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ABSTRACT: Hydrogen—Fuel Cell (HFC) systems have become one of the most promising zero-carbon shipping solutions, with
high energy-conversion efficiency, silent operation and potential for full decarbonization when coupled with renewable hydrogen
production. Yet, the operational efficiency of HFC marine power systems is significantly affected by nonlinear electrochemical
kinetics, interactions between subsystems and extremely wide fluctuating load profiles typical for naval service missions. The
resulting complex multi-variable control laws open up trade-offs between efficiency, hydrogen consumption, dynamic response and
emission of auxiliary by-products like NOx, unconverted hydrogen and water vapor exhaust. To tackle these issues, the present
work puts forward a complete Multi Objective Particle Swarm Optimization (MOPSQ) framework for the combined performance
and emissions optimization of hydrogen marine—FC propulsion systems. The MOPSO technique is used to optimize decision
variables such as fuel cell operating current density, stack temperature, air stoichiometric ratio, compressor control and the
proportion at which ESS is lead on hybrid with a Pareto-optimal trade-offs between: (i) system efficiency, (ii) hydrogen
consumption, (iii) emissions and by-product reduction, and (iv) component degradation and thermal stress reduction.

A high-fidelity dynamic simulation model has been developed, combining PEM fuel cell electrochemical kinetics, onboard power
demand information and compressor-humidifier dynamics with marine propulsion load cycles for patrol, ferry and tugboat duties.
Results show that the MOPSO optimized control strategy increases net fuel cell efficiency by 12-18%, decreases hydrogen
consumption by 15-27%, and decreases auxiliary emissions and stack temperature excursions by up to 35% as compared with the
baseline, rule based, and single-objective tuning approaches. Moreover, degradation parameters such as voltage decay rate and
membrane hydration instability were dramatically mitigated which enabled extension of the projected stack life time by 20-30%.

KEYWORDS: Hydrogen Fuel Cells, Marine Vessel Propulsion, Multi-Objective Particle Swarm Optimization (MOPSO), Energy—
Emissions Optimization, Sustainable Maritime Systems, Fuel Cell Performance Enhancement.

imposes some limitations on the propulsion application [4],
[5].

Storage of hydrogen is still one of the most critical issues
regarding for introduction into shipping. Compressed
hydrogen with storage pressure levels of 350-700 bar is a
well-studied option for high-speed ferries and short-range
shuttle vessels [6], while the use of liquid hydrogen (LHZ2) is
gaining increasing attention for long-range marine
applications due to its large gravimetric energy density and
compatibility with cryogenic fuelling systems [7], [8].
Various large-scale demonstration projects, for example
HYSHIP (a consortium from Europe) and Zero-Emission
Coastal Operations (ZECO), have successfully integrated
LH2 tanks into PEMFC propulsion modules, proving the
rapid industrial readiness of hydrogen marine systems [9],
[10]. However, the dynamic of hydrogen—fuel cell systems
lead to challenging power management and control
requirements. These are among others (a) fuel cell
degradation due to dynamic load cycling, (b) membrane
dehydration under high current densities, (c) thermal stress
during rapid load transitions and (d) off-nominal operation
efficiency penalties [11], [12]. These features motivate the
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I. INTRODUCTION

The maritime industry has been experiencing a technological
paradigm shift as hydrogen and fuel cell systems are
identified as prospective propulsion solutions to comply with
increasingly challenging environmental regulations without
compromising vessel’s performance. Hydrogen—fuel cell
(HFC) systems offer high efficiency, nearly zero emissions
at the point of use and silent operation—all being traits highly
favourable to decarbonisation pathways for both commercial
and passenger shipping. Several works have shed a spotlight
on that polymer electrolyte membrane fuel cells (PEMFCs)
are still the mainstream option for maritime system
integration installed in ships in forthcoming years because of
the fast load response, high power density and low operation
temperature provided by PEMFC systems which ensure
safety and control over applications [1]-[3]. SOFCs are also
possible in marine auxiliary systems for their higher electrical
efficiencies and ability to run on ammonia or treated fuels,
nonetheless SOFC slow start-up and thermal cycling
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consideration of real-time optimization techniques to control
efficiency, emissions and durability—goals that are
frequently limited by nonlinear systems interactions, as well
as varying duty ratio performance over a mission cycle in
maritime settings.

Marine propulsion systems are subjected to highly non-
uniform load profiles including sudden changes in torque
owing to wave—hull interactions, propeller load disturbances,
acceleration and ship manoeuvring actions and hotel loads of
intermittent nature. Under such conditions, traditional rule-
based or PI controllers applied in fuel cell power systems are
not immune to the risk of deviating from optimal operating
points as it occurs frequently in practice. 13 However; this
does result into higher hydrogen consumption, stack life
degradation and emissions emanating from hybrid fuel-cell
batter or diesel backup system [14]. Hydrogen— fuel cell
vessels produce relatively low polluting emissions; however,
concern over indirect (e.g., from hydrogen production routes)
and local emissions from the auxiliary system remains. LCA
studies performed for marine hydrogen systems have
however showed a 70% reduction in total emissions for green
hydrogen pathways, but onboard energy management plays a
crucial role on the operational emissions footprints [15], [16].
For instance, the lack of good load tracking leads to an
increasing system transient which higher compressor power
demands, ineffective water management and resistive losses
in power converters - all leading to higher effective emissions
per unit of delivery [17].

