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Abstract

This paper presents a practical and communication-independent energy management sys-
tem (EMS) for a DC microgrid supply within the firezone of a cruise ship. The proposed
approach prioritizes operational reliability and fault tolerance under emergency conditions,
where communication availability and control complexity should be minimized. The pro-
posed DC microgrid integrates photovoltaic systems (PVs), fuel cell systems (FCs), and
lithium-iron-phosphate (LFP) battery energy storage systems (BESSs), coordinated through
a rule-based EMS combined with droop-controlled converters. The electrical topology
considered in this study is a collaborative development of the project consortium of the
publicly funded project Sustainable DC Systems (SuSy), featuring a novel configuration
with two independent horizontal busbars for the Cabin Area Distribution (CAD) and Tech-
nical Area Distribution (TAD). The EMS can manage two operational scenarios: (i) regular
operation, with two decentralized droop controls where power generation is distributed
among all generators based on their respective capacities, and a power curtailment strategy
is applied to prevent overcharging of BESSs; and (ii) irregular operation, where a fault on
one of the vertical busbars triggers the use of reserved battery storage capacity on both
sides of the ship and activates load-shedding to ensure continued operation of critical loads
and sustain grid functionality. The effectiveness of the proposed architecture is validated
through detailed MATLAB/Simulink simulations. Under regular conditions, the EMS
achieves stable voltage regulation, balanced power sharing, and efficient energy curtail-
ment. During fault conditions, the battery storage on both sides successfully supports
the critical loads. The fuel cells are operated in power-controlled mode effectively up to
their full rated 6 kW capacity while the DC bus voltage stabilization is ensured by the
battery energy storage systems. These results validate the proposed EMS as a robust and
low-complexity solution for maritime DC microgrids, offering stable voltage regulation,
effective load prioritization, and resilient operation of critical loads.

Keywords: DC microgrid; cruise ship; energy management system; decentralized droop
control; battery energy storage system; load shedding; PV curtailment; fuel cell; maritime
power system; polluting emissions reduction

1. Introduction

The shipping industry serves as the backbone of global commerce, not only by enabling
the large-scale movement of goods but also by offering transport and leisure experiences to
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millions of passengers worldwide. In particular, the cruise industry has become a significant
segment within maritime transportation, combining international travel and tourism.
However, the environmental impact of shipping cannot be overlooked. According to the
Fourth International Maritime Organization (IMO) Greenhouse Gas (GHG) Study (2020) [1],
maritime transport was responsible for approximately 2.89% of global anthropogenic GHG
emissions in 2018. Without mitigation measures, these emissions could increase to 90-130%
above 2008 levels by 2050.

The maritime sector has traditionally relied on diesel-powered vessels, contributing
heavily to air pollution and climate change [2]. Recognizing this, the IMO adopted a revised
emissions reduction strategy in 2023. This framework aims to cut annual GHG emissions
from ships by at least 20%—and ideally by 30%—by 2030, with a more ambitious target
of up to 80% by 2040, compared to 2008 levels [3]. As a result, the urgent need to reduce
emissions has driven researchers to explore alternative cleaner energy solutions for the
maritime industry. One promising solution is the integration of renewable energy sources
(RES) with energy storage, which can meet energy demand and reduce the environmental
footprint [4,5].

The adoption of DC distribution systems is also gaining momentum due to their
ability to effectively manage power distribution and to integrate RES technologies [6]. The
adoption of DC microgrid architectures, incorporating both DC sources and loads, holds
significant advantages for maritime applications. Recent studies have emphasized the
advantages of DC shipboard microgrids in terms of efficiency, integration of renewable
sources, and simplified power conversion, particularly for all-electric and hybrid marine
vessels [7,8]. Additionally, onboard DC distribution systems offer easy integration of
various types of RES and avoid frequency constraints and power synchronization issues,
enabling independent control of each generator set across a variable speed range, typical in
AC distribution systems [9].

Over recent decades, numerous research studies and commercial projects have focused
on DC distribution systems for ships, including tugs, river boats, and demonstrators
equipped with RES [10-12]. Simmonds [13] investigated the benefits and motivations for
adopting DC distribution systems in naval vessels. Furthermore, DC systems are also
explored for military ships, especially in the USA, with support from funding initiatives
by the Office of Naval Research [14]. In 2015, Siemens launched offshore support vessels
equipped with DC power systems known as “Edda Ferd” [15]. These vessels offer the
advantage of fuel savings through the integration of battery technology. Given the growing
interest in DC distribution systems, this paper explores their application in the context of
cruise ships. These ships are typically divided into distinct areas referred to as firezones,
with each zone consisting of multiple floors known as decks.

