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Abstract—Due to the characteristics of dc fault currents, par-
ticularly the missing zero crossing, protection in dc¢ microgrids is
a major challenge. In contrast to widely discussed breaker-based
concepts, breakerless protection controls the fault current using
power electronic converters, and interrupts based on no load
contactors to isolate the fault location. As these no load contactors
are only capable of interrupting very low currents, the grid must
be de-energized, which results in an prolonged power outage, and
thus counteracts one of the primary objectives of a grid operator:
high system availability. Therefore, this paper investigates the
fault current in breakerless protection-based systems with focus
on the infuencing factors on the additional outage duration.
Moreover, the paper suggests grid segmentation based on dc-
dc converters as segmenting components to ensure protection
selectivity, and elaborates on suitable converter topologies.

Index Terms—DC Microgrids, Breakerless Protection, Fault
Current Analysis, Segmentation, Current Limiting Capability

I. INTRODUCTION

With the growing integration of dc-based sources, loads, and
storage, dc microgrids offer key advantages over ac systems:
they are less affected by harmonics, require no reactive power
control, and have higher efficiency [1]. However, protecting dc
microgrids remains challenging due to the lack of current zero-
crossing and low system impedance, which leads to rapidly
rising fault currents with high amplitudes, complicating the
adaptation of ac protection methods.

Proposed dc fault-clearing methods fall into three main
approaches: ac circuit breakers (ACCB), dc circuit breakers
(DCCB), and breakerless protection schemes [2]. ACCBs iso-
late dc faults by disconnecting the fault-feeding ac system, but
cannot stop dc sources from supplying fault energy. DCCBs
address this by adding breakers in the dc system to interrupt
high fault currents. Breakerless protection, in contrast, uses
power electronic converters to limit fault currents and isolates
them at low levels with no-load contactors, thus eliminating
circuit breakers [3].

One main advantage of the breakerless protection approach
is its use of no-load switches, which are simpler, safer,
more efficient, cheaper, and more compact than DCCBs,
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and are typically already included for system reconfigura-
tion purposes [3], [4]. Affected devices benefit from reduced
current intensity, lowering current stress, though shifting the
research focus to more sensitive detection and location meth-
ods [3]. Moreover, breakerless protection requires system de-
energization for fault isolation causing prolonged power out-
age during the fault clearing process [4], [5]. This challenges
the load operation and counteracts one of the most important
objectives of a grid operator, namely to ensure the highest
possible availability.

Therefore, this paper analyzes the fault current in a break-
erless protection scheme with particular focus on the scheme-
specific additional time of power outage and its influencing
factors. Moreover, this work addresses how to mitigate the
problem of prolonged power outage based on the strategy of
grid segmentation using power electronic converters.

The paper is organized as follows: Section II introduces
breakerless protection, followed by Section III focusing on
the fault analysis and the investigation of the power outage
duration. Subsequent, in Section IV the concept of grid
segmentation is presented, and in Section V suitable dc-dc
converter topologies are addressed. The paper is concluded in
Section VI.

II. GRID DE-ENERGIZATION AS MAJOR DRAWBACK OF
BREAKERLESS PROTECTION

Breakerless protection represents one of the three principal
approaches to DC fault clearing. This section introduces its
operating principle and outlines the corresponding sequence
of steps involved.

A. Principle of Breakerless Protection

The idea of breakerless protection concepts is to isolate dc
faults without additional DCCBs. Instead, it is assumed that all
components are connected to the dc bus via fully controllable
power electronic converters, which can limit their respective
fault current contributions to a very low level. This level is
defined such that segmenting or no load contactors, e.g., active
controlled internal switches, can interrupt the fault current.
This is examplarily shown in Fig. 1 for the base case of a
radial grid structure in a low-voltage dc (LVDC) microgrid



with a connection to the medium-voltage ac (MVAC) grid, for
example realized using a solid-state transformer [6].