The long-term durability is the key issue as load cycle
induces the fast deterioration of Pt catalyst, membrane
thinning and carbon support corrosion. With empirical
degradation models it has been estimated that aggressive
cycling can reduce the PEMFC lifetime from 20,000 to less
than 8,000 hours if not actively counteracted using a smart
power management [18], [19]. Thus, more even load
distribution,  transient  responses smoothening  and
minimization of extreme operation condition are not only
beneficial in terms of efficiency profit (also because they lead
under stability perspective to lower emissions) but above all
strictly related from the point of view of emissions and long-
term sustainability to a marine Hydrogen system. Traditional
controllers, including PID, rule-based and feedforward
controls methods have been traditionally implemented for
both fuel cell voltage control, oxygen excess ratio control and
thermal management. PID control is still largely employed
because of its simplicity and low cost, yet it faces non
linearities, time delays and coupled dynamics naturally
presented in fuel cells systems [20]. In addition, PID-based
load-following is not successful at high frequency wave-
induced propeller loads. Energy management systems (EMS)
based on rules have been used in hybrid FC—battery marine
systems to ensure fuel cell operation within a certain high
efficiency-oriented area [21]. Overall, they are inflexible and
often only suitable if the mission is well understood in
advance. Moreover, the rule-based EMSs cannot efficiently
deal with multi-objective trade-offs—efficiency vs.

degradation (or emissions)—in dynamically varying marine
conditions.

Model predictive control (MPC) has gained more attention
when applied to marine hydrogen systems for the satisfaction
of constraints and predicting the future load demand [22],
[23]. The simulation results reveal that the dynamic
performance of PID or rule-based methods is inferior to that
provided by MPC, which allows us to optimize the
compressor flow, fuel supply rates and humidification levels
simultaneously. Nevertheless, MPC has the disadvantages of
computational burden, model errors and performance
degradation in presence of disturbances. In marine vessels
with highly variable environmental conditions MPC alone
may be incapable to handle model uncertainties without
adaptive or metaheuristic adjustments [24]. State observers
like EKF and sliding-mode state estimators are commonly
employed to estimate fuel cell internal states such as
membrane humidity and O2 excess ratio for improved MPC
performance [25]. However, the observers are sensitive to
parameters variations and it's hard to ensure real-time robust.
The Al-based control approaches, such as fuzzy logic, neural
networks, reinforcement learning, genetic algorithms to be
applied in control of three-phase systems with renewables
continue to grow due to their capabilities to deal with
nonlinearities, uncertainties and multi-objective
optimizations [26]. The FLCs which are rule-based decision
system, are ideal for non-linear fuel cell dynamics and
compressor/stack coupling [27]. FLCs are not, however, the
best possible and involve numerous manual adjusting efforts.
PSO, GA and DE have also been employed for the
optimization of fuel cell operation with respect to hydrogen
consumption minimization, degradation rate reduction as
well as transient response improvement [28]. Multi-objective
particle swarm optimization (MOPSO) is widely used for fuel
cell systems as it can simultaneously produce Pareto-optimal
trade-offs among competing objectives, such as efficiency,
emissions and durability [29]. The use of neural network
based predictive controllers has shown better ability to model
and predict nonlinear behavior in fuel cell systems, but their
high training intensity and inefficiency at inference in
presence of real disturbances restrict their immediate
implementation for marine applications [30]. There have also
been some attempts to handle marine using advanced
machine learning approaches, such as reinforcement learning
(RL), which is promising for adaptive management [10] but
demands a high amount of training data and safety guarantees
that are not sufficiently mature for maritime certification.
Hybrid (fuel cell/battery, fuel cell/supercapacitor, fuel
cell/Renewable power sources) architectures have shown
better performance for marine applications. Batteries can
deliver the quick transient needs and fuel cells can work in
high efficient regions for less degradation and hydrogen
usage [31], [32]. Supercapacitors help high-frequency power
smoothing, and it can also protect fuel cells from sudden load
oscillations [33]. The hybrid topology power allocation is a
complex nonlinear, multi-objective problem. This consists of
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minimizing hydrogen consumption, maximizing efficiency,
battery SoC management, fuel cell degradation and safety
constraints. The problem becomes more difficult in marine
applications, where propulsion loads vary irregularly from
hydrodynamic forces and real-time optimization is required
[34], [35].

Hybrid EMS systems that are based on metaheuristic such as
GA-MPCs and PSO-FLC methods have been demonstrated
to offer better performance by tuning the controller
parameters suitable for specific types of sea states and load
profiles. However, these systems may not generalize well on
different mission scenarios and need an enhanced
convergence speed for online applications [36], [37]. In the
context of the International Maritime Organization’s (IMO)
2030 and 2050 decarbonization goals, emission cuts from
shipping are crucial. When compared with diesel engines,
fuel cell systems do not produce NOx, SOx and particulate
matters by their nature. Indirect emissions from the hydrogen
production route or off-gas burners, however, still play a role.
New emissions modeling pathways (2021-2025) highlight
efforts to minimize the impact of fuel cell operation on
compressor power losses, parasitic loads and hybrid cycling;
all of which influence the well-to-wake emissions footprint
Enhanced transient performance reduces the number of water
management failures, which directly influences stack
efficiency and increases system losses. Smooth transients can
reduce parasitic usage by as much as 28% and overall vessel
emissions performance up to 10-15% depending on mission
[41]. Thus, advanced control and optimization techniques are
one of the primary drivers for emission savings also with
clean fuels. Fuel cell systems are particularly challenging on
board marine vessels because of its multidimensional nature
and therefore, single objective optimization can’t be used.
For instance, improvements in fuel efficiency easily go
together with the increase of compressor parasitic losses and
loss of net system efficiency or alternatively can
simultaneously lead to an accelerated degradation of the
membrane as high current densities give rise to a strong
localised chemical and mechanical stress on the structure of
as PEM. Transient load response likewise directly competes
with hydrogen use—faster load follow is generally achieved
by requiring more frequent purges and higher airflow rates,
both of which increase fuel. In the case of hybrid fuel cell-
battery configurations, an extra layer of optimization lies in
balancing the battery/lubricant cycling against that of the fuel
cells — incorrect load sharing can either over work the battery
or pre-maturely age the (fuel cell) stack. These dependences
illustrate that conventional single-objective optimization
techniques are not adequate for real-world maritime
applications as overall system performance is affected by
ever-changing mission requirements, environment
perturbation and aging phenomena [41], [42].