Despite the many benefits offered by DC distribution systems, integrating different
energy sources and coordinating between them can lead to complex power flows. Therefore,
an energy management system (EMS) is essential [16]. The EMS plays a key role in ensuring
an effective and safe supply of power from distributed generators to the loads, especially
under complex load fluctuations. It also prevents circulating currents, overstress, and
stability issues [17-19]. However, decentralized and droop-based control strategies remain
attractive for safety-critical DC microgrids due to their inherent robustness and reduced
dependence on communication infrastructure, despite limited global optimality [20,21].

The main concerns of the EMS are voltage regulation and accurate current sharing
among parallel energy sources. Several research articles have addressed energy manage-
ment techniques aimed at enhancing microgrid reliability [22-24]. For instance, Ref. [25]
proposed a multi-variable optimal energy management strategy for standalone DC micro-
grids, employing a non-linear model predictive control (NMPC) algorithm. This method
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aims to support constant current and constant voltage charging regimes to prolong bat-
tery lifespan. Additionally, Ref. [26] presented an EMS for a hybrid energy source-based
standalone marine microgrid. The proposed technique is based on optimal power source
scheduling to reduce operating and maintenance costs. Furthermore, Ref. [27] inves-
tigated an EMS approach focused on fuel consumption, fault compensation, and emis-
sions, employing a variable-speed paradigm with diesel engine (DE)-driven permanent
magnet synchronous generators (PMSG), replacing the traditional fixed-speed model.
Moreover, Ref. [28] introduced a hierarchical power-sharing control method to enhance
the efficiency of DC shipboard microgrids. Although various EMS solutions have been
proposed for shipboard and DC microgrids [7,8,20], limited attention has been paid to
communication-independent EMS designs specifically tailored for cruise ship firezones
under emergency conditions.

In recent years, fault diagnosis in shipboard power systems has increasingly moved
towards adopting intelligent frameworks based on machine learning and other data-driven
approaches. Methods based on deep learning, graph-based models, and multi-physics
analysis have shown strong potential in detecting and classifying faults under complex
and dynamic operating conditions [29,30]. These approaches can improve fault detection
accuracy and enable earlier identification of most abnormal conditions highlighted in [23],
which is particularly important for safety-critical maritime applications. However, in
practical applications, fault detection is not always instantaneous, and delays or false alarms
may occur due to measurement noise, model uncertainty, or communication limitations.
Such imperfections can influence the downstream EMS, especially during emergency
situations where rapid and reliable actions such as load shedding or source reconfiguration
are required.

To address this, the EMS proposed in this work adopts a simple and rule-based
structure with a focus on robustness and predictable operation. The decentralized droop
control and predefined thresholds allow the system to maintain stable performance even in
the presence of delayed or imperfect fault signals. In particular, the reliance on local control
actions reduces sensitivity to communication delays, while conservative load prioritization
ensures that critical loads remain supplied despite potential false alarms. This provides
an inherent level of fault tolerance at the control level and supports a reliable physical
response of the system under uncertain diagnostic conditions.

This study investigates the application of EMS strategies to improve the reliability of
shipboard DC microgrids, as part of the Sustainable DC-Systems (SuSy) project. Further
information on the SuSy project’s background, development, and applications can be
found in [31], which provides a thorough examination of the project’s outcomes and
implications. The EMS framework is tailored for implementation within the firezones
of a cruise ship, where power supply is carried out by two main generators (MGs), one
located on the port side and one on the starboard side. To optimize energy efficiency
and reduce fuel consumption, we integrate DC-based distributed generators, including
photovoltaic systems (PVs), fuel cell systems (FCs), and lithium-iron-phosphate (LFP)
battery energy storage systems (BESSs), into the system. The BESSs are designed to ensure
system resilience during various operating conditions, thereby enhancing the overall
performance of the shipboard power system.

The main novelty of this work lies in the integration of a fully decentralized EMS
within a firezone DC microgrid architecture that is communication-independent during
faults, enabling coordinated operation of multiple energy sources under both normal and
fault conditions without relying on centralized supervision.

This article is organized as follows: Section 2 presents the system description. Section 3
presents the dynamic modeling of power architectures in the DC grid. Section 4 describes
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the implemented EMS. Section 5 presents the simulation results. Finally, Sections 6 and 7
outline the paper’s discussion, conclusion, and future work.

2. System Description
2.1. DC Distribution System of the Considered Cruise Ship

Figure 1 illustrates an overview of the DC distribution systems within the cruise ship.
The structure consists of different energy sources, including the MGs and integrated RES
in this research. Power sources supply both critical and non-critical loads with distinct
operational priorities, including essential components for environmental conditioning,
such as heating, ventilation, and air conditioning (HVAC) systems, food storage, entertain-
ment systems, and lighting. Medical equipment, communication systems, and emergency
lighting are classified as emergency loads. The EMS plays a pivotal role as an intermediary,
facilitating coordination about load sharing between the energy sources. It also ensures
optimal power flow, stability, and efficient operation of the ship’s electrical system. The
DC microgrid for the ship also includes power converters, transmission lines, and other
components that support the integration of the energy sources.

