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ABSTRACT Targeting a climate-neutral maritime sector drives the adoption of the all-electric ship (AES).
While AESs can utilize both ac and dc shipboard power systems (SPS), a dc system offers advantages in
efficiency, power density, and source synchronization. However, the enhanced network complexity of dc
grids combined with the high penetration of power electronic devices and harsh environmental conditions
can compromise the system’s reliability. Therefore, this article provides an overview of the reliability aspect
of dc-SPSs, addressing the power system design, adequacy assessment, and reliability improvement. First,
the performance tradeoffs associated with the SPS design are examined, revealing how changes in the power
system topology and dc bus structure impact the vessel’s reliability along with other performance parameters.
Second, a hierarchical reliability model framework is proposed for the adequacy assessment of dc-SPSs,
considering the reliability from the component level up to the system level. To determine the system-level
reliability, multiple probabilistic methods, including simulation and analytical models, are compared using
a propulsion subsystem example. Finally, an overview of the reliability improvement strategies is provided,
addressing methods at the system, device, and component level. These three topics combined aim to provide
guidance in the design of future reliable dc-SPSs.

INDEX TERMS DC systems, Monte Carlo (MC), reliability, shipboard power systems (SPS).

NOMENCLATURE

AES All-electric ship. MMC  Modular multilevel converter.
BAAH Breaker-and-a-half. MTBF Mean time between failures.
CB Circuit breaker. MTBSI Mean time between service interruptions.
CI Confidence interval. MTTF Mean time to failure.

COTS  Components off-the-shelf. MTTR Mean time to repair.

ESS Energy storage system. MVDC Medium voltage dc.

EENS  Expected energy not supplied. PCM Power conversion module.
FPS Fault protection system. PE Power electronic.

FTA Fault tree analysis. PGM  Power generation module.
HEW  High energy weapon. PLM Power load module.

IPS Integrated power system. QoS Quality of service.

LOLE Loss of load expectation. RBD Reliability block diagram.
MC Monte Carlo. RV Random variable.

MCS Minimal cut sets. SPS Shipboard power system.
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I. INTRODUCTION

In 2008, the maritime sector emitted over 1.1 billion tones of
CO; accounting for 3.5% of the global emissions that year [1].
If the sector decides to postpone further efforts to combat
climate change, its CO, share may rise to 17% by the year
2050 [2], [3]. However, following the 2023 GHG strategy of
the International Maritime Organization, emission levels of
international shipping are aimed to be cut by at least 70% in
2040, reaching net-zero around 2050 [4]. Pursuing this goal
presents a massive challenge for the maritime sector, requiring
both improvements in vessel efficiency and a transition from
fossil fuels to renewable alternatives [3], [5].

A commonly proposed solution for addressing this chal-
lenge is the AES. An AES is a vessel that relies entirely on
electricity to power its service and propulsion loads. The basis
of an AES is the SPS, which serves as the interconnecting
grid between the electric loads and the PGM, combining the
functionality of the traditional split electric power and propul-
sion power system [6]. Because of its structure, a SPS offers
efficient methods for integrating renewable energy sources in
the vessel’s propulsion system, utilizing technologies such as
fuel cells and port charging [7], [8], [9], [10]. In addition,
using a SPS can enhance the vessel’s efficiency and allow
for improved automation in energy management, power flow
control, and fault protection [11], [12]. Together, these fea-
tures make the AES a promising technology for establishing
a future sustainable maritime sector. Further advantages of
the AES over a mechanical propulsion alternative include the
following.

1) Enhanced vessel efficiency via more efficient operation

and improved management of prime movers [13], [14].

2) Lower life-cycle cost through reduced fuel consump-
tion, lower maintenance requirements, and improved
automation [11], [12], [15], [16].

3) Enhanced vessel maneuverability and position-keeping
ability with faster electrical motors and straightforward
integration of podded propulsion [12], [14], [17].

4) Simpler ESS integration, allowing for peak shaving and
emission-free operation [14], [18].

5) Higher power system design flexibility, trough reduced
location restrictions for components and easier integra-
tion of modularity, redundancy, and reconfigurability,
improving the system reliability and survivability [6],
[12], [15], [19], [20], [21].

Although the SPS provides many advantages over the me-
chanical propulsion alternative, its design comes with a set of
challenges. Compared to land-based power grids, a SPS has
severe restrictions on the size and weight of its components.
Meanwhile, the SPS architecture must adapt to the structural
arrangement of the vessel, increasing its design complexity.
Moreover, a SPS is exposed to a severely fluctuating load
profile, where loads like positioning thrusters impose rapid
changes in the power demand, reducing the system stability
and efficiency [22].

The concept of using electricity onboard ships dates back
over a century. In 1880, the SS Columbia was the first vessel
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TABLE 1. Overview of Commissioned Vessels With a dc-SPS, Their System
Provider, and the Operation Parameters

Name: Type: Year: | System provider: Ve P=

Dina Star Supply | 2013 | ABB: Onboard DC 1000V | 10MW
MS Amera Cruise 2024 | ABB: Onboard DC 1000V | 1I8MW
Ulsan Tachwa | Ferry 2022 | HD Hyundai LVDC | 4MW
OV Ryvingen | Utility 2018 | Kongsberg LvDC | 2MW
Vittorio Morace | Ferry 2023 | MTU: PropulsionPack | LVDC | IMW
Kommandgren |Ferry 2018 | NES: Odin’s EYE LVDC | 2MW
Shen Kuo Research | 2018 | SES-Tech S-DE 1050V | 2MW
Victoria Sabrina | Cruise 2020 | SES-Tech: S-Ren. 1050V | SMW
Edda Freya Constr. | 2016 | Siemens: BlueDrive | 880-1050 | IS8MW
Bastg Electric | Ferry 2021 | Siemens: BlueDrive | 880-1050 | TMW
Viking Princess | Supply | 2018 | The Switch: DC-Hub | LVDC | 6MW
Aurora Botnia | Ferry 2021 | WE Tech & Danfoss LVDC |17TMW

to use a dc system to power its lights. Later, in 1903, a tanker
vessel named Vandal was the first ship equipped with diesel—
electric propulsion, where three 500 V dc generators were
used to provide 290 kW of propulsion power. In 1912, the first
electric-propulsion naval vessel, named the USS Jupiter, was
constructed. This ship contained a single 5000 kW ac steam
turbo-generator that powered two induction motors. Because
of its success, many US Navy vessels, including the USS New
Mexico, USS West Virginia, and USS Lexington adopted the
turbo-electric propulsion. In the years that followed, diesel
engines took over as prime movers, leading to a significant
decline in the use of electric propulsion. Nevertheless, with
the development of semiconductor technology in the 1980 s
and the growing emphasis on fuel efficiency, the Queen Eliz-
abeth II (1984) was refitted with a diesel—electric integrated
propulsion system using ac drives to control two 44 MW mo-
tors. Since then, ac-SPSs were commonly used to power both
naval and commercial vessels. However, with the continued
advancement in PE, new technologies like the solid-state dc
breakers made dc-SPSs more appealing. In 2016, the USS
Zumwalt was therefore constructed with a 1 kV dc grid to
power its service loads. Since then, other navies, including
the Royal Netherlands Navy (ASWF), German Navy (F126),
and Spanish Navy (BAM-IS), have also opted for a shipboard
dc grid. In addition to these naval vessels, dc-SPSs have found
their way into commercial vessels. The Dina Star, launched in
2013, was the first vessel to be equipped with ABB’s onboard
dc grid. A list of other vessels commissioned with a de-SPS is
provided in Table 1.

AESs can thus be equipped with an ac or dc SPS. Tradition-
ally, ac-SPSs were often preferred because of the prevalent
land-based ac infrastructure, well-established power trans-
former, and need for ac propulsion motors [23], [24]. These ac
systems use on-board generators that are connected via a CB
to the ac bus, powering the shipboard loads. However, recent
developments in PE devices have significantly increased the
feasibility of dc grid on ships, establishing dc-SPSs as the
primary research focus for future ship electrification [25]. A
dc-SPS provides significant advantages in efficiency, power
density, source synchronization, and ESS integration [13],
[26], [27], [28], [29]. Further advantages of dc-SPSs can be

VOLUME 6, 2025



IEEE Open Journal of the
Industrial Electronics Society

identified for naval applications. These include reduced EMI
and EMC concerns, improved acoustic performance, and sim-
plified integration of future HEW like ship-borne lasers or rail
guns [30].

However, implementing dc power systems on ships
presents several challenges. First, as dc system technology
has yet to mature, off-the-shelf converters and protection de-
vices for medium voltage and high power shipboard applica-
tions are limited to not available. Furthermore, the low-voltage
off-the-shelf PE devices come with significant compromises
on power density, efficiency, power/voltage scalability, and
cost [31]. Second, maintaining the dc-grid voltage stability is
challenging, especially with the presence of pulsed loads [11],
[32]. This issue arises because the bus-connected PE con-
verters operate as constant power loads under rapid terminal
voltage/current variations. Hence, these converters are seen
as negative incremental impedances in the dc grid, affecting
the voltage stability under rapid changes in the power de-
mand [33]. The generator rotor angle and frequency instability
issues of ac grids do not arise in dc-SPSs, as the interfacing
PE converters effectively decouple the generator frequencies
from the dc bus. [34].

Third, designing an appropriate Fault Protection System
(FPS) for a dc-SPS posses a challenge. In contrast to ac,
dc grids lack natural zero current crossings, making the
well-established ac CB technology ineffective for dc appli-
cation [35]. Moreover, upon a short circuit fault, the energy
stored in the converters’ passive filtering components is
quickly released, driving the fault current. This rapid rise in
current is then solely limited by the small ohmic resistance
of the dc cables [36]. In contrasts, ac-SPSs have higher cable
impedances that limits the fault current rise, thereby relaxing
the breaking requirements of ac protection devices [22]. As
a result, dc grids require a more advanced fault protection
approach. Breaker-based protection of dc-SPSs relies on high-
speed fuses, as well as solid-state, mechanical, and hybrid
CB. Following [31], the response time of the mechanical
and hybrid CB is high for shipboard application. Conversely,
solid-state CB are associated with high losses. Breaker-less
protection methods, that use PE converters for fault limiting
and interruption, is becoming a promising alternative [37].
Further challenges involved with SPS protection arise with
fault selectivity, sensitivity and implementing the grounding
system [32].

Finally, ensuring the reliability of a dc-SPS is a chal-
lenging task. With the high penetration of PE devices in dc
grids and the enhanced level of network interconnectivity,
the system-level reliability can be significantly compromised.
This especially as the fundamental components of the PE
converter, the electrolytic capacitor and semiconductor de-
vices, are among the most vulnerable parts of the system [38].
Moreover, the harsh environmental conditions of ships expose
the power system components to high levels of vibration,
humidity, and salinity, accelerating component degradation,
thereby making the system more fragile and prone to fail-
ures [39], [40]. In addition, maintenance work on dc-SPSs
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is more complex than on land-based power grids. With a
fixed availability of spare parts and a high dependence on
operation continuity, corrective maintenance during ship op-
eration is limited. Meanwhile, predictive maintenance of the
power system is restricted to the scheduled overhaul periods.
Combined, this stresses the importance of the SPS robustness
and inherent ability to maintain operation under component
failures, making reliability assurance a critical yet challenging
part of the dc-SPS design.

As the functionality of the power system is vital to both the
vessel mission and crew safety, ensuring the SPS reliability
is critical for the adoption of the dc-AES [20], [37]. How-
ever, as the reliability aspect of the SPS imposes a tradeoff
with other performance parameters, such as affordability, effi-
ciency, and power density, a design must be implemented that
maximizes the system’s reliability at a minimal expense. This
reliability-oriented design should optimize the structural ar-
rangement of the dc grid and improve the incorporation of PE
devices and protection equipment to benefit the load supply
adequacy. While other reviews like [25], [31], [32], [33] have
addressed many aspects of the shipboard dc-bus and power-
system design, no discussion was provided on how these
design parameters impact vessel’s reliability performance, es-
pecially in tradeoff to other performance parameters. From the
field of reliability, [38], [41], [42], [43] provide overviews on
PE-based system reliability modeling, yet they lack the con-
nection to the shipboard application. To address this gap, this
article provides a comprehensive overview of the reliability
aspect of dc-SPSs, considering the impact of the power system
design, addressing the methods used to perform adequacy
assessment, and discussing strategies to improve reliability.
The key contributions of this article are as follows.

1) Provide an overview of the guidelines, standards, and
common practices in the design of dc-SPSs, thereby
revealing the tradeoffs between reliability and other per-
formance parameters in the dc-bus design and power
system topology selection in Section II.

2) Develop a hierarchical reliability model framework for
the adequacy assessment of dc-SPSs, thereby provid-
ing insights into the component-level and device-level
reliability modeling, as well as comparing multiple
system-level methods in Section III.

3) Provide an overview of the different dc-SPS reliability
enhancement methods, addressing strategies at the com-
ponent, device, and system level in Section IV.

Finally, Section V concludes this article.