In this framework, Particle Swarm Optimization (PSO) has
attracted much attention as a common metaheuristic due to
its simplicity, strong global search ability and faster
convergence compared with other evolutionary algorithms. In

marine fuel cell research, PSO has been employed in a variety
of optimization problem settings ranging from the tuning of
Pl and fuzzy logic controller gains [43], minimizing hydrogen
consumption for extended voyages [44], optimizing
compressor flow rate and humidification operations to
enhance stack performance given the maritime environmental
climate changes [45] through multi-source power scheduling
for hybrid propulsion systems [46]. Despite advantage in
practice, classical PSO has an inherent limitation when
dealing with multiple objectives since it gets convergent to a
single solution rather than the entire Pareto front space. Multi
Objective PSO (MOPSO) overcomes such a limitation by
creating Pareto fronts which represent the different
conflicting nature between fuel economy, emissions
reduction, system degradation and dynamic performance. In
2020 to 2025, we use MOPSO for hybrid marine energy
systems and compare with multi-driver technology, the
results show that there is an overall fuel saving, less emission,
smoother operation dynamics and better stability against
uncertainty in practical disturbances [47]-[49]. The
applicability of MOPSO has been also enhanced by
integrating it with sophisticated control technigues. The
MOPSO-MPC  structures  permit online  optimal
computational effort such as prediction horizons, weighting
matrices and the handle of the constraints which results in
more adaptive and power-save control actions [50].
MOPSO-FLC architectures fine-tune fuzzy membership
functions and rule bases, resulting in better nonlinear
compensation and robustness under uncertainties [51].
Recent MOPSO-FLC-MPC based hybrid schemes in
renewable microgrids show potential for the tri-layer
optimization—control architectures, but are not abundant for
marine hydrogen fuel cells. [52], [53]. Although in terrestrial
microgrids and stationary fuel cell systems, the multi-
objective optimization and hybrid control are widely studied,
it is not strongly so for hydrogen—fuel cell marine propulsion.
Particularly, little work has been reported on global multi-
objective optimization that includes fuel economy, emissions,
and health-conscious operation at varying degradation levels
during both transient load following and unique mission-
dependent variation. This gap highlights the necessity for an
MOPSO-based holistic optimization framework specifically
designed for maritime energy systems, the requirement being
that safety, reliability and environmental performance must
be guaranteed at a same time under rigorous dynamic
operating conditions.

Based on a review of recent literature, several key gaps are
identified which hinder developments in the application of
hydrogen—fuel cell technology for sustainable marine
transportation. First it must be noted that there is an absence
of a full integration of MOO frameworks able to
simultaneously deal with efficiency, emissions, and
degradation using a unified control architecture. None of the
existing studies have carried out such a comprehensive
optimization, because they optimize one or two metrics
individually and separately: this approach is limited somehow
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since such indirect effects are interdependent in real marine
systems. Second, there are only few optimization and control
methods in the literature with real-time adaptive thinking
capabilities under marine disturbance influences such as
wave afflicted propulsor variation, sudden load fluctuations
and environmental changes. Such perturbations are inherently
defining the vessel power requirement, but rarely included in
dynamic optimization methodologies. Third, even if MOPSO
has been highly efficient for renewable and hybrid energy
systems, its coupling with intelligent control schemes—e.g.,
fuzzy logic or predictive model-based MPC—has rarely
been approached in the literature concerning the maritime
H2-FC context. One consequence of this is that many existing
implementations do not have the coordinated action
necessary to achieve a balance between transients, emissions
constraints and fuel cell life. Fourth, degradation models for
marine systems are immature with only a minimum attempt
accounting for the impact of membrane aging and efficiency
decay thermal cycling as well as mission dependent load
variations. In the absence of such modelling, optimalisation
frameworks are unable to include long term performance of
vessels, or life cycle emissions. Finally, there is a lack of
holistic assessment frameworks in the literature, considering
both mechanical fatigue and thermal stress as well as
operational efficiency and emissions production. In marine
applications, where the environment is challenging, such
complete evaluations are required to guarantee system
reliability as well as compliance with regulations. The
summation of these considerations leads to a strong rationale
for the development of the proposed Multi-Objective PSO-
based optimization framework for hydrogen-fuel cell marine
vessels. By combining high-fidelity system modeling, multi-
objective  optimization, and space-adaptive  control
techniques the approach is intended to result in a robust,
efficient, low-emission power solution customized for next-
generation environmentally friendly maritime applications.
The rest of this paper is organized as follows: Section 1l
introduces the proposed Hybrid Fuzzy—Multi-Objective
optimization control framework for real-time energy
management of PV powered fast EV charging station,
considering hierarchical integration with a fuzzy inference,
MOPSO-based parameter adaptation and the associated
coordination logic. Simulation using MATLAB/Simulink
and analysis of controller performance under typical
operating conditions are provided in Section 111, focusing on
PQ (e.g., THD and power factor) results, DC-link regulation,
duty-cycle variation under irradiance/load change, and the
resulting economic versus environmental trade-off. Section
IV concludes the paper and presents summary of key findings
as well as future works and implications.

Il. THE PROPOSED HYDROGEN-FUEL CELL
POWER SYSTEMS FOR SUSTAINABLE MARINE
VESSELS.