Renewable Sources
Loads Power
V// g / /4
Sources y 777774
V// &/ / 4
/ CAD
Consumers
Emergency
Cabin lighting BESS Conventional
Medical equipment HVAC Generator
Communication Communication
systems Food storage - @
Emergency lighting Hair Dryer —
Entertainment = “

Figure 1. Overview of the cruise ship DC power system, representing the interaction between energy
sources, loads, and EMS.

2.2. Considered Grid Topology of the Energy System

The entire ship is divided into multiple sections, referred to as firezones, for structural
and operational management. Each firezone is composed of multiple floors, with each
individual floor referred to as a deck. Within each firezone, two distribution areas exist:
the cabin area distribution (CAD) and the technical area distribution (TAD). The topology
considered in this study, developed collaboratively within the SuSy project, is based on a
simplified electrical schematic of a cruise ship firezone, as illustrated in Figure 2, which
serves as the basis for all subsequent considerations in this study.
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Figure 2. Electrical configuration of the proposed DC microgrid for cruise ship firezone, with vertical
and horizontal busbars, power sources, and their interconnections within the CAD and TAD zones.

The TAD supplies critical systems for environmental conditioning, such as HVAC. In
contrast, the CAD contains the electrical infrastructure and consumer loads that supply
power to both passenger and crew cabins. These two areas are supplied by separate
busbars. Each side of the TAD is connected directly to a vertical busbar operating at 700 V
DC. Meanwhile, the CAD operates at a nominal voltage of 350 V DC via isolated DC/DC
converters, and power is supplied through two independent horizontal busbars—each fed
by a different vertical busbar. The horizontal busbars are separated to ensure redundancy
in the event of a failure.

Different power sources are strategically placed on the port and starboard sides of
the ship to feed the firezone’s distribution systems. The primary power system comprises
two MGs, two FCs, two PV arrays, and two BESS units. The MGs and FCs supply the
vertical busbars, while the PV and BESS units are connected to the horizontal busbars on
each side of the firezone. In this study, only one deck of the firezone is simulated, which is
assumed to contain 45 aggregated cabins. These cabins receive power at 48 V DC through
two independent DC/DC step-down converters with a conversion ratio of 350 V/48 V. Each
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converter is supplied from the respective horizontal busbar by the two vertical busbars on
both sides of the ship.

Each distribution area in the firezone is equipped with its own decentralized droop
control system, enabling independent operation in the event of failure in system communi-
cation. If a fault occurs on the input side of a DC/DC converter connected to one of the
vertical busbars, the converter shuts down and disconnects the connected horizontal busbar
from the faulty vertical busbar. In this scenario, the CAD continues to be powered by both
horizontal busbars and the remaining vertical busbar, ensuring continued operation. To
maintain system stability during this fault condition, the BESS capacity is strategically
designed and sized to maintain the voltage on the horizontal busbar. In the case of a
total blackout, where both vertical busbars fail, all loads within the CAD are supported
exclusively by the horizontal busbars. In either blackout scenario, the CAD control unit
sends a signal over the communication bus to the cabin control system, which then disables
all non-essential loads, maintaining power supply only to the emergency loads.

3. Dynamic Modeling of the Power System

This section presents the dynamic model of the power system under investigation.
The dynamic modeling approach uses average models for the entire system, thus avoiding
the complexity of simulating intricate control algorithms and semiconductor switching
components, such as diodes and transistors, within the converters. The system represents
a deck within a scaled-down representation of a firezone on a cruise ship, consisting of
45 aggregated cabins. These cabins are distributed as follows: 14 cabins on the starboard
side, 14 cabins on the port side, each featuring a balcony with PV panels mounted on the
railings on both sides, and 17 inside cabins that are also part of the deck layout. Note
that “deck firezone” in this context does not refer to an actual cruise ship deck but to a
representative scaled-down energy system that includes components typically found within
a firezone. This allows for a focused analysis of power dynamics without considering the
complexities of a complete firezone.

The considered deck firezone is connected to the vertical busbar on the starboard side
and the vertical busbar on the port side of the firezone. These busbars are fed by two MGs
and two FCs, each represented as an ideal voltage source with a rated output of 700V DC.
The details and modeling approaches for the remaining elements of the deck firezone are
provided in the following subsections.

