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ABSTRACT The protection of dc systems in mobility applications, such as land transport, aircraft, and
shipping, presents significant challenges due to the need for high-power-density equipment in confined
spaces. This article focuses on dc systems onboard ships, for which diverse applications require different
power levels, architectures, and protection strategies. Existing protection frameworks and regulations are
often inadequate or outdated for the field, leading to certification issues and insufficient fault analysis. This
research proposes a use-case-based categorization of short-circuit currents for primary systems. A reference
scenario is created using a simulation model of a 5-MW system in a superyacht to provide a short-circuit
inventory. The study proposes three contributions: a comprehensive fault inventory, a qualitative catego-
rization, and relevant recommendations for power converter design. The research highlights the importance
of fault categorization in understanding the impact of various short circuits on shipboard dc systems. The
study emphasizes the importance of the evolution of materials and power converters in developing efficient
protection technologies for ships. This work addresses some fundamental gaps in shipboard dc systems,
providing a foundation for improved protection strategies and regulations, ultimately contributing to the
advancement of protection of shipboard dc systems.

INDEX TERMS DC power systems, dc protections, shipboard dc systems, short-circuit analysis.

NOMENCLATURE
BTS Bus-tie switch.
Cout Output capacitor.
Rth Thevenin resistor.
Lp Parasitic inductance.
ESR Equivalent series resistance.
Vg Generator voltage.
DP Dynamic positioning.
ECO Economic cruising.
CRU Full-speed cruising.
RSC Short-circuit resistor.

I. INTRODUCTION
The protection of dc systems has proven to be a challenging
enterprise when considering mobility applications. Several
sectors, such as land transportation, aircraft electrification,
and shipping, require a relatively large amount of power
in a compact volume [1], [2], [3]. For example, a Scania
heavy-duty full-electric truck has a traction power ranging
from 270 to 450 kW. Meanwhile, inland cargo ships, which
have electric propulsion, require 2–5 MW [3], [4]. These
electric systems may feature a dc microgrid, which inher-
ently have a relatively low impedance characteristic between
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power sources and loads. The multiple power converters uti-
lized in transportation systems are integrated through different
components, such as passive filters and protection devices
for safety and electromagnetic compatibility compliance, and
several meters of cable for the actual interconnection.

Energy storage systems, such as batteries, supercapacitors,
and filtering capacitors, could amplify the effect of a potential
malfunction that could lead to a catastrophic failure, e.g.,
fault conditions such as short circuits. Unfortunately, state-
of-the-art dc ships lack effective fault analysis and protection
technologies that accelerate their implementation. This has
been reported in the literature as a hurdle in other fields
that demand a high power density in a low-voltage class and
medium-voltage dc systems [5], [6].

The installation of protection solutions in shipboard power
systems is limited by application-specific constraints. Sev-
eral parameters, such as power level, architecture, reliability,
redundancy, and cost effectiveness, are assessed differently.
Hence, the adoption of shipboard dc technology is not uni-
form across applications, affecting the relevance of different
protection technologies.

Furthermore, existing protection frameworks for residential
buildings, such as [7], and regulations, namely NPR-9090 [8],
are not entirely suitable for shipboard dc systems. Current dc
systems require a goal-based approval from classification so-
cieties (e.g., DNV-GL) [9], and arising challenges suggest that
they should switch to rule-based regulations. Paradoxically,
provisions intended for quality assurance on dc ships, such
as IEEE 1709 [10] and IEEE 45 [11], need to be revised to
consider new and advanced technologies concerning protec-
tion. Furthermore, a comprehensive categorization of faults in
general onboard primary dc systems is missing.

This article presents a use-case-driven categorization of
short-circuit currents (or fault currents) in primary shipboard
dc systems, potentially valuable in multiple ship types. Such
a categorization can simplify the assessment of faults on-
board, which could become time critical for dc ships. A
simulation model of the primary dc system for a 5-MW su-
peryacht similar to that shown in Fig. 1 allows the analysis and
characterization of different fault currents. The system fea-
tures a distributed architecture with converters close to loads
and generators and dc distribution lines. A representative
categorization is possible by considering several test cases
in various fault locations, initial conditions, and protection
schemes. Therefore, the selectivity scheme aligns with the
three-zone time-coordinated scheme in [12]. Ultimately, the
overall fault current analysis feeds the categorization pro-
posed in this article.

This work has four main takeouts that could enhance the
design of safe and fault-tolerant dc systems onboard: 1) a
fault inventory that allows for a better understanding of the
behavior of pole-to-pole fault currents, which can become a
worst case scenario onboard (especially relevant for industry
focusing on similar use cases); 2) the categorization based
on the fault inventory and its potential consequences can
facilitate risk assessment in the early stages of ship design;

FIGURE 1. Referential case study for shipboard dc systems. Moonrise
superyacht manufactured by Feadship in 2022. Credit to Feadship.

3) it could be possible to enhance the significance of dc ship
regulations by generalizing the categorization; and 4) fault
analysis and categorization could also boost the design of
power converters by increasing awareness of possible threats
and their quantification.

This research covers pole-to-pole (type-A) short circuits in
shipboard dc systems, as these events potentially have the
most destructive consequences [13]. Since generic dc sys-
tems are dependent on power electronics, severe overcurrent
can become catastrophic for their power switches [13], [14].
Other types of faults, such as open circuit, pole-to-ground
(type-B), and pole-to-pole-to-ground (type-C) short circuits,
are beyond the scope of this document. The terms type-
A fault, event, short-circuit current, and pole-to-pole short
circuit are used interchangeably throughout the text. Open-
circuit faults generally occur in generator feeders and have
a limited overcurrent due to power drives [13]. Type-B and
type-C faults depend on the grounding of the system [15],
[16], which makes it difficult to conduct a representative
study. However, the literature suggests that type-B faults
are less problematic than type-A, as primary shipboard dc
systems frequently feature a floating ground [17]. Depend-
ing on the grounding scheme, type-C events can become
similar to type-A, which highlights the relevance of the
latter.

Energy storage devices (e.g., batteries) in large vessels are
typically connected to dc bus bars through a dc–dc converter.
Therefore, filter capacitors govern the fault current in pole-
to-pole short circuits. The low impedance of dc systems and
the capacitor energy facilitate a high-current build-up with
minimum time constants [5], [18]. The fault current from
ac sources and freewheeling diodes could represent a rela-
tively lower threat to the system. The diodes have conducting
resistance that could dampen the fault despite their poten-
tial permanent damage [17]. Furthermore, the fault current
coming from batteries is beyond the scope of this article
because, since they require dc–dc converters operating in
the current control mode to impose the charging profiles, a
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current limiting feature would be naturally imposed that re-
stricts the influence of the battery energy capacity to a bus
fault. Furthermore, faults between the battery and the dc–dc
converter are typically resolved within a few microseconds
resulting in only a small dynamic influence of the dc bus of
the ship. The fault current from capacitors, batteries, and ac
sources and their current characteristics are further discussed
in [15].

The analysis and waveform estimation of the fault current in
shipboard dc systems is challenging. Standard recommenda-
tions, such as [19], describe the current from different sources,
proposing independent solutions for the calculations of rise
and decay. However, they cannot accurately predict fault cur-
rents for several feeders in parallel and are focused only on
ac systems. The voltage drops in a converter-controlled low-
voltage dc grid with fuse protection are investigated in [20].
The work shows several tests with various fuses and assesses
the protection performance in a bipolar system, which is un-
common in shipping. The study also covers two-location fault
testing using RL transmission lines. However, the purpose of
their research diverges from maritime applications, especially
in relation to primary distribution. Consequently, the potential
energy of the capacitors and the characteristics of the power
(300 W) and voltage (380 V) do not allow an appropriate
comparison.

The lack of a cost-effective solution for dc protection in
maritime applications hinders their adoption in general. Me-
chanical dc circuit breakers have slow response times and
minimal losses. Solid-state counterparts exhibit acceptable re-
sponse times but high losses, whereas hybrid circuit breakers
do not have significant differences from the other cases [15],
[18], [21]. Therefore, solid-state circuit breakers in shipboard
dc systems serve regularly as BTSs, especially for highly
demanding applications, such as offshore supply vessels and
cable layers. Until now, fuses have still been preferred for
the protection and galvanic isolation of faulty feeders on dc
ships, despite their limitations in response time and extensive
replacement period [9].

State-of-the-art protection technologies are not sufficiently
developed to satisfy the high demands of the shipping in-
dustry. Consequently, the evolution of materials and power
converters should lead to improved and efficient protection
technologies. This article aims to provide insight into the
characteristics of different short-circuit currents, giving an
integrated perspective on design, regulation, and diagnosis.
Therefore, the numerical model incorporates fuse-based pro-
tection strategies to assess their performance. For this purpose,
a simple method that facilitates the process and its repeatabil-
ity is necessary. This research employs a six-step approach,
susceptible to iteration in all steps as follows.

1) System information collection: Baseline definition of
the primary shipboard dc system under study is pro-
vided. The main parameters come as input from an
existing vessel, so a relatively realistic scenario is taken
into account. However, significant modifications are

necessary to adapt the specifications to the numerical
model.

2) System modeling: A model in alignment with the
purpose of the simulation considering distribution ar-
chitecture, cabling, loads, and protection components
is developed. The sampling period, the discretization
method, the solver, the simulation time, the initial condi-
tions, and the type of model per component are defined.

3) Test case definition: The definition of scenarios im-
plies decisions about the operation modes that affect the
initial conditions and loads. The location of the short
circuits and the protection mechanisms complement the
decision-making process.

4) Simulation and results analysis: Simulations and indi-
vidual confirmation of success for all relevant scenarios
are executed. Characterization and analysis of key pa-
rameters, such as peak current, specific energy, and
absorbed energy, for relevant test cases are performed.

5) Performance analysis: The performance of state-of-
the-art protection approaches based on peak current,
average current-rate variation, absorbed energy, and
peak power estimation for critical test cases is com-
pared.

6) Fault categorization: Fault categorization is defined
based on qualitative criteria. The fault severity indicates
the category, which also considers detection speed, lo-
calization complexity, and potential consequences.