Figure 1 shows the schematic diagram for proposed H-FCPS
that enable clean and efficient operation with low emissions
on modern marine vessels. Central to the system is a
hydrogen storage module that delivers compressed hydrogen
to the fuel cell stack using an in-situ compressor and control
for optimal pressure and flow conditions for effective
electrochemical conversion. The fuel cell stack generates
direct current (DC) electric power that is conditioned by a
dedicated fuel cell converter for stable voltage regulation and
optimal power delivery across varying loading conditions.
Energy consumption between subsystems aboard the vessel
is coordinated by a central power management system (PMS).
It monitors hydrogen usage, compressor function, converter
parameters and thermal management — all without taking
anything away from power sent to the propulsion drive unit
or other ancillaries. Dynamic adjustment of the power flow
can be real-time in response to loads or sources on the DC
bus for efficiency and safety during transient marine
conditions such as wave-induced load changes or rapid
maneuvering.

The electric motor, powered by the stabilized DC current is
used for main propulsion. And it delivers twisting power to
the propeller, turning electrical force into physical push for
moving the ship. A second electrical machine is incorporated
downstream of the propeller for optimization of thrust
adjustment, increased maneuverability or service as
additional propulsion system, according to the operational
profile of the ship.

The dedicated cooling circuit and heat exchanger serve to
maintain the temperature of a fuel cell stack within its
operating range, avoid thermal degradation, and extend long
term system durability. Waste heat from the fuel cell and
power electronics can also be reused for on-board heating
applications, which further enhance the overall system
efficiency.

The schematic depicts an fully integrated hydrogen-fuel cell
propulsion architecture in which hydrogen storage,
electrochemical conversion, energy conditioning and thermal
management as well as across vehicle system enhancement
through the use of a propulsion smart power management is
conducted. This configuration exemplifies the path to
sustainable marine transport with reduced emissions, higher
energy efficiency and a flexible design of modular
components based on selected ship type and mission profile.
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Fig. 1. The schematic of the Proposed Hydrogen—Fuel Cell Power Systems for Sustainable Marine Vessels.

Figure 2 describes the functional block layout of the
proposed  Multi-Objective ~ PSO-based  optimization
technique for hydrogen—fuel cell power systems serving as
sustainable marine vessel propulsion system. As the chief
optimizer, MOPSO is s program module played on top of the
stack that supervises the optimization process in terms of
tuning control constants, balancing these with competing
goals and computing Pareto-optimal solutions. This optimizer
is used to consistently consider trade-offs between
efficiency, emissions and degradation taking into account
mission requirements and dynamic operating conditions.

On the left side of the tree mission-adaptive control strategies
are depicted as real-time decision making behaviors that had
been adapt propulsion and power system operation
according to vessel’s operational profile—e.g., cruise,
maneuvering, docking or high-power passage acceleration
phases. These adaptive controllers are embedded and take
into account vessel mission profiles, operational constraints
and environment conditions. They are the ones that couple
directly with disturbances inputs, such as wave and wind
loads, changes in the hydrodynamic resistance and sudden
power demands from onboard consumers. Through the
incorporation of disturbance cues, it is able to generate
robust and adaptable control efforts despite adverse maritime
environment.

The right branch involves system-level modeling to generate
a physics-based digital twin of the hydrogen—fuel cell power
system. The model of this sub-system includes detailed
models for fuel cell electrochemistry, so-called balance-of-
plant components (such as compressor and humidifier) und
electric motor dynamics as well as the hydrogen storage sub-
model. Quantitative outputs of the system model are inputting
as an evaluation output to objective function calculation block

which can evaluate through accurate performance indices
such as fuel consumption, emission production, component
degradation rate and total energy use.

The objective function evaluation module is the heart of the
architecture, estimating efficiency and emissions on one
hand while assessing degradation effects on the other. The
Multi-Objective PSO optimizer takes these outputs as inputs,
and performs iterative optimization on control parameters and
system architecture settings that result in best performance
across all dimensions. Convergence is tightly regulated in a
closed loop so that no single channel of performance becomes
privileged at the expense of others and allowing for an
optimised, reciprocal propulsion strategy.

The hydrogen—fuel cell power system block depicts the
functioning core of the naval propulsion concept. The latter
obtains best control inputs and feedback to external
disturbances as well mission requirement variations. Lastly,
the optimized power system provides inputs to the
Sustainable Marine Vessel Propulsion module that accounts
for comprehensive effect of integrating optimization strategy.
These results comprise lower emissions; better energy
efficiency and longer live time of components, increased
operational stability, and contribute to international maritime
decarbonisation targets. At the bottom, a picture of a ship
represents the last stop for the proposed framework: to create
a low-carbon marine propulsion technology that is reliable
and advanced after being deployed in the real world.

In conclusion, it can be said that the diagram reflects some
sort of holistic optimizing environment in which modern
algorithms and predictive modeling techniques cooperate
with smart control mechanisms to allow marine vehicles
efficiently accessing hydrogen driven fuel cell technology.
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Figure 2. Schematic of the proposed Multi-Objective PSO—driven optimization framework for hydrogen—fuel cell marine
vessel propulsion.

111. SIMULATION RESULTS AND DISCUSSION

An extensive set of simulation results is presented in this
section to analyze the performance of the developed MOPSO
framework for hydrogen—fuel cell power systems designed
for sustainable marine vessel propulsion. The entire
simulation environment is developed based on a high-fertility
physics-based modelling method, that considers a few
coupled subsystems for realistic marine energy assessment.
These models include a comprehensive proton exchange
membrane (PEM) fuel cell electrochemical model,
compressor—humidifier air supply dynamics, hydrogen
recirculation and purge control, stack thermal management,
hybrid power conditioning electronics, and real
oceanographic and mission-operational data-based full
propulsion load profile development. The multi-layer
structure enables the testing of new MOPSO-enhanced
control strategies under conditions which replicate closely
operational maritime scenarios (with varying seas states,
propulsion requirements and external disturbances such as
wave-induced dynamics/hydrodynamics or sudden wind-
torque variations).

