure 12, and
remains quite contained. When the currents of the con-
verters of Battery 1 and Inverter 1 reach the current
threshold of 375 A, the HCBs of both components are open.
This happens after the fault recognition by the centralized
controller but before it can signal it to the breakers. This is
due to the communication latency of 10 ms. After the fault
identification, the tripping of the HCBs of Inverter 1 and
Battery 1 causes a further rapid decrease in the voltage,
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which is sustained only by Battery 2 and the photovoltaic
panels.

After identifying the faulty feeder, the controller reaches
state 1 and sends a limitation command to the converters of
Battery 2 and Photovoltaic 2. When both converters have
limited their currents, the voltage drops because the grid is
no longer supplied. After receiving the shut-down com-
munication from the limited sources, the controller exits this
state and enters state 2. As soon as the controller enters this
state, it sends the trip signal to the breaker of the faulty
feeder, where the current has already fallen below the

threshold of 50 A and waits for an answer from it. After the
recognition of this new state for the breaker, the controller
sends a reset signal to the converters of the sources, which
will be reconnected after a delay of 10 ms. The DC microgrid
is thus re-energized, reaching the initial voltage condition.
After a delay of 50 ms, the faulty feeder will be reconnected.
In this situation, if the fault is not cleared, the previously
described process is replicated until the maximum number
of tolerated reclosures is reached. However, the controller
returns to state 0 and waits for the possible recognition of
another short-circuit condition.
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4.2. Proposed Decentralized Protection Scheme. As pre-
viously explained, it is necessary to study a decentralized
control scheme because it may not be possible or conve-
nient to build the infrastructure required by a centralized
controller. Furthermore, in the event of a failure of the
communication system and therefore the impossibility of
applying centralized control, each unit must still be able to

intervene to ensure protection. It is also possible to design
hybrid structures in which some sources are connected to
the central controller and others work autonomously. This
could be useful if some protection devices are distant and
difficult to connect, and it allows a simple connection of
new lines or new sources to the grid. In fact, in the case of
a centralized structure, it is necessary to realize a wired
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communication system and reprogram the controller for
each new source or line. Although the centralized con-
troller can be programmed with vector logic precisely to
reduce this problem, this may be costly, and at least
temporarily, it might be useful to have a hybrid configu-
ration. This paper does not analyse the hybrid structure, but
it deals with the operation of a fully decentralized system
that guarantees a backup for the controller-based system in
the case of malfunctions.

The proposed coordination of protections, not only
based on the time scale, is defined to ensure that the line
breaker is opened if and only if its current is lower than the

maximum for which the line switch was sized. The control of
the sources is the same as the centralized strategy. Therefore,
when a short circuit occurs on a line, the intrinsically
nonlimited sources disconnect. If the intrinsically limited
sources are limited or disconnected, the current in the faulty
line (as in the others) is reduced and tends to zero. As soon as
the current in the faulty line drops below the maximum
manageable current, the breaker must open. This means that
to ensure the intervention at a low current of the MCB, the
fault is detected if the current exceeds the maximum current
of the breaker, even for a single moment, and then, as soon as
the current drops below the maximum, the switch is enabled
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FIGURE 13: Trend of the voltage during a short circuit with the decentralized protection scheme.

to intervene. In this way, the opening of the faulty line takes
place as quickly as possible. Thus, this decentralized control
can be faster than the centralized one if the central con-
troller’s communication latency is significant.

Once the faulty line is opened, the sources can be
reconnected. However, in this case, no information about
the successful opening is available. It is then necessary to
schedule an automatic reclosure after a fixed time. This
time must allow the line switch to intervene. Because the
operation only occurs when the current on the faulty line
has become low, the time it takes depends on the fault
location and on the line capabilities to discharge on the
fault. Consequently, this time can vary by case and could
be sized differently for different networks. In the test grid,
it was observed from the simulations shown for the
centralized controller that the time the current took to
drop below the threshold was on the order of a few tens of
milliseconds. Therefore, the decision was made to insert an
automatic reclosure of the nonlimited sources after
100 ms.