The rest of this article is organized as follows. Section II
shows a detailed description of the simulation model. Sec-
tion III summarizes the test cases in the study. Section IV
presents the fault inventory, comparing three relevant protec-
tion strategies, fault characteristics, and a sensitivity analysis
of the cabling inductance. Section V focuses on the protec-
tion performance benchmark studying critical test cases and
potential consequences. Section VI includes the fault cat-
egorization. Finally, Section VII concludes this article and
summarizes prospects for future research.

II. SYSTEM DESCRIPTION
This section aims to describe the different components of the
model and detail the main assumptions and limitations. Fig. 2
illustrates the primary distribution system of a referential su-
peryacht using a dc system. The system has a dual bus radial
configuration integrated via a single BTS. There are six power
supply feeders, four of which are generators, and two include
energy storage. Furthermore, two load zones (blue dots) or
load feeders integrate propulsion and hotel loads into the dc
system. The green shade in Fig. 2 represents the switchboard
and indicates that all components within are located close
together. The remaining drives are located close to the genera-
tors and loads and at a certain distance from the switchboard in
a distributed architecture, as discussed in [4] and [22]. Weight
and volume reductions and flexible component positioning are
possible with distributed architectures [5]. The feasibility of
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FIGURE 2. Referential case study for shipboard dc systems. Primary
shipboard dc system, suitable for the superyacht. Red dots: components
placed close together. Blue dots: load zones. Green shade: switchboard
components placed close together.

distributed dc ships onboard could be improved by analyzing
their protection demands.

Transient and steady-state analyses are necessary for fault
current characterization in a dc circuit. The following sec-
tions present the model segments intended for the simulation
of the dc system as follows: 1) load and supply feeders;
2) fuses; 3) BTS; 4) short-circuit branch; and 5) summary of
parameters.

A. LOAD AND SUPPLY FEEDERS
Since the dc system (see Fig. 2) has six supply feeders and
two load zones, two general types of circuit are used in the
modeling. The power supply feeder is shown in Fig. 3(a)
and the load zone feeder is depicted in Fig. 3(b). The supply
feeders in this work are of three types: 1) primary generators
(G1 and G4); 2) secondary generators (G2 and G3); and 3)
battery packs (BP1 and BP2). The main difference among the
types is the number of output filters and the cable count, which
also depends on the number of circuits.

For example, generators G1 and G4 utilize two converter
drives as in Fig. 3(a), generators G2 and G3 require one
converter drive, and battery packs BP1 and BP2 have three
output filters for a single drive. Table 1 summarizes the cable
count per component and the number of circuits.

The following components in Fig. 3 describe the circuits in
the model: 1) sources; 2) output filters; 3) transmission lines;
and 4) load.

FIGURE 3. Schematic diagram of the modeled power supply feeders and
load zones. (a) Feeder circuit for the main generator. (b) Equivalent circuit
of a load zone. Purple dash: generator, load. Blue dash: output filter. Red
dash: parallel transmission lines. Green dash: bus coupling point,
disconnector, and fuse.

TABLE 1. Cabling Arrangement per Main Component in the DC System
Based on 1-kV Class DC Cables According to [9]

1) SOURCES
The model of the power supplies consists of ideal dc sources
and equivalent Thevenin resistors (Rth) to limit the output
power of the source, accounting for the steady-state initial
conditions of the fault. The voltage source Vg and the equiv-
alent resistor are divided into two, creating the middle point
grounding while keeping the rest of the circuit floating.

2) OUTPUT FILTERS
The original manufacturer of the drive provides data for the
output filter capacitors (Cout), their ESR, and the parasitic
inductances (Lp), which ultimately guide the transient char-
acteristics of the circuit. Such parameters are assumed to be
constant for the operation frequency and temperature for this
work. The ESR absorbs part of the potential energy, limiting
the amount of energy supplied to the fault. The energy ab-
sorbed by the ESR depends on the location of the fault within
the dc system, and Section IV provides further discussion.
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FIGURE 4. Schematic diagram of the pi transmission line segment
employed in the model.

In addition, parasitic inductance affects the maximum current
and the di/dt of the fault. However, the effect of these induc-
tances is negligible compared with those of the transmission
lines.

3) TRANSMISSION LINES
The transmission line model incorporates the effects of the
cabling impedance in the system model. The pi model de-
picted in Fig. 4 corresponds to that of the simulation. Cable
manufacturers provide parameters Rx , Lx , and Cx , which are
mainly dependent on intrinsic characteristics and geome-
try [23]. For simulation, the parameters extracted come from
marine-certified cable catalogs in the range of 1000 V [24].

4) LOAD
The load is modeled as a fixed resistor that represents an
equivalent power consumption. The initial conditions are as-
sumed constant since load variations in shipboard systems
occur in hundreds of milliseconds, whereas short-circuit over-
currents happen within several microseconds. Furthermore,
the power flow is considered unidirectional, and the load
does not have an input filter. The effect of additional filter
capacitors is discussed in different test cases in Section IV
and discussed further in [17], where the input filter can in-
crease the short-circuit current in a generator–motor feeder.
The influence of load inductance is examined through a sensi-
tivity analysis in Section IV. For this research, three operation
modes define the values of the load resistors that ultimately
impose the initial conditions.

1) DP mode: The DP mode requires the propulsion sys-
tems to maintain the vessel in a relatively static position
(≈ 17% of installed power).

2) ECO mode: It indicates a reduced speed or economic
cruising that maintains optimal fuel consumption (≈
25% of installed power).

3) CRU mode: It refers to the maximum cruising speed for
the propulsion system (≈ 84% of installed power).

B. FUSE
Fuses are essential in shipboard dc systems to provide the
first layer of protection and galvanic isolation [9], [10]. How-
ever, the literature rarely reports their behavior in dc cases,
and there are no standard methodologies for their modeling.

FIGURE 5. Schematic and control diagrams of the modeled fuse.

Ravyts et al. [20] study voltage dips in a fuse-protected bipo-
lar dc system caused by short circuits. The study includes
tests with various fuses in the system without focusing on
the behavior of the fuse itself. The work in [25] shows an
RC circuit and a variable resistor to model the arcing of a
fuse for a dc power supply. The fuse model in [26] uses
an algorithm to calculate the RC values while removing the
variable resistor. However, the variety of feeders, transmission
lines, and parasitic components complicate the tuning of the
RC constant in a shipboard dc system. Furthermore, the large
capacitors in the output filters dominate the dynamic response
of the circuit, allowing the assumption that the fuse capacitors
are negligible in the model. Consequently, the fuse model
consists of a variable resistor (arcing resistor) in series with
the nominal resistor and a cutoff switch, as depicted in Fig. 5.

The reference control structure of the fuse in Fig. 5 incorpo-
rates a specific energy threshold that represents the prearcing.
Specific energy refers to i2t and is hereinafter used as the
specific energy of the current impulse in J·�−1. The fuse
blows when the threshold is exceeded (in the datasheet), acti-
vating a linearly increasing variable resistor that simulates the
arcing of the fuse. The fuse cutoff triggers when the minimum
current imin is reached. Despite the limitations of the fuse
models, their behavior gives sufficient insight for complete
system simulation.

C. BUS-TIE SWITCH
The BTS or bus coupler exists in various architectures and
technologies and was extensively discussed in [6] and [18],
providing several components that differ significantly in dy-
namic response, efficiency, and protection effectiveness. For
the simplified model, the component response time is suf-
ficient to provide insight into how low- and high-speed
components could affect the fault. Fig. 6 includes the simple
BTS utilized in the model and the simplified control strategy.
The overcurrent threshold imax and the duration of the trans-
port delay define the switch time response that controls the
ideal switches.

The time response of the BTS follows the typical time
response of a mechanical switch with a series fuse, which
is around 8 ms [27], and the maximum opening time in a
certified solid-state BTS, which is close to 21 μs [28].
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FIGURE 6. Schematic and control diagrams of the BTS.

FIGURE 7. Schematic diagram of the pole-to-pole short-circuit branch
utilized in the model.

TABLE 2. Summary of Parameters Utilized in the Simulation Model

D. SHORT-CIRCUIT BRANCH
The generation of faults in the simulation environment re-
quires a short-circuit (fault) resistor RSC. The fault resistor
is 100 μ� to represent a solid short circuit. The magnitude
differs in more than one order of magnitude from the ESR
and load resistors and is about half of the nominal resistance
of the fuse. The load resistors RDP, RECO, and RCRU, and the
equivalent source resistors, are on the order of hundreds of
milliohms, and the nominal resistance of the fuse is in the
hundreds of microohms range. The diagram section in Fig. 7
shows how the branch is integrated into the model.

E. SUMMARY OF PARAMETERS
The simulation model tools, adjustments, and parameters can
significantly affect the outcome. The parameters in Table 2
facilitate a reasonable analysis and replication, together with
the following configurations.

1) The system integration utilizes Simulink, and the circuit
models the PLECS blockset.

2) The Simulink and PLECS configurations use the fixed-
step discrete solver at a sampling rate of 10 ns.

3) The discretization of the system is based on the fifth-
order Runge–Kutta method, as the accuracy for high-
speed events is considered better than the second-order
Tustin method [29].

4) The sampling time of 10 ns satisfies the Nyquist crite-
rion and accounts for most of the aliasing effects.

5) The sampling rate is more than 100 times faster than the
increase time of a short-circuit current of ≈ 170 kHz for
proper transient visualization.

6) Algebraic loops and divisions by zero are minimized to
facilitate computation and improve accuracy.

7) The pi transmission line model accounts for the effect of
RLC parameters in each cable and includes the effects
of wave propagation.

III. TEST CASES
A selection of test cases with different variables is necessary
to provide a comprehensive testing framework. The variables
are operation mode (3), fault location (5), and protection ap-
proach (3) for 45 possible test cases. The operation modes DP,
ECO, and CRU and the fuse model were introduced earlier
in Section II. Fault locations and the associated protection
approaches are introduced in the following sections.

A. LOCATION
The physical location of the fault can significantly affect
the outcome of the event, given the relative complexity of
the use case studied. The distributed approach with dc ca-
bling modifies the impedance of the circuit compared to the
centralized switchboard. For instance, in a pole-to-pole fault
close to the output filter of generator G1, the adjacent out-
put filter dominates the time response τ of the first current
overshoot (1).