Il. SHIPBOARD POWER SYSTEM DESIGN

The SPS or IPS of an AES serves as the interconnecting grid
among the distributed power modules. The system is designed
to enable the power flow from the generation modules and
ESS to all electrical loads in the vessel. While, in a tradi-
tional ship, the electric power system and propulsion power
system operate as two separate circuits, the SPS supplies
power to all vessel loads, regardless of their size and function.
An overview of the power modules in dc AESs, with their
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TABLE 2. Overview of the dc-SPS’s Power Modules, With Their Common Implementations and Main Vendors

PGM: PLM: PCM: ESS:
Examples: Vendors: Examples: Vendors: Examples: Vendors: Examples: Vendors:
1. Diesel generator ABC 1. Shaft motor ABB 1. Diode bridge rectifier | ABB 1. Intergated battery Corvus
2. Gas turbine generator | Hyundai HI | 2. Thruster GE Vernova | 2. Active bridge rectifier | Danfoss 2. Containerized battery | EST-Floattech
3. Fuel cell MAN 3. Radar and navigation | Indar 3. Two-level inverter NES 3. Super capacitor Leclanché
4. PV system Nedstack |4. Lighting Kongsberg |4. Multilevel inverter Schneider E. | 4. Flywheel Saft
5. Nuclear reactor RR/MTU |5. Heating and cooling | Siemens 5. DC-DC converter Siemens 5. Compressed air Shift
6. Methanol engine Wirtsild 6. Auxiliary loads WEG The Switch Siemens
Vendors are ordered alphabetically.
Port motor Prime mover Main generator DS-DC
=~/ (6 => :4_/
- M =7/- oS Y= Integrated Battery |_|_ZE M
n-:z: Radar Board Net E(@Z::: b Z E(/G\)—- @
N/
L. Aux generator Bow thruster
= ="/ LN\ =oALl =
WL e
Starboard motor ~ Rectifier Super capacitors

FIGURE 1. Notional AES with a simplified dc-SPS.

common implementations and main vendors, is provided in
Table 2 [25], [44], [45]. Moreover, a notional AES with a
simplified dc-SPS model is provided in Fig. 1.

With most of the world’s fleet relying on diesel en-
gines for power generation and propulsion, diesel generators
are the most common PGM implementation to energize a
SPS [46]. Alternatively, less common prime movers, such as
gas turbines, LNG engines, and nuclear reactors, can be used
to power the system. However, with recent innovations in
methanol engines and hydrogen fuel cells, promising sustain-
able energy supply alternatives are entering the market [47],
[48]. Although the majority of vessels still use conventional
fuels (HFO, MDO, MGO), the adoption of alternative fuels is
rapidly rising [46]. As of June 2024, over 27% of the ships
on order utilize alternative fuels, representing about 50% of
the order gross tonnage [46]. In addition, large advancements
are being made in utilizing ammonia as a maritime fuel. The
zero-carbon emissions of green ammonia makes the carrier a
promising alternative to carbon-based fuels. Meanwhile, the
energy density of ammonia is higher than clean alternatives,
such as hydrogen and Li-ion batteries, making storage sim-
pler and more affordable [49]. As a result, manufacturers
including MAN, WinGD, and J-Eng are developing two-
stroke ammonia engines while Wirtsild and Hyundai HI are
developing four-stokes. Although currently no large dc vessels
are powered using ammonia, demonstrators have shown their
functionality. In 2024, the Sakigake tugboat became the first
commercial vessel to use an ammonia-fueled engine. Later
that year, the NH3 Kraken used a full-cell-based ammonia
powerpack from Amogy to power its 750 kW propulsion
motor and electrical system.

After generation, power is applied to the dc-bus using the
PCM. Besides voltage transformation, these modules provide
power flow control and can embed protection functionalities,

238

like fault current limiting and galvanic isolation [31]. The
output power of the PCM is then distributed throughout the
vessel using a dc-bus. Although absent in the simplified
power system of Fig. 1, the dc-bus contains various pro-
tection devices, such as CB, disconnectors, and high-speed
fuses, fragmenting the dc-bus in zones to improve the re-
silience of the power system. Multiple vendors including ABB
(SACE Infinitus), AstrolKWx (Marine dc-Breaker), and The
Switch (EDCB) provide solid-state circuit-breaking solutions
for LVDC maritime applications. Finally, the power is sup-
plied to PLM via another set of PCMs. The load profile of an
AES is typically dominated by the vessel’s propulsion load.
Service loads, such as the radar, lighting, and heating/cooling
system, vary dynamically throughout the day, though small in
comparison to the propulsion load [45].

A. DC-SPS GUIDELINES

For the design of a dc-SPS, limited guidelines and stan-
dards have been provided in literature. IEEE Std 1709-2018
provides standards and recommendations for MVDC power
systems on ships [34]. It considers a notional MVDC SPS
and provides general requirements on voltage ratings, ground-
ing, isolation, stability, and protection. I[EEE Std 45.1-2023
focuses on the design of electrical installations on ships
and provides recommended practices addressing ac and low-
voltage dc power systems [50]. IEC 60092-201 provides
general requirements for ship power system design with a
minor focus on dc distribution, and IEC 60092-202 offers
general standards for the protection of SPSs [51], [52]. Fi-
nally, /EC 63108-2017 defines some aspects of primary dc
distribution on ships [53]. Peyghami et al. [41] aim to bring
together the different aspects of dc-SPSs, by providing an
overview of the transient and steady-state design specifica-
tions and requirements. Finally, the electric ship research and
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TABLE 3. Overview of the SPS Recommended Voltage Classes Based on
IEEE Std 1709-2018, IEC 60092-201 for dc and IEEE Std 45.1-2023 for ac
[34], [50], [51]

DC class: Vg AC class: V.
Unipolar Bipolar Utilization / Generation
750V 440/450V
Lvbe 1kV 460/480V
1.5kV +0.75kV 5757600V
3kV +1.5kV 660/ 690V
6kV +3kV 33/3.3kV
MVDC 12kV +6kV 4.16/4.16kV
18kV +9kV 6.6/6.6kV
24kV +12kV 11/11kV
30kV +15kV 13.8/13.8kV

The ac voltages are three-phase line-to-line and rms.

development consortium has provided two notional MVDC
SPS at 5 kV and 12 kV in [54] and [55], respectively.

B. DC-BUS DESIGN

The dc bus is an integral part of a dc-SPS. Its design pro-
vides considerable flexibility in selecting the voltage level, bus
configuration, and grounding topology (Earthing). However,
each option comes with its merits and demerits, impacting the
operating performance and long-term reliability of the SPS.

1) VOLTAGE LEVEL SELECTION

A critical and intricate element in the design of a dc-SPS is
the bus voltage selection. According to the standards in [34],
MVDC SESs are recommended to operate at one of seven
voltage classes, as listed in Table 3. This table also includes
the two highest LVDC voltage classes proposed in [51] and
the ac three-phase line-to-line voltage classes defined in [50].
The selection of a SPS’s dc-bus voltage typically depends on
the vessel power rating. Following [29], an LVDC system can
feasibly power a vessel with a total load of 20 MW. Mean-
while, MVDC systems can be utilized for ships with power
ratings up to and above 100 MW. Hence, the decision between
LVDC and MVDC is primarily based on the vessel’s power
requirements, which is typically dominated by the propulsion
load.

Selecting a power system’s optimal MVDC voltage is fur-
ther determined by the desired generator voltage, propulsion
motor voltage, load considerations, standard cable ratings, and
the arc fault energy [34]. Selecting a high dc-bus voltage
reduces the system’s conduction losses, generally benefit-
ing the efficiency, power density, or power transfer capacity
of the SPS [56], [57], [58]. However, a higher bus voltage
comes with the downside of increased isolation and safety re-
quirements [34]. Moreover, it raises the blocking voltage and
voltage gain requirements of the PCMs, imposing the need for
more complex converter topologies, such as MMC-based in-
verters, rectifiers, and dc—dc converters [44]. Although MMCs
provide enhanced power/voltage scalability, efficiency, relia-
bility, fault protection, and reduced motor/generator insulation
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FIGURE 2. Simplified shipboard dc bus in (a) unipolar configuration,
(b) bipolar without distributed neutral, and (c) bipolar configuration with
distributed neutral.

requirements, it does come with a higher design complex-
ity and cost as well as a reduced power density [29], [56],
[59], [60], [61]. Selecting a low dc-bus voltage offers the
advantages of simplicity and COTS availability, though it also
imposes increased distribution losses and reduced scalability.
This, as enhancing the system’s power capacity, is mainly
achieved through the parallel configuration of PCMs [31].
Therefore, selecting the optimal dc-bus voltage is an optimiza-
tion problem that heavily depends on the vessel application
and performance requirements.

2) UNIPOLAR AND BIPOLAR

Besides the voltage level selection, a shipboard dc bus can be
designed in a unipolar or bipolar configuration [62], [63], [64].
A unipolar dc-bus transfers power through two conductors
(+ and — pole) from which one must connect (with a high
impedance) to the ship’s hull functioning as ground [65], [66].
The shipboard loads and generators are then connected to the
bus via a PCM, perceiving the full dc potential Vj, as shown
in Fig. 2(a). In contrast, a bipolar dc system consists of three
terminals: a 4+ pole with a positive potential, a — pole with
a negative potential, and a neutral at zero potential. Similar
to a unipolar system, a bipolar dc bus can transfer power us-
ing two conductors (without distributed neutral), as shown in
Fig. 2(b) [34]. The parallel impedance grounding then forces
the neutral potential close to ground, imposing a +Vj./2 and
—Vic/2 at the two poles [66]. Alternatively, a tree-conductor
bipolar dc bus can be selected where the neutral is distributed
with the two poles, as shown in Fig. 2(c) [62], [65], [66]. In
this configuration, the generator powers the system through
a three-level inverter, which may be implemented using a
three-L neutral point clamped converter or two cascaded 2L
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FIGURE 3. Common grounding strategies bipolar dc bus (a) ungrounded,
(b) solid, (c) TN-SCD, and (d) high resistance.

@

converters [67]. With the tree-conductor system, high power
loads are connected pole-to-pole, perceiving the full dc-bus
potential. Meanwhile, low power loads are connected pole-to-
neutral and thus perceive Vg /2.

A bipolar dc-SPS with distributed neutral can provide a
higher power density, design flexibility, and reduced isola-
tion requirements when compared to a unipolar system [25],
[62]. Moreover, the system provides improved reliability and
survivability aspects, as it contains inherent redundancy for
critical load modules. With reconfiguration, these modules
can be fed from either the 4+ or — pole, making them fault
tolerant against single pole-to-neutral faults. However, main-
taining system stability in a bipolar dc-SPS is challenging due
to the possibility of power flow imbalances between the poles.
This issue imposes the need for a voltage-balancing circuit
and a more complex control strategy. [31], [62], [68].

3) GROUNDING AND CORROSION
Selecting a proper dc-bus grounding scheme is critical for
staff safety and the prevention of vessel corrosion. Since
direct currents cause severely more rusting than alternating
once, an inappropriately Earthed dc-SPS can lead to long-term
structural hull damage [62], [65], [69]. Corrosion due to dc
stay currents is widely studied for transit systems [70]. In
these systems, the finite conductance of the rails causes some
current, known as stray current, to flow outside the intended
return path, instead using nearby pipes and steel structures
as conductors. At the points where these stray currents exit
the metal structure, an anodic reaction causes corrosion, dam-
aging the infrastructure. [71]. A similar reaction may occur
in dc-SPS applications, where the ship’s hull interfaces with
the seawater. A proposed (but not recommended) grounding
scheme in [34] is a monopolar dc bus, where the ship’s metal
hull functions as the return conductor. Like the rails, the finite
conductance of the hull causes a stray current to flow through
the seawater, imposing (accelerated) hull corrosion. Using the
hull as a current path is therefore highly discouraged [34].
Fig. 3 provides four common topologies for grounding a
bipolar dc bus. The ungrounded strategy, shown in Fig. 3(a),
offers the advantage of a simple grounding system imple-
mentation, a low pole-to-ground fault current, as well as a
negligible stray current corrosion [34], [72]. However, pro-
tecting an ungrounded dc system is challenging, leading
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to safety issues when considering MVDC [73]. A solidly
grounded dc bus, as shown in Fig. 3(b), offers the advantage of
alow common-mode voltage and simple protection system in-
tegration, benefiting the bus’s safety aspects for MVDC [72].
However, given that the neural wire is solidly grounded at
multiple locations, any voltage drop across that conductor
(caused by power imbalances) imposes a hull current, re-
sulting in stray current corrosion [74]. To solve this issue,
TN-SCD grounding, as shown in Fig. 3(c), is proposed. This
strategy uses the diode forward voltage to counteract a voltage
drop across the neutral wire but keeps the near-ground poten-
tial under fault conditions [74], [75]. While both solid and
TN-SCD grounding provide safety benefits, they encounter
a large current under pole-to-ground fault conditions. As in
maritime applications, dc power systems are expected to be
single pole-to-ground fault-tolerant, high resistance ground-
ing is often preferred. This grounding topology, shown in
Fig. 3(d), perceives minor stray currents due to the large
grounding resistors in series with the hull path. Moreover,
upon a pole-to-ground fault the system can maintain temporal
functionality with a Vy./2 voltage shift on all three conduc-
tors [71].

Although stray currents are minimized with high resis-
tance grounding, a bipolar configuration offers further benefits
over a unipolar topology. In a multigrounded bipolar dc bus,
the voltage drop across the neutral conductor is zero under
balanced load conditions, eliminating steady-state currents
through the hull. In contrast, the return line of a multigrounded
unipolar dc bus experiences a small voltage drop, potentially
resulting in a minor steady-state stray current.