B. Protection Sequence

As qualitatively depicted in Fig. 2, the breakerless approach
follows a general sequence of four stages to clear a fault [3]:

1) Fault current detection and location: After the fault
occurence at ¢ = t1, the fault current rises, fed by the
converters’ input capacitors directly connected to the dc
bus, and by the subsequent energy sources. The converters
detect the fault and initiate an adequate control that
limits the fault current contribution from the subsequent
sources. Thus, the fault current peak is mainly determined
by the input capacitor discharge. At ¢t = to, the capacitors
are fully discharged and the dc bus voltage wvpy(t) has
dropped to zero. Depending on the location method, the
fault current contributions of the converters to the fault
current are either first only limited, as depicted in Fig. 2,
or directly blocked.

2) System de-energization: At ¢t = t3, the signal to fully
block the fault current contribution from the converters is
initiated, followed by the delayed actual blocking action
at t = t4. The de-energization of the dc bus takes place
while the current decays to zero. For the base topology
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Fig. 2: Qualitative course of bus voltage vpys(t) and current ipy(t) in a
breakerless protection sequence, based on [5].

in Fig. 1, this means that the whole dc bus will be de-
energized and, consequently, none of the three dc loads
will be supplied.

3) Fault section isolation: At ¢ = t5, when the fault
current has reached a very low level interruptible by the
contactors or active controlled switches, the appropriate
ones open to isolate the fault section at t = tg. For the
base topology in Fig. 1 this means that the two contactors
enclosing the fault would open.

4) System re-energization: The last stage is started after a
short idle time at ¢t = t¢7, re-energizing again the dc bus,
respectively the connected capacitors to the nominal dc
bus voltage level vyon. Simultaneously, ipys (%) is increased
to its nominal operation level before the fault. It should
be noted that a controlled pre-charge strategy, at least
limiting the capacitor charging current, is reasonable to
avoid high inrush currents potentially leading to nuisance
tripping [7].

Afterwards, at ¢ = tg, the system enters normal operation
again.

III. FAULT CURRENT ANALYSIS AND PROLONGED POWER
OUTAGE

Grid de-energization in breakerless protection extends the
power outage duration. This section provides a mathematical
description of the fault current, identifies the time-prolonging
steps compared to breaker-based protection, and analyzes the
main factors influencing the extended outage based on the
derived equations.

A. Mathematical Description of Fault Currents

To conduct a fault current analysis, the fault current i(t)
can be calculated as a superposition of each contributing power
source or storage and its respective converter j by

J
if(t) =Y i (t). )
j=1

Each current contribution 4¢;(¢) can be approximated based
on the system depicted in Fig. 3, that includes the fault path
given by the fault resistance Ry, the power line represented
by the line resistance Rjine; and inductance Ly, the fault
current limiting dc-dc converter with its converter inductance
Lconvj, its input capacitance Ci,; at the dc bus side and its
output capacitance Coy; at the source side, and the dc source.
Note that in this example, a galvanically isolated converter
is considered, though this does not affect the mathematical
approximation of the fault current as long as the fault current
limiting capability is given. As mentioned before, the dc-dc
converters either first only limit their fault current contribu-
tions, resulting in a constant current stage as shown in Fig. 4,
or directly go into blocking mode without any constant current
stage.

The following analysis will focus on the mathematical
description of the case with current limitation present. i;(t) is
divided into three sections, each characterized by the respec-
tive course of the current curve.
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Fig. 3: Fault current analysis of one contributing current limiting converter, here based on DAB converter topology.