Moreover, the remaining current flowing into the fault
comes from various places with different time responses.
The characteristics of the output filters together with the
impedance of the dc cables could justify such variations

τ ≈ Lp

RESR + RSC
. (1)

Therefore, the variable location tests include five places,
indicated with a red flash in Fig. 8. Generators G1 and G2
and battery pack BP1 have different cable counts per feeder
and output filters, giving several options to study.

Bus A short circuits are particular cases that can simultane-
ously accumulate energy from all the filters at the fault point.
These cases do not have adjacent filters and are affected by
the impedance of the entire circuit. Furthermore, load zone A
has an extra set of cables that can modify the characteristic
impedance even further, affecting the fault current to a greater
extent. The faults are located on Bus A, so it is assumed that
the behavior of instances on Bus B will mirror the other cases.

B. PROTECTION APPROACH
The protection strategies are selected considering two objec-
tives. First, analyze the natural response of the dc system
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FIGURE 8. Simplified diagram of the system including the short-circuit
locations. Red dots: components placed close together. Blue dots: load
zones. Green shade: switchboard components placed close together.

in the event of a fault and provide insight into the worst
case scenario, and second, benchmark two popular protection
strategies based on fundamental protection components (fuses
and BTS), as specified in [9] and [11]. The unrecoverable
blackout is the worst case considered for the system. A black-
out is considered unrecoverable if the downtime exceeds a
predefined limit, which depends on the type of vessel, e.g.,
60 s from blackout detection to thrust restoration in DP types.

The protection approaches are divided into three
possibilities:

1) system without feeder protection and low-speed BTS
(8 ms);

2) system with feeder fuses and low-speed BTS (8 ms);
3) system with feeder fuses and high-speed BTS (21 μs).
The framework of this research facilitates the creation of an

inventory of short-circuit currents from the simulation, which
is compared, in principle, with analytical methods.

IV. FAULT CURRENT CHARACTERIZATION
This section aims to present significant findings from the sim-
ulation model under different conditions. The benchmark of
several test cases based on extracted and calculated param-
eters, such as peak current, dissipated energy, and specific
energy, allows a comprehensive distinction among fault types
and locations, which is the core of the categorization in Sec-
tion VI.

The inventory follows a logical structure, in principle,
providing a complete overview of the selected cases. In Sec-
tion IV-A, the potential energy stored in the capacitors and the
energy dissipated by the ESR are discussed. In Section IV-B,

TABLE 3. Potential Energy Stored in Capacitors Per Feeder

the analytical model based on circuit analysis and the potential
limitations of the method are introduced. Sections IV-C–IV-E
cover the results and calculations of the test case. Section IV-C
shows the system without protection, Section IV-D shows the
system with feeder fuses, and Section IV-E shows the upgrade
to feeder fuses and a high-speed BTS. The section ends with
a dc cabling sensitivity analysis, given that their length affects
the fault current waveform. The cable length ranges from
centralized to distributed primary systems in a single-feeder
test.

A. POTENTIAL ENERGY
Most of the transient-state energy in a dc short circuit gets
transferred from the output filter capacity. Table 3 summarizes
the potential energy of the capacitors for the superyacht case
in Fig. 2, including the equivalent total energy.

The energy dissipated during the short circuit reflects a
fraction of the potential stored in the filtering capacitors. The
ESR dissipates the remaining energy, which varies depending
on the location of the fault. Therefore, the architecture and
parameters of the dc system affect the proportion in which
they split apart. The reason is that the ESR is approximately
one and a half orders of magnitude larger than RSC, and the
location affects the equivalent ESR influencing the fault. The
energy dissipation ratio from RSC to ESR in the superyacht
based on the fault location is as follows.

1) generators G1 and G4: 27.5 times;
2) generators G2 and G3: 55 times;
3) battery packs BP1 and BP2: 18.3 times;
4) buses A and B: 4.58 times;
5) loads A and B: 4.58 times.
In short, the component storing the energy can dissipate

most of it during the transient. The energy dissipation ratio
facilitates the health estimation of the output filters by provid-
ing insight about the absorbed energy during the fault.

B. ANALYTICAL MODEL
Mathematical models are essential for simulation tools and
can be used to analyze fault currents in shipboard dc systems
to a certain extent. For example, the power grid in Fig. 2 has
multiple sources connected to the two buses via dc power
lines. For faults adjacent to any of the output filters, it is pos-
sible to estimate the behavior of the fault current by working
with simple assumptions. Fig. 9 shows a simplified circuit of
the feeder that connects generator G1. As the fault resistor is
adjacent to the filter, the current through the transmission lines
is initially neglected.
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FIGURE 9. Schematic of the simplified generator G1 circuit for short-circuit
current analysis. Purple dash: generator. Blue dash: output filter. Yellow
dash: short-circuit resistor. Red dash: parallel transmission lines.

In the case of an event such as a type-A fault, the mathe-
matical representation gives

2Lp
diSC

dt
+ iSCRSC = vcap − CoutRESR

dvcap

dt
(2)

iSC = Cout
dvcap

dt
+ Vg − VBUS

RTH
(3)

where iSC is the fault current and vcap is the capacitor voltage.
The current response can be overdamped or underdamped

depending on the parameters, which gives two families of
solutions in (4) and (5), respectively, for the differential equa-
tions system. More details on solution and analysis methods
are available in [15], [17], [30], and [31]

iSC(t ) = e−αt

2β

[
Vcap

Lp

(
eβt − e−βt ) + βIg(0)

(
eβt + e−βt )]

(4)

iSC(t ) = e−αt
[

Vcap

ωd Lp
sin ωdt + Ig(0) cos ωdt

]
(5)

where Ig(0) is the initial condition of the generator cur-
rent, which is given by the operating mode, α = RESR

2Lp
, β =√(

RESR
2Lp

)2 − 1
LpCout

, and ωd =
√

1
LpCout

−
(

RESR
2Lp

)2
.

The fault current from the circuit in Fig. 9 is overdamped,
and Fig. 10 shows in blue the current response obtained by
using the parameters from Table 2 in (5). The peak current is
≈ 343 kA with a peak time of ≈ 6 μs.

A simulation of the feeder in Fig. 9, attached to the load,
is shown in dashed red in Fig. 10. This result suggests that it
is possible to estimate the first current overshoot in a pole-to-
pole short circuit, as long as the fault occurs close to a filter.
The single feeder simulation reaches ≈ 323 kA in about 10
μs despite including parallel cables in the analysis.

However, the results of the analytical method are overly
complex when studying the entire circuit. The augmented sys-
tem introduces numerous state variables, and thus, numerical
methods are preferred. The fault current computation results

FIGURE 10. Comparison of fault currents during a pole-to-pole short
circuit in a single-feeder system based on generator G1 and maximum
nominal load. Blue: analytical model. Dash red: simulation model.

are less intensive and potentially more accurate. The informa-
tion aids in mitigating possible threats, conceivably enhancing
design procedures and streamlining the analysis.

C. NONPROTECTED SYSTEM
This section includes the main takeaways of the numerical
model that utilizes a nonprotected approach under type-A
faults. The related test cases show the natural response without
feeder protection. The low-speed BTS is the only protection
component in this configuration, and its influence is limited. It
is worth mentioning that this case is not practical in reality, but
it gives insight into the phenomenon. The section covers the
following topics: 1) the fault current at different locations for
a single operation mode is shown; 2) the fault current sources
and their contribution to a single event are analyzed; 3) the
voltage disturbances present during a short circuit are out-
lined; and 4) several short-circuit characteristics in different
operation modes are discussed.

1) FAULT CURRENT AT VARIOUS LOCATIONS
The event location significantly affects its waveform because
cabling modifies the impedance of each feeder. Fig. 11 shows
the natural response of several faults in the system under
study, which facilitates their comparison.

The output capacitors dominate the behavior of the phe-
nomenon. An initial overshoot is visible when the fault occurs
adjacent to generator G1 or G2 and battery pack BP1. The
earliest response in these signals is rather aggressive, and they
appear to overlap completely. The time scale of the figure
allows for a comparison among the five fault locations and
other figures, but creates an overlapping perception. However,
their di/dt is different, shifting the current peak and the time
to peak. The inset in Fig. 11 shows the fault in generator
G2 reaching about 173 and 339 kA for generator G1 and
495 kA for the battery pack BP1. After the initial overshoot,
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FIGURE 11. Pole-to-pole short-circuit current response at various
locations with the dc system operating in the DP mode. Blue: generator
G1. Red: generator G2. Yellow: battery pack BP1. Purple: bus A. Green: load
zone A. Inset: Detail of the initial current overshoot after the short circuit.

the inductance and capacity of the complete system must be
considered. The current exhibits subsequent amplitude decay-
ing oscillations that supply the utmost energy to the fault. An
overview of the waveform shows that the first overshoot has
a limited area, implying that its energy is lower than that of
the first subsequent peak despite the lower maximum. Faults
at bus A or load zone A behave differently from the other
cases. The initial overshoots are comparable to the subse-
quent overshoots obtained at the other points. In addition, the
impedance of the feeders shifts the initial peaks, which also
implies higher energy.

Furthermore, the resonance among the components in the
dc system governs the oscillations in the fault currents. The
current from the sources varies with different decay factors
and frequencies, making the period irregular. The zero cross-
ing visible in bus A (purple) is also a consequence of the
oscillations and does not work in fault clearing.

2) FAULT CURRENT SOURCES
In practice, direct measurement of the short-circuit current is
not feasible. However, at least partial waveform reconstruc-
tion is possible from measurements present in real applica-
tions. For instance, adding together the output current of the
converters in the dc system can be derived in any of the fault
current waveforms in Fig. 11. This section intends to analyze
the contribution of the different sources in a particular fault
and some of the implications.

The current measured in the output filters when the short
circuit occurs by generator G1 is visible in Fig. 12. Most
of the energy stored in the adjacent capacitors is dissipated
by the ESR, and the remaining energy is transferred to the
fault. Notice the initial di/dt among the signals compared to
generator G1 (blue).

FIGURE 12. Fault current fed by different sources into a pole-to-pole short
circuit at generator G1 in the dc system operating in the DP mode. Blue:
generator G1. Red: generator G2. Dash yellow: generator G3. Purple:
generator G4. Magenta: battery pack BP1. Dash light blue: battery pack
BP2. Inset: Detail of the initial current variation after the short circuit.