C. POWER SYSTEM DESIGN
In addition to the dc-bus configuration, the SPS design offers
flexibility in selecting the network topology. This topology
refers to the structure used to interconnect the distributed
modules of a de-SPS. Although several network designs have
been proposed in the literature, dc-SPSs can be categorized
into five main types: the radial topology, ring topology, zonal
topology, hybrid ac—dc topology, and BAAH topology. Fig. 4
provides examples of these five topologies for a simplified
dc-SPS. These power systems are designed with two shaft
propulsion motors (port and starboard), four generators (two
main and two auxiliary), two ESS, and multiple load centers.
The primary function of a dc-SPS is to securely inter-
connect the distributed power modules under all operating
conditions. However, these maritime power systems face
highly dynamic load profiles and harsh environmental condi-
tions, making module breakdowns inevitable over the vessel’s
lifetime [39], [76]. Nevertheless, the ability of the SPS to
manage these intrinsic faults depends strongly on the net-
work topology [77]. Besides the impact on reliability, the
power system topology affects other performance parameters,
including the power density, simplicity, efficiency, affordabil-
ity, and survivability. Consequently, the topology selection
possesses a tradeoff between the reliability and other system
performance parameters. To secure an optimal topology for a
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FIGURE 4. Simplified DC-SPS in the (a) radial topology, (b) ring topology, (c) hybrid ac-dc topology, (d) zonal topology, and (e) BAAH topology.

specific vessel application, it is essential to to analyze how the
performance metrics vary across the topologies. Therefore,
the rest of this section provides an overview of the five main
SPS topologies, introducing their designs and comparing their
performance aspects.

1) RADIAL TOPOLOGY

The radial SPS topology, provided in Fig. 4(a), is introduced
as a conventional architecture in /EEE Std 1709-2018 for dc
and in IEEE Std 45.1-2023 for ac applications [34], [50]. This
topology is based on a common MVDC bus that directly inter-
connects all shipboard loads, storage devices, and generation
modules. As proposed in [34], all modules must be connected
to the dc bus via a fault current limiting PE converter and a
disconnect switch. Combined, these devices function as the
protection system, minimizing the need for load-side CB. On
top of that, it is recommended to protect ac-powered substa-
tions from faults using ac CB. Further system protection is
achieved through the placement of a bus-tie dc CB between
the port and starboard sides of the bus, allowing the two sides
to operate independently in the event of a fault.

In [45], several ac applications of the radial power system
are presented, including a 690 V/60 Hz passenger ferry, a
11 kV/60 Hz cruise ship with a 440 V service load, and a
6.6 kV/60 Hz LNG tanker using a 24-pulse diode rectifier and
voltage source inverter to excite the asynchronous motors. In
addition, a naval frigate is discussed that uses a 6.6 kV radial
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topology to power two propulsion motors in a hybrid config-
uration with two gas turbines. Shekhar et al. [78] explored the
merits of a radial dc-SPS as compared to the ac alternative.
It highlights the gain in efficiency, safety, and reliability that
can be achieved at different segments of the dc power sys-
tem. A further comparison between radial ac and dc is made
in [24], which analyses the efficiency and fuel consumption
of a conventional diesel—electric cruise ship. Without incor-
porating a battery ESS, the complete power system had an
energy efficiency of 37.0% in the ac configuration and 39.0%
in dc. This energy efficiency was later improved to 42.4%
and 42.9% for ac and dc, respectively, when using batteries
as spinning reserve. In [79], the weight benefits of the radial
dc power system are discussed. For a platform supply vessel,
the weight of the SPS was reduced from 116 to 85 t when
changing from an ac to a dc grid. In [80], the radial power
system topology is applied to a naval vessel, posing the first
step of integrating variable frequency ac (VFAC). The authors
showed a theoretical average reduction in fuel consumption of
5% for an auxiliary tanker with VFAC, while highlighting the
further potential of a dc system to be smaller, lighter, and more
efficient. Overall, the radial topology is widely represented in
literature for studying both ac and dc configurations.

2) RING TOPOLOGY

While the radial topology was constructed with two dc-bus
segments, large ships often require further power system
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segregation to ensure system resilience. The ring topology,
provided in Fig. 4(b), has a port and starboard side dc bus,
which connect at the bow and stern of the vessel using
dc-CBs. To further improve resilience, dc breakers separate
the two busses with a fore-aft split. With closed breakers,
this topology creates a ring-like power system connecting all
shipboard loads, storage devices, and generation modules, via
a PE converter and a disconnect switch [34]. While a closed
CB configuration is not a necessity for the functionality of the
ring topology, it does provide substantial fuel and emission
savings [81].

In [82], a ring-based SPS is implemented for an LNG
tanker. Its 6.6 kV/60 Hz power system connects two 11 MW
propulsion motors to four diesel generators. The authors
also propose two dc alternatives, including a dc—ac hybrid
and a full MVDC ring power system. The ring topology is
also applied for naval vessels in [83] and [84], where the
latter SPS has four main and two emergency switchboards
forming a ring-like power system structure. In [85], a ring-
structured SPS is implemented for a semi-submersible drilling
rig. This 11 kV/60 Hz ring distribution network transfers
power from eight 5.2 MW generators to eight 3.2 MW posi-
tioning thrusters and the 690 V board net. As a drilling rig is a
dynamic positioning vessel, the propulsion system is required
to be fault tolerant against first-order failures, ensuring an
uninterrupted station keeping of the ship [86]. For this reason,
the power system requires four switchboards, each connecting
to two generators and two azimuth thrusters. Upon a seg-
ment fault, the four-split power system can isolate the faulty
segment by switching off the nearest CB, establishing unin-
terrupted station keeping via the three remaining segments.
This ability to operate a critical load with a single-point failure
provides a significant reliability and survivability advantage
over the two-split radial structure. Moreover, the enhanced
interconnectivity of the ring topology imposes two alterna-
tive paths for power transfer, which improves load-shedding
performance upon module faults. However, the alternative
transfer paths do impose a protection challenge. Depending
on the location of a fault, high currents can flow in either di-
rection and be supplied from multiple sources, thus requiring a
more sophisticated protection strategy. Overall, the increased
interconnectivity and segmentation of the ring topology can
improve reliability and survivability at the expense of simplic-
ity and cost.

In [87], a comparative fault study is conducted for the
radial and ring topologies to analyze the impact of these
architectures on the SPS resilience. For the two topologies
implemented with equal generation capacities, a three-phase
fault was simulated on the LV bus. Under this fault condition,
the MV side voltage drop of the radial and ring topology was
found to be 22% and 14%, respectively. This indicates a more
survivable character of the latter topology. However, due to
the ring topology’s reduced path impedance and parallelism,
the short circuit current was simulated to be 24% higher than
in the radial alternative. A qualitative comparison of the two
topologies is performed in [25], where the Xu et al. [25]
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mentioned that the ring topology offers superior reliability,
survivability, and reconfigurability at the expense of an in-
creased complexity and investment cost.

3) HYBRID AC-DC TOPOLOGY

Until now, the considered topologies used dc to distribute
power, while ac modules were interfaced using individual PE
converters. Although, as MVDC devices are scarce and dc
system protection is challenging, the hybrid ac—dc topology
is seen as a more feasible solution for the transition towards
full de SPSs [28], [82], [88]. Hybrid systems can leverage the
advantages of both ac and dc distribution systems, such as
utilizing the mature ac protection hardware while eliminating
bulky propulsion system transformers through dc-ac invert-
ers [82], [89]. The hybrid topology, provided in Fig. 4(c), has a
port and starboard side dc bus connecting the shipboard loads
and storage modules. In extension, the system has an ac bus
connecting to the generators and possibly ac loads [82]. The
ac and dc buses are then interconnected using a set of PE
converters. In line with [28], the hybrid topology can either
be configured with a primary dc bus and an ac subbus or a
primary ac bus and a dc subbus.

In [82], a hybrid SPS is implemented for an LNG tanker.
The proposed power system has an 11 kV ac primary bus
that connects via four passive rectifiers to a 10 kV dc sub-
bus, which powers the two propulsion motors. The authors
highlight that the hybrid topology offers the advantage of
requiring less invasive ship architecture modifications when
transitioning from a full ac-SPS. In [87], a comparative fault
study is performed for the hybrid topology with respect to the
radial and ring alternatives. For the three topologies imple-
mented with the same generation capacity, a three-phase fault
was simulated in the LV bus. The MV side voltage drop on
the hybrid topology was 11%, which was significantly lower
than the 22%, and 14% drop of the radial and ring topologies.
Moreover, it was found that the short circuit current was over
60% smaller than in both the ring and radial SPS, highlighting
the protection advantage of ac. Alternative implementations
of the hybrid topology can be found in [80] and [90], which
discuss a high frequency and parallel ac—dc implementation,
respectively.

4) ZONAL TOPOLOGY

To ensure an uninterrupted power supply of critical loads
in a ring SPS, they can be connected to more than one dc
switchboard [63]. However, with an increasing number of
vital loads, the number of longitudinal cables would increase
significantly, making the ring topology a bulky solution [22].
The zonal topology, provided in Fig. 4(d), is similar to the
ring power system in that it has a port side and starboard
side dc bus, connected via CBs at the bow and stern of the
ship. However, in a zonal SPS, the loads are grouped into
zones, which can also accommodate storage devices and gen-
eration modules. Each zone then connects via a PCM and
transverse feeder cable to both the port and starboard side
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dc bus. As a result of its architecture, the zonal SPS has an
outstanding fault tolerance performance. When a dc-bus fault
occurs, the FPS can reduce the short circuit current and isolate
the faulty segment, while the critical zones can draw power
from the opposite healthy bus [63]. Moreover, under multiple
simultaneous system faults, the zonal SPS can perform seg-
mentation, reconfiguration, and self-healing to improve its
supply continuity [63]. So, the zonal topology improves the
operational capability of an AES even under extreme operat-
ing conditions [34].

Besides the weight reduction for critical load supply, the
zonal topology provides flexibility in equipment integration.
Upgrading components or adding redundancy can be per-
formed easily through the system’s modular design, achieving
increased reliability and survivability at a lower cost [22]. In
the “next generation IPS technology development roadmap,”
zonal SPSs are proposed as the future topology standard to
cost-effectively meet requirements on power quality, reliabil-
ity, and survivability [30].

Petry and Rumburg [91] provided a cost and weight com-
parison of a ring and zonal SPS for a US Navy destroyer.
It was found that the power system weight can be reduced
from 141 t to 104 t when employing zonal over radial. On
top of that, the zonal topology reduced the material and labor
costs by $1.67 M per ship. A similar analysis is performed
in [92], which compares the performance of an ac zonal and
dc zonal configuration for a notional surface combatant. It is
found that the weight and cost of the IPS can be reduced by
30.7 t and $2.39 M when choosing a dc zonal over ac. A
qualitative comparison of the zonal SPS in relation to radial
and ring topology is performed in [25]. The authors mention
that the zonal topology performs better on reliability, surviv-
ability, and reconfigurability at the expense of complexity and
cost.

5) BAAH TOPOLOGY

The BAAH topology is commonly proposed for utility power
systems to enhance resilience and obtain interruption-free
maintenance. Fig. 4(e) shows an example of a dc-SPS based
on the BAAH topology. This system is constructed with two
longitudinal busbars on the port and starboard side of the
vessel, interconnected through a series of bays. Each bay
consists of two outside breakers and a common breaker in
the center. All shipboard PLMs, PGMs, and ESSs are lo-
cated in a bay, connected between an outside breaker and
the common breaker [77]. As a result, each module is pro-
tected by a “BAAH,” which ensures functionality in the event
of a first-order fault [93]. Effectively, the BAAH topology
uses redundancy to achieve high levels of reliability and
survivability.

Stevens and Santoso [77] used Markov modeling to com-
pare the reliability of a SPS based on the zonal and BAAH
topology. It is found that employing a BAAH topology over
zonal reduces the failure rate of the pulsed load and ESS
by 17% at the expense of the radar and propulsion system

VOLUME 6, 2025

reliability. Meanwhile, following [20], the overall service in-
terruption rate of the SPS is reduced from 0.27 #/y with zonal
to 0.22 #/y with the BAAH topology. An essential aspect of
the BAAH topology is that a module’s placement is of great
significance to its reliability. Loads paired with a PGM, like
the starboard motor in Fig. 4(e), maintain operation even when
both busbars fail. The optimization of module placement in a
BAAH SPS is discussed in [20], where the Stevens et al. [20]
proposed a module location optimization algorithm that max-
imizes system reliability, demonstrating superior reliability
performance after relocation. Another reliability improvement
for the BAAH topology is proposed in [93], which suggests
the usage of sectionized busbars by adding CBs. However, the
authors found only a minor impact, lowering the load center
failure rate by less than 3%. The fault tolerance of the BAAH
topology is studied in [35] and [94]. In [35], the size, weight,
and survivability aspects of the zonal and BAAH topology are
compared, illustrating how the SPS architecture can influence
the vessel’s resilience. The survivability of a notional navy
destroyer with a zonal and BAAH SPS is analyzed in [94].
Using a stochastic vulnerability assessment to represent a hos-
tile environment, it was found that BAAH topology performed
1.2% worse on single-hit survivability and 5.2% worse on
double-hit survivability.

An overview of the relevant studies comparing the aspects
of SPS topologies is provided in Table 4. This table shows
the considered voltage configuration (ac, dc, or both), the
application, and the relevant power system topologies. This
table aims to highlight the research focus regarding SPS topol-
ogy comparisons and show the main application directions.
Besides, the table might reveal some of the limitations and
knowledge gaps in SPS architecture research.

