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Abstract
The maritime industry is under increasing pressure to reduce its carbon footprint by adopting new energy generation
and storage technologies in shipboard power systems (SPS). Fuel cells (FCs) show great potential as primary power
sources when hybridized with energy storage systems (ESS). Integrating different technologies in future SPS requires the
coordination of power generation and storage modules, which can be facilitated by DC technology with power electronics
interfaces. However, studies on FC integration have primarily focused on small-scale applications with centralized control
architectures. There has been little research on the modular control of multiple FC and battery modules in SPS. This study
proposes a decentralized droop-based power sharing approach with load frequency decoupling to efficiently utilize power
system modules based on their dynamic capabilities. The proposed strategy further incorporates decentralized voltage
regulation and state-of-charge (SoC) management functions. The methodology was applied to a short-sea cargo vessel
with an FC-battery DC power system. The results indicate that the mission load profile can be satisfied while limiting
fluctuations in the FC output power. Moreover, the proposed strategy achieves the same voltage regulation performance as
a centralized proportional-integral (PI) controller and can be easily tuned to achieve load frequency decoupling with the
desired time constant. Finally, a comparative analysis shows how the trade-off between the dynamic operation of the FC
and the discharge depth of the ESS is affected by the choice of time constant.

Keywords: DC power distribution, Frequency decoupling, Fuel cells, Power sharing, Shipboard power system

1 INTRODUCTION

Whereas the maritime industry could rely on in-
ternal combustion engines and a direct-driven topol-
ogy in the past, technological advances as well as
regulatory and environmental challenges drive in-
novation in the design of shipboard power systems
(SPSs) [1]. The electrification and incorporation
of energy storage systems (ESSs) into an integrated
power system (IPS) are among the key trends ob-
served in power system designs [2]. Moreover, the
aim of reducing the dependency on fossil fuels has
brought fuel cells (FCs) into play as an alternative
to diesel generators as power supplies [3], [4]. One
central enabling technology facilitating the integra-
tion of FC-battery hybrid systems is the DC distribu-
tion technology. This is further supported by power
electronics interfaces that achieve a high degree of
controllability of power flows in the system [5]. Re-
cent developments further point to the benefits of
integrating these subsystems in a modular fashion,
making them easily replaceable and allowing for an
expansion of the SPS [6], [7].

A challenge lies in the question of how mul-

tiple power generation and storage modules with
different dynamic and steady-state characteristics
can be efficiently coordinated [8]. A power sys-
tem is required to provide sufficient power under
fluctuating loads while minimizing fuel costs and
component wear [9]. FCs, in particular, suffer from
high efficiency losses and lifetime degradation if
not operated with low output gradient and within an
efficient operation band [10]. Considering the pres-
ence of different power generation characteristics
and the goal of achieving an easily reconfigurable
power system with plug-and-play (PnP) capability,
a suitable control strategy is required to meet these
requirements. A decentralized control architecture
is generally regarded as advantageous in terms of
scalability and reconfigurability of the power sys-
tem [11], [12]. Droop control using a virtual re-
sistance is the most common method for achieving
decentralized power sharing. However, this leads to
voltage deviations and inefficient power sharing un-
der transient loads [9], [13]. A goal in hybrid power
systems is to decouple the load frequencies using the
battery to cover high load gradients so that the main
supply can operate efficiently and at low stress [2].
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The approaches for coordinated control in the FC-
battery SPS found in the literature are dominated
by centralized solutions, typically involving only a
single FC and battery. This is realized, e.g., us-
ing PI-controllers as in [14]–[16] or via rule-based
approaches as in [16]–[19]. Load-frequency sep-
aration is also a popular objective for the control
of a hybrid energy storage system (HESS) [20]–
[22]. The current literature fails to account for
larger hydrogen-based DC SPS with multiple paral-
lel components, in which one centralized controller
is no longer feasible. Moreover, such centralized
solutions do not offer the desired modular charac-
teristics. Accordingly, this study aims to develop a
method for dynamic power sharing among multiple
FC and ESS in an SPS using a decentralized archi-
tecture as a scalable and reconfigurable solution.