In Fig. 12, the average di/dt in generator G1 is approxi-
mately 51.3 kA ·μ s−1, whereas the same variable at generator
G4 is close to 81.4 A ·μ s−1. The current rise at the sources
away from the fault has a comparable behavior, and they
overlap in the simulation. This result suggests that it would
be possible to detect a type-A event when it occurs adjacent
to an output filter.

The fault current oscillations are challenging to anticipate
in real-time usage, and the lack of consistent behavior im-
pedes their utilization in protections. Despite the existence of
zero-crossing in some signals in Fig. 12, these events depend
on the damping factor of the grid for the specific transient, and
the operation of a circuit breaker should not rely on them. For
example, zero crossing of battery packs (magenta and dash
light blue) occurs approximately 2 ms after the short circuit.
Meanwhile, the current in generator G4 (purple) oscillates
without a zero crossing until after 3 ms. In contrast, the current
of the adjacent filter does not have zero crossings, which
aligns with well-known dc protection obstacles.

3) VOLTAGE DISTURBANCES
Significant voltage variations are logical consequences of a
fault in a low-impedance dc system such as shipboard grids.
This section discusses the sequence of events that depict
voltage disturbances that arise from a pole-to-pole fault on
generator G1.

1) Short circuit occurs.
2) The voltage in generator G1 drops to zero as the output

capacitors are discharged.
3) The subsequent current oscillations force the voltage

decay at the remaining locations.
4) The voltage in all nodes stabilizes at 0 V after a few

milliseconds.
5) All the potential energy in the capacitors gets dissipated.
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6) The BTS trips 8 ms after the fault, creating voltage
oscillations.

7) The voltage restoration starts at the healthy side of the
system.

The numerical model shows the voltage oscillations caused
by the abrupt load change. Such variations can cause sym-
pathetic tripping in a shipboard dc system, potentially com-
promising the correct protection selectivity. The amplitude,
characteristics, and mitigation of voltage variations require a
detailed study, which is beyond the scope of this article.

4) FAULT CURRENT CHARACTERISTICS
The characterization of the fault current requires the analysis
of the peak amplitude together with the specific and dissipated
energy. Including parameter and initial condition variations
facilitates a more complete understanding of the phenomena.
The study of test cases considers the following parameters:
1) peak current; 2) specific energy during the initial over-
current and the complete fault; 3) absorbed energy also for
the first overshoot and the rest of the event; 4) specific and
absorbed energy from the filter adjacent to the fault point
(when applicable); and 5) peak power.

The analysis is applicable to the entire set of tests. However,
battery feeders feature the highest capacitance of the system,
and only such cases are discussed. Type-A faults at bus A are
studied in Sections IV-D and IV-E, investigating more realistic
scenarios.

1) Peak current: The events placed adjacent to output
filters (generators G1–G4 and battery packs BP1 and
BP2) show consistent similarities. The total fault cur-
rent exhibits a first high-frequency overshoot followed
by a composite of subsequent oscillations. Therefore,
the peak current analysis includes the first overshoot,
supplied mainly by the adjacent filter, and the first suc-
ceeding peak. The cases without adjacent filters (bus
bars and load zones) behave differently. The first over-
shoot shows a lower frequency, whereas the second peak
is significantly lower than in the other instances (see
Fig. 11).

2) Specific energy: The specific energy of the fault cur-
rent allows the calculation of the absorbed energy for
any component of the circuit path. The specific en-
ergy calculation uses (6), where t1 coincides with the
start of the fault in all cases. The end of the interval
t2 has two instances for calculation: 1) the initial dis-
charge is accounted until the local minimum via the first
derivative, which is the starting point for the subsequent
discharges; and 2) it covers the fault current until it
reaches the (approximate) steady state.

W

R
=

∫ t2

t1

i2(t ) dt . (6)

3) Absorbed energy: The absorbed energy considers the
specific energy transferred to the short-circuit resistor.
The calculation is carried out in the same intervals as in

FIGURE 13. Current supplied by the filter adjacent to a pole-to-pole short
circuit at the battery pack BP1 with the dc system operating in the DP
mode. Blue: short-circuit current at battery pack BP1. Dash red: current
supplied by the filter adjacent to the fault location.

the previous case, according to

E = RSC

∫ t2

t1

i2(t ) dt . (7)

4) Energy from adjacent filters: Replicating the analyses in
items 2) and 3) for the output energy from the contigu-
ous filter allows the evaluation of their contribution in
the first overshoot.

5) Peak power: The instantaneous peak power allows the
visualization of the power reached at the maximum fault
current.

Table 4 summarizes the analysis of pole-to-pole short cir-
cuits at battery pack BP1 in the dc system for the DP, ECO,
and CRU operating modes. The main characteristics of the
events are the following.

1) The subsequent current peak is about 35%, on average,
of the initial overshoot.

2) The specific and absorbed energy of the initial discharge
are close to 20% of the total.

3) The energy supplied by the adjacent filter during the
initial peak is about 17% of the total and about 83%
of that during the first overshoot (see Fig. 13).

4) The energy stored in the output filter is about 21.6 kJ
(see Table 3), and from (7), the ESR dissipates approxi-
mately 20.78 kJ during the first overshoot.

In addition, initial conditions appear to have little influence
on fault characteristics, and energy seems to decrease when
the initial load is the highest (CRU mode). For instance, the
peak current in the DP mode is approximately 1.3% larger
than in the CRU mode, absorbing the maximum energy. Fur-
thermore, the difference in specific and absorbed energy is
close to 2.1% in favor of the DP case. Therefore, the initial
conditions of type-A faults adjacent to an output filter have a
negligible influence on the phenomenon.

The analysis in Table 4 provides insight into the natu-
ral response of pole-to-pole short circuits in shipboard dc
systems. This information could facilitate the development
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TABLE 4. Characteristics Analysis of Pole-to-Pole Fault Currents With Different Initial Conditions at the Battery Pack BP1

FIGURE 14. Pole-to-pole short-circuit current at various locations with
fuse protection, and the dc system operating in the ECO mode. Blue:
generator G1; Red: generator G2; Yellow: battery pack BP1; Purple: bus A;
Green: load zone A. Inset: Detail of the initial current overshoot after the
short circuit.

of future protection systems and the proper design of well-
known technologies. However, the rest of the short-circuit
inventory studies more realistic scenarios based on currently
approved solutions.

D. FUSE PROTECTION
After the analysis of natural response, a system configuration
closer to an actual implementation is studied. The protec-
tion system of certified dc ships is mainly based on fuses
for selectivity and galvanic isolation [9], [26]. This section
investigates several type-A faults in a shipboard dc system
similar to Fig. 8, where each feeder has fuses, as described
in Section II. The fuse selection is based on marine-certified
fuses [32] and the nominal drive current plus minimum 10%
as a security margin.

The procedure is equivalent to the nonprotected case, and,
therefore, the section includes, in principle, the same subsec-
tions. Nevertheless, the behavior of bus bar and load zone
faults is significantly different from the other cases, requiring
a dedicated analysis. Hence, the section outline is the fol-
lowing: 1) fault current at different locations; 2) fault current
sources; 3) voltage disturbances; 4) characteristics of short-
circuit current; and 5) bus bar faults.

TABLE 5. Fuse Activation and Degradation Derived From the Faults at
Various Locations With a Low-Speed BTS in Fig. 14

1) FAULT CURRENT AT VARIOUS LOCATIONS
Fig. 14 shows the simulations of pole-to-pole short circuits
located in various sections of the dc system. From the nonpro-
tected system case, it is clear that the location of the faults can
affect their waveform, which is mainly due to the nonhomoge-
neous characteristics of the feeders in the dc system. Including
fuses does not have a significant apparent influence on the
initial waveform of the fault current. At least initially, the
overcurrent peak varies only slightly in magnitude compared
to Fig. 11, attributed to the nominal resistance of the fuse.

Faults adjacent to a filter exhibit a first overshoot followed
by a subsequent overshoot, which decreases significantly as
the effect of the arcing resistor grows. The remaining phe-
nomenon shows only a slow magnitude decay until it reaches
the nominal current of the source. The fuse cutoff does not
completely clear the fault, since the short-circuit resistor is in
parallel with the output filter, whereas the fuse is in series with
the cable at the bus connection point.

The faults at bus bars and load zones exhibit a behavior
comparable to that in the nonprotected case, and the effect of
the fuse is visible only after the initial overcurrent. Eventually,
the fuse cuts off, and the fault current drops to zero, clearing
the fault from the power supplies in the system.

The output of the simulations suggests that it is possible
to isolate a faulty generation feeder with the fuse and remain
operating with the rest of the system. However, sympathetic
tripping and accelerated fuses degradation are plausible con-
sequences of a fault. Table 5 summarizes the blown and
degraded fuses during short circuits in Fig. 14 according to
the numerical model. The fuse is considered to be degraded
when the current increase during the fault is significant, but
not high enough to activate the prearcing for the duration of
the simulation. On average, fuse prearcing starts about 1 ms
after fault, which is consistent with catalog data [32]. The
nomenclature identifies the fuse by its location in the system
as follows:

1) generator feeders (G1–G4): FG1, FG2, FG3, and FG4;
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FIGURE 15. Fault current fed by different sources into a pole-to-pole short
circuit at generator G2 with fuse protection, and the dc system operating in
the ECO mode. Blue: generator G1. Red: generator G2. Yellow: generator
G3. Dash green: generator G4. Magenta: battery pack BP1. Dash light blue:
battery pack BP2.

2) battery pack feeders BP1 and BP2: FB1 and FB2;
3) bus bars A and B: FBusA and FBusB;
4) load feeders A and B: FLA and FLB.

2) FAULT CURRENT SOURCES
This section completes the fault analysis by focusing on the
current from the supplies. The type-A short-circuit current in
generator G2 shown (in red) in Fig. 14 is equivalent to the
source currents in Fig. 15.

In general, the fuse attenuates the current oscillations after
the initial overcurrent. The time response of the fuses may
not be sufficient to avoid the discharge of adjacent capacitors.
Thus, the initial overshoot lacks attenuation, and the total
energy in the contiguous capacitor is transferred into the fault
and the ESR.

3) VOLTAGE DISTURBANCES
Pole-to-pole faults located close to an output filter can create
a severe voltage drop when using feeder fuses. This section
describes the voltage fluctuations caused by the feeder fuses.
The voltage disturbances in the presence of a pole-to-pole
short circuit at generator G2 exhibit the following sequence
of events.

