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Introduction

The transport and energy sectors are confronted with a series of challenges, pushing the in-
dustries to develop innovative and sustainable alternatives. The International Maritime Orga-
nization (IMO) has been prompted to define targets for the reduction of the carbon impact of
ships [1], [2]. Hence, the maritime industry is under pressure to provide solutions for lower-
ing its dependency on fossil fuels. Accordingly, more and more effort is put into research for
zero emission ships (ZES) equipped with alternative power generation and storage technologies.
With the SH2IPDRIVE project [3], a consortium has been brought to life that pursues the pow-
ering of the Dutch maritime sector with hydrogen. Produced from renewable energy sources
(RESs), green hydrogen has the potential to serve as the main energy carrier in a ship. Hydro-
gen fuel cells (FCs) have emerged as the most prominent alternative as the main power supply
in state-of-the-art applications [4], [5]. These are usually hybridized with energy storage sys-
tems (ESSs) due to their limited dynamic capabilities and specific operation characteristics [6].
Hence, FC-battery shipboard power systems (SPS) are a promising solution for decarbonizing
the maritime transport in certain applications. A major challenge for fully exploiting the FC
technology is the control of the electric power system and optimizing the coordination of the
integrated energy resources, which is in the focus of this research.

A key development in the design of the SPS for FC-battery hybrid systems are the use
of electric propulsion with an integrated power system (IPS) [7]. Moreover, the trend goes
towards utilizing direct current (DC) distribution technology [8], [9], especially with many DC
sources on board, e.g. FCs, batteries, and ultra-capacitor (UC). As identified in [10], state-of-
the-art approaches for the control in hydrogen-based DC SPS focus on centralized solutions,
typically for small systems with a single FC system and ESS. Examples involving a centralized
controller computing the power references for the power sources are PI-control as in [11]-[13]
and rule-based control as in [13]-[16]. Filter-based approaches can also commonly be observed
in centralized control strategies in order to achieve a separation of load frequencies matching
the differing characteristics of power supply and storage systems [17]-[19]. For the application
in larger SPS that involve multiple parallel power supplies and ESS systems in a distributed
fashion, centralized solutions are not feasible anymore.

Future SPS are expected to incorporate a wider variety of power supply and ESS technolo-
gies with differing characteristics [5]. All-electric ships (AES) with DC distribution technology
and power electronics interfaces already offer a high degree of flexibility in the power system
topology. This facilitates a simpler integration, extension and reconfiguration of the power
system topology. Hence, components can be connected to the SPS in a modular fashion. This
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research aims to develop control strategies for ZESs that also reflect this modularity in its power
system control and energy management. A key part of this is to offer a plug-and-play (PnP) ca-
pability that minimizes the effort of integrating new technologies with unique characteristics
into an existing power system topology. Moreover, a modular control framework can support
the fault-tolerance and adaptation to changing circumstances, leading to a more resilient opera-
tion of the ship.

Methodology

This research aims to bring forward modular control strategies that can be implemented in
real-time for the operation of an SPS with a DC distribution system. Specific interest lies
in investigating zero-emission power supplies as an alternative to conventional fossil-fueled
systems. With power electronics interfaced subsystems, the regarded SPS enable a high degree
of controllability of power flows between power supplies, ESSs and loads. An exemplary FC-
battery DC SPS is displayed in Fig. 1.
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Figure 1: Exemplary DC SPS with FC-battery hybrid energy system

Whereas small, integrated power systems can be approached with a central controller com-
puting all power references, more complex topologies also demand a higher control complexity.
Figure 2 shows a generalized control hierarchy for power systems in which functionalities are
distributed among local control, coordinated control, and high level control layers, typically
with an increasing control bandwidth from top to bottom.

Each control functionality can be realized using a specific architecture, depending on the
communication infrastructure used. Whereas current solutions on control for FC-battery SPS
employ a centralized controller for the coordinated control, a decentralized or distributed ar-
chitectures offers a more resilient and scalable alternative. Also, the high level control layer,
including the energy management strategy (EMS), can in principle, be realized in a distributed
or decentralized manner, which increases the modularity of the overall power system control.
The three distinct control architectures are outlined in Fig. 3. Furthermore, the communication
can be realized using either a high- or low-bandwidth network.
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Figure 2: Control hierarchy for electric power systems on ships

In the context of a modular control framework, it is proposed to use standardized decen-
tral controllers for the coordinated control, with parameters tuned depending on the devices’
respective characteristics. A potential synergy between the control layer and physical system
can be achieved by using common equipment, e.g., DCDC converters, for connections to the
DC bus. This yields a unified, standardized hardware and control interface for connecting a
wide variety of sources to the system. To stabilize the DC-bus voltage using FCs and batteries,
droop-based approaches are investigated. In order to account for differing dynamic capabilities
of subsystems, a bandwidth decoupling for different technologies is proposed, aiming at achiev-
ing an efficient dynamic power sharing. The scalability of this approach will be investigated by
of extending the baseline FC-battery system, e.g., with additional parallel FC and battery mod-
ules. The addition of new technologies offers further opportunities to showcase the benefits of
the PnP capability, where especially UCs as fast-response ESS and photovoltaic (PV) systems
as RES offer promising features. A benefit of the approach also lies in the replacement of old
components with riper technology at their end-of-life.