A virtual impedance-based approach for decen-
tralized HESS-control using capacitive droop ele-
ments was described in [23]. This concept is ex-
tended by an inductive droop controller in this study
to achieve droop-based frequency decoupling for
batteries and FCs. The decentralized architecture
facilitates the extension of the power system with
further components, which can be parameterized
according to their dynamic characteristics to cover
the total load demand. Additionally, each local con-
troller’s reference voltage is constantly adapted to
achieve a secondary function. Whereas the refer-
ence of the FC droop control is adapted such that
the DC bus voltage is regulated to its nominal value,
the voltage adaption in the ESS aims to manage and
balance their state of charge (SoC). Accordingly, the
main contribution of this study is a decentralized co-
ordinated control strategy for DC SPS, that achieves
a simultaneous load frequency decoupling, voltage
regulation, and SoC management. The developed
methodology is finally showcased in numerical sim-
ulations at the example of a short-sea cargo ship.

The remainder of this paper is organized as fol-
lows. Section 2 elaborates on the SPS design con-
sidered in this study. The modeling is described in
Section 3. The main contribution of this study, i.e.,
the coordinated control strategy, is detailed in Sec-
tion 4. Finally, Section 5 presents the simulation
scenarios and results, followed by an overview of
the main conclusions of this study in Section 6.

2 SYSTEM DESCRIPTION

The proposed control strategy was developed
for all-electric ships (AESs) with predominantly
propulsive loads, which is the case for cargo ves-

sels. Hence, the main power demand is for the
electric propulsion. On the power generation side,
a hybrid energy system, consisting of multiple main
power supplies and ESSs, was considered. This
work investigates an FC-battery hybrid SPS, how-
ever, the methodology is applicable to alternative
generation and storage technologies as well. Fur-
thermore, DC distribution offers several advantages,
such as increased efficiency [24] and operational
flexibility [5]. It is particularly suitable for DC
sources, as is the case with FCs and batteries, which
are interfaced via DCDC converters.
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Figure 1: Power system topology of case study

A short-sea cargo vessel operating in the Baltic
and North Sea, with a maximum propulsive power
of 1.2MW, serves as a case study. The original sys-
tem was fitted with a diesel direct-drive propulsion.
For this research, a virtual retrofit of its SPS was
conducted by fitting the vessel with an FC-battery
hybrid system. The resulting system, equipped with
four FC and two battery systems in a dual-bus con-
figuration, is shown in Fig. 1. The power and energy
ratings of the components are listed in Table 1. Real
propulsive power measurements from various mis-
sions of the original system are available and used
as inputs for the simulation of the SPS model. The
comparably low hotel loads of the cargo vessel are
neglected in the scope of this study.

Table 1: Case study parameters

Param. Description Value
VDC DC-link voltage 700V
PFC FC power rating (x4) 325 kW
Pbat Battery power rating (x2) 325 kW
Cbat Battery capacity (x2) 225 kWh
Pem Prop. motor rating (x2) 600 kW

The power rating of the batteries is selected such
that one battery can deliver the same output power



as an FC at its peak, i.e., 325 kW. This allows short-
time compensation for the loss of one main power
supply via the batteries while still having a second
battery covering transient loads.

3 MODELING

The focus of this work is the development of con-
trol strategies. Power system and component mod-
els are required to evaluate these strategies. Because
the emphasis is on system-level control, simple dy-
namic models are implemented to build a simulation
environment for the complete SPS. The following
sections describe the approaches for modeling FCs,
batteries and converters, and how they interact with
one another and the load current via the DC-link.

3.1 Fuel Cell

The FC models used in this work were imple-
mented according to [25]. A beneficial feature of
this model is that it can be parameterized using man-
ufacturer data. Hence, the real components can be
easily represented.
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Figure 2: Polarization curve and power output of
Nedstack FCS 13 XXL module, from data-sheet
and simulation in steady-state

The FC systems investigated in this paper are
based on the Nedstack FCS 13 XXL, a proton-
exchange membrane fuel cell (PEMFC) module
with a maximum output power of 13.6 kW [26].
To achieve the targeted 325 kW per FC system in
the SPS, 24 modules are stacked together, with six
parallel-connected strands of four modules in series.
Figure 2 shows the polarization curves and power
outputs of a single module from the manufacturer’s
data-sheet against the simulation results obtained
using the described model in steady-state opera-
tion. The mean absolute percentage error (MAPE)

of the output voltage between the simulation and
data-sheet is 1.6%, which is sufficiently accurate
for the purpose of this research.

3.2 Battery

For the batteries, a model of similarly low fidelity
as that for the FCs was used, as reported in [27]. It
is based on single cell modeling, and in this study,
generic values for Li-ion battery cells, as reported
in the source, are used. Furthermore, multiple cells
are connected in series and parallel such that the de-
sired voltage, power, and energy levels of the battery
packs are reached.