1) Short circuit occurs.
2) The capacitor voltage in generator G2 drops to zero after

about 0.96 μs.
3) Voltage at the bus bars initially decays as in the case

without protection.
4) The feeder fuse blows, showing the protective effect

after around 0.28 ms.
5) Voltage in the healthy nodes start to recover.
6) The BTS trips 8 ms after the fault, creating voltage

oscillations.

7) The voltage restoration in the healthy side ends after a
few milliseconds.

This result could become representative, assuming that the
voltage drop protection, featured in most certified drives, trig-
gers after the BTS (8 ms). This scenario is consistent with the
recommended three-zone protection scheme for shipboard dc
systems [12].

4) FAULT CURRENT CHARACTERISTICS
This section examines further the parameters of the pole-to-
pole faults located close to an output filter in the referential
shipboard dc system. Table 6 summarizes the parameters,
already introduced in Section IV-C, at battery pack BP1 for
different initial conditions.

The main takeouts from the analysis are the following.
1) The subsequent current peak is about 23.8% of the ini-

tial overshoot.
2) The specific and absorbed energy of the initial discharge

are close to 76% of the total.
3) The energy supplied by the adjacent filter during the

initial peak is about 64% of the total and around 84%
of that during the first overshoot.

4) The energy stored in the output filter is approximately
21.6 kJ, and the ESR dissipates approximately 20.72 kJ.

In general, including the feeder fuses could prevent the
largest share of potential energy from being transferred to the
fault. Such a scenario is only applicable if the fault occurs
close to an output filter in a similar use case. The phenomenon
is attributed to the sharp increase in current, which is possible
when the inductance between the fault and the output filter is
low. Section IV-F covers the effect of the inductance in the
waveform of the short circuit. As a complement, Section V
summarizes the comparison of protection performance for
the different test cases. The analysis benchmarks the nonpro-
tected, fuse feeder protected, and fuse feeder protected with
high-speed but-tie switch cases.

5) FAULT AT THE BUS BARS
Bus bar faults require dedicated analysis and classification,
and this section studies type-A events at the bus bars with
a worst case perspective. Despite having similar behavior to
the bus fault, the load zone event has an additional set of dc
cabling that increases the impedance. Therefore, the short-
circuit current is damped and isolated by the fuses, while the
overcurrent-driven thermal stress in the other feeders can be
reduced, possibly allowing the generation feeders to continue
operating.

Hence, the bus bar fault results are important for under-
standing the protection mechanisms for future shipboard dc
systems. The purple signal in Fig. 14 is the total fault current
in bus A. The peak value is the second largest among the test
cases in the plot. However, the rise and fall times are com-
parable, which implies that the transferred energy becomes
significantly higher than in other instances. In addition, the
event occurs approximately in parallel with all the filters,
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TABLE 6. Characteristics Analysis of Pole-to-Pole Fault Currents With Different Initial Conditions at the Battery Pack BP1, Considering Fuse Feeder
Protection

TABLE 7. Characteristics Analysis of Different Short-Circuit Currents at Bus
a Considering Fuse Protection

which decreases the resulting ESR and facilitates the energy
transfer to the fault.

The numerical model indicates that the fault can create an
unrecoverable blackout (worst case scenario) by blowing all
the fuses in the generation feeders. The energy transferred
from the capacitors surpasses the fuse limits in all generation
feeders. Considering that the acceptable worst case involves
losing one bus, a blackout is inherently a catastrophic fault
that demands prolonged downtime for a partial recovery. The
parameters in Table 7 describe the main characteristics of the
pole-to-pole event on bus A with different initial conditions.

The absence of initial overshoot is not necessarily positive,
as the peak current rises close to the maximum in the battery
pack BP1 (see Table 6). The total energy in the capacitors
is 86.4 kJ (see Table 3), and the amount transferred to the
fault is, on average, 6.54 kJ, while the amount dissipated in
the ESR is approximately 29.98 kJ. The outcome suggests
that the fuses limit the transfer and dissipation of 57% of the
potential energy in the output filters. However, the specific and
absorbed energy are approximately 4.87 times larger than that
of the battery pack BP1 case. Such a result could indicate
that, despite the benefits of feeder fuses, short circuits in
shipboard dc systems remain potentially dangerous, and the
development of proper technology is necessary.

E. HIGH-SPEED BTS
Shipboard power grids utilized in sensitive applications, such
as offshore platforms and cable layers, demand stricter design
requirements than a superyacht [5], [9]. Therefore, it is recom-
mended to employ solid-state BTSs in dc system protections
to enhance the performance of the three-zone scheme [33].
The braking time of solid-state protection components
(several microseconds) against their mechanical counterparts
(a few milliseconds) can justify the recommendation [18].
Nevertheless, their cost, availability, and efficiency can hinder
their deployment in shipboard dc systems.

FIGURE 16. Pole-to-pole short-circuit current response at various
locations with fuse protection and high-speed BTS, and the dc system
operating in DP mode. Blue: generator G1. Red: generator G2. Yellow:
battery pack BP1. Purple: bus A. Green: load zone A. Inset: Detail of the
initial current overshoot after the short circuit, and the effect of the BTS.

The numerical model in this section includes a high-speed
BTS, assuming negligible losses, to evaluate the protection
performance gain of the system under several type-A faults.
The response time of the BTS is 21 μs, according to the
marine-certified solid-state component in [28]. The procedure
is similar to previous cases, and the section covers the fol-
lowing topics: 1) fault current at different locations; 2) fault
current sources for one of the locations; 3) voltage distur-
bances for the same case; and 4) the fault characteristics of
two representative test cases.

1) FAULT CURRENT AT VARIOUS LOCATIONS
This section shows the effect of the high-speed BTS on the
total fault current at different locations within the shipboard
dc system. The analyses in Sections IV-C and IV-D conclude
that faults occurring close to a filter get most of the initial
overshoot energy from the capacitors, which implies that the
high-speed BTS should not modify the fault current waveform
of such cases during the first overcurrent.

Fig. 16 shows the fault current at various locations in the
dc system. The corresponding signals in generators G1 and
G2 and the battery pack BP1 exhibit no apparent differences
against the previous case (see Fig. 14). On the contrary, short

608 VOLUME 5, 2024



TABLE 8. Fuse Activation and Degradation Derived From the Faults at
Various Locations With a High-Speed BTS in Fig. 16

circuits located on bus A and load zone A display interesting
differences to consider.

The action of the BTS interrupts the current build-up in
bus A and load A by curtailing the energy transfer. Moreover,
sympathetic fuse tripping, mentioned in Section IV-D, can be-
come more apparent when having a high-speed BTS. Table 8
summarizes the activation and degradation of fuses during
faults in Fig. 16, since the model can determine whether a
fuse blows and the event instant.

The indicators in Table 8 depend mainly on the sizing of the
fuse. For example, the fuse in generator G2 can experience
sympathetic tripping when a short circuit occurs in genera-
tor G1, since the sizing corresponds to the lowest current.
On the contrary, the cases condensed in Table 5 show the
degradation of the fuse in generator G2 for the same fault
location. Consequently, the action of the high-speed BTS can
create oscillations sufficiently large to force the sympathetic
tripping of the fuse, which could prolong the downtime of the
faulty bus.

2) FAULT CURRENT SOURCES
Given that the added value of the high-speed BTS is most
noticeable during pole-to-pole short circuits at the bus bars,
this section studies the fault current sources for the bus A fault
case and highlights the contribution of the component.

The fault current on the bus bars lacks the initial current
overshoot since the use case does not include a dc bus capac-
itor (see Fig. 16). Instead, the current waveform is relatively
similar for all contributing sources, as shown in Fig. 17.

The BTS action, detailed in Fig. 17, explains the current
drop at approximately 21 μs after the fault in Fig. 16. The
BTS trips during the build-up, interrupting the current flow
from bus B and allowing continuous operation with one bus.
In this case, determining the availability of the bus after a fault
could be simplified to measuring the bus and load voltages
to a certain extent. In addition, the fuses on the faulty bus
eventually blow, clearing the fault and protecting the sources
from a long-lasting overcurrent.

3) VOLTAGE DISTURBANCES
This section provides insights into the voltage disturbances
when a bus A short circuit occurs, and the system has a high-
speed BTS.

Section IV-D shows that buses A and B might fail simulta-
neously after a type-A fault on bus A when using a low-speed

FIGURE 17. Fault current fed by different sources into a pole-to-pole short
circuit at bus A with fuse protection and high-speed BTS, and the dc
system operating in the DP mode. Blue: generator G1. Red: generator G2.
Yellow: generator G3. Dash green: generator G4. Magenta: battery pack
BP1. Dash light blue: battery pack BP2.

BTS. By deploying the high-speed component, the system can
recover the voltage from the healthy side relatively quickly.

The BTS acts in a time frame comparable with the fault
time, generating voltage oscillations, after which bus B and
load zone B remain active. Thereafter, fuses on the faulty side
operate, allowing the voltage recovery on the healthy bus,
providing adequate time for diagnosis and reconfiguration
actions. Finally, some control actions, such as load shedding
and load management, can limit the effect of the contingency,
allowing a better operation scenario during defect corrections.

4) FAULT CURRENT CHARACTERISTICS
This section aims to quantify the fault characteristics in the
presence of a high-speed BTS. The fault characteristics of
the battery pack are condensed in Table 9, considering the
parameters explained in Section IV-C.

As anticipated, the parameters describing the fault adjacent
to a filter are similar to those of the low-speed BTS case, and
Section V presents a more in-depth comparison. Nevertheless,
the main characteristics of short-circuit currents are the fol-
lowing.

1) The subsequent current peak is about 18.3% of the ini-
tial overshoot.

2) The specific and absorbed energy of the initial discharge
are close to 83% of the total.

3) The adjacent filter provides 71% of the total energy and
about 85.5% of it during the first overshoot.

4) The energy stored in the output filter is approximately
21.6 kJ, and the ESR dissipates about 20.76 kJ.