3.1. Fuel Cell System

The fuel cell systems share the power supply with the MGs on each side of the firezone.
For this study, fuel cell systems are operated in slow power-controlled mode, where their
output is constrained by rated capacity and EMS-defined power references, neglecting
internal electro-chemical effects. This limitation is implemented through a control system
illustrated in Figure 3. The primary objective of the control system is to regulate the
bus voltage so that the FC system’s power output is effectively constrained. The control
system comprises a droop loop, which generates a reference voltage (V,f) based on the
measured FC’s output current (Ioyt), and a voltage loop, which adjusts the bus voltage (Vout)
to track the reference voltage. In cases where the output power exceeds the maximum
allowable power (Pnax), the voltage loop adjusts the bus voltage to reduce it until the
output power reaches Pnax again. Vp is no load voltage setpoint and Ry is droop resistance.
This modeling approach represents a simplified version of realistic operation of fuel cells
in hybrid maritime DC microgrids, where batteries perform peak shaving and transient
support while fuel cells provide steady-state power contribution.
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Figure 3. The designed control structure for limiting FC system’s output power

3.2. Photovoltaic System

The PV panels are mounted on the balcony railings of each deck on both sides of
the ship to reduce the fuel consumption of the MGs and FCs. An array of six series-
connected and four parallel-connected units was installed, covering a total area of 40 m.
A 60-cell Mono Perc shingled module-based PV panel has been adopted in this research.
This particular module was chosen for its ability to deliver high efficiency of 19.6% and
maximum power output of 340 W. Shingled solar cell interconnection has gained significant
attention in recent years. It can improve efficiency by 8-10% compared to classical PV
modules due to lower resistive losses and increased surface area [32]. Moreover, solar
modules based on shingle interconnection have the advantage of shading tolerance [33].
Table 1 shows the electrical characteristics of the considered PV module.

Table 1. Electrical characteristics of the PV module under standard test conditions (1000 W /m?
irradiance, 25 °C cell temperature).

Parameter Value
Maximum Power (Ppnax) 340 W
Voltage at Maximum Power (Vinpp) 374V
Current at Maximum Power (Impp) 9.09 A
Open Circuit Voltage (Vo) 452V
Short Circuit Current (Ig) 951 A
Module Efficiency 19.6%
Module Length x Width 1622 mm x 1068 mm

In this study, the PV panels are modeled as a current source using a simplified model
that considers fundamental factors to calculate the output power (Ppy). This simplified
representation is sufficient for system-level analysis, where the focus is on power flow
and energy management rather than detailed semiconductor behavior. The parameters
considered in this model include solar irradiation (Ej;;), PV module surface area (Syjodule),
the number of series-connected modules (Ns), the number of parallel-connected modules
(Np), PV module efficiency (7rodule), and converter efficiency (conv)- The Ppy is estimated
by combining these parameters as follows:

va = Eirr - SModute * Ns - Np * IModule * conv 1)
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The PV output current (Ipy) is subsequently calculated as:

Py
Vhoribus

Ipy =

where Vioribus is the horizontal bus voltage.

3.3. Battery Energy Storage

The BESSs are implemented to support the intermittent RES power supply. The battery
pack consists of 200 LFP cells in series with 12 parallel strings, providing balanced energy
storage capacity. Each LFP cell has a nominal capacity of 150 A h and operates within a
voltage range of 2.5-3.65 V. The key electrical parameters of the battery pack, including the
open-circuit voltage and internal resistance as functions of the state of charge (SOC), are
summarized in Table 2. These parameters were obtained from experimental measurements
conducted in the laboratory and are used to accurately characterize the battery behavior.

Table 2. Measured parameters of the battery pack.

SOCyec 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

VOCyec 500 600 640 646 650 656 660 666 670 680 730
ROyec  0.025 0.0242 0.0234 0.0226  0.0217  0.0209 0.0201  0.0193 0.0185 0.0176  0.0168

During system operation, the SOC of the battery is continuously measured and main-
tained within predefined limits for safe and reliable operation. In this study, the allowable
SOC range is 40-80%. In addition, both charging and discharging currents are constrained
within specific minimum and maximum limits, imin, and imax respectively, to prevent
overcharging, deep discharging, and thermal stress. The battery system is modeled in
the Simscape battery table-based block in MATLAB/Simulink R2020b which is a widely
adopted approach for BESS simulation. This model enables an accurate representation
of the charging and discharging dynamics by incorporating the experimentally obtained
voltage and resistance characteristics.

3.4. DC/DC Converter

In the assumed power system, all power sources are connected via DC/DC converters,
which are arranged in parallel to share the load and facilitate power flow between the
sources. To address the circulating current issue that arises from voltage differences between
the sources, a virtual resistance-based voltage source model is employed for the converters.
This droop control approach is necessary to equalize the load current shared by each
converter and mitigate the effect of circulating currents [24,34].

The control law governing the converter output voltage, taking into account the virtual
resistance, is expressed as:

Vout = Vief = Rq - 14 ©)

where Vo, is the output voltage of the converter, Vi, is the reference value for the DC bus
voltage, Ry is the virtual resistance assigned to the converter, and 14 is the output current
of the converter. The converter output current flows in both directions. Its relationship is
given by:

In
Vout

where Vi, and I, are the input voltage and current, respectively. To prevent reverse current

Iout = V1 . (4)

flow and ensure unidirectional current flow, a diode is incorporated into the design to
block any potential backflow of current to the vertical bus system. A remaining challenge is
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determining the optimal value of the virtual resistance (Rq) for each converter. The method
for calculating this virtual resistance is detailed in Section 4.3.