(a) Peak current (t; < t < t5): After the fault has
occurred and offers a low-impedance path characterized
by Ry, Cin; previously charged to vus(t) discharges via
this path. Due to fault detection and control delays,
the converter’s current limiting control is not directly
active. However, with converter topologies like the dual-
active bridge (DAB), which inherently limit direct fault
current contribution [8], the converter’s contribution can
be neglected. Consequently, the peak fault current ipeqx;
is mainly determined by Cj,; and can be mathematically
approximated by the equivalent circuit in Fig. 3a, result-

ing in
d?ig;(t) dig; (t) .
0= LlinejcianZQ + Cianj # + Lej (t) (2
with
R; = Riinej + Ry 3)

The solution of Equ. (2), presented in Table I, depends
on the present damping within the system, given by the
distance to the fault lgis; determining Liine; and Riinej, as
well as Ry and Ciy;. In any case, ipea; increases with
decreasing fault resistance, particularly given for line-
to-line faults, increasing charged capacitor energy, and
decreasing fault distance.

Limited current (t; < t < t4): After the peak fault
current, i¢;(t) stabilizes at a constant level I.onyjim; de-
termined by the controlled limited fault current icony; (t).
Due to the fast dynamics of the capacitor discharge,
it can be assumed that Ci,; has already significantly
discharged such that its current contribution can be ne-
glected. i¢;(t) is nearly constant during this period and
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Fig. 4: Qualitative fault current curve with (a) the peak current stage assuming
an overdamped system, (b) the constant current stage, and (c) the slowly
decaying current stage.

can thus be approximated by the equivalent circuit in
Fig. 3b, leading to

“4)

Slowly decaying current ({4 < t < t5): After fault
localization and entering the converter blocking mode, the
remaining energy stored within the inductances Ljj,e; and
Lcony; discharges into the fault. As a consequence, this
period can be approximated by a RL circuit, as illustrated
in Fig. 3c, and mathematically described as

L; dig;(t) .
_ (t
R, dt i (t)

ifj(t) = leonvj (t) = conv,limy -

©

0

&)

with
Lj = Lconvj + Llinej' (6)

With i¢;(t4) = Iconviimj as the base of the fault current
decay, the current contribution during this period is given
by

R, R

Z.fj(t) = Z'fj (t4) : eifjt = Lconv,limj * eifjt- (7)

For the mathematical description of the case with direct
current blocking, ir;(¢) is characterized only by the peak
and the slowly decaying current stages, missing the constant
current stage. The justification for separate analysis stems from
the dynamics of capacitor discharge being significantly faster
than of the inductor discharge [3].

B. Time-critical Clearing Process Steps

To identify the time-critical stages of the fault current that
determine the prolonged power outage in breakerless protec-
tion systems, a comparison to the breaker-based approach is
necessary. This is illustrated in Fig. 5 with the breakerless
protection steps on the left and the breaker-based steps on the
right side. Assuming the approach-independent applicability
of detection and location methods, it can be assumed that the
time periods Atge and Aty are similar for both approaches.
Though, depending on the method, converter-limited fault
current may delay detection and localization. As soon as the
fault is located, the procedures differ: the breakerless scheme
requires the time Aty for grid de-energization and At,, for
the opening of the no load contactor, while the breaker-
based approach only contains At,, for the opening of the
circuit breaker. In Table II, opening times of traditional and
fast mechanical, solid-state and hybrid contactors are given,



TABLE I: Solutions of Equ. (2) describing the peak current stage (t; < ¢t < t) of the fault current contribution i¢;(t) of power

source j.
System damping Criterion Solution of differential equation
2 s __ dnom(t1) r14t Tt
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emphasizing the time superiority of solid-state technology.
Finally, the grid re-energization time period At is present in

TABLE II: Opening times of contactor technologies [3].

Fast mech.
contactor

3

Trad. mech.
contactor

10

Contactor
technology

Atop (ms)

Solid-state  Hybrid

0.1 0.6

both approaches, though its length might differ. In breakerless
protection, the grid always has to be re-energized from the
totally de-energized state. In comparison, in breaker-based
protection it depends on the grid state when the fault was
interrupted, thus making a fast fault detection and location
particularly beneficial.