In addition, the fault on bus A exhibits different characteris-
tics that highlight the benefit of the high-speed BTS. Table 10
summarizes the indicators describing pole-to-pole faults at the
bus bars for various initial conditions.
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TABLE 9. Characteristics Analysis of Pole-to-Pole Fault Currents With Different Initial Conditions at the Battery Pack BP1, Considering Fuse Protection and
a High-Speed BTS

TABLE 10. Characteristics Analysis of Pole-to-Pole Short-Circuit Currents
With Different Initial Conditions at Bus A, Considering Fuse Protection and
a High-Speed BTS

BTS protection significantly reduces the peak current, al-
lowing the specific energy to drop close to the case of battery
pack BP1. Consequently, the short-circuit resistor absorbs
about 1.68 kJ, and the ESR dissipates approximately 7.7 kJ,
which comprises roughly 10.8% of the total potential energy.

The results suggest that increasing the performance of the
BTS can improve the protection of the dc system in the event
of a bus bar or load zone fault. However, it has a significantly
limited effect on events close to output capacitors because of
their disposition into the grid.

F. INDUCTANCE SENSITIVITY
Since the cable inductance is a function of the line length, the
previous characterization can become somewhat susceptible
to that parameter. A sensitivity analysis of the transmission
line length in a single-feeder test could facilitate the visual-
ization of such a tendency. The simplified model includes the
feeder of G1, which requires a double circuit (18 cables per
pole) attached to a load that demands the nominal power and is
in parallel with a type-A fault branch. The iterative simulation
varies the length of the transmission line from 0 to 120 m,
taking steps of 4 m, increasing the distance from the output
filters to the load and the short circuit.

The procedure advances using different computation tools
and transmission line models to determine whether the model
is agnostic to the software. The tools used are PLECS, LT-
Spice, OrCAD, and PSim, showing negligible differences
across the tests. However, the tools based on SPICE models
are considered more accurate, given the possibility of includ-
ing more behavioral details.

In addition, the sensitivity analysis considers the variations
in the transmission line model to enhance simulation perfor-
mance. The variations include the pi section based on the
telegrapher’s equation, the RL model as lumped components,
and an equivalent L model.

FIGURE 18. Simulation of the line length sensitivity analysis in generator
G1 during a pole-to-pole short circuit using pi section models in a
single-feeder model.

The pi-section-based model gives the only relevant result,
since the error between pi sections and equivalent L models
is close to 3.4% for the maximum peak and about 1.4% for
the minimum. Furthermore, pi-section-based simulations and
RL-based models have comparable results, in which the RL
case demands a fraction of the computational burden of the pi.
Nevertheless, the RL model standardized in [30] and utilized
in [21] seems appropriate for complex shipboard dc systems.

The simulation in Fig. 18 shows the effect of the line
length on the short-circuit current for the single-feeder test.
The peak current, the average di/dt , and the time-to-peak
current change significantly. The power line could delay the
current overshoot to curtail the peak utilizing a high-speed
BTS depending on the architecture and design constraints.

The influence of the resistive parameters on the limitation
of the maximum current is considered negligible. Hence, the
energy absorbed by the sort circuit resistor is similar to some
extent for all cases. For the same type of fault, the maximum
values for the extreme cases (0 and 120 m) are summarized in
Table 11.

The sensitivity analysis indicates that it could be possible
to modify the waveform of a short circuit by changing the
inductance in the terminals by a few microhenries. However,
it may be necessary to assess the effect of the inductance
regarding stability and impedance while achieving appropriate
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TABLE 11. Summary of Extreme Parameters in the Line Length Sensitivity
Analysis in Generator G1 During a Pole-to-Pole Short Circuit

TABLE 12. Performance Indicators’ Summary for the Battery Pack BP1
Considering Pole-to-Pole Fault Currents and Low-Speed and High-Speed
BTSs

damping. Furthermore, the development of improved ship-
board dc protections should not entirely rely on the damping
effect of the inductance, given the variety and applications of
power grids onboard.

V. PERFORMANCE ANALYSIS
This section aims to benchmark the performance of the pro-
tection approaches studied in Section IV; the shipboard dc
system with feeder fuses and low- and high-speed BTSs. The
severity of a short circuit in a dc system can be quantified
by analyzing the peak current, the average di/dt (8), and the
energy absorbed. By determining the performance indicators
for battery pack BP1 and bus A, it is possible to assess the
protection countermeasures in state-of-the-art shipboard dc
systems

�i

�t
= Imax

tImax − tfault
. (8)

A. BATTERY PACK BP1
The high-speed BTS has little effect on the total short-circuit
current for filter-adjacent faults compared to the low-speed
case. In addition, fuses partially mitigate the propagation of
the fault, which enables continuous operation in these cases.
Table 12 summarizes the performance indicators for the fault
in battery pack BP1.

A peak current fed by a relatively large capacity appears
aggressive. The average maximum of 491 kA in a 1000-V
dc system is a possible threat indication for the vessel. The
average di/dt suggests that fault mitigation could become
challenging, while the (thermal) stress of several components
can become unendurable. Meanwhile, the total energy dissi-
pated in the fault decreases by approximately 9.6%, which,
in principle, reduces the stress in the output capacitors. How-
ever, the dissipated energy in the filter, estimated in 20.8 kJ
from Table 9, may remain excessive. Hence, a high-speed
BTS could reduce the propagation of faults near the output
capacitors, with limited stress reduction in the ESR.

Subsequently, estimating capacitor damage is fundamental
to diagnose the extent of a possible defect. The temperature

TABLE 13. Performance Indicators Summary for the Bus a Considering
Pole-to-Pole Fault Currents and Low-Speed and High-Speed BTSs

rise estimation in the capacitor core is a well-known damage
indicator, and the temperature limits are available in most
datasheets. The following equation yields the approximate
core temperature in the capacitor based on power losses and
thermal properties:

Tcore = Tair + PlossRthc−a

(
1 − e−t/τ ) (9)

with Tcore and Tair being the temperature at the core of the
capacitor and the ambient temperature, respectively, Ploss the
power losses in the ESR, Rthc−a the core-to-air thermal re-
sistance, and τ the thermal time constant of the capacitor
[34], [35].

The following example illustrates the temperature rise esti-
mation in a referential output capacitor in battery pack BP1.
The analysis is based on an array of seven parallel legs of two
series capacitors of reference 520C562T500DG2B [36] from
CDM Cornell Dubilier. The equivalent capacitance obtained
is 19.6 mF and the ESR is 5.6 m�, since the modules indicate
5.6 mF and 19.7 m� in the datasheet. The equivalent ESR
is close to the value in Table 2, allowing a fair estimate. The
battery pack utilizes three output capacitors, which leads to
a peak power loss of approximately 1.03 MW per leg. The
thermal resistance of the base capacitor is 0.84 ◦C · W−1 if it
has a metal heatsink and an air circulation of 5 m · s−1 [36].
Since the losses in ESR are significant, the short circuit leads
to an uncontrollable temperature rise that exceeds the dam-
age threshold (around 105 ◦C) within tens of microseconds.
Overheating increases the ESR, leading to a wear-out fault
when the nominal value doubles [37], [38]. The calculation
assumes impedance balance among capacitor modules and
submodules, splitting the fault current evenly.

B. BUS A
The performance protection gain from the high-speed BTS
becomes appealing when analyzing short circuits at the bus
bars. Table 13 summarizes the calculations based on (6)–(8)
for high- and low-speed BTS and faults at bus A. The peak
current decreases at about 49.2% of the expected value with a
low-speed component. The current variation rate drops to half
(50.9%) of the average indicator. The specific and absorbed
energy of the short-circuit current are only around 25.6% of
the reference value. In addition, the peak power is close to
one-fourth (25.8%) of the maximum power expected with a
low-speed BTS.

Furthermore, the maximum power dissipated by the out-
put capacitors on the recovered side decreases significantly.
For instance, when taking the same reference capacitor as in
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TABLE 14. Categorization of Short Circuits in a Double-Bus Shipboard DC System Considering Low-Speed and High-Speed BTS Based on Section IV

battery pack BP1, the ESR losses at generator G4 jump from
approximately 1.98 MW to 38.28 kW per leg. As of (9), the
core temperature drops from a thermal damage of roughly
268 ◦C to a reasonable level of about 49 ◦C. On the other hand,
the output filters on the faulty side are exposed to potential
wear-out. Generator G2 seems especially vulnerable, since the
ESR losses yield an approximate 2.2 MW peak per leg, which
from (9) gives a core temperature close to 295 ◦C, damaging
the component.

Therefore, the protection performance gained from the im-
plementation of high-speed BTS is remarkable. The fault in
bus A is effectively contained into a less threatening state
while restraining the possible capacitor wear-out, which is es-
sential in the operation of the dc system. The high-speed BTS
could prevent the blackout discussed in Section IV-D, limiting
a multicapacitor wear-out, affecting most of the primary sys-
tem, into a selective wear-out, degrading only a section of the
grid. Nevertheless, the inventory shows that the absence of
efficacious feeder protection represents a substantial hurdle,
which compels further investigation and improvement.

VI. FAULT CATEGORIZATION
The quantitative analysis in the fault inventory comprehen-
sively describes the possible threats in the superyacht. The
purpose of this section is to harness the results in Section IV
to create a generic framework suitable for multiple types of
vessels. Such a framework relies upon a fault categorization
using qualitative indicators, such as potential consequences,
detection speed, localization complexity, and fault severity.

The fault categorization is summarized in Table 14, fol-
lowed by the categorization indicators and the interpretation
of severity.

A. INDICATORS
The categorization utilizes several indicators to provide a
comprehensive overview of the faults and determine their

severity. The short-circuit categorization indicators are the
following:

1) location;
2) potential consequences:

a) protection with slow BTS and fuses (SB+F);
b) protection with fast BTS and fuses (FB+F);

3) detection;
4) localization.
The location and potential consequences depending on the

protection scheme are discussed in depth in Section IV. De-
tection and localization participate in the categorization by
jointly analyzing di/dt differences and locations as follows.

Faults close to an output filter exhibit a high di/dt that is
relatively straightforward to separate (e.g., Fig. 12). Assuming
that the protection systems fit within a three-zone selectivity
scheme, the alert signal generated by the drive can swiftly
provide the most likely location of the fault.