The overall aim of the simulations is to assess four main goals
related to sustainable ship transportation, including (1)
optimizing fuel cell system efficiency; (2) minimizing direct
and indirect emissions which in turn will be expected to limit
the resistance on dominant pollutions/emission charges; (3)

relaxing long-term stack degradation mechanisms; and -
maintaining robust performance against load variations and
uncertainties. All such objectives represent a major
technology hurdle in the implementation of hydrogen fuel
cell propulsion. Efficiency influences voyage time and
hydrogen storage needs; emissions performance in turn is
critical for achieving IMO decarbonization targets;
degradation governs stack operational life and replacement
cost, while robustness determines whether a system can be
deployed in a challenging marine environment, experiencing
rapid load changes from the wind waves with harsh
environmental forcing.

Simulation results are extensively benchmarked with three
state of the art baseline control structures: a conventional
proportional—-integral (PI) controller commonly used in
marine fuel cell demonstrators, an unoptimized MPC
framework as example of typical non-adaptive advanced
predictive controllers, and a single-objective PSO (SO-PSO)
optimization method. SO-PSO is included to demonstrate the
advantages of MOO by showing that it is not possible to
optimize both efficiency and fuel consumption without
simultaneously accounting for emissions and degradation
trade-offs. Performance comparisons are focused on steady-
state performance, dynamic response to throttle commands,
tolerance of hydrodynamic uncertainty, thermomechanical
tolerance to heat dissipation and hydrogen consumption as
well as whole-life cost consequences.
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The simulation environment also includes the mission-
adaptive propulsion cycles which cover typical operation
modes such as cruising, maneuvering, docking and speed
changing during which system behavior can be tested
throughout a complete vessels operational scenario. The
multi-objective nature of the developed structure helps it to
trade-off between competing constraints (like Quick
Response versus Stack temperature limits, Torque tracking
and Hydrogen consumptions etc.) using online tuning of
controller parameters and predicting horizons. Therefore, the
findings in this section provide a comprehensive view of how
intelligent multi-objective optimization strategy enhances
energy consumption, system lifetime, operational stability
and environmental performance as compared to conventional
control techniques.

The results of simulation in Fig. 3 show that by virtue of the
proposed (MOPSO) optimized control strategy, the efficiency
performance of hydrogen—fuel cell system is greatly
enhanced in steady-state and dynamic marine condition. In
the middle regime of demand (25-50% rated power) some
ships usually operates load for fuel-economy, Pl-controlled
stack presents 46.8% of electrical exemplary efficiency;
unoptimized MPC energy management achieves 51.2%. On
the other side, the proposed MOPSO-helped control improves
stack efficiency to 57.6%, an enhancement of 22.9% over PlI,
and a gain of 12.5% over MPC convectional received. This
performance gain is not restricted to steady state operating
points, but generalizes to very unsteady conditions.

For transient operation, such as acceleration events, terms in
wave-induced torque and load demands apply to the fuel cell
compressor that cause significant variations in compressor
loading, membrane hydration and stack temperature, shows
the transient response of an engine operating control system
based low efficiency of below 54% for baseline strategies are

compared with examples at an |-V characteristic curves
selection for a range between approximately 43-48%. This
performance robustness emphasizes the advantage of
optimization-based system coordination under circumstances
within fuel cell operation where nonlinear electrochemical
and aerodynamic subsystem interactions govern fuel cell
behavior.

Three mechanisms, working in synergism, allow for these
improvements. The compact knot model for MOPSO-guided
air—hydrogen stoichiometry optimization enables the
compressor to feed exactly required amount of gas flow to
maintain optimal oxygen excess ratios, thus it eliminates
power losses commonly dominated by either oxygen
starvation or parasitic load of the compressor. The second,
adaptive current density regulation through in situ optimal
fuel cell operating conditions has the effect of keeping the
cell operating point as close to its maximum electrochemical
efficiency as possible thus minimising ohmic and activation
overpotentials. Third, optimised hydrogen recirculation and
purge-cycle minimises the amount of fuel wasted in unused
purging while achieving adequate water balancing and
avoiding nitrogen enrichment.

These local efficiency gains add up to significant fleet-level
fuel savings over a simulated 6-hour maritime journey. In
particular, the total hydrogen used is reduced by 22.8% as
compared to Pl control and by 14.3% when compared with
MPC, which results in tangible operational cost reduction
and longer travel time over a given onboard hydrogen supply.
In long-haul maritime applications, where refuelling events
are rare and fuel mass involves significant impact on ship
payload, such efficiency improvements directly lead to
enhanced vessel autonomy, lower emissions per nautical
mile, and better economic performance for hydrogen—fuel-
cell propulsion systems.
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Figure 3. Instantaneous fuel cell efficiency over a 6-hour marine propulsion simulation comparing PI control, baseline
MPC, and the proposed Multi-Objective PSO (MOP) optimization strategy.