D. POWER SYSTEM COMPARISON
Based on the overview of the five dc-SPS topologies, their
key performance parameters can be compared. The result of
this qualitative comparison is presented in the radar chart of
Fig. 5, which ranks the performance of the five topologies on
affordability, efficiency, reliability, survivability, power den-
sity, and integration simplicity. It can be concluded from
Fig. 5 that the BAAH topology offers the highest relia-
bility performance, followed by the zonal, ring, and radial
topology [77], [25]. Although similarly structured, the hy-
brid topology provides a slight reliability advantage over the
radial topology [101], [102]. Fig. 5 further shows that the
zonal topology outperforms the BAAH on survivability [94],
[100]. This performance order is then followed by the hy-
brid, ring, and radial topology [25], [87]. Following [103],
the integration simplicity of a SPS depends on the number
of PCMs, as well as the intricacy of the protection system and
power/energy management strategy. Therefore, as in Fig. 5,
the radial topology provides the simplest integration, followed
by the hybrid, ring, BAAH, and zonal topology [25], [45].
The efficiency of the SPS also depends on the selected
architecture. From Fig. 5, it is concluded that the hybrid
topology has a lower operating efficiency than the full dc

243



VAN DER SANDE ET AL.: RELIABLE DC SHIPBOARD POWER SYSTEMS—DESIGN, ASSESSMENT, AND IMPROVEMENT

TABLE 4. Studies on SPS comparisons ac, dc, and hybrid ac-dc.

Publications on SPS topologies

Power system topology:

Voltage: Application: Radial | Ring | Hybrid | Zonal | BAAH Focus: Ref:
Passenger, . NN L . . . .
: Introduction of different vessel applications and implementations with radial
Commercial, ° [45]
MVAC SPSs.
AC Naval vessels
. Perspective on the transition from radial ac to zonal ac with the integration of
Naval ship . . on . [84]
mission systems.
. Weighs comparison of the radial and zonal topology on a naval vessel and
Naval ship ° ° analysis of the conversion cost for the DD-51 and an amphibious ship. on
General vessel ° . Advantages and challenges of ac zonal shipboard power systems. [95]
. Comparison of acquisition cost, annual fuel cost, installation cost, and size of a
Naval ship ° . . . [96]
mechanical drive and a zonal power system ship.
General vessel ° ° Comparison of different configurations of radial ac to hybrid ac-dc. [28]
General vessel ° Reliability comparison of a radial ac and dc shipboard power system. [78]
Evolution from radial ac to zonal dc with perspectives on control and fault
General vessel ° . N R [63]
reconfiguration.
Naval ship ° . ° Survivability and fault tolerance comparison of multiple SPS topologies. [87]
AC & DC Cruise ship o f}fﬁflency comparison of an ac and dc diesel-electric power system of a cruise [24]
LNG tanker . S;I]l;frlts and challenges of hybrid and full MVDC distribution for an LNG 182]
Naval ship ° . ° Advantages and challenges of MVDC over MVAC and VFAC. [30]
Naval ship Comparison of ac and dc zonal, by cost, weight and efficiency. [92]
Naval ship ° Comparison of radial ac to zonal ac with the further advantages to zonal DC. [97]
General vessel ° ° Improving fault tolerance of a dc radial IPS by adding MVAC. [90]
General vessel ° ° Comparison of MVDC radial with hybrid topology. [88]
Naval ship ° . Overview of the different dc radial topologies for future naval applications. [80]
Dredging vessel ° Comparing radial ac and dc in terms of power loss for a dredging application. [98]
General vessel o . o g::rwew and comparison of the performance parameters of three SPS topolo- [25]
Naval ship ° ° Trade-off study on weight, volume, single and double hit survivability. [94]
DC Naval ship o o o Survivability, size, and welgl}t comparison of the topologies using breaker- [35]
based and breaker-less protection.
Supply vessel ° . Perspective on the efficiency of a centralized and distributed dc power system. [79]
Research vessel ° Comparison of cost, space, and mass of a radial dc SPS to radial SPS. [99]
General vessel Reliability comparison of multiple dc SPS architectures. [77]
General vessel Resiliency analysis of multiple dc SPS architectures. [100]
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FIGURE 6. Comparison of the number of high-voltage high-power
components for the five SPS topologies.

FIGURE 5. Qualitative performance comparison for the five SPS
topologies.

alternatives [103]. This reduced efficiency is caused by the
direct connection between the diesel generators and the ac
bus, imposing a fixed engine speed. Meanwhile, the full dc
topologies use interfacing PCMs that allow for engine speed
variations, significantly improving the generator efficiency
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under varying load conditions [104]. Given that the remain-
ing four topologies have the same converter efficiencies, the
CB placement imposes a difference in losses. As any power
flow through a solid-state CB comes with losses, having
one or multiple CBs in the power path reduces the SPS’s
efficiency. Therefore, given their structures, the efficiency
order is defined as radial, ring, zonal, and BAAH topology.
To analyze the affordability and power density of the power
system topologies, Fig. 6 can be used. This figure shows the
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total number of high voltage, high power components required
for the SPS configurations in Fig. 4. The considered power
systems are equipped with two shaft propulsion motors, four
generators, two ESSs, and two pulsed load modules. The
number of load zones in the SPS ranges from 1 to 8, allowing
for an examination of the added system complexity associated
with each topology.

Fig. 6 indicates that the radial and hybrid topologies de-
mand the lowest number of SPS components. Notably, this
component count remains constant regardless of the number
of load zones. This is because any additional load centers are
assumed to connect directly to a low-voltage dc bus, eliminat-
ing the need for extra high-voltage equipment. The zonal and
BAAH topologies, due to their inherent redundancy, require
the largest number of SPS components. Moreover, the zonal
topology exhibits the steepest incline in component count,
requiring two dc—dc converters, two dc breakers, and two
disconnectors for each additional load zone.

Besides the component count, the type of components in-
fluences the affordability and power density of a SPS. Fig. 7
shows a categorized decomposition of the high voltage/power
components for the five topologies when configured with
four load zones. From this figure, it can be concluded that
the BAAH topology is constructed using primarily dc CBs,
whereas the zonal topology is fundamentally formed using
the more affordable dc—dc converters. In addition, the figure
shows that the radial and hybrid topologies have a compara-
ble component count. However, the radial topology achieves
protection primarily through PE converters, while the hybrid
topology uses less expensive ac CB.

Following Figs. 5-7, it can be concluded that the zonal
and BAAH topology excel in the reliability and survivability
performance but act poorly on affordability, power density,
and simplicity. The radial topology shows the opposite behav-
ior, performing high on aspects, such as simplicity, efficiency,
power density, and affordability, but at the cost of a reduced
SPS resilience. Similar to the dc bus design, finding a vessel’s
optimal SPS topology is an optimization problem that depends
on the ship’s application and performance priorities. Using
vessel aspects, such as the size, task, and number of critical
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loads, combined with the mission properties, such as the du-
ration, location, and operating conditions, narrows down the
topology selection. Performing further reliability analysis can
allow for selecting the optimal SPS topology, provided the
system’s constraints.

IIl. RELIABILITY ASSESSMENT

In maritime applications, maintaining continuous load excita-
tion is essential for both the ship’s mission and its personnel
safety [20]. As a result, the vessel’s PGMs are consider critical
components that strongly affect the performance of the AES.
Research focus is therefore dedicated to the reliability assess-
ment of generators, fuel cells, and shore charging [105], [106],
[107]. However, since the SPS serves as the power transfer
medium between the PGMs and shipboard loads, its reliability
is equally important. Any failure in the SPS can have severe
consequences on the vessel’s mission and expose its personnel
to an unsafe environment. Therefore, when designing a SPS, it
is imperative to aim for near-zero failure rates, especially for
the supply of critical loads. Effectively, the reliability of a SPS
is a vital operational attribute that requires considerable atten-
tion during the design phase to ensure appropriate availability
and longevity [108], [109].

The reliability R of a SPS is defined as the probability that
the system functions adequately for the intended operating
period under the intended operating conditions. Due to the
physical nature of the power system, all components have
a limited functional lifetime, where the time-to-failure ex-
hibits a stochastic character [108]. With a nonzero probability
of component failure, the SPS necessitates a robust design
capable of withstanding single or multiple simultaneous fail-
ures, minimizing the frequency of service interruptions [20].
While it is possible to achieve a high SPS reliability by
solely improving the component reliabilities, this comes at a
significant cost. As identified by Allan and Billinton [110],
reliability economics dictates that upon a fixed investment, a
component encounters a decreasing increment in reliability.
This suggests that as the component reliability improves, the
cost of further enhancement increases, rendering a highly reli-
able component disproportionately expensive. Moreover, SPS
components are exposed to nonideal environmental conditions
including vibrations, humidity, salinity, and high ambient
temperatures, which significantly increase component degra-
dation, making module breakdowns less predictable [39],
[40], [76].

While creating a highly reliable SPS is partially achieved
through good component reliability, to manage the inevitable
device failures, the system must incorporate enhancement
techniques, such as redundancy, modularity, and reconfigu-
ration. To optimize this investment in reliability, assessment
methods are required to analyze the impact of the component
adequacies and system enhancement techniques on the SPS
reliability. Accordingly, the rest of this section elaborates on
the SPS reliability concept, highlights the reliability indices,
and provides an overview of the assessment methods.
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TABLE 5. Categorization of SPS Load Point Reliability Indices, for Uninterruptible, Short-Term and Long-Term Interrupt Loads

Shipboard load point reliability indices

S . Load type:
Reliability index: Unit Uninterruptible (D Short-inte)lilr’)upt ® | Long-interrupt 3)
A Failure rate [#/y] oo ° °
m Repair rate [#/h] ° oo
MTTF | MTTF [yl oo °
MTBF MTBF [yl oo °
MTTR | MTTR [h] ° oo
R(t) Reliability [l oo °
A(t) Availability (1 oo
By Bx-lifetime [yl oo °
Dy Downtime per year [h/y] oo
Ty Service interruption rate [#/y] oo oo °
MTBSI | MTBSI [#/y] o0 oo

A large number of « indicates a strong coherence between the load’s reliability and the reliability index value.

A. RELIABILITY INDICES

To quantify the reliability of a SPS, reliability indices are
used. Although, by definition, reliability is a probability mea-
sure, many other indices are commonly posed in literature.
As stated in [108], the most appropriate reliability index
for evaluating a system depends on the system type and
goals. This index should always reflect the user’s requirements
and consider the intended application [38]. Accordingly, the
indices used to assess SPSs deviate from the ones used
to assess utility grids. The deficiency allowed with util-
ity power grids is less to not tolerable for vital shipboard
loads. This makes measures like EENS and LOLE impractical
and stresses the need for a more refined set of reliability
indices.

Table 5 provides an overview of the common reliability
indices used to quantify load point adequacy in a SPS [50],
[108], [111],[112], [113]. This table introduces the failure rate
A and repair rate w, which are the number of failures/repairs
a system encounters per unit exposure time. Using A and pu,
the MTTF, MTTR, and MTBF can be derived in accordance
with [113]. The load point reliability R(¢), is defined as the
probability that the system maintains functional throughout
the operating period [0, #], whereas the availability A(r) is
defined as the probability that the system is found in a func-
tioning state at time 7. Both R(¢) and A(¢) are given in (1).
Other reliability indices like the Byg-lifetime (time at which
R(t) = x%) and the downtime hours per year D; are derived
from the R(¢) and A(¢) curves, receptively

R(r) = Pltrai) > 1] A(t) = P[State(r) =up] (1)

While these indices can each represent the supply reliability
of a load, they fail to account for the unique load characteris-
tics and grid aspects of SPSs. Unlike the reliability analysis of
utility grids, the properties of all load modules are known by
the power system operator. Upon selecting a vessel operation
mode, all loads have a tolerable power interruption time and a
predefined load priority [114]. This imposes a more intricate
reliability framework, where some loads can be shed with
a lower impact on the overall performance, especially for
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short fault durations. Moreover, in contrast to the reliability
analysis of electric aircraft, small power system repairs can
be performed with the vessel in operation. This highlights the
importance of component repair times, which heavily depend
on the availability of spare parts.

To address these unique properties, the U.S. Navy intro-
duced the QoS metric, which is calculated as the MTBSI [50].
As stated in [115], not all supply interruptions in a SPS lead
to a system failure, as some loads, such as refrigerators or
the onboard climate system, can be interrupted for several
minutes without causing discomfort. Therefore, a service in-
terruption is defined as a supply interruption that lasts longer
than the load can tolerate [112]. In [50], loads are classi-
fied into three categories: uninterruptible loads, short-term
interrupt loads, and long-term interrupt loads. Uninterruptible
loads are modules that cannot tolerate a service interruption
greater than the reconfiguration time #;€[0.1 ms, 0.2 s]. Ex-
amples of uninterruptible loads are control computers and
communication/navigation devices. Short-term interrupt loads
can, due to their internal inertia or usage frequency, toler-
ate a service interruption with a duration greater than ¢y,
but will lose functionality before the generator start time
tp€[1 min, 5 min] [112]. Examples of these short-term inter-
rupt loads are the ship’s lighting system, cooling system, and
devices with backup battery power. Long-term interrupt loads,
including the climate control system and galley equipment,
have a high-internal inertia or low usage frequency allowing
a service interruption with a duration greater than ;. All
shipboard loads are assigned a category based on the vessel
configuration and its operation mode. As a result, the MTBSI
of a load module accounts for both the SPS functionality
and the load’s inherent fault tolerance. By incorporating this
mission-based load priority in the MTBSI, the metric only
reflects the interruptions that compromise the vessel’s mis-
sion, making it an accurate measure of the SPS reliability.
Following [115], the MTBSI of a naval SPS should be in the
vicinity of 3.4 years.