In contrast, faults occurring far from the drives are more
complex to identify (e.g., Fig. 17). The fault alerts could show
a similar time stamp, suggesting that the most likely fault
location is the bus bars or the load zones. However, it is
necessary to compare the detection alerts and combine them
with detection algorithms to accurately determine the loca-
tion. Consequently, detecting such faults is complex and slow.
Notice that previous definitions are possible by assuming the
existence of appropriate di/dt and average current detection
as in [7] and [39].

B. SEVERITY INTERPRETATION
The severity indicator in Table 14 provides the fault category
for each scenario. The lowest severity indicator implies the
most severe type of short circuit. Although the categorization
seems initially counterintuitive, the arrangement allows the
worst case visualization always as number one. In addition,
the proposed numeration is consistent with the task prioritiza-
tion schemes existent in most industrial controllers.
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The categorization begins from the bus bars as the worst
case, followed by generation feeders to finalize in the load
zones. The categorization order from the highest to the lowest
output capacitance is governed by the equivalent capacity that
feeds the initial fault overcurrent. For example, the adjacent
capacitor dominates the initial overshoot in a fault at generator
G2. In the case of bus A, the measured overcurrent is supplied
simultaneously by all parallel capacitors with their respective
time constant.

VII. OUTLOOK AND CONCLUSION
A fault categorization considering potential threats in ship-
board dc systems has been proposed in this article. The
general methodology can be extrapolated to several types of
vessels to enhance protection and control systems in modern
sustainable vessels. A better understanding of faults was intro-
duced, which is essential for the proper design and protection
of power converters. In addition, the outcome of this work
could help the evolution of the regulatory requirements of
maritime power systems. To the best of the authors’ knowl-
edge, the conducted studies have no precedent.

The fault characterization provides a framework for ana-
lyzing possible short circuits at different locations onboard,
utilizing comprehensive parameters to describe and differ-
entiate events. Faults located in generation feeders produce
similar fault waveforms, whereas events at the bus bars require
different analyses. In the same way, fluctuating characteristics
lead to variable consequences that escalate from a single-
feeder failure to a blackout.

The added value of the work lies in combining different
techniques to give essential insight about the events. The tech-
niques used involve analytical methods, simplified numerical
models, and complete simulation models covering 45 test
cases.

From the analytic model, it is possible to determine the
approximate waveform of the initial overcurrents in the events
adjacent to the filter because most of the energy comes from
the capacitor. However, bus bar and load zone faults require
additional complex calculations to incorporate all feeders,
compromising the practical benefit of the method.

Complimentarily, the complete numerical model allows a
comprehensive analysis of the fault current and the sources
involved. The studies compare the effect of three system
configurations during pole-to-pole short circuits in various
scenarios: 1) the nonprotected approach; 2) the protection
with feeder fuses; and 3) their combination with a high-speed
BTS were compared.

Ultimately, fuses can interrupt the propagation of specific
faults after the initial overshoot, blocking about 70% of the
potential energy. However, the rest of the phenomena could
be sufficient to cause permanent damage in some compo-
nents and temporary malfunctions. The system becomes more
fault-tolerant by incorporating the high-speed BTS since the
healthy bus is effectively protected. Faults on the bus bars
and load zones seem to be attenuated by current limitation.
However, initial overshoots are not significantly affected by

the performance of the BTS, which can still lead to permanent
damage.

The simulation model based on realistic state-of-the-art
shipboard dc systems mainly considers a distributed switch-
board. Thus, parallel cabling creates electric distances among
the components that could dampen the peak current. The pur-
pose of the simplified simulation model was to include the
inductive effect of the cabling to expand the applicability of
the results. Correspondingly, the sensitivity analysis shows
that the inductance dominates the damping effect of the short
circuit in the case study.

The scale of the dc system is an obstacle for the exper-
imental validation of the simulation results considering the
entire system. However, the detailed study of the simplified
feeder shown in this document is the basis for future work
that involves systematic testing of novel protection devices.
A combination of low-power mock-up shipboard dc systems
and high-power single-feeder tests could provide sufficient
evidence in validating the results. The following subjects are
considered relevant for future work in the development of dc
protection systems.

1) The BTS model requires an independent study, mainly
focusing on certified topologies and assessing their lim-
itations.

2) Experimental validation is necessary to assess the de-
pendence of ESR and other parasitic elements on tem-
perature and frequency during a fault.

3) Fuse models are widely considered oversimplified, as
their behavior is challenging to model. Validation with
scaled-down setups could reduce the uncertainty of the
study, but only for specific fuses and distribution archi-
tectures.

4) Faults to ground and pole-to-pole-to-ground require fur-
ther investigation, since they depend on the grounding
scheme.

5) Simulations based on ideal sources may not be suitable
for long-lasting fault assessments and their potential
effect on drive controllers.

6) The adaptation of the model to a real-time environment
could help reduce uncertainty while potentially increas-
ing accuracy.

The development of hardware protection requires signifi-
cant improvement. The current situation shows that blocking
of the fault current sources may be necessary to reduce
the possibility of severe defects. However, solid-state circuit
breakers are not considered cost-effective or efficient enough
to be suitable for widespread use in maritime applications.

Advancements in protection technologies enable safe pri-
mary dc systems, crucial for the integration of alternative
energy sources. Such technologies are fundamental for global
emission reduction and a sustainable future.

REFERENCES
[1] S. S. Williamson, A. K. Rathore, and F. Musavi, “Industrial elec-

tronics for electric transportation: Current state-of-the-art and future
challenges,” IEEE Trans. Ind. Electron., vol. 62, no. 5, pp. 3021–3032,
May 2015.

VOLUME 5, 2024 613



LATORRE ET AL.: POLE-TO-POLE SHORT-CIRCUIT CATEGORIZATION FOR PROTECTION STRATEGIES

[2] A. Deshpande, Y. Chen, B. Narayanasamy, Z. Yuan, C. Chen, and F.
Luo, “Design of a high-efficiency, high specific-power three-level t-type
power electronics building block for aircraft electric-propulsion drives,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 1, pp. 407–416,
Mar. 2020.

[3] J. F. Hansen and F. Wendt, “History and state of the art in commercial
electric ship propulsion, integrated power systems, and future trends,”
Proc. IEEE, vol. 103, no. 12, pp. 2229–2242, Dec. 2015.

[4] D. Kumar and F. Zare, “A comprehensive review of maritime mi-
crogrids: System architectures, energy efficiency, power quality, and
regulations,” IEEE Access, vol. 7, pp. 67249–67277, 2019.

[5] R. M. Cuzner and H. JiangBiao, “Power electronic converters impacts
on MVDC system architectures,” in Medium Voltage DC System Archi-
tectures, B. Grainger and R. W. De Doncker, Eds., Stevenage, U.K.:
IET, 2021, pp. 19–94.

[6] I. C. Kizilyalli, Z. J. Shen, and D. W. Cunninghamm, Direct Current
Fault Protection Basic Concepts and Technology Advances. Cham,
Switzerland: Springer, 2023.

[7] N. H. V. D. Blij, P. Purgat, T. B. Soeiro, L. M. Ramirez-Elizondo, M. T.
Spaan, and P. Bauer, “Decentralized plug-and-play protection scheme
for low voltage dc grids,” Energies, vol. 13, 2020, Art. no. 3167.

[8] DC Installations for low Voltage, Standard NPR 9090:2018, Royal
Dutch Electrotechnical Committee Standards, Delft, The Netherlands,
2018, pp. 1–52.

[9] Rules for Classification Ships—Part 4: Systems and Components—
Chapter 8: Electrical Installations, DNV-GL, Bærum, Norway,
Jul. 2020, pp. 1–201.

[10] Recommended Practice for 1 kV to 35 kV Medium-Voltage DC Power
Systems on Ships,” IEEE Standard 1709-2018 (Revision of IEEE Std
1709-2010), 2018, pp. 1–54.

[11] Recommended Practice for Electrical Installations on Shipboard-Safety
Considerations, IEEE Standard 455-2014, Oct. 2014, pp. 1–76.

[12] S. Kim, G. Ulissi, S. N. Kim, and D. Dujic, “Protection coordination for
reliable marine dc power distribution networks,” IEEE Access, vol. 8,
pp. 222813–222823, 2020.

[13] M. Chen and Y. He, “Open-circuit fault diagnosis method in NPC
rectifiers using fault-assumed strategy,” IEEE Trans. Power Electron.,
vol. 37, no. 11, pp. 13668–13683, Nov. 2022.

[14] ABB Circuit Breakers for Direct Current Applications, ABB, Zürich,
Switzerland, 2010, pp. 1–60.

[15] Z. J. Shen and L. Qi, “Overview of direct current fault protection
technology,” in Power Systems Direct Current Fault Protection Basic
Concepts and Technology Advances, I. C. Kizilyalli, Z. J. Shen, and D.
W. Cunninghamm, Eds., Cham, Switzerland: Springer, 2023, pp. 9–38.

[16] J.-D. Park and J. Candelaria, “Fault detection and isolation in low-
voltage dc-bus microgrid system,” IEEE Trans. Power Del., vol. 28,
no. 2, pp. 779–787, Apr. 2013.

[17] K. Satpathi, A. Ukil, and J. Pou, “Short-circuit fault management in
dc electric ship propulsion system: Protection requirements, review of
existing technologies and future research trends,” IEEE Trans. Transp.
Electrific., vol. 4, no. 1, pp. 272–291, Mar. 2018.

[18] X. Song, P. Cairoli, and M. Riva, “Overview of protection technologies
in MVDC system,” in Medium Voltage DC System Architectures, B.
Grainger and R. W. De Doncker, Eds., Stevenage, U.K.: IET, 2021,
pp. 261–303.

[19] IEEE Recommended Practice for Conducting Short-Circuit Studies and
Analysis of Industrial and Commercial Power Systems, IEEE Standard
3002.3-2018, 2019.

[20] S. Ravyts, G. V. D. Broeck, L. Hallemans, M. D. Vecchia, and J.
Driesen, “Fuse-based short-circuit protection of converter controlled
low-voltage dc grids,” IEEE Trans. Power Electron., vol. 35, no. 11,
pp. 11694–11706, Nov. 2020.

[21] K. Satpathi, N. Thukral, A. Ukil, and M. A. Zagrodnik, “Directional
protection scheme for MVDC shipboard power system,” in Proc. Ind.
Electron. Conf., 2016, pp. 3840–3847.