Hydrogen fuel cells emit zero CO: at the time of use, but their
contribution to emissions in an LCA can contain a variety of
secondary outputs — including NOx-equivalent emissions (as
by-products outside the system boundary or through waste

heat release from external loads), ammonia (NHs) slip due to
incomplete reactions in the membrane electrode assembly
(MEA), unreacted hydrogen during purge cycles; and
upstream carbon/climate-based emissions attributed to
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hydrogen production and its supply infrastructure. These
polluting sources are also subject to system operating
conditions, especially at stack temperature, air—fuel
stoichiometry and humidification level and load variations.
An intelligent optimization approach is, therefore, highly
desired to holistically address the dynamics of fuel cell
subsystems for the economic sustainable propulsion of
marine vessels.
It is shown by simulation in Fig. 4 that the proposed Multi-
Objective PSO (MOPSQ) optimization scheme is able to
significantly reduce these secondary emissions through better
electrochemical efficiency, thermal performance stabilization
as well as reduction of unwanted hydrogen loss. The NOx
equivalent emission has been reduced by 31 %, when the Pl
control is compared. This enhancement results from the
MOPSO optimized control of compressor power and
humidification level, which collectively prevent stack
temperature overshoot during load transients. Less heat
stress decreases the formation of nitrogen containing by-
products in auxiliaries and thus overall environmental
compatibility.
Another significant advantage is the reduction of hydrogen
slip by 44% with optimised purges. Conventional controllers
tend to over purge (especially under dynamic loading) and
12 , . ,

can result in large unreacted hydrogen losses. The scheme
also optimally synchronizes hydrogen recirculation with
online load forecasting and membrane hydration states, so
that the purging can be performed to an extent necessary for
stack health. This saves not only emissions but also fuel
costs.

The upstream energy-related emissions, including the indirect
carbon intensity of hydrogen production, compression and
storage are also reduced by 26%. This decrease is a direct
consequence of the 22-23% reduction in overall hydrogen
consumption obtained with the proposed system. The
increase in efficiency reduces the upstream energy footprint
per voyage, and advances marine vessels one step closer to
compliance with international decarbonization measures."
Such aggregated emission savings are particularly
significant under the International Maritime Organization
(IMO) 2030 and 2050 sustainability goals which emphasize
drastic reductions in greenhouse gas intensity throughout
worldwide fleets. In reducing NO x, unreacted hydrogen, and
upstream emissions at the same time, the MOPSO-optimized
hydrogen—fuel cell power system offers a technically viable
and regulation-compliant avenue for zero-emission marine
propulsion.

10

Secondary Emissions (arbitrary units)
o)}

PI control
Baseline MPC ||
-~ - Proposed MOP

Time (hours)

Figure 4. Instantaneous secondary emissions over a 6-hour voyage for Pl control, baseline MPC, and the proposed
MOPSO-optimized control framework.

Dynamic behavior in fast-changing marine loading
conditions is one of the most significant factors affecting
propulsion safety, system longevity, and operational
efficiency for hydrogen—fuel cell marine vessels. For ship
propulsion, the problem becomes one like land systems, but
involves constant response to a combination of sudden
acceleration commands, and random environmental
disturbances as well as periodic hydrodynamic flow forces
due to waves and currents. Accordingly, the transient
response test is an important evaluation capability to screen
out fuel cell power systems with abnormal transient behavior
which can cause damage mechanisms, such as starvation of
fuel, membrane dry out, compressor surge, and so on that

accelerate degradation or induce emergency stop. In order to
investigate these dynamic properties, three typical
disturbance cases were considered: (1) sudden torquing up for
vessel acceleration that demands instant increases in fuel cell
current density and the volume of air supply; (2) cyclic
oscillation of propulsion load with frequencies between 0.3
and 1.0 Hz representing wave-induced changes in thrust; and,
(3) irregular loading due to winds and ocean currents
resulting in stochastic variations as well as asymmetry for
propeller torque.

The quantitative results are presented in Table 1 to compare
the settling time, overshoot and undershoot of four
controllers: Pl controller, baseline MPC, single-objective
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PSO optimization (SO-PSO) and the proposed approach
Multi-Objective PSO (MOPSQ). The settling time of the
standard PI controller is longest at 5.4s, and it reaches the
highest overshoot (18.3%) and undershoot (12.6%), implying
a sluggish adjustment with oscillation, which can threaten
system stability in actual marine operation condition. Use of
Baseline MPC results in a significant improvement in the
performance, approximately reducing the settling time by half
and maintaining overshoot and undershoot within 8 9%;
however, it still presents transient deviations clearly apparent
upon combined hydro- and aerodynamic disturbances.

In addition, the SO-PSO controller also provides improved
dynamic stability, resulting in a settling time of 2.3 s as well
as minor reductions in overshoot and undershoot with respect
to MPC. These improvements illuminate the value of smart
optimization but also reveal the deficiencies in using single-
objective formulations that do not weigh trade-offs between
performance objectives such as responsiveness, efficiency,
and decay risk. On the other hand, the proposed MOPSO-
based control strategy offers the best transient performance

Table 1: Settling time results:

where it reaches steady state in only 1.4s- nearly 4 times faster
than that of PI control with minimum overshoot (2.8%) and
undershoot (1.1%) among those tested schemes.

This superior dynamic behavior is attributed to the capability
of MOPSO for optimising a set of multiple interacting
parameters: compressor airflow dynamics related, current
density trajectories and humidification levels, as well as
purge timing with attention check on fuel cell health
indicators. Through strict control of stoichiometric ratio and
internal thermal conditions during transients, the MOPSO
controller avoids fuel starvation, while decreasing membrane
dehydration episodes and reducing the number of thermal
spikes. These features are particularly critical in marine
environments where drive systems need to function reliably
under steady state load disturbances and fluctuating torque
requests. In summary, the improved transients stability results
of the developed model show great potential in safe, efficient
and long-lasting hydrogen-powered fuel cells for zero-
emission marine propulsion systems.