In conclusion, power outage and disrupted load operation as
consequence of a fault is inherent in both protection schemes.
The disadvantage of breakerless protection is the longer time
of outage. It is mainly dependent on Aty and At,,. While
time estimates for At,, are given in Table II, Aty can be
approximated based on the slowly decaying current stage

Atde =15 — t4.
C. Additional Duration in Prolonged Power Outage

(®)

The additional duration of power outage can be mainly
determined by

Atadd = Atde + Atop’ &)
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Fig. 5: Comparison of the time durations in breakerless and breaker-based
protection schemes.

with Atg. being determined by the slowly decaying current
stage as given in Equ. (7). The current needs to decay until the
cut-off current I is reached, i.e. the maximum permissible
current to be interrupted by the no load contactor. Considering
the fault contributions of J converters, we get

J R,
Iy = Z Iconv,limj : C_Tjt (10
j=1
To calculate the time until I, is met, Equ. (10) needs to be
solved for ¢t = Atge, requiring numerical methods for the case
of J > 1. However, the case of J = 1 can be investigated as it
allows the general influecing factors of Atg. to be identified,
which are still useful due to the very individual appearance of
each fault. Thus, solving

_B
Tow = Iconv,liml e I (11)
for ¢ leads to
Ll Icut
t=Atge=——— -In{ —— | . 12
g Rl f <Iconv,lim1 ( )

As can be concluded from Equ. (12), Atg4. depends on

o the fault location, thus the distance to the fault lg;
determining Riine; and Lijpe;,

the fault type determining Ry,

the power converter including Lcony;,

the ratings of the no load contactor determining /.., and
the (minimum) current required for the fault location
method that defines Ieonyfimj-

In the following, the evolvement of Atg. for various param-
eters is investigated. Table III shows the assumed parameters.
To ensure the comparibility of the results for different sys-
tem ratings, their relation Zfew/I..m; has been varied under
the assumption that 0.0500m < I < 0.11,0n and
Inom < Iconv,limj < 1'5Inom-

TABLE III: Parameters of the de-energization time analysis.
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conv,lim;j

Fig. 6 illustrates the impact of variations lg;s; and Teut/ Toonyimg -
It can be observed that Aty reduces for larger distances
to the fault, with Rj,.; outperforming the effect of Lijne;.
The same applies for increasing fow/Imum;, as it means that
the current difference that has to be overcome during the
decay stage decreases. In Fig. 7, the impact of variations
of Ry and few/Ium; is depicted. The latter affects Aty as
described above. The range of R; has been oriented to the
lower boundary assumed in [3] and the close-in fault in [10].
An increasing fault resistance results in a decrease of Atge,
accelerating the current decay. Both figures evaluate Atg. for
realistic and reasonable parameter choices, and depict time
durations in the single-digit millisecond range. It is obvious
that the implementation of fast mechanical over traditional
mechanical contactors is prefered to keep the additional outage
time significantly lower. However, the previous analysis also
shows that modifications to the topology in order to reduce the
additional outage time are only possible to a limited extent,
as type and location of the fault cannot be influenced.

IV. SEGMENTATION TO AVOID DE-ENERGIZATION OF
ENTIRE MICROGRID

Looking at the base case in Fig. 1, the fault could be isolated
without affecting the direct connections of the dc sources to
the dc loads. Unfortunately, this does not help to mitigate
the prolonged power outage as the entire area enclosed by
the dc-dc converters is de-energized in breakerless protection,
interrupting all operation on the inner connections.

A strategy to mitigate this problem could be grid segmen-
tation. In order to implement that, the segmenting elements
must not only be able to interrupt the connection between
two segments, like no load contactors, but must also be
able to detect the fault and to de-energize the fault-affected
side. Based on these requirements, dc-dc converters with their
actively controlled switches are suitable segmenting elements,
that moreover have already been suggested for ac grid seg-
mentation via high-voltage dc connections [11]-[13].