An additional power allocation and generation scheduling for power supplies can be realized
via an EMS to enhance the overall system efficiency. In a FC-battery hybrid system, this encom-
passes the power split between main power supply and ESS and among parallel power supplies.
A central aim of the EMS is the minimization of fuel consumption and component degradation.
Using a centralized controller with low-bandwidth communication can be regarded as modular
if all real-time computations are executed in the local controllers, while the central controller
is merely used for information sharing and as an interface to other systems. In the first step,
it is proposed to utilize a central controller and low-bandwidth communication to realize EMS
functionalities via adaptive functions in the local controllers.

A further challenge for the operation of SPSs arises from uncertainties and changing condi-
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Figure 3: Generic control architectures for electric power systems
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tions during a mission. Both component degradation and operational faults can alter the optimal
conditions for system performance, affecting the availability of resources. The SPS shall be able
to mitigate the effects of changing conditions and faults while maintaining power availability
and an efficient operation of the system’s resources. One focus point is the effect of altered pa-
rameters due to the degradation of components. Especially FCs and batteries show significant
aging effects, which in turn influences the optimal operation of these systems. This issue will
be addressed via adaptive functionalities in the (dynamic) power sharing, state of charge (SoC)
management and EMS, so that system alterations are accounted for. The analysis and mitigation
of effects from faults follows as a next step. The failure of a generation or storage component,
the partial or total failure of an energy conversion device, and the failure of a communication
link are of key interest to this research. The sudden discontinuation of power generation due
to a component failure must be compensated. Hence, sufficient reserve must be maintained for
stabilization, e.g., through virtual inertia provided by ESS, and the EMS shall be able to shift
to a new efficient steady-state operation point. The proposed modular control approach will be
extended to be able to reflect these faults in its coordinated control.

A library-based simulation environment is set up in Matlab/Simulink, including models of
main and auxiliary power supplies, energy storages, power electronics converters, DC bus, and
loads. This allows the modular configuration of power system topologies for the purpose of
testing the developed control strategies on different systems. Real vessels and their measure-
ments are used as reference designs, which can be virtually reconfigured and extended using
the simulation environment. Finally, the proposed control strategies are aimed to be validated
in a power hardware-in-the-loop (PHIL) test-bed, to prove their applicability and performance
in real time.

Discussion

An initial study of the modular control approach for a FC-battery hybrid DC SPS has been
conducted in [10]. This work describes a decentralized, virtual impedance-based strategy for
the coordinated control covering dynamic power sharing, voltage control, and SoC manage-
ment. Simulation results show that this architecture without communication links can achieve
the same quality of power supply and load frequency separation as a centralized PI controller,
given a proper tuning of the local controllers. Here, all components are parameterized so that
they are utilized depending on their dynamic capabilities, which is especially beneficial for the
operation of the FC. This approach has been extended by a modular EMS within a control hier-
archy in [20]. The modularity of the approach is maintained by utilizing a low-bandwidth com-
munication to enable information sharing among local controllers. A central controller is added
to aggregate information while all key functionalities remain in the local controllers. This work
showcases that a hierarchical control architecture can be realized using a modular approach.
Furthermore, a central controller can contribute to facilitate awareness of global parameters and
operator inputs while critical computations for the coordinated control remain decentralized.

Conclusions

The design of SPS is shifting from conventional diesel-driven topologies towards all-electric
ships with an IPS, DC distribution, and zero-emission technologies. More components are in-
tegrated into future SPS, increasing their complexity and demanding for appropriate control
strategies. This research proposes the development of a modular control framework facilitating
the integration of a wide variety of differing power supply and storage technologies. Current
contributions have shown that this modular approach can be used for both the coordinated con-
trol and energy management in a hierarchical control scheme for FC-battery systems.
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In future investigations, the modular framework will be expanded to include further tech-
nologies and prove its effectiveness in dealing with a reconfiguration of the power system. A
key challenge will be to deal with a multitude of power supplies and ESS with differing charac-
teristics while maintaining an efficient operation of the power system. Furthermore, an analysis
of system level faults and real-time adaptation to system alterations will be in the focus of
research on this topic.
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