The decentralized protection scheme was tested using
the same numerical simulation used for the centralized one,
considering a current threshold of 375A and a voltage
threshold of 300 V for the HCBs. The voltage threshold of the
limited sources was set at the same value, while the current
threshold was equal to the nominal current of the devices.
Looking at the voltage graph shown in Figure 13, it is
possible to observe an immediate voltage drop when the
fault occurs. In this case, in contrast to the centralized
protection scheme, Battery 2 does not supply the DC grid.
Indeed, this source is instantaneously limited, and its current
reaches zero, as shown in Figure 14. However, the dc grid
voltage is supplied by the photovoltaic panel, which is
working at its” short-circuit current, and by the capacitor of
the HCBs. When the current in the faulty feeder falls below
the threshold of 50 A, its breaker opens. Then, 50 ms after the

fault recognition, the limitation of Battery 2 is removed, and
the DC grid voltage is restored to 380 A. In the same way,
100 ms after the fault recognition, also Battery 1 and Inverter
1 are reconnected. Finally, the Load 2 breaker tries
a reclosure after 100 ms, when the DC grid has already
reached a stable operation.

4.3. Comparison of Control Strategies. To compare the be-
haviour and verify the feasibility of the two protection
schemes, some tests were performed considering different
fault locations: Load 2, Inverter 1, Battery 1, and Battery 2.
The tests were performed as explained in the previous
sections considering a fault resistance of 10 mQ. From the
analysis of the results, both protection schemes could
guarantee the protection of the DC grid and the isolation
of the faulty feeder. As shown in Figure 15, the fault
location influences the fault current, which is the maxi-
mum in the case of a fault near the nonlimited sources.
This faulty current is indeed provided by the output ca-
pacitor of the HCB, which discharges directly on the fault.
Furthermore, the voltage reaches a minimum value in the
case of a fault near Battery 2. In this situation, Battery 2 is
indeed disconnected by its circuit breaker, and the DC
grid is not supplied, until the reconnection of the non-
limited sources. Moreover, in this situation, the voltage
dip duration is the highest, and in the case of the
decentralized control, it reaches a value of about 100 ms.
This time is equal to the automatic reclosure delay of the
nonlimited sources.

It is worth noting that the two protection schemes also
have nearly the same performances considering the
current provided by all the sources during the fault, as
shown in Figure 16. It is therefore possible to use both
protection schemes. In general, the centralized controller
allows better coordination of the different protections
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thanks to a complete knowledge of the grid. However,
this solution increases the overall installation cost, and
in the case of a communication failure, the system is
not able to intervene to ensure protection. For this
reason, the decentralized scheme can be used as a backup
system for a controller-based system in the case of
malfunctions.

5. Conclusion

In the paper, the protection of a DC microgrid in the
presence of a pole-to-pole fault is addressed by considering
the combination of HCBs, capable of tripping the circuit
during a fault condition, and MCBs. The use of these
breakers reduces energy losses, but MCBs introduce fur-
ther issues due to slow transition times and their inability
to open in the presence of high currents without lifetime
degradation. A new protection scheme completely
decentralized is proposed in this paper. The proposed
protection scheme is compared with the centralized
scheme of [26], that resorting to all the DC grid in-
formation determines the fault location and allows the
isolation of the faulty feeder. On the contrary, the pro-
posed protection scheme does not need any information
exchange among the converters and the protection devices
and can be used as a backup system to improve the re-
liability of the system.

The analysis was performed through a test DC
microgrid connected to the AC main grid and composed of
several generators, loads, and storage systems interfaced
through different converters. The simulations carried out
through this benchmark DC microgrid allowed the iden-
tification of the requirements in terms of protection devices
for each typology of the converter in case of pole-to-pole
fault. It was verified that protection devices capable of
interrupting a short-circuit current, such as the HCB
considered in the paper, must be used only to protect
nonlimited sources and connected to the grid using VSCs
or boost converters. Conversely, the feeders and the limited
sources can be protected by resorting to mechanical circuit
breakers and applying the protection scheme defined in the
paper. Indeed, resorting to this scheme, it is possible to
identify the faulty feeder and reduce the faulty current in
some milliseconds before the trip of the MCBs. The pro-
posed decentralized protection scheme overcomes the fast
fault-clearing time and selectivity issues in the case of
a pole-to-pole fault. This solution, as demonstrated by
several simulations, permits the coordination of MCBs and
HCBs and avoids the use of SSCBs, bringing advantages in
terms of energy efficiency.
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