4. Energy Management System

The EMS in this study provides a structured rule-based control strategy for managing
power flow within the cruise ship’s firezone DC microgrid. The EMS optimizes the utiliza-
tion of distributed energy sources under both regular and irregular conditions. This design
choice is motivated by the safety-critical nature of ship firezones, where transparency,
low computational burden, and independence from communication infrastructure are
prioritized over global optimality. Figure 4 depicts the EMS decision-making flowchart,
which guides power allocation and energy storage behavior based on real-time system
states. The flowchart distinguishes between two primary operational modes:

Regular
ve Operation no
ye: no-
no SOC>90% SOC>90% SOC < 40%
no
yes yes no yes
SOC>80% SOC<40%
no no
yes l
Bat. disconnected: no Y$S | Bat. disconnected: yes Bat. disconnected: no Bat. disconnected: no
PV Curtailment: no PV Curtailment: yes PV Curtailment: no PV Curtailment: no
Load Shedding no Load Shedding no Load Shedding no Load Shedding yes

Bat. disconnected: no
PV Curtailment: no

Bat. disconnected: no
PV Curtailment: yes

Bat. disconnected: yes
PV Curtailment: no
Load Shedding no

Load Shedding no Load Shedding no

Figure 4. Decision-making flowchart of EMS, illustrating the control brain for power allocation,
battery operation, PV curtailment, and load shedding under both regular and fault conditions.

4.1. Normal Operation Control Strategy
During regular operation:
* If PV power (Ppy) exceeds the total load demand (Pjp,q):

—  The surplus power is initially stored in the BESSs, depending on the current SOC.

—  If the BESSs are fully charged (i.e., SOC > 80%), any excess PV power is curtailed
to avoid overcharging. The upper threshold of 80% is selected to prevent over-
charging and enable faster PV curtailment decisions, thereby improving system
responsiveness and battery health.

*  If Py is insufficient to meet Pjo,q:

- The BESS discharges to supplement the PVs. The discharging is limited to 40%
of the battery’s reserve capacity (SOC > 40%). This threshold is selected to pre-
serve sufficient battery reserve capacity for emergency operation during critical
fault conditions. This value represents a compromise between battery lifetime
considerations and the requirement to maintain guaranteed power availability
for critical loads.

- If the battery is outside its safe SOC range (SOC < 40% or SOC > 90%), it is
disconnected to prevent over-discharge or overcharge.
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4.2. Irregular Operation Control Strategy
When a fault occurs in one of the MGs:

¢  The EMS immediately checks battery availability and activates the load shedding
mechanism.

—  The battery uses its reserve capacity (i.e., SOC < 40%) to continue supplying
power to critical loads.

—  The battery is sized to maintain voltage stability on the affected busbar during
the fault period.

Load shedding ensures that only emergency or critical loads (e.g., lighting, commu-
nications, alarms) remain powered during the fault. Once the fault is cleared, the EMS
resumes regular operation by reconnecting the BESSs and restoring normal load allocation.

4.3. Droop Control

Droop control is a widely employed parallel scheme that does not rely on feedback
mechanisms. Its popularity stems from its simplicity and effectiveness in distributed power
systems, where it enables linear voltage and current regulation [35]. A key advantage of
droop control is its ability to achieve adjustable voltage and current sharing among parallel
converters, thereby facilitating balanced power distribution. To realize this benefit, accurate
calculation of the droop coefficients is essential. In this work, a straightforward approach
for regulating voltage and current sharing is adopted.

As explained earlier, each parallel converter employs virtual resistance to regulate its
output voltage according to the individual load. Based on Equation (3), the output voltage
expression at the terminal of each converter is:

Vout,i = Vreti — Rd,i - la,i (6)
The output current of each converter is expressed as follows: Iy ; = %, hence:
P.
Vouti = Vreti — Vil Rq,i (6)
out,

The share of a single source in the total power is expressed as x; = Epjji and the droop
voltage is calculated as Viroop = Viet,i — Vout,i, With:

Vout,i = Vref,i - (1th) . Rd,i (7)
out,i

The droop coefficient at each converter is as follows:

R Vout,i : Vdroop
di =
Xi- 2P

By adjusting the voltage droop coefficient, the load power can be accurately distributed

(8)

among the existing parallel sources.