To better demonstrate the impact of a supply interruption
on SPS performance, Fig. 8 is provided. This figure shows the
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FIGURE 8. Impact of a service interruption on the SPS performance as a
function of time for different load categories: Uninterruptible load,
short-term and long-term interrupt loads.

supply interruption impact for the three load categories as a
function of the fault duration. It is observed that an uninter-
ruptible load supply failure instantly harms the power system
performance. Meanwhile, the short-term and long-term in-
terrupt loads show a delayed and more gradual performance
degradation. Following this observation, the reliability indices
listed in Table 5 can be ranked based on their effectiveness
in reflecting a load’s “true” reliability, accounting for its
properties [116]. In Table 5, a large number of dots represents
a high index effectiveness.

B. RELIABILITY MODEL FRAMEWORK

A quantitative reliability assessment of a SPS is critical for
verifying the design specifications as well as getting insight
into the impact of the power system topology, devices, and
enhancement techniques on the system’s adequacy [38]. How-
ever, this assessment is challenging as the SPS is a complex
network interconnecting numerous components. To analyze
the reliability of these PE-dominated systems, a multilevel
hierarchical reliability model can be employed. This model
fragments the power system into its main functional zones,
creating segmentation and hierarchy in the reliability assess-
ment [117]. Billinton and Allan [118] proposed to split a
utility power system into the generation, transmission, and
distribution facilities to simplify the assessment process. Sim-
ilar segmented reliability frameworks are presented in [101]
for electric aircraft and in [43] for PV systems.

Fig. 9 shows the reliability model framework for a SPS
using four hierarchical levels. In this figure, the power system
is divided into multiple subsystems, each representing a single
functionality of the ship, like the propulsion system, ESS, and
the board net. Each subsystem contains multiple devices, such
as PGMs, PLMs, and PCMs. These devices are constructed
using components like semiconductor switches, capacitors,
and inductors. In Fig. 9, the HL1 analysis only consid-
ers the component reliability, incorporating the component’s
physical failure rates, loading conditions, and environmental
stresses [101]. HL2 analysis uses the results of HL.1 to deter-
mine the failure rate of a device. This HL2 assessment can
include component redundancy as a way of improving the
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FIGURE 10. Component hazard rate curve for the infant, random, and
wear-out failures, combined giving the bathtub curve.

device reliability. HL3 analysis takes the device reliability to
define the adequacy of a subsystem. This high-level reliability
assessment incorporates the impact of device repair times and
system enhancement techniques, such as redundancy, modu-
larity, and reconfiguration. Finally, the HL4 analysis evaluates
the full SPS reliability by combining the reliability indices
of the vessel’s subsystems. Depending on the application and
operation, some subsystems are assigned a lower priority, thus
contributing less to the HL4 results.

C. COMPONENT RELIABILITY

Supply interruptions in a SPS are primarily caused by faults
in the system’s components. These component failures can
be classified into systematic failures, random change failures,
and wear-out failures [119]. While systematic failures can be
removed through modifications in the system’s design and
manufacturing process, random change and wear-out failures
are inherent to the physical system. Following other engineer-
ing systems, the failure characteristics of a component can be
modeled in three stages: the infant stage, normal operation
stage, and wear-out stage, as shown in Fig. 10 [120]. This
figure provides the hazard rate h(¢), the number of failures
per unit exposure time, as a function of the operation time.
Furthermore, Fig. 10 shows the decomposition of A(t) into
the three failure types. During the infant stage, systematic
failures related to the debugging and manufacturing process
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FIGURE 12. Two-state Markov model of an unrepairable component.

dominate A(t) [121]. After some time, the component en-
ters the normal operating stage, where infant failures have
been mitigated, and random change failures start to dominate.
These random chance failures, modeled using a low constant
hazard rate X, are a consequence of sudden overstress events,
like component-imposed overvoltages or overcurrents [120].
Finally, during the wear-out stage of the component wear-out
failures start to dominate, increasing i(t). These wear-out fail-
ures are associated with the aging and internal degradation of
a component, causing faults like bond wire lift-off and solder
joint cracking [121], [122].

Assuming all systematic failures have been mitigated
throughout the infant stage, the SPS components encounter
solely random change and wear-out failures. Consequently,
these components have a limited functional lifetime, where
the time-to-failure exhibits a stochastic character. To model
this stochastic lifetime behavior, a Weibull distribution can be
used, which has a failure density function f(¢) and hazard rate
function A(¢) as given in (2) [122]. In (2), @ and g are the char-
acteristic life and shape parameter of the Weibull distribution,
respectively

ptP-!

(L) prf~!
f@) = B¢ )

@

h(t) =

As indicated in Fig. 10, throughout the normal operating
stage, a component encounters purely random change fail-
ures with a constant hazard rate A, [38]. Following (2), the
connected shape parameter 8 of the Weibull distribution must
be 1, giving an exponential failure density function. The cor-
responding reliability curve R(¢) for a component that only
encounters random change failures is given in (3) and plotted
in Fig. 11. This unrepairable component can also be modeled
as a two-state Markov model as given in Fig. 12

R(t) = e . 3)
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To complete the reliability model, the component failure
rate A. should be estimated. As proposed in [122], this can be
done using field data, test data, stress-strength analysis, or a
combination of the three. Historical failure data of identical
components in identical conditions is preferred for accurate
reliability modeling. However, these datasets are usually miss-
ing or come after the design phase of the power system.
Therefore, industrial handbooks can be used to provide base
failure rates or adapt historical failure rates to consider other
operating conditions. An example of generic failure rates for
various power system components is provided in MIL-HDBK-
217F [123]. Following this handbook, the failure rate model
of an IGBT can be expressed as in (4). In (4), the components
base failure rate (0.00074 #/10° h) is scaled using the opera-
tion dependent temperature factor s, application factor ma,
power rating factor R, voltage stress factor g, quality factor
7@, and environment factor 7g, as defined in (5) till (10),
respectively. Notice that the high 7 value reflects the impact
of marine stressors, inducing enhanced vibrations, humidity,
and salinity, on the component reliability

Aigbt = 0.00074 - wrwATRITSTQTE [#/106h] 4)

= 6—2114<ﬁ—2;—8> )
mwa = 0.7 Switching (6)
g = P> (7
g = 0.0456> 1T (8)
7o =10  JANTX quality ®)
ng = 9.0  Naval applications. (10)

Alternatively, the IEC-TR 62380 report provides generic com-
ponent failure rate values, thereby taking into account the
mission profile [124]. FIDES extends this constant failure
rate estimation by considering the manufacturing process, op-
eration, maintenance, and physics of failure [125]. A large
advantage of FIDES over the other two handbook methods is
its ability to incorporate the actual marine stressors, including
the ship’s humidity and vibrations, in the failure rate estimate.

After the useful lifetime of the component, wear-out fail-
ures start to dominate, causing a significant rise in A(¢). These
wear-out failures can be modeled through stress-strength anal-
ysis based on a component’s lifetime model and subjected
mission profile [122]. This type of reliability modeling re-
quires knowledge of the physics of failures and the potential
failure mechanisms of a SPS component. The wear-out failure
reliability modeling of PE components is elaborately dis-
cussed in [120], which uses the linear Miner’s rule as well
as lifetime models for the capacitors [38] and semiconductor
devices [126]. Following [120], the component’s wear-out
failure rate Ay, (¢) is defined using Weibull parameters o and
B. The total failure rate of a component is then modeled as the
sum of the constant random change failure rate and wear-out
failure rate, as given in (11). The corresponding reliability
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curve is calculated using (12) and plotted in Fig. 11
Aew(f) = Ac + Aw(1)

R(t) = exp <— fl Acw(t)dr> .

D. DEVICE RELIABILITY

After completing the component reliability analysis (HL1),
the results are combined to assess the adequacy of a device.
This HL2 analysis defines the reliability of a device as a
structural combination of the component reliabilities using the
functionality relation between the module and its components.
For a device with no inherent redundancy, the performance
relies on all of its components. Hence, a single component
fault imposes a direct device failure. The reliability model of
these fault-intolerant devices is considered a series structure
of the component reliabilities, as provided in Fig. 13 for a
two-level propulsion drive inverter [38]. For this converter, the
six IGBTs, six diodes, two capacitors, and auxiliary control
unit are all considered critical for the operation, giving the
presented RBD. Following this model, the inverter reliability
R,y 1s calculated as the product of the individual component
reliabilities, as given in (13). The corresponding inverter fail-
ure rate Aj,y then equals the sum of the component failure
rates, as in (14)

Riny (1) = Rigbt(t )6Rdi0de (t )6Rcap (t )2Rctr(t)
Ainy = OAigpt + OAdiode + 2Acap + Actr-

(1)

12)

(13)
(14)

Fig. 14 provides the HL2 analysis of the propulsion drive
inverter, assuming constant component failure rates. This fig-
ure shows the component reliability(a), inverter reliability (b),
and the inverter failure rate (c) as a function of time. Following
Fig. 14(a), it is concluded that the IGBT is the most fragile
part of the inverter. This vulnerability significantly compro-
mises the converter’s reliability, as shown in Fig. 14(b), where
Riny decreases 5% in less than 2.2 y.
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FIGURE 15. Two-state Markov model of a repairable device.

As the propulsion system is consider critical for the vessel
operation, the drive inverters must be highly reliable devices.
A common method to achieve this target is to add redundancy
for the fail-prone components in a device [108], [109]. An
example of this is provided in [127], where the Errabelli and
Mutschler [127] proposed the use of a redundant phase-leg
that can recoup the inverter functionality after a single-leg
failure. Assuming independent open-circuit IGBT and diode
faults, the inverter’s reliability and failure rate curves are
changed as given in Fig. 14(b) and (c). It is observed that the
leg redundancy significantly lowers the failure rate curve and
enhances the inverter’s reliability, delaying the 5% drop in Rj,y
from 2.2 to 10.6 y.

While individual components were assumed to be unre-
pairable, devices can often be repaired. Therefore, the repair
process can be added to the two-state Markov model of Fig. 12
as presented in Fig. 15 [113]. In this stochastic model, a device
can either function in the Up state (S1) or fail in the Down
state (S2). In addition to the up-to-down state transition with
failure rate A the device has a down-to-up state transition with
repair rate ;. For common devices, p is considerably higher
than A, causing the MTTR = 1/p to be small in comparison
to the MTTF = 1/A. Upon entering a state, the probability of
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TABLE 6. Component Device Reliability Indices for SPS Applications

Device type: Fault: Ain [#1y] v in [#/h]
Transmission line | Active Aa 0.01 ta | 0.125
Converter Passive | A | 0.006 | picp 1
Active | Aca | 0.006 | fica 1
CB Passive | App | 0.01 | pp | 0.25
Active | Apa | 0.01 | pva | 025
Stuck feb 5% Lbs 1

remaining in that state can be described by the exponential (3),
where w is substituted for A in state S2. The state probabilities
Ps1 52 are governed by the state transition rate matrix (15).
Solving these differential equations for equilibrium defines
the probability of finding a device in the Up state as (16) and
in Down state as (17), representing the device’s availability
and unavailability, respectively

[0 o] =[P Pow)] [‘: _AJ (15)

i
Pii=A= —— 16
S1 ) (16)
Po=U = —> (17)
2=U=""7

In contrast to using the component failure statistics to
model the device reliability, the reliability of SPS devices can
also be derived from historical failures or independent testing,
like device power cycling tests [128], [129]. For shipboard
applications, some typical device reliability indices are given
in Table 6, as proposed in [20], [77], and [130]. These in-
dices are derived from manufacturer data and independent
testings [131], [132], [133]. Table 6 contains the device failure
and repair rate {A, u} for the transmission lines, converters,
and CB. As a device (e.g., PE converter) is constructed by
interconnecting components (IGBTs, diodes, and capacitors),
it can encounter multiple failure modes. Therefore, Table 6
makes a distinction between active and passive failures. As
introduced in [134], a passive failure is represented by an
open circuit, which does not impact the remaining healthy
devices in the system. In contrast, an active failure acts like
a short circuit, causing the fault to propagate from the device
through the adjacent power lines and tripping the neighboring
protection devices. Optimally, a CB would always trip upon
detecting an active fault. However, practically, in about 5% of
the cases, the CB is stuck or fails to act accordingly, causing
the fault to propagate further into the SPS [20].

The active and passive device failure modes can be com-
bined and modeled using a three-state Markov model, as
shown in the state space diagram of Fig. 16. The stuck CB
failure mode is modeled as stochastic event that can occur
upon an active failure of a neighboring device. This modeling
framework is more elaborately discussed in [77].
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FIGURE 16. Three-state Markov model of a repairable device with active
and passive failure modes.

E. SUBSYSTEM RELIABILITY

Revisiting Fig. 1, it is observed that a SPS can contain sev-
eral distinct subsystems, each dedicated to a specific function
within the vessel. Subsystems like the propulsion system,
ESS, radar system, and board net can contain one or multiple
PLMs that acquire power from one or multiple PGMs. These
modules are then interconnected through numerous devices,
like PCMs and dc cables, which can also be shared among
the subsystems. An example of a subsystem in Fig. 1 is the
propulsion subsystem, which contains the three generators,
three rectifiers, two drive inverters, two propulsion motors and
the dc bus.