‘Controller HSettIing Time (s) HOvershoot (%) HUndershoot (%) ‘
P! 5.4 [18.3 [12.6 |
IMPC 2.7 71 [ |
SO-PSO 23 5.5 3.7 |
Proposed MOPSO 1.4 2.8 1.1 |

The robustness of the system is very important for a
hydrogen—fuel cell ship when in unknown and rough
operating waters. Ship motion, propeller induced propulsion
waves variations, sea water influence, thermal variation and
varied environmental situation causes great uncertainty in
both hydrodynamic and electrochemical part. To investigate
the robustness of MOPSO-based control strategy, in addition
to parameter deviation, fuel cell aerodynamic uncertainty and
sensor noise contamination effects, communication delays as
well as variation in the delayed information from real marine
environment were considered in Table 2.

Hydrodynamic variability was simulated by applying £20%
drag coefficient and wave excitation force magnitudes,
correlated to hull fouling, sea state roughness, and ship
loading. Under such difficult conditions, P1 controller has
38% larger tracking error and in return reduce this factor to
18%. There was little overall improvement using SO-PSO,
but a robust performance to the proposed MOPSO method
was highlighted — with degradation of only 6% in contrast
to an increase of 14%. This enhancement is due to MOPSQO’s
capability of continuously revising control parameters in
order to counteract the nonlinear hydrodynamic disturbances,
ensuring stable propulsion and power output.

Uncertainty and variations in fuel cell aerodynamics were
also modeled using +15% variations in compressor maps,
stack pressure dynamics, and humidification transfer

functions to simulate degraded hardware, environmental
changes, or modeling error. Both Pl and MPC suffered
serious decay by 42% and 22%, albeit SO-PSO suppressed
error growth down to no more than 17%. The devised
technique outperforms all baselines with a degradation of 9%
due to its joint optimisation for stoichiometry, airflow
control and current density regulation under mismatched
conditions.

Sensor noise (modeled with SNR = 35 dB, which is common
noise levels in vibration marine conditions) severely affected
classic schemes. For PI, this resulted in a 26% increase of the
tracking error and an 11% one for MPC since they depend on
precise state estimation. Although SO-PSO proved to be
slightly more robust than the MOPSO under 10%, with the
latter combined, it could so far only allow tracking error
deterioration up to only 4%. This resistance is representative
of the noise rejection ability that hybrid controller can
perform through fine tuning of fuzzy logic rules and
predictive filtering of the MPC layer.

Realistic maritime communication delays of 40 ms were also
applied to emulate distributed control architectures and
network-induced latency. Pl had a 19% increase in error,
MPC 9% and SO-PSO 7%. The MOPSO controller,
interestingly, degraded the performance to as low as 3%
exhibiting a robust dynamic response with no oscillations for
delay-sensitive systems. These results highlight the
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controller’s capability to maintain coordinated energy trend
and propulsion smoothness despite an imperfect real-time
communication.

Altogether, it is clear to see that the proposed MOPSO-based
approach by far outperforms existing methods as reported on
robustness across all types of disturbances. By fusing the soft
part of fuzzy logic fast nonlinear compensation, predictive
abilities in the presence of constraints and MOPSO global

adaptive adjustment, the promising system achieves
outstanding stability, significantly reduced efficiency loss,
overall robust reliability—even under drastic hydrodynamic
disturbances; hardware uncertainty and measurement noise;
communication time delay. Critical for the success of
hydrogen—fuel cell marine transport are resilience and
reliability at a level that ensures safe, efficient, and
predictable operations in real-world maritime environments.

Table 2: Performance degradation (% increase in tracking error):

| Uncertainty Type | P1 ||[MPC| SO-PSO | MOPSO (Proposed) |
‘ +20% hydrodynamic uncertainty H 38% H 18% H 14% H 6% ‘
| +15% fuel cell aerodynamic uncertainty  [142% || 22% || 17% | 9% |
| Sensor noise (SNR=35 dB) [ 26% || 12% | 10% || 4% |
| Communication delays (40 ms) [19%] 9% | 7% | 3% |

The stability of DC link voltage, shown in Fig. 5, is an
important consideration for hybrid electric marine vehicles as
variation in this voltage directly impacts the reliability of the
inverter, performance of the propulsion motor and overall
power quality. Simulations prove that DC link voltage
regulation is significantly enhanced by the developed
MOPSO optimized controller in contrast to classical control
strategies. For different propulsion thrust and marine
disturbances, the voltage ripple of Pl controller is the biggest
one with a peak-to-peak value of 56.8 V indicating its poor
anti-high frequency fluctuation ability. The control baseline
strategy achieves a significantly better performance, with the
resulting ripple of 29.5 V (a 48.1% improvement with respect
to Pl control) thanks to its predictive constraint-shaping
nature. The SO-PSO control scheme optimizes the stability
by adopting the single-objective PSO (SO-PS0O), and reduces
the ripple to 24.4 V (57.1% lower than that with PI) due to
more reasonable parameter optimization and smoother
control proportioning, respectively.

On the other hand, Our proposed MOPSO based solution
achieves the most stable dc link operation by attenuating the

ripple to merely 14.7 V, thus its reduction of about 74.1%
compared with the worst case provided response by Pl
controller can be achieved. This performance improvement
can be attributed to the multi-objective optimization being
able to jointly adjust control weighting, handle the
interactions between fuel cell and compressor, and make
energy power dispatch decisions that minimize voltage
deviation in the hybrid powertrain. The hybrid architecture
connecting a predictive MPC behavior, nonlinear fuzzy
adaptation process, and globally optimized MOPSO
parameters provides the robustness of voltage regulation
operating during fast torque switches, wave head load
alteration and varying hydrogen supply dynamics.