4.4. PV Curtailment

PV curtailment refers to the intentional reduction of power output from solar panels
during periods of high energy production, typically when the grid cannot absorb all the
generated power. This phenomenon occurs when the load demand is low and the BESSs
are fully charged, resulting in an excess of renewable energy. Curtailment is necessary to
ensure reliable grid operation and prevent potential stability issues that may arise from
excessive power injection into the grid. By limiting the output power, PV curtailment
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helps to balance supply and demand, ensuring that the system operates within safe and
controlled boundaries [36].
Mathematically, the curtailed power can be represented as:

Povmax No curtailment

P curtailment — { (9)

min(Pioad, Ppv) Under curtailment

where Pyrtailment Tepresents the curtailable power, Ppymax is the maximum available PV
powet, Pjy,q is the load demand, and Ppy is the actual PV power output. During periods
of no curtailment, the PVs operate at their maximum capacity Ppymax- However, when
the grid requires curtailment, the power output is reduced to match the minimum value
between the load demand Pjy,q and the actual PV power output Ppy.

5. Simulation Results

This section presents the simulation results used to evaluate the performance of the
proposed EMS under both normal and fault conditions. The analysis focuses on power
sharing, voltage stability, and system response to disturbances.

To evaluate EMS performance, we scaled the PV and BESS generation capacity.
Throughout this section, we differentiate between the nominal system and the scaled-
up system to analyze the effects of increased PV capacity on the overall performance. The
key input variables for our dynamic simulation model include solar irradiance and load
power. Figure 5 shows the cruise route used for data collection. In Figure 6, the solar
irradiation profile was derived by interpolating data obtained from the Copernicus meteo-
rological services [37] across the 15-day course of a Caribbean cruise, accounting for solar
energy received on both sides of the ship equipped with PV panels. The difference between
port and starboard irradiance profiles arises from the ship orientation and trajectory, which
affects the incident solar angle on each side. The total load demand for the considered
deck firezone was modeled using a bottom-up approach developed by Schwager [38]. The
resulting load profile time series, representing the total electricity demand of 45 cabins
(including cabin loads and fan-coil units), is depicted in Figure 7. Emergency loads are also
incorporated, with a constant power demand of 1.9 kW within the CAD. Additionally, the
HVAC system in the TAD is assumed to have a continuous power demand of 6.3 kW per
side of the firezone.
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Figure 5. Cruise trajectory path used to obtain location-dependent solar irradiance over a 15-day
period (© OpenStreetMap).
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Figure 6. Interpolated solar irradiance profiles over a three-day period for port (Eps) and starboard
(Egp) sides, derived from Copernicus hourly data using shape-preserving interpolation.
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Figure 7. Time series load profiles for the considered deck, including aggregated cabin consumer
demand and HVAC demand within the CAD.

This section is organized in two parts. First, a load flow analysis is conducted using real
data from the system, providing a baseline understanding of its operational characteristics.
Next, the analysis is repeated using the scaled system, allowing for an evaluation of the
proposed EMS under various operational conditions and scenarios.

5.1. Initial Load Flow Analysis

The results confirm that the EMS operates correctly under normal conditions. PV
generation is prioritized, and excess energy is stored in the BESS when available. The
remaining demand is supplied through coordinated power sharing between the BESS and
vertical busbars, ensuring stable operation. Figure 8 illustrates the system behavior in
normal operation, where PV curtailment is effectively inactive as the batteries are not fully
charged. Under these conditions, the total load demand is met through power sharing
between the vertical busbars and the BESS.
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Figure 8. System behavior during regular operation: comparative analysis of PV power generated and
total load demand (consumer and HVAC cabins) for a deck comprising 45 cabins; and comparison
between power supplied by the main generators via the vertical busbar and power delivered by BESS.

5.2. Load Flow Analysis on the Scaled System

The scaled PV system has a peak power increased from 8.2 kW to 30.6 kW on each side.
The scaling up was achieved by increasing the number of parallel-connected PV modules
from 4 to 15 and the BESS capacity by 15% on each side, starting from an initial SOC of 70%.
The simulations covered both regular and irregular operation modes of the ship. In this
context, irregular operation refers to a major failure in the power system that triggers the
activation of an emergency mode, initiating specific recovery procedures.

5.2.1. Regular Operation

During the regular operation phase, simulations were performed using the scaled PVs
and increased battery capacity over a three-day period. These simulations demonstrate
various scenarios envisioned within the EMS approach, showcasing its ability to efficiently
distribute load demand according to predefined power ratios within the firezone. The
results highlight the effective utilization of the BESSs for load sharing while maintaining
some stored capacity for emergency situations. Additionally, the simulations showcase the
power curtailment process when the PV output exceeds the load demand.

Technical Area Distribution

In the TAD, droop control ensures proportional power sharing between fuel cells
and main generators. When fuel cells reach their capacity limits, the main generators
compensate for the remaining demand, confirming correct controller behavior. As shown
in Figure 9 the system successfully tracks the setpoint power-sharing ratios on the first and
last days. On the second day, the FCs hit their 6 kW capacity limit, preventing the target
90% share from being met; however, the MGs effectively compensated for the remaining
demand, confirming correct controller behavior.

https:/ /doi.org/10.3390/en19112512


https://doi.org/10.3390/en19112512

Energies 2026, 19, 2512

14 of 22

w
o

T T T T

LoadTechArea

N
(&)}

Power (kW)
]

-
(&)

10 | | | |
0.5 1 1.5 2 2.5 3
25 T T T T
_20f MGs FCs ]
<
Z15) |
o
=10 .
@)
[a
0 1 1 1 1
0.5 1 1.5 2 2.5 3
Time(day)

Figure 9. Performance of the TAD under regular operation: total load demand, and power supplied
by MGs and FCs.