Based on the device reliability analysis (HL2), the relia-
bility of a subsystem can be determined. This HL3 analysis
models the functional interdependence of the devices in sup-
plying power to the load modules. The results reflect the
ability of the subsystem to meet the power demands through-
out the vessel’s mission [115], [121]. Besides the adequacy
assessment, HL.3 analysis provides a framework for analyzing
system-level tradeoffs in the SPS design [38].

Fig. 17 gives an overview of the common subsystem-level
reliability assessment methods posed in literature. Following
this figure, the system-level assessment can be divided into
two main categories: the deterministic methods and the prob-
abilistic methods [113]. In a deterministic method, the power
system performance is studied under a single or a set of failure
scenarios, often reflecting the system’s worst-case operating
conditions. Under these scenarios, the system must maintain
a minimal level of performance, effectively meeting a deter-
ministic design criterion. An example is the N-1 redundancy
criterion, which defines that the system must remain fully
functional under a single device failure. More generally, the
N-M redundancy criterion requires the system to maintain full
functionality under M device failures. The N-1 redundancy
approach is commonly used to ensure the functionality of
key elements in the SPS design. Following the guidelines
of [86], the propulsion subsystem in a dynamic positioning
vessel of class DPS-3 must incorporate redundancy to main-
tain fully operational under first-order faults. Alternatively,
in [135] RP(3,x) class vessels were proposed where the SPS is
required to provide x% of the maximum propulsion power un-
der first-order failures. For transportation vessels, this partial
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FIGURE 17. Overview of the subsystem reliability assessment methods used to evaluate SPSs.

redundancy is commonly implemented as 50% redundancy
where the propulsion system must operate at a minimum of
half its rated power in case of a single device fault [136].

Alternatively, the subsystem reliability assessment can be
performed using a probabilistic method. With this method,
the impact of a large set of failure scenarios is studied and
summarized into a single reliability index (or multiple in-
dices) [113]. Unlike deterministic methods, the probabilities
of the scenarios are included in the analysis, causing frequent
events to contribute more heavily to the reliability index value.
So, the probabilistic evaluation recognizes both the severity
and likelihood of system failures, thereby including the ran-
dom nature of the power system in the analysis. As a result,
this method provides a more realistic analysis, creating indices
that represent actual system risk [137].

In line with Fig. 17, the probabilistic methods can be
further divided into analytical methods and simulation meth-
ods [109]. In an analytical method, the SPS is represented by
a mathematical model that is evaluated to provide numerical
results from which the reliability index value can be calcu-
lated [113]. These analytical methods provide the benefit of
a short computation time for evaluating the index and give
insight into the input—output relation of the system. However,
these analytical models require significant assumptions, es-
pecially for larger more intricate SPSs. Simulation methods,
on the other hand, estimate the reliability index value by
simulating a detailed model of the SPS. This simulation incor-
porates the actual operating process and includes the system’s
random failure behavior. The index value is determined based
on a large set of simulation evaluations, treated as a series
of experiments. Although more computationally intensive, the
simulation method provides significant advantages such as es-
timating the distributions of a reliability index, incorporating
nonelectrical system factors such as the weather effects in the
assessment, and including the impact of system processes like
reconfiguration, maintenance, and protection [137].

To further compare the probabilistic reliability assessment
methods when applied to a shipboard power subsystem, the
remainder of this section addresses the most common analyt-
ical and simulation methods. This is done by applying each
method to a simplified propulsion subsystem of the radial
SPS, as given in Fig. 18. Next the appropriate reliability for-
mula are derived, revealing the merits and demerits of each
method. The considered subsystem contains two propulsion
motors fed from two generators via two rectifiers, two in-
verters, and a bus-tie CB. For this example, it assumed that
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FIGURE 18. Simplified model of the radial shipboard propulsion
subsystem.

the vessel can function on a single motor using a single
generator.

1) RELIABILITY BLOCK DIAGRAM

The RBD or reliability network was already introduced for
modeling the propulsion drive inverter in Fig. 13. This an-
alytical method models the power system as a combination
of series and parallel connected blocks, each representing the
reliability/availability of a single device [113]. For (nonre-
dundant) series systems, all devices must be functional to
achieve system success. Meanwhile, (fully redundant) parallel
systems require only one functional device for system func-
tionality. Consequently, the availability of a series and parallel
system can be defined as (18) and (19), respectively. With the
unavailability U =1 — A

N
Ageries(t) = [ JAi(©) (18)

i=1

N N
Aparater ) =1 = [ [ =A@y =1-[Jui®). (19

i=1 i=1

In the literature, the RBD method is widely used to assess the
reliability of power systems. Menis et al. [138] applied the
RBD method to a radial MVAC SPS topology. In [139], the
method is used to compare the reliability of a unipolar and
bipolar MVDC system, while Li et al. [140] used it to model
the reliability of meshed HVDC grids. Fig. 19 provides the
RBD model for the simplified propulsion subsystem, which is
a combination of series and parallel connected device blocks.
Notice that the RBD model does not necessarily have the same
topological structure as the power system. This, as the RBD
model depends heavily on the system requirements and the
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FIGURE 19. RBD for the radial propulsion subsystem.

device functionalities [108]. Applying network reduction to
the model gives (20) for the power system availability A

As = Ac((1 = U1 = U2) + Uc(1 — (1 — AA)?).  (20)

2) MARKOV MODEL

As introduced for the device reliability, a Markov process can
model the stochastic behavior of a time-varying system using
a set of system states [108]. Each state corresponds to a unique
system configuration (a set of failed and functioning devices),
while transitions between these states are governed by the
device’s failure and repair rates [38]. For the Markov model
to be applicable, the system’s behavior must have a lack of
memory, implying that future state transitions only depend on
the current state of the system.

Fig. 20 provides half of a Markov model for the simpli-
fied propulsion subsystem where all devices are allocated a
“0” when functional and a “1” when failing. As the propul-
sion subsystem is composed of five devices, the Markov
model contains 2°=32 states S = {50, ..., S31}. Following
the propulsion system requirements, the subsystem is failing
in 16 states Spown = {S3, 57, ..., S31} while functioning in
the other 16 Syp ={S0, S1, ..., $22}. To calculate the avail-
ability of the propulsion subsystems, the state probabilities
P(t), as given in (21), must be calculated

PO =[r® PG - Pan]. @D

Following Fig. 20, the transition rate o between the states
are governed by the device failure and repair rates {A, u}.
Defining o; as the transition rate from state S; to §j, imposes
ap,1 = Ainy and o9 = Winy[141]. Completing all state transi-
tions provides the transitions rate matrix A as follows:

0,0 0,1 0,31
a0 @i e 031 3
A= . . . . ajj = — Zai,j-
31,0 o311 31,31 J#
(22)

The state probabilities P(¢) of the Markov model must follow
the Kolmogorov forward equation as given in (23) [141].
To determine the steady-state solution P(co) of the Markov
process, P'(r) is assumed to be zero. Combined with the fact
that Z?io P, =1, it defines a set of linear equations that can
be solved to determine the steady-state probabilities

P(t) = P(t)- A. (23)
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FIGURE 20. Markov model for the radial propulsion subsystem.

The time-dependent solution of (23) can be found using
Laplace transforms or by utilizing the standard solution
of [141] given in (24). In which P(0) denotes the initial state
condition of the subsystem

P(t) = P(0) - &2, (24)

Having obtained the state probabilities, the subsystem avail-
ability and unavailability are calculated using the following:

Ay =Y P1) (25)

SESUP

Uy= ) B

5€Spown

Like RBD, the Markov model method is widely addressed
in literature to assess system-level reliability. In [107], the
reliability of a shore-to-ship fast charging system is analyzed
using Markov chain analysis. Besides considering “up” and
“down” states, the authors also introduce partial functioning
states. In [142], the Markov method is used to model the
reliability of hybrid shipboard power. The authors included
the operation profile in the analysis by considering operation
mode-specific transition rate matrices A.

3) MINIMUM CUT SETS

A MCS is defined as a set of devices whose simultaneous
failure leads to a system failure, while a repair of any of the
device restores the system’s functionality [108]. It effectively
represents the smallest combination of device failures that
lead to a system failure. The MCS method provides the benefit
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TABLE 7. Minimum Cut Sets for the Propulsion Subsystem Example

MCS name: | MCS edges:
Cy er2/e13
Cy €24/ €34
Cs eralesslesy
Cy e13/eazleny

of being fast and efficient to implement digitally while giving
insight into the system’s distinct failure modes [108].

Fig. 21 provides the directed graph model of the simplified
propulsion subsystem. This graph consists of a generation
node nl, two connection nodes n2 and n3, and a load node
n4 all connected through edges {ej>....,e34} [143]. The
nodes in the graph represent one terminal devices (e.g., the
bus-bars), while the edges characterize the two terminal de-
vices (e.g., rectifiers) that are prone to failures. To deduce
the MCS of the propulsion subsystem, the minimum paths
algorithm can be applied to the graph, as proposed in [144].
Using this method, the four MCS of the propulsion subsystem
are defined as in Table 7 and presented as the dotted lines in
Fig. 21. Having obtained the MCS, the unavailability of the
subsystem can be approximated as follows [108]:

4
U~ [T | =02+ U2 + 200U

i=1 \eeG

(26)

In [143], MCS is used to evaluate the reliability of a zonal
SPSs while Dubey and Santoso [145] used the same approach
for the availability calculation and optimization of a shipboard
distribution network. Stevens and Santoso [93] applied MSC
to assess fundamental segments in utility power systems,
while Yu et al. [101] applied the method to analyze electric
aircraft.

4) FAULT TREE ANALYSIS

FTA is another analytical method that can be used for the
adequacy assessment of SPSs. This method uses boolean
operators to represent the relation between the top event (a
system failure) and the basic events (the device failures) [113].
FTA was initially developed for the qualitative failure as-
sessment of complex systems as it revealed the cause-effect
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FIGURE 22. Fault tree model for the radial propulsion subsystem.

relation between individual device faults and the system inter-
ruption [108]. Later, FTA was used for quantitative reliability
evaluations by logically combining the probabilities of basic
events to assess the top event.

Fig. 22 provides the fault tree model of the simplified
propulsion subsystem, in which a simultaneous supply inter-
ruption of the two propulsion motors is considered the top
event. Using a set of logic gates { OR,AND,XOR,...}, this top
event is gradually broken down into smaller events, eventually
reaching the device-level [108]. For constructing the fault
tree, other methods, such as RBD and MCS, can be used to
determine the failure event combinations.

For the quantitative assessment of the top event, two
methods are commonly considered in literature: the Boolean
algebra approach and the direct numerical approach [108],
[113]. By applying Boolean algebra to the fault tree, the
top event is expressed as a combination of unions and in-
tersections of individual device failures. For the propulsion
subsystem example, the failure probability is defined as in
(27). Using the union rule for probability and assuming in-
dependent device failures can simplify the subsystem failure
probability of (27) into (28). This transformation moreover
uses the definition of unavailability as the steady-state prob-
ability of a device failure: U, = P[Ry], U; = P[k], and U, =
P[CK]

PSI=P[RINR)HYUTI NT))U R NT,NCy)

UR, NI NCY)] 27)
Q1 772 2 2772 2
P[S] = U? + U? + 2U,U.U; — U?U? — 2UUU;
— 2U,UU? 4 2U2UU?. (28)

Like the RBD method, the Boolean algebra approach provides
the exact failure probability of the subsystem. However, this
comes with the downside of solving a complex Boolean ex-
pression, especially for evaluating larger power systems [108].
Alternatively, the direct numerical approach evaluates the
probability values at the different levels of the fault tree rather
than deferring this evaluation till the top event. The result-
ing subsystem failure probability is provided in (29), which
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matches the probability defined in (26) when assuming inde-
pendent device failures

P[g] =P[]_31 ﬂ]_QQ]—I-P[j] ﬂjz]—l—P[]_?] 072061]

—i—P[Ez 071 ﬂa]. 29)

Vicenzutti et al. [146] use a fault tree to assess the reliability
of an all-electric drillship powered using a three-segment ring
ac-SPS. The top event is defined as the “loss of load sup-
ply capability,” which considers the vessel’s operating mode.
In [147], FTA is used to determine the emergency switchboard
reliability of a nuclear vessel with a radial SPS topology.
Others use FTA to analyze the impact on the SPS adequacy
of the power system topology [77], added power lines [20],
and the third power system dimension [148].

5) MONTE CARLO

While analytical methods use mathematical models to evalu-
ate the SPS reliability, the MC method estimates the reliability
index value through a set of simulation evaluations, also
known as trails or experiments [108], [149]. These simulations
emulate the operating process of the SPS while incorporating
its stochastic failure behavior. The uncertainty in device func-
tionality is modeled using a set of RV, which are governed
by probability distributions [109], [150]. Throughout the sim-
ulations, these RVs are repeatedly sampled, representing the
randomness in device failures and repairs. The result of each
simulation is then compiled into a reliability index sample.
The MC concept is based on the law of large numbers, which
dedicates that the average of a large number of RV realiza-
tions converges to the expected value [151]. Therefore, when
the number of simulations N is large enough, the average of
the reliability index samples converges to the expected value,
accurately reflecting the system’s adequacy

Hence, the MC method requires an extensive number

of simulation runs to determine the reliability index value,
making it computationally intensive when compared to an
analytical approach that often uses a single equation for relia-
bility evaluation [113]. However, when considering larger and
more intricate power systems, these analytical methods be-
come difficult to apply and require significant assumptions to
deal with the complex operating conditions. MC simulation,
on the other hand, can incorporate a more detailed SPS model
to cope with the system complexity. This model intricacy
moreover provides flexibility in design, making the reliability
comparison of SPS topologies simpler and more accurate.
Besides the model accuracy, the MC method provides other
advantages that can be defined as follows [137].