Fig. 8 shows the application of the strategy to the dc mi-
crogrid depicted in Fig. 1. By placing a segmenting converter
in the middle of the radial grid, the left side of the grid
could be de-energized to isolate the fault, while the right
section stays energized and in operation. The breakerless
protection concept exclusively demands dc-dc converters with
fault current limiting capability and segmenting load con-
tactors, as mentioned. Furthermore, the segmenting converter
needs to communicate with the dc source to indicate the fault
presence and initiate an adjusted operation, coordinating an
independent grid operation. Not facing any synchronization
issues in dc systems that would be relevant in ac systems, the
re-integration of the segment into the remaining grid is easier,
too. This strategy is not only applicable during temporary,
but also feasible to overcome permanent faults that require
longer clearing times. This demands sufficiently large available
dc power sources or storages in each section. The minimum
requirement for dimensioning should be the supply of critical
loads during common temporary faults. Further increasing
of the available energy increases the security of supply, but
must be evaluated with regard to the drawbacks of oversizing.
Furthermore, the additional segmenting converters introduce
additional costs and losses, and their individual susceptibility
to faults must be considered for the whole system’s availability.
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V. Dc-Dc CONVERTERS AS SEGMENTING ELEMENTS

Allowing for fault detection and de-energization of individ-
ual ports, dc-dc converters are suitable segmenting components
within breakerless protection approaches. However, they need
to feature fault current limiting capability. This applies to
topologies in which a voltage breakdown does not lead to
a conductive state of (free-wheeling) diodes, and thus to an
uncontrolled current flow that exacerbates the fault current.
There are several topologies that fulfil this criterion. The most
fundamental topology is the buck converter allowing for step-
down of the voltage. Nevertheless, the same does not apply
to the boost topology for step-up of voltages. Instead, a buck-
boost topology is suitable with the buck stage allowing for
control and limitation under fault conditions, though coming
at the price of additional components.

In certain applications, galvanic isolation might be required
and, considering high fault currents, it is beneficial with regard
to safety. Isolated dc-dc converter topologies integrating high-
frequency transformers also feature current limiting capability.
The DAB converter as a popular topology with high efficiency
and inherent fault current limitation [8] has been subject
to a lot of research on short-circuit and open-circuit faults,
with adjusted operation strategies or additional components to
continue the operation despite the fault.

A variation of the conventional DAB converter is the
current-fed DAB (CF-DAB) topology, where dc inductances
connect the voltage source directly to the middle points of
the full-bridge and the transformer. CF-DAB offers high input
voltage range, high step-up ratio, low RMS current, and
enables direct current control, also under fault conditions
[14], [15]. Modular multilevel CF-DABs further integrate the
benefits of modular multilevel converters (MMCs), adding
modularity and reconfigurability for use in medium-voltage
dc microgrids [16].

In order to seamlessly realize the operation of a segmented
part of the grid while connected parts are still de-energized,
further features have to be implemented, such as communica-
tion to the dc source or storage elements that should maintain
the segment’s energization and operation. The communication
link is required for the reason that the segmenting converter
is closer to the fault within the left segment, facilitating the
detection. It then needs to indicate the fault presence to the
remaining energy sources in the right segment to coordinate
grid-forming operation, setting the bus voltage of the islanded
microgrid. The communication has to be reliable and inherent
delays might not significantly impact the segmenting proce-
dure.

VI. CONCLUSION

Breakerless protection in dc microgrids offers advantages
over breaker-based methods, such as elimination of additional
breakers, lowered current stress and reduced damage risk for
devices and persons. However, the de-energization of the grid
for fault clearance leads to an prolonged power outage, whose
length depending on the grid topology, the fault type and
location can only be influenced to a very limited extend. Grid

segmentation using dc-dc converters can mitigate the impact
of the power outage by maintaining healthy parts of the grid
in operation. It is therefore a way of increasing availability in
dc microgrids with breakerless protection.
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