Cabin Area Distribution

In the CAD, power is supplied by PVs, BESSs, and vertical busbars. Figure 10 sum-
marizes the total load power demand, power supplied by the BESSs and vertical bus
systems, power sharing ratio between the BESSs and vertical busbar systems, and BESS
SOC on both sides of the firezone. During high PV generation, excess energy is stored in
the BESS until the SOC limit is reached, after which PV curtailment is activated. When
PV generation decreases, the EMS ensures balanced power sharing between the BESS and
vertical busbars. Once the minimum SOC threshold is reached, the BESS is disconnected
and the vertical busbars supply the full load. This demonstrates effective energy balancing
and reserve management.
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S
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Figure 10. Total power demand in the CAD and Power sharing ratio between the BESS and
vertical busbar.
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Figure 11 shows the horizontal bus voltage during the entire simulation period. As
expected, the voltage increases when PV power generation increases and when the BESSs
start to charge. In particular, the voltage is steady at 350 V when PV generation is active
and no power is supplied from the remaining sources.

450 T T T T
Volt

HoriBus

N
o
S

Voltage (V)

350

300 1 1 1 1
0.5 1 15 2 25 3

Time (day)

Figure 11. Horizontal busbar voltage profile of the CAD during normal operating conditions.

5.2.2. Irregular Operation

The following results demonstrate the EMS’s resilience under fault conditions. The
simulation begins with normal operation of both vertical busbars. The initial 12 h of the
simulation coincide with the peak PV power. However, in the early hours of the second
day, a fault is introduced on the LV side of the converter on the port-side horizontal bus
system (Table 3), causing it to shut down while the starboard-side system continues to
operate normally. This converter fault persists for approximately 36 h till the middle of
the third day, and its duration is clearly marked in the plotted results. During this time, a
load shedding mechanism is activated, prioritizing emergency loads in the CAD area as
shown in Figure 12, and the TAD continues to be supplied by the vertical busbar on the
starboard side.

Consumers Emergency I

0 I I I I I
0.5 1 1.5 2 2.5 3

Time (day)

Figure 12. Load profile of the cruise ship under fault conditions, where the fault period is highlighted
in yellow and fixed activated load shedding corresponds to the critical load.
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Table 3. Operational status of system components under fault condition in the converter of the
portside horizontal bus bar.

Components Normal Starboard Side Portside (With Fault)
14 Active Active Active

BESS Charge/discharge = Charge/discharge Full Support

MG Active Active Inactive

FC Active Active Inactive

Loads All Critical Critical
DC/DC Converter Active Active Inactive

Cabin Area Distribution

Following the port-side converter fault, the port-side BESS autonomously assumes
100% of the load to maintain voltage stability, as seen in the SOC subplot of Figure 13. This
contrasts with the starboard side, which continues to receive support from the vertical
busbar. The results confirm that the reserved battery capacity is effectively utilized to
sustain critical loads during isolation.
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Figure 13. Total load demand, PV power, and curtailed PV power; Power sharing ratio between the
BESSs and vertical busbar; Battery power sharing ratio actual vs. setpoint; and BESS SOC within the
CAD on both sides of the firezone.

Figure 14 illustrates the current contribution from the power sources within the CAD.
Initially, the vertical bus systems and BESSs share the load equally. However, when the
fault occurs, the current of the portside vertical bus system drops to zero, and the portside
BESS takes over, supplying the entire current demand on that side.
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Figure 14. Current response of vertical busbars and BESSs on port and starboard sides during
fault conditions.

Technical Area Distribution

This subsection presents the simulation results for the TAD during irregular operation.
The results include power distribution, output current, and vertical bus voltage on both
sides of the firezone. Figure 15 illustrates the load demand, power generated by the sources,
and the power sharing ratios between the FCs and MGs within the TAD. The load demand
in the TAD is reduced due to the shutdown of the HVAC system on the port side, resulting
from the fault. However, the HVAC system on the starboard side remains operational,
supplied by the vertical busbar on that side, and its power output is sufficient to maintain
adequate ventilation in the area. The third subplot compares the actual and setpoint power
sharing ratios assigned to the FCs, revealing a close match, particularly when the assigned
ratio is low. The deviation from the desired power sharing ratio at higher setpoints is caused
by the limited capacity of the fuel cells, requiring the main generators to compensate for the
remaining demand. This highlights the effectiveness of the droop controllers in maintaining
the desired power sharing ratio. However, when the FCs are assigned a 90% power sharing
ratio, they cannot meet the demand due to their limited capacity of 6 kW. In this scenario,
the FCs provide 3 kW per side, while the MGs compensate for the remaining load. This
confirms the effectiveness of the developed controller in limiting the power generation
of the FCs to their capacity constraints and demonstrates the crucial role of the MGs in
supporting the overall power demand.