1) MC simulation can simultaneously estimate the ex-
pected value and the distributions of a wide range of
reliability indices, which analytical methods generally
cannot.

2) The MC simulation can include the impact of system
processes, such as reconfiguration, maintenance, and
protection, which may have to be approximated analyt-
ically.
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FIGURE 23. Proposed MC framework for reliability assessment of dc-SPSs.

3) MC simulation can incorporate nonelectrical system
factors, such as weather effects and staff availability in
the assessment.

As introduced in [113], a MC method for power systems
reliability analysis consists of three main steps: device failure
sampling ST 1, system simulation ST2, and reliability index
calculation ST 3. Depending on the device failure sampling,
a distinction can be made between a nonsequential and a
sequential MC simulation. In a nonsequential method, the
operation time is not considered, causing the device function-
alities to be sampled from their availabilities while the load
profile of the power system is sampled from its probability
distribution. Meanwhile, the sequential approach simulates
the power system in chronological order, sampling a device’s
time-to-failure and time-to-repair while considering a time
scenario like a three-month operating load profile of the ves-
sel. Li et al. [137] proposed three simulation approaches for
the reliability evaluation of power systems: state sampling,
state duration sampling, and state transition sampling. An
example of a sequential MC method based on the state du-
ration sampling approach for the SPS reliability assessment is
provided in Fig. 23.

As observed in Fig. 23, step ST | uses the device failure
and repair rates {A;, ii} to create the failure sequence samples
S4i(¢) of the m devices in the SPS. These time series are con-
structed as a concatenation of RV realizations, representing
an alternation of the time-to-failure 7 ~ Exp(};) and time-
to-repair T ~ Exp(u;) samples. Once a failure sequence has
been sampled for all m devices, defining S‘:ievice (1), the system
functionality is simulated. ST'2 considers the SPS layout using
the graph model G and applies active fault propagation to the
power system model. Moreover, it evaluates the system per-
formance Sgy(?) given the requirements and operation load
profile {F;, Pg;}. Finally, ST3 calculates the reliability index
estimates based on the N simulation evaluations.

Applying the MC method of Fig. 23 to the simplified
propulsion subsystem provides an estimate of the probability
of subsystem functionality ﬁsyst(t) as defined in (30). In this
equation, N is defined as the number of simulation runs, and
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FIGURE 24. Simplified MC simulation for the propulsion subsystem with
considering open circuit device failures with Ac = 0.9 and A,; = 0.95.

k is the number of times the system was functional at time 7.
Note that besides Psyst(t), many other reliability indices can
be derived from Sgys(¢), such as the service interruption rate,
total downtime per year, MTBSI, and the Bx-lifetime

o k
Psyst(t) = N

For comparison, it is assumed that the devices in the propul-
sion subsystem can encounter solely open circuit failures with
a device availability of Ac =0.9 and A,; =0.95. The result
of the MC simulation is provided in Fig. 24, which shows
ﬁsyst(Zy) as a function of N. From this figure, it is concluded
that the MC estimate approximates the RBD availability of
(20) when N is larger than 50 k. Moreover, in line with the
law of large numbers, it is observed that the variability of the
estimate reduces as N increases.

For the calculation of If’syst(t), an additional simulation run
has either a functional (k+1) or nonfunctional (k+0) system
at time 7. This success or failure outcome cause the results
to be treated as a Bernoulli experiment. Therefore, a CI for
the true probability of subsystem functionally Psys(2y) can be
defined using the exact CI method as proposed in [113]. The
(I — a) Cl can defined as in (31) in which Py, and Py ; are
defined as the upper and lower interval bound, respectively.
Fig. 24 shows the convergence of the interval for a 95% (o =
0.05) confidence level

(30)

Pyystu = 1 — betainy (% N—kk+ 1)

Psyst,lz1—betainv(1—%,1v—k+1,k). G1)
Zhang et al. [152] propose a hierarchical reliability frame-
work based on a nonsequential MC simulation to determine
the system-level reliability while incorporating the PE con-
verter reliability. Similarly, Rei and Schilling [153] used
MC simulation to estimate the contingency level probabil-
ity of the Brazilian transmission system while Shahidirad
et al. [154] applied the method to determine the probability
of functionality in a PV system. Finally, Sankarakrishnan and
Billinton [155] used a sequential MC simulation to evaluate
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the composite generation and transmission system reliability
on the six-bus RBTS model.

6) METHOD COMPARISON

While the five probabilistic methods all yielded a subsystem
reliability index estimate, the evaluation process revealed the
merits and demerits of each method. The RBD and MCS
methods provided a fast estimation of the system availability.
However, both required significant assumptions to cope with
complex operating conditions. MSC and RBD use modeling
assumptions like no active device failures or system-level
reconfiguration, which result in inaccurate modeling of fault-
tolerant power systems [38]. Using FTA or Markov models
allows the reliability assessment to include active device
failures and the fault protection system. However, for these
methods, the number of system states increases exponentially
with the power system size. This makes a Markov model
or FTA optimal for evaluating small-sized SPSs, though the
assessment complexity rises significantly when addressing
larger intricate power systems. The MC method, on the other
hand, can incorporate a more detailed model of the SPS
while maintaining flexibility and versatility in the assessment.
Meanwhile, the simulation model can include system pro-
cesses like reconfiguration, maintenance, and protection in
the reliability assessment. Hence, the MC method provides
an accurate estimate of a broader range of reliability indices,
making the reliability assessment of complex SPSs with in-
tricate redundancies simpler and more accurate. However,
compared to analytical methods, MC demands a significantly
higher computational effort, especially when high accuracy is
required [153].

Table 8 provides an overview of the relevant studies con-
sidering subsystem-level reliability assessment methods. This
table shows each publication’s reliability class, method, goal,
and the considered reliability indices. Moreover, it provides
an overview of each study’s application, grid topology, and
research focus. The table aims to highlight the state-of-the-art
in adequacy assessment of SPSs while revealing the gaps
for future reliability research. From Table 8, it can be con-
cluded that most of the current SPS reliability assessments are
achieved through an analytical strategy. Here, a method like
RBD is more commonly used to assess the less intricate radial
and ring topology, while the zonal and BAAH are primarily
evaluated using the FTA method in combination with Markov
modeling. In addition, it is concluded that the MC method is
more commonly applied when assessing larger meshed power
systems.

The optimal method for evaluating the SPS reliability de-
pends strongly on the vessel’s complexity and the reliability
target. This target (a goal or requirement) imposes a set of “to
be addressed” reliability indices and their required accuracy
level. These considerations guide the level of simplification
allowed for the device and system models, as well as the
system operation assumptions. Understanding the vessel com-
plexity and the reliability target thus provides preference in
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TABLE 8. Studies on probabilistic reliability assessment of power systems.

Publications on probabilistic reliability analysis

Class: Method: Reliability goal: | Indices: Application: | Topology: | Focus: Ref:
o § . . Using the decomposition of the IPS, a RBD and dynamic RBD
RBD Assessment o System condition AC SPS Radial are designed to evaluate the reliability of the IPS. [138]
. . . Radial Determine the impact of different dc grid concepts on the
Comparison o SAIDI Utility grid Ring reliability of a monopolar, bipolar, and hybrid configuration. [139]
Modeling and comparing the reliability of LCC and LCC/VSC
Assessment o System reliability HVDC grid Ring hybrid HVDC grids, using a hierarchical MMC model to assess | [140]
the impact of redundancy.
Analytical | Markov Assessment o System failure prob. DC SPS Radial Usmg a multl:phase Mfl rkgv model, the, rehabth y of a radial [142]
model SPS is determined considering the vessel’s operation modes.
Assessment o LOCE Shore-to-Ship Radial Determine the reliability of a shore-to-ship charging systems, [107]
oo ¢ DCE Charging using a multilayer Markov based framework.
Assessment ° System. 1pterrL!pt10n rate DC SPS Zonal Determ}ve the‘ service interruption rate of all SPS loads and the [143]
Minimum ® Probability gain probability gain under a faulty segment.
v o MTTR Ring ; o )
cuts sets . . . Determines the reliability of fundamental substation segments
Assessment o Total downtime Utility grid Zonal by usine active. passive. and stuck component failures [93]
o Failure rate BAAH 4 g » passive, P i
e System interruption rate . . . S . -
Minimal level o Availability SPS Meshed Find the optimal in-zone c.ilstrlbutlon topoFog}f }mth the minimal [145]
number of edges that achieves the set availability level.
e MTTR
Assessment o System reliability Elect. aircraft Radial Modeling the reliability of a more electric aircraft from. the [101]
component level to the system level.
o ) - o Using fault tree analysis, the probability of emergency system
Assessment * System failure prob. ACSPS Radial failure is obtained, and the importance index of the loads. (1471
FTA Assessment o System interruption rate | 3D DC SPS Zonal ﬁlzag)zse the impact of the third dimension on the reliability of [148]
e System interruption rate Zonal Determine the reliability indices of different BAAH topologies
Assessment e MTTR DC SPS BAAH for multiple subsystems in the vessel. 177
) . L Using PSO optimize the placement of additional busses in the
Improvement e System interruption rate | DC SPS BAAH BAAH topologies maximizing the SPS reliability. [20]
Improvement e System interruption rate DC SPS BAAH Pr0v1d1r|g a framework t({r optmluzmg the SPS rlellz%bllle by [130]
o System cost comparing topologies and improving the in-zone distribution.
e System interruption rate L . e g S
ACSPs | g | Fonid s SIS den st s quniine |1
o Expected lifetime fails Y Y 4 Y s
Comparison o LOLE Utility grid Meshed Two Monte Cg.rlo models are compared in terms of convergence [156]
) ) MC and computatlon ?pe?(,j' i
Simulation Assessment o System failure prob. Utility grid Ring Deterx_nme the reliability of a three-bus grid and compare to the [157]
analytical result
® Prob. of curtailment . -
Comparison o EFLC Utility grid Meshed Monte Farlo b_ased_ com[_)om‘te power sysler‘l? rehal_)lhty assess- [155]
o EENS ment using antithetic variates to reduce the simulation variance.
Impact o EENS Using MC simulation and ML regression techniques, determine
pact Utility grid Meshed the impact of the RES PE converter reliability on the power | [152]
determination o LOLE Lo
system level reliability

the method selection. For instance, if the reliability goal is
to determine the long-term impact of full redundancy on the
SPS, the RBD or MCS method can provide a good estimate
at a low effort. However, when studying the impact of the
fault protection on the system level reliability, a Markov or
MC method is preferred. In general, if the complex operating
conditions of a SPS are not considered and/or the system
failure probability is very low (extremely reliable SPS), the
analytical techniques are often preferred over MC simu-
lation [137]. However, following [153], the analytical and
simulation methods can be used complementary, suggesting
that the optimal reliability method can be a combination of
multiple.

F. SYSTEM RELIABILITY

The final step in the reliability assessment of a SPS is the
HL4 analysis, which combines the adequacy performance of
the different subsystems to define the system-level reliability.
This reliability figure is crucial for analyzing system-level
design tradeoffs or optimizing the power system design for
reliability. An example of the HL.3 to HL4 step is given in (32)
as proposed in [20], where the system failure rate is defined as
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a linear combination of the subsystem failure rates with the
coefficients representing the relative criticality of a subsystem
in the vessel

)\syst = L.5(Aradar + )\pulsed) + )\prop. + 0.5(Ress + Azones)-

(32)
While optimizing the SPS design for (32) results in a minimal
system interruption rate, following Section III-A, this was
considered to be a suboptimal outcome as the load charac-
teristics are ignored. Therefore, when analyzing the complete
SPS reliability, it is essential to include a combination of
multiple subsystem reliability indices that reflect the different
load types.

IV. RELIABILITY IMPROVEMENT

In Section II, it was established that the design of a SPS af-
fects multiple performance metrics of the vessel, including the
affordability, efficiency, simplicity, power density, reliability,
and survivability. Focusing on reliability, Section III presented
several probabilistic methods for evaluating the power system
adequacy. However, despite careful design and assessment,
certain SPSs may fail to meet the predefined reliability re-
quirements. Alternately, for some unique vessel applications,
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FIGURE 25. Overview of the system reliability improvement methods.

an exceptionally high supply adequacy can be necessary for
powering critical loads. In those cases, several techniques may
be employed to enhance the SPS’s reliability.

Following the hierarchical reliability framework of Fig. 9,
a power system reliability enhancement is achieved ei-
ther directly via system-level changes or indirectly via a
component-level or device-level improvement. Fig. 25 pro-
vides an overview of the conventional methods used to
improve the power system reliability. This figure subdivides
the improvement methods into system-level, device-level, and
component-level reliability enhancements.

A. SYSTEM-LEVEL ENHANCEMENTS

System-level methods enhance power system reliability
through changes in power system design while maintain-
ing the reliability of devices and components. Examples of
system-level methods are: redundancy, modularity, reconfigu-
ration, interconnectivity, module placement, and protection.