[22] L. Xu et al., “A review of dc shipboard microgrids—Part I: Power ar-
chitectures, energy storage, and power converters,” IEEE Trans. Power
Electron., vol. 37, no. 5, pp. 5155–5172, May 2022.

[23] CableApp—Conductor Cross Section Calculation due to Current Rat-
ing at Steady-State Operation, Prysmian Group, Milan, Italy, pp. 1–12.
Accessed: Nov. 23, 2024.

[24] Marine Cables Catalogue—North Europe, Prysmian Group, Milan,
Italy, pp. 12–14. Accessed: Oct. 12, 2024

[25] T. Tanaka, H. Kawaguchi, T. Terao, T. Babasaki, and M. Yamasaki,
“Modelling of fuses for DC power supply systems including arcing
time analysis,” in Proc. 29th Int. Telecommun. Energy Conf., 2007,
pp. 135–141.

[26] J. J. Deroualle, “Modeling of high-speed fuses for selectivity study in
DC shipboard power system,” in Proc. IEEE 4th Int. Conf. DC Micro-
grids„ 2021, pp. 1–8.

[27] Circuit Breaker Frame, MasterPact NW20HDC-C, 2000A, 900VDC,
100kA/500VDC (ICU), Schneider Electric, Rueil-Malmaison, France,
2023, pp. 1–3.

[28] Astrol DC Breaker Switch, KWx, Austin, TX, USA, 2021, pp. 1–4.
[29] E. Hairer and G. Wanner, Radau Methods. Berlin, Germany: Springer,

2015, pp. 1213–1216.
[30] Short-Circuit Currents in D.C. Auxiliary Installations in Power Plants

and Substations—Part 1: Calculation of Short-Circuit Currents, IEC
Standard 61660-1:1997, Jul. 1997.

[31] X. Lai, F. Liu, K. Deng, Q. Gao, and X. Zha, “A short-circuit current
calculation method for low-voltage dc microgrid,” in Proc. Int. Power
Electron. Appl. Conf. Expo., 2014, pp. 365–371.

[32] Semiconductor (AC) Fuses, Protistor Square-Body Fuses PSC aR Sizes
7x—650 V to 1300 VAC Main Characteristics, Ferraz Shawmut, Genas,
France, 2021, pp. 1–15.

[33] S. Kim, S. N. Kim, and D. Dujic, “Extending protection selectivity
in dc shipboard power systems by means of additional bus capac-
itance,” IEEE Trans. Ind. Electron., vol. 67, no. 5, pp. 3673–3683,
May 2020.

[34] Aluminum Electrolytic Capacitor Application Guide, CDM Cornell Du-
bilier, Liberty, SC, USA, 2023, pp. 1–22. [Online]. Available: https:
//www.cde.com/resources/technical-papers/AEappGuide.pdf

[35] J. Sam, G. Parler, and L. L. Macomber, “Predicting operating temper-
atures and expected lifetime of aluminium-electrolytic bus capacitors
with thermal modeling,” in Proc. Power Electron. Conf.—Powersyst.
World Conf. Exhib., 1999, pp. 1–9.

[36] Type 520C 85◦C Long Life, Inverter Grade, Aluminum Capacitor, CDM
Cornell Dubilier, Liberty, SC, USA„ 2023, pp. 1–7. [Online]. Available:
https://www.cde.com/resources/catalogs/520C.pdf

[37] H. Givi, E. Farjah, and T. Ghanbari, “A comprehensive monitoring
system for online fault diagnosis and aging detection of non-isolated
dc–dc converters’ components,” IEEE Trans. Power Electron., vol. 34,
no. 7, pp. 6858–6875, Jul. 2019.

[38] E. Farjah, H. Givi, and T. Ghanbari, “Application of an effi-
cient Rogowski coil sensor for switch fault diagnosis and capac-
itor ESR monitoring in nonisolated single-switch dc–dc convert-
ers,” IEEE Trans. Power Electron., vol. 32, no. 2, pp. 1442–1456,
Feb. 2017.

[39] G. E. Mejia-Ruiz, M. R. A. Paternina, A. Zamora-Mendez, J. C. Rosas-
Caro, and G. Bolivar-Ortiz, “A novel GAN-based solid-state circuit
breaker with voltage overshoot suppression,” IEEE Trans. Ind. Elec-
tron., vol. 69, no. 9, pp. 8949–8960, Sep. 2022.

[40] B. Grainger and R. W. De Doncker, Medium Voltage dc System Archi-
tectures. Stevenage, U.K.: IET, 2021.

ALEJANDRO LATORRE (Student Member, IEEE)
was born in Malaga, Colombia, in 1990. He re-
ceived the B.Eng. degree in electronics engineering
and the M.Eng. degree in industrial automation
from the Universidad Nacional de Colombia, Bo-
gota, Colombia, in 2016 and 2021, respectively. He
is currently working toward the Ph.D. degree in
electrical engineering with the Sustainable Drives
and Energy Systems Section, Department of Mar-
itime and Transport Technology, Delft University
of Technology, Delft, The Netherlands.

He was a Graduate Visiting Scholar with the Department of Electrical
Engineering, KU Leuven-EnergyVille, Genk, Belgium, in 2018. His current
research interests include fault-tolerant power electronics, dc protections,
power converter control, and ship and aircraft electrification.

614 VOLUME 5, 2024

https://www.cde.com/resources/technical-papers/AEappGuide.pdf
https://www.cde.com/resources/technical-papers/AEappGuide.pdf
https://www.cde.com/resources/catalogs/520C.pdf


THIAGO BATISTA SOEIRO (Senior Member,
IEEE) received the B.Sc. (Hons.) and M.Sc. de-
grees from the Federal University of Santa Cata-
rina, Florianopolis, Brazil, in 2004 and 2007,
respectively, and the Ph.D. degree from the Swiss
Federal Institute of Technology, Zurich, Switzer-
land, in 2012, all in electrical engineering.

During master’s and Ph.D. studies, he was a
Visiting Scholar with the Power Electronics and
Energy Research Group, Concordia University,
Montreal, QC, Canada, and with the Center for

Power Electronics Systems, Blacksburg, VA, USA. From 2012 to 2013, he
was a Researcher with the Power Electronics Institute, Federal University
of Santa Catarina. From 2013 to 2018, he was a Senior Scientist with the
Corporate Research Center, ABB Switzerland Ltd., Baden-Dattwil, Switzer-
land. From 2018 to 2022, he was with the DC Systems, Energy Conversion
and Storage Group, Delft University of Technology, Delft, The Netherlands,
where he was an Associate Professor. From January to October 2022, he
was with the Power Management and Distribution Section, European Space
Research and Technology Centre, Noordwijk, The Netherlands, from January
to October 2022. Since October 2022, he has been a Full Professor of Power
Electronics with the Power Electronics and Electromagnetic Compatibility
Group, University of Twente, Enschede, The Netherlands. His research in-
terests include advanced high-power converters and the integration of dc
systems.

XINQIAN FAN was born in Liaoning, China in
1988. He received the B.Sc. degree from Zhejiang
University, Hangzhou, China, in 2011, and the
M.Sc. degree from the Delft University of Tech-
nology, Delft, The Netherlands, in 2013, both in
electrical engineering.

He is currently a Technical Consultant with RH
Marine Netherlands, Schiedam, The Netherlands.
His current research interests include hybrid dc
power distribution grid onboard ships.

RINZE GEERTSMA was born in Kollum, The
Netherlands, in 1975. He received the M.Sc. degree
in marine engineering from University College
London, London, U.K., in 1999, and the Ph.D.
degree in marine engineering from the Delft Uni-
versity of Technology, Delft, The Netherlands, in
2019, with a thesis on “Autonomous Control for
Adaptive Ships with Hybrid Propulsion and Power
Generation.”

He is currently an Assistant Professor in Sus-
tainable Energy Systems for Ships with the De-

partment of Military Technology, Netherlands Defense Academy, Breda, The
Netherlands, and a Guest Researcher with the Delft University of Technology.
He was a Marine Engineering Officer for HNLMS de Ruyter and HNLMS
Tromp. His earlier experience includes systems and project engineering and
innovation roles. His research interests include sustainable and maintainable
energy systems for ships.

MARJAN POPOV (Fellow, IEEE) received the
Ph.D. degree in electrical power engineering from
the Delft University of Technology, Delft, The
Netherlands, in 2002.

In 1997, he was an Academic Visitor with the
University of Liverpool, Liverpool, U.K., where
he worked on modeling SF6 circuit breakers with
the Arc Research Group. In 2017, together with
the Dutch utilities TenneT, Alliander, and Stedin,
he founded the Dutch Power System Protection
Centre to promote research and education in power

system protection. He is currently a Professor of Power System Protection
with the Delft University of Technology. He is also a Chevening Alumnus.
His major research interests include future power systems, large-scale power
system transients, intelligent protection for future power systems, and wide-
area monitoring and protection.

Dr. Popov was a recipient of the prestigious Dutch Hidde Nijland Prize
for extraordinary research achievements in 2010, the IEEE Power and Energy
Society Prize Paper Award, and IEEE Switchgear Committee Award in 2011.
He is an Associate Editor for International Journal of Electrical Power and
Energy Systems. He is a Member of Cigre and actively participated in working
groups WG C4.502 and WG A2/C4.39.

HENK POLINDER (Senior Member, IEEE) re-
ceived the Ph.D. degree in electrical engineering
from the Delft University of Technology, Delft,
The Netherlands, in 1998.

Since 1996, he has been an Assistant/Associate
Professor with the Delft University of Technology,
working in the field of electrical machines and
drives. From 1998 to 1999, he worked part-time
in industries, with the wind turbine manufacturer
Lagerwey, Barneveld, The Netherlands. In 2001,
he was with Philips CFT, Eindhoven, The Nether-

lands. In 2008, he was with ABB Corporate Research, Västeräs, Sweden.
He was a Visiting Scholar with Newcastle University, Newcastle upon Tyne,
U.K., in 2002; Laval University, Quebec, QC, Canada, in 2004; the Univer-
sity of Edinburgh, Edinburgh, U.K., in 2006; and the University of Itajubà,
Itajubà, Brazil, in 2014. He has authored or coauthored more than 250 publi-
cations. His main research interests include electric drive and energy systems
for maritime applications and offshore renewables.

VOLUME 5, 2024 615



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