This kind of stability is very important to prevent the inverter
from over-current repeatedly, decreasing harmonic contents
and keeping the smooth power delivered to propulsion
system. The proposed method shows excellent capability for
marine applications with wide range of electrical loads and
the operational reliability in spite of the fact that a large
reduction ratio of DC-link ripple is obtained.
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Figure 5. Instantaneous DC-link voltage response under hybrid wave-wind operating conditions for four control
strategies: PI, baseline MPC, SO-PSO, and the proposed MOPSO-optimized controller.
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One of the key requirements for a shipborne hydrogen—fuel
cell propulsion system is that it must be durable in long-term
harsh and dynamic operating conditions. This was evaluated
with a detailed stack degradation analysis, employing the
semi-empirical aging model that consider electrochemical
voltage decay, catalyst layer corrosion, membrane hydration
cycling and thermal-stress accumulation, four prevailing
factors that limit the lifetime of fuel cells under actual
maritime operation conditions. Simulation results show little
difference between controllers: the Pl base case leads to an
overall capacity loss of 7.8% per year, which is reduced to a
decline in deploying MPC by controlling airflow and current
density more stably thus from 5.1% per year. Although SO-
PSO presents a slight enhancement at 4.6%, our proposed
MOPSO framework shows the minimum rate of degradation
with 3.2% per year. The magnitude of this loss is significantly
lower compared to that in the case without current density
transitions, high-load operation, and hydration/thermal
optimization implemented by the controller; thus suggests
that controller can effectively reduce stress cycles on
membrane/catalyst layers frequency and amplitude. The
project lifetime of the stack therefore increases from 6.8 years
with Pl control to around 10.1 years with the proposed
approach—apporting large savings in replacement costs,
maintenance-off time and availability of a vessel.

In addition to the service life, hydrogen usage is also an
important operational parameter influencing fuel logistics,
routing and onboard storage. A simulation of a 24 hours
voyage with realistic phases — cruising, maneuvering,
docking and idle — proves the benefit from multi-objective
optimization. Cumulative hydrogen demand is reduced from
184.6 kg/day (PI control) and 162.3 kg/day (MPC) to 142.1
kg/day with MOPSO approach, where in SO-PSO seizes
intermediate performance at 155.2 kg/day. The new
proposed method is thus 23% lower in daily hydrogen
consumption compared to PI, and 12.5% than that of MPC.
The savings can be substantial for a sector where fuel costs
make up the largest share of running ships. Reduced fuel
needs also allows for smaller tanks, greater ship safety, less
weight and longer range which is favourable from the
standpoint of shipping performance and ship design.
Another important aspect of stability and life time is the
thermal performance of the system. Temperature variation
can cause the degradation of catalyst, dehydrate membrane,
and reduce efficiency for fuel cell stacks. Simulation results
demonstrate that the resulting MOPSO control yields
maximum temperature deviation up to +3.1°C, which is
significantly less than those obtained from Pl (£11.6°C),
MPC (£7.2°C) and SO-PSO (+5.9°C). The hybrid controller
decreases cooling system load by approximately 18%
compared to MPC while maintaining more uniform
operating temperatures and blurring temperature step
changes. This feeds both directly into the overall efficiency
of the vessel, and indirectly to wear reduction, in a
reinforcing optimization loop for both performance and
longevity.

The multi-objective operation of the sea water fuel cell device
means that a proper optimization algorithm should identify
the trade-offs between competing objectives such as
performance indicators, environmental concerns, durability
and economic perspectives. The Pareto front is then obtained
by the MOPSO algorithm, which is a diverse and well-
distributed set of ideal solutions in the context of different
mission scenarios. Comparing with existing methods, the
proposed framework achieved 27% more in Pareto
hypervolume showing better spread of the optimal solutions
and 19% improvement in diversity index representing better
preservation on solution variety. Also, the convergence time
was shortened by 41%, allowing real-time adaptation—
important for marine systems affected by continuously-
varying hydrodynamic loads as well as weather disturbances
and mission profiles. Capabilities such as these are lacked by
traditional PSO and single objective techniques, the control
system of the vessel in making faster, more accurate and
robust decisions during operation.

On an economic level, the total effect on lifetime costs -fuel
cost reduction and unexampled efficiency together with
reduced fuel consumption, increased fuel cell life and better
operation smoothness- are significant. Using the marine
hydrogen pricing models and maintenance estimates, the
MOPSO-controlled system results in 27-32% of savings
over the PI control. Maintenance cost also decreases by 15—
18%, primarily due to lower degradation rate and enhanced
thermal management. Further indirect economic benefits
result from the decreased requirement for large hydrogen
storage systems and hence the reduced vessel deadweight,
allowing additional space to become available for cargo or
passenger rooms. When extrapolated over the 25-year life of
a typical vessel, these cumulative savings in fuel costs are
estimated at greater than USD $1.3-$1.8 million, depending
upon class and mission frequency of vessels thereby ensuring
commercial marine adoption feasibility for the proposed
control strategy.

In addition, in all the simulation domains such as efficiency,
emissions, degradation, robustness, thermal management and
cost analysis it is revealed that MOPSO-based framework
has outperformed Pl-, MPC-, SO-PSO-controller
unequivocally. Both load-based and across-the-board
efficiency improvements of 10-20% are maintained, with
emission reductions in the range of 25-40% achieved as a
result of improved operating trajectories and lower fuel
consumption. Lifetime of the stack is greatly enhanced since
degradation can be decreased by nearly 60%. Hydrogen
consumption is reduced by ~23%, and a 74% reduction in
DC-link ripple can be achieved with significant improvement
of power quality and propulsion smoothness. Tolerance to
uncertainty increases from 3-6, and the economic case for
deployment is strong as there are significant savings in cost
for multi-mission marine vessels. These findings as a whole
show that multi-objective optimization is the key to
advancing hydrogen—fuel cell propulsion for future ships and
MOPSO is an efficient methodology towards enabling
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