Figure 16 displays the current drawn by the MGs and the FCs on each side of the
firezone within the TAD. The results show that the higher current observed on the healthy
side indicates load redistribution following the fault, where available sources dynamically
adjust their output to maintain system balance.
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Figure 15. TAD performance under fault conditions: load demand, power contribution of MGs and
FCs, and comparison between actual and reference power sharing ratios for FCs.
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Figure 16. Current profiles of MGs and FCs on both sides of the firezone during fault conditions,
illustrating the redistribution of load following system disturbance.
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6. Discussion

The simulation results demonstrate that the proposed decentralized EMS effectively
balances the competing objectives of voltage regulation and power sharing in a complex
shipboard environment. Our EMS approach is designed to reduce system complexity
for faster response times, in contrast to the EMS approaches proposed in [25,28]. While
these approaches achieve high load sharing performance, they rely on hierarchical control
systems, resulting in system complexity and slow operation. Furthermore, BESS regulation
is implemented through a straightforward switching algorithm. This approach has proven
effective in managing the charge/discharge of the BESSs, thereby prolonging battery life
and ensuring state of charge balance.

Under regular operation, the system successfully maintained stable voltage profiles
across both the CAD and TAD while adhering to the predefined power-sharing ratios
between FCs and MGs. Notably, the system correctly handled the capacity constraints
of the FCs; when the FCs reached their 6 kW limit, the MGs seamlessly compensated for
the remaining demand without causing voltage instability. This confirms that the droop
control logic is robust enough to manage source limitations dynamically.

The most significant finding, however, lies in the system’s behavior during irregular
operation. The EMS demonstrates resilience by dynamically adjusting the load distribution.
Specifically, the BESS on the port side autonomously takes over the power supply, utilizing
its reserved capacity to maintain voltage stability and meet critical load demand on the
fault side. Load shedding is also employed effectively to reduce non-critical loads and
prevent cascading system failures. Power and current profiles clearly highlight the adaptive
behavior of the system components in response to the disturbance, particularly the crucial
role played by the BESSs, acting as a bridge between load and generation.

The simulation methodology was designed to validate the EMS under the most de-
manding operational conditions—specifically, a converter output fault that isolates the
firezone from main generators. This scenario directly tests the EMS’s core claim: maintain-
ing critical loads without external power support. Battery parameters were derived from
experimental characterization, ensuring that simulation inputs reflect realistic component
behavior. The evaluation under both regular and fault conditions, while conducted in
simulation, provides essential proof-of-concept for the proposed decentralized control
architecture in shipboard DC microgrids. Despite the promising results, several limita-
tions should be acknowledged. The study is based on simulations under predefined load
and environmental conditions, and real-world uncertainties such as measurement errors,
communication delays, and component degradation are not explicitly considered.

7. Conclusions

This paper proposes an effective decentralized EMS combined with a novel topology
tailored to meet the different operational and safety requirements of cruise ship firezones.
The key findings and contributions are summarized as follows:

* A decentralized droop-based EMS was developed for both the CAD and TAD, en-
abling proportional power sharing between multiple power sources under normal
and fault conditions.

¢ The study demonstrated the EMS’s ability to regulate voltage, maintain battery SOC
within safe limits, and ensure proportional load sharing during regular operation.

e Under fault conditions, the EMS demonstrated strong adaptability. The BESS on the
port side successfully supported the critical loads, maintaining voltage stability and
preventing service disruption. Moreover, load shedding was activated as designed to
maintain system stability and prioritize critical loads.
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¢  The current and voltage profiles across both zones confirm the EMS’s ability to re-
configure power paths, balance sources, and avoid voltage collapses during faults,
proving its practical applicability in isolated maritime energy systems.

Limitations and Future Work: This study focuses on simulation-based validation of a
decentralized EMS architecture for a single firezone DC microgrid. Experimental validation
and hardware-in-the-loop testing were beyond the scope of the present project work and
will be addressed in future research. In particular, experimental investigation of the pro-
posed droop-based load-sharing strategy in a DC microgrid environment will be conducted
to further validate system performance. Furthermore, while the proposed EMS is evaluated
at the firezone level, full-ship deployment would require coordination among multiple
zones. Future research will explicitly investigate these types of failures, including BESS
faults and load-side faults. Future work will also include hierarchical supervisory control
architectures to integrate local firezone EMS units with ship-level energy management
while preserving decentralized operation and fault tolerance. Integration of advanced fault
diagnosis methods with the EMS represents another important direction for future work.
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