1) REDUNDANCY
System-level redundancy is a common method used for en-
hancing the reliability of a power system [158]. Redundancy
involves the incorporation of extra devices or systems to
ensure supply continuity even if one fails. This duplication
reduces the probability of a device failure leading to a supply
interruption, thus enhancing the system’s reliability.
Following [19], system-level redundancy can be split into
two main types: structural redundancy and functional redun-
dancy. Structural redundancy concerns the incorporation of
device duplicates, causing the system to function correctly
even if one or several of the duplicates fail. Structural re-
dundancy can be further segregated into active redundancy,
where the devices share the function till failure, and passive
redundancy, where the function is taken over by a stand-by de-
vice only after a failure. An example of structural redundancy
for a ring-type DC-SPS is provided in Fig. 26, where load
center 3 is powered from two separate switchboards through
two fully redundant dc—dc converters. Functional redundancy
is considered when two devices perform separate functions
in normal operation, though they can take over each other’s
function in case of a device fault. An example of functional
redundancy in SPS applications is a shaft generator that can
function as a propulsion motor during engine failure.
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FIGURE 26. Visualization of the system-level reliability enhancement
techniques for the ring SPS topology.

The redundancy concept is widely addressed in literature as
a way of improving system-level reliability. In [20], the impact
of a redundant power line on the service interruption rates of
a BAAH SPS is studied. The authors use an additional dc—dc
converter and CB to power the pulsed load module in the SPS.
The studies concluded that the added redundancy can reduce
the service interruption rate of the pulsed load module from
0.06 to 4e-6 #/y. In [159], the impact of redundancy on the
reliability of ship machinery systems is analyzed. The authors
concluded that using two fully redundant pumps can increase
the MTTF by a factor of 100 in the case of single-day voyages.

Even though redundancy can enhance the SPS reliability
of a specific subsystem, a complete SPS reliability enhance-
ment is not guaranteed. As observed in [20], the redundant
feed-in for the pulsed load module unfavorably increases the
service interruption rate of the radar and ESS. This reduced
reliability in other parts of the SPS occurs as implementing
redundancy requires additional components that enhance the
power system complexity and raise the expected number of
device failures over the power system lifetime. While redun-
dancy can thus benefit the reliability of a single subsystem,
it might come with a reduced adequacy performance for the
remainder of the power system.
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2) MODULARITY

Another method used to enhance the system-level reliability
is modularity. Modularity is defined as the degree to which
components/devices are separated into functional modules
with minimal levels of interdependence. In the power sys-
tem context, increasing the level of modularity requires the
power system to be constructed of more independent modules
that combined achieve the same functionality. An example
of increased modularity for SPS applications is provided in
Fig. 26, where the starboard propulsion motor is excited
through two dc—ac inverters, each capable of providing half
the rated motor power. As the two devices operate inde-
pendently, a failure in one of the devices causes a derated
operation instead of a complete motor outage. For some vessel
loads, like the propulsion motors, this derated operation can
significantly mitigate performance degradation. Generally, the
increased level of modularity reduces the system’s functional
dependence on individual devices, resulting in more gradual
performance degradation upon failure events. However, it is
essential to note that increased modularity is only considered
beneficial if the load can function in a derated mode or when
it is combined with redundancy. As modularity can reduce
redundancy requirements to maintain a fully rated operation
with improved reliability.

Zhaksylyk et al. [160] compared the reliability of a non-
modular ac—dc rectifier with one that uses a three-module
structure. Despite the increased component count, the mod-
ular converter was found to have a B1 lifetime, a factor 100
higher than that of the nonmodular converter. Mousavizadeh
et al. [161] analyzed another type of system-level modularity
through the resiliency analysis of a distribution network. In
this article, modularity is defined as the system’s ability to
divide into independent, self-provided subsystems.

3) RECONFIGURATION

Like redundancy and modularity, reconfiguration is a widely
applied method for enhancing the reliability of a power sys-
tem. A system-level reconfiguration is a set of rearrangements
or changes made to the power system configuration that adapt
the system structure to a new operating condition, aiming
to improve the vessel’s performance. In SPS applications, a
reconfiguration is generally applied post-fault. After detecting
a service interruption and isolating the faulty device, the re-
configuration restores and optimizes the vessel’s functionality
through configuring the CBs and disconnectors [37], [162].
The reconfiguration thus maximizes the supply adequacy in
the event of power system faults, thereby enhancing the relia-
bility of shipboard interrupt loads.

The post-fault reconfiguration is considered an optimiza-
tion problem that can be solved for multiple goals, including
power loss minimization [163], stability improvement [164],
and reliability maximization [134]. In literature, multiple
methods are posed that solve this optimization problem
given the reconfiguration goal and power system require-
ments [165], [166]. Mitra and Venayagamoorthy [167] defined
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a reconfiguration algorithm for the optimal supply of priority-
weighted loads in a ring-type SPS. Amanulla et al. [134]
compared a reconfiguration strategy aimed at maximizing sys-
tem reliability with a strategy that minimizes power loss. For
the 33-bus system, it is observed that the more reliable power
system configuration reduced the power system downtime and
EENS at the expense of the system’s efficiency.

An example of reconfiguration for SPS applications is pro-
vided in [168], where the configuration of the disconnectors in
a zonal-type SPS is changed based on different failure events.
An example of added reconfiguration for SPS applications
is shown in Fig. 26, where the power feed to the AC load
center can be reconfigured from the dc switchboard to a direct
ac link connected to the main generator. This reconfiguration
fully bypasses the dc distribution in case of a complete power
system outage.

Besides the impact on reliability, reconfiguration also ben-
efits the vessel’s performance when facing faults imposed by
unanticipated environments, such as fires, floods, or missile
impacts. By restoring and optimizing the system structure,
the reconfiguration strategy improves the post-fault perfor-
mance of the vessel, thereby enhancing the SPS survivability.
Moreover, as proposed in [169], a probabilistic reconfigura-
tion strategy can be employed that changes the power system
structure prior to a fault, minimizing the impact of potential
failures. This prefault strategy uses reconfiguration to mitigate
vulnerabilities in the SPS design for a given operation.

4) OTHER METHODS

Besides the common improvement methods, other system-
level strategies are posed in literature that can enhance the
adequacy of a SPS. As proposed in [145], the availability of a
shipboard distribution system can be enhanced by increasing
the network interconnectivity. The authors found that for a 15-
node distribution circuit, increasing the number of conductors
from the minimum of 14 to the maximum of 22 can reduce
the system interruption rate by over a factor of 50 while also
lowering the MTTR. An example of increased interconnectiv-
ity for SPS applications is provided in Fig. 26, where a power
line is added between the two opposite switchboards of the
ring-type power system.

An important observation regarding these enhancement
methods is that selecting a power system topology, as dis-
cussed in Section II-C, inherently determines the baseline
levels of redundancy, modularity, reconfiguration, and inter-
connectivity. Changing the power system design from, for
instance, a radial topology to a zonal topology increases the
level of redundancy and interconnectivity while allowing for
enhanced reconfiguration.

Another reliability improvement strategy posed in litera-
ture is the optimization of module placement. An example is
provided in Fig. 26, where load center 1 is connected to a
switchboard with an ESS and auxiliary generator while load
center 2 is paired with a main generator and port side motor.
As aresult, the supply adequacy of load center 1 will be higher
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than that of load center 2. As the two load centers can have
different priority levels based on their criticality, optimizing
module placement can enhance the full power system reliabil-
ity. Stevens et al. [20] proposed a module placement algorithm
to optimize the configuration of the loads and generators
within a BAAH-type SPS. Upon applying the algorithm, the
overall system interruption rate was decreased by 0.54% when
compared to the base configuration.

A final system-level strategy is improving the fault protec-
tion system. As mentioned by Al-Kuwaiti et al. [116], the
reliability of a SPS is dependent on its ability to perform
fault detection, fault isolation, and system restoration. While
reconfiguration was proposed to optimize the restoration pro-
cess, detection and isolation are the prime focus of the fault
protection system [37]. Enhancing the level of protection in
a SPS reduces the active fault propagation through the dc
network, limiting the fault’s impact on the vessel performance.
An example of increased fault protection for SPS applications
is provided in Fig. 26, where an additional CB is installed to
further segment the port-side switchboard. This CB enhances
the isolation capability of the SPS, thus improving its relia-
bility. However, as discussed in the introduction, designing a
FPS for a dc-SPS is a challenging task due to the significant
tradeoffs.

B. LOWER LEVEL ENHANCEMENT

In addition to system-level methods, the reliability of a
SPS can be improved indirectly via a component-level or
device-level enhancement. These lower level methods use
more reliable devices while keeping the SPS structure con-
stant. On a component level, the reliability can be enhanced
through either an improved operation or a better component
design/selection. For example, an IGBT can be operated with
a lower junction temperature to improve its lifetime [38].
Alternatively, the “new dual” IGBT modules that use copper
bond wires and silver sintering can be selected to improve the
component’s reliability performance [170].

Besides improving the component reliability, the reliability
of a converter can be enhanced by implementing device-
level redundancy, modularity, and reconfiguration. The impact
of implementing redundancy and modularity on the con-
verter reliability is considered in [59] for a MMC. For the
MMC, increasing the switch voltage rating reduces the level
of modularity and enhances the converter reliability. Mean-
while, using more redundant submodules in the MMC benefits
the converter reliability. Another device-level method that is
often employed to enhance the power system reliability is
maintenance. Preventive maintenance of devices can keep
the system’s reliability above a predefined level. As shown
in [101], reducing the periodic maintenance period signif-
icantly enhances the adequacy performance of the power
system throughout its lifetime.

C. ENHANCEMENT METHOD DEPLOYMENT
Deploying the system-level, device-level, and component-
level strategies, as outlined in Fig. 25, can significantly benefit
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the dc-SPS reliability. However, each method provides a dif-
ferent degree of reliability improvement, where the actual
impact also depends on design elements, such as the integra-
tion approach, the SPS base configuration, and the vessel’s
performance requirements. Identifying an optimal strategy
for enhancing the SPS reliability is critical for achieving a
cost-effective solution. However, a comprehensive quantita-
tive comparison of the enhancement methods has yet to be
addressed in literature. To resolve this research gap, the hierar-
chical model framework of Section III can be used to evaluate
the impact of each method on the dc-SPS reliability. Then,
offsetting this improvement against the implementation’s size,
weight, cost, and losses provides the relative effectiveness of
each enhancement method. Ultimately, these results will guide
the improvement method selection, ensuring a reliable dc-SPS
at a minimal cost.

V. CONCLUSION

The AES is a crucial element for realizing future emission
targets in the maritime sector. The basis of an AES is the
SPS, which serves as the interconnecting grid between the
vessel loads and generation modules. While both ac and dc
power system can be employed, dc-SPSs offer advantages in
efficiency, power density, and ESS integration. However, the
enhanced network interconnectivity, high penetration of PE
devices, and harsh environmental conditions make reliability
assurance a challenging yet critical part of the dc-SPS design.
To address this matter, this article provided a comprehensive
overview of the reliability aspects of dc-SPSs, considering the
design, assessment, and improvement.

While dc-SPSs provide flexibility in the bus configuration
and network topology selection, its design was found to re-
tain tradeoffs between the reliability and other performance
parameters. Selecting a high bus voltage can benefit the sys-
tem’s efficiency and power transfer capacity but comes with
enhanced isolation/safety requirements and increased system
complexity. Selecting a bipolar dc bus over a unipolar one
can benefit the system’s reliability but harm its stability and
simplicity. The five discussed power system topologies each
provided unique merits and demerits, imposing a performance
tradeoff with the topology selection. Implementing a zonal
topology benefited the system’s reliability and survivability
while using a radial topology imposed higher simplicity, ef-
ficiency, and power density. Ultimately, the bus design and
topology selection are optimization problems that depend on
the vessel’s application and performance priorities.

The dc-SPS reliability assessment is critical for verifying
design specifications and optimizing future adequacy invest-
ments. While reliability is defined as a probability measure,
many other indices are used to represent load point ade-
quacy. However, with the unique load properties and grid
aspect of SPSs, an intricate reliability framework is imposed
where specific loads can be shed with a lower impact on the
system’s performance. Consequentially, the effectiveness of
a reliability index depends heavily on the considered load
type. To evaluate these indices, a hierarchical reliability model
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framework was proposed. This model characterized the dc-
SPS reliability from the component level up to the system
level. Various subsystem reliability models were introduced,
including RBD, Markov, MCS, FTA, and MC simulation.
While all methods yielded an index estimate when applied
to the subsystem example, the evaluation process revealed
the merits and demerits of each method. The optimal method
for evaluating the dc-SPS reliability was found to depend on
the considered network topology and reliability target. Where
analytical methods like RBD and MCS are optimal for the fast
assessment of small-sized SPSs, Markov modeling and MC
simulation are better for evaluating larger intricate SPSs.

For a designed dc-SPS, several system-level, device-level,
and component-level strategies can be deployed to enhance
the reliability performance. System-level methods, such as
redundancy, modularity, and reconfiguration, enhance the SPS
reliability through changes in power system design. While
these methods benefit individual subsystems, they often in-
troduce complexities that can undermine the reliability of the
overall system. Identifying an optimal deployment of the en-
hancement methods remains a research gap, yet it is crucial
for achieving cost-effective reliable dc-SPS solutions.
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