3.3 DCDC Converter

A dynamic model of a DCDC converter for mar-
itime power systems is presented in [28]. It is an
averaged model that describes the current dynamics
while neglecting any losses in the system. Origi-
nally, the DCDC converter included a transformer
stage. However, for the purpose of this paper, an av-
eraged representation of a half-bridge is sufficient,
and can be used as either a uni- or bi-directional
converter, as in [29]. The dynamics of the average
inductor current IL in an ideal half-bridge topology
can be computed as

dIL
dt

=
1

L
(Vin − (1−D)Vout) (1)

where Vin and Vout denote the source and output
voltages, respectively; L is the main inductance and
D the duty cycle of the switches, which functions
as the control input. In the considered topology, the
converter is directly interfaced to the DC bus, hence
Vout equals the DC-link voltage VDC . The DCDC
converter is equipped with a PI current controller,
tuned to operate at a bandwidth of 1 kHz. Hence,
local controllers that generate the current reference
for the DCDC converters can operate at 100Hz.

3.4 DC-Link and Load

The DC distribution system in a ship is char-
acterized by short lines with low impedance. For
this reason, the DC-link can be modeled as a single
capacitor, neglecting the losses and inductances in
the network. The DC-link capacity CDC is the sum
of the output capacitors of all N adjacent DCDC
converters Cout,i. Accordingly, the time derivative
of the DC-link voltage V̇DC can be computed as:

V̇DC =
1

CDC
(

N∑
i=1

Iout,i − Iload) (2)



CDC =

N∑
i=1

Cout,i (3)

Furthermore, the load current can be derived from
a given power profile Pload as

Iload = Pload/VDC (4)

4 COORDINATED CONTROL

The coordinated control in the FC-battery hybrid
power system determines the current references for
all integrated power generation and energy storage
modules. This work focuses on the following three
main functionalities of coordinated control in an
SPS:
• (dynamic) Power sharing
• Voltage regulation
• SoC management

The importance of each of these three function-
alities and a method for implementing them in a
decentralized architecture are addressed in the fol-
lowing sections.

4.1 Dynamic Power Sharing

Virtual impedance-based droop control is used
in this work to achieve the proposed modular charac-
teristic for the coordinated control. The decentral-
ized architecture of droop control schemes s funda-
mentally modular due to its lack of communication
network. While traditional resistive droop control
is appropriate for power sharing under steady-state
conditions, additional capacitive or inductive droop
elements can be used to improve power sharing
under dynamic loads. The approach of using ca-
pacitive droop elements for DC microgrid control
in [30] was applied to a HESS integrated into an
SPS by [23] to achieve load frequency decoupling
between different ESS technologies. Whereas a ca-
pacitive droop controller serves as a high-pass filter,
this work proposes an extension of droop schemes
with an inductive element to create a low-pass filter
(LPF). Such a droop controller is an appropriate tool
for controlling the power output of power supplies
with slow dynamic capabilities, such as FCs. Fig-
ure 3 shows the equivalent circuits describing the
functioning principle of different droop schemes.
The corresponding transfer functions of the DC link
voltage deviation ∆V = Vref − VDC to the current
reference are as follows:

Id,R
∆V

=
1

Rd,RL
(5)

Id,RC

∆V
=

sCd,RC

sRd,RCCd,RC + 1
(6)

Id,RL

∆V
=

1

Rd,RL + sLd,RL
(7)

where Id,x is the computed reference current for
the droop-controlled source. Rd,x, Cd,x, and Ld,x

describe the virtual resistance, capacitance and in-
ductance, CDC isthe DC-link capacity; Vref and
VDC are the reference and actual DC-link voltages,
respectively.

c)

a)

b)

Figure 3: Virtual impedance control with a) classic
resistive (subscript R) droop, b) resistive-capacitive
(RC) droop, c) resistive-inductive (RL) droop

To achieve the desired frequency separation,
a resistive-inductive droop scheme, as described
by (7), is used in the local controllers of the FC
systems. The battery controllers are equipped with
a complementary resistive-capacitive droop con-
troller according to (6). For the consistent behavior
of the power system under dynamic operation, a se-
ries of guidelines for tuning the control parameters
are proposed:
• The total droop resistance of the main power sup-

plies and the ESS should be equal so that a con-
sistent response of the power system in dynamic
and steady-state operation is obtained.

• The total droop resistance should be selected
such that the bandwidth of the DC bus volt-
age regulation is at least one order of magnitude
slower than the current control of the DCDC con-
verters.

• The droop resistances of the FC controllers
should be inversely proportional to their rated
power. The same approach shall be applied for
the ESS.



• In the proposed FC-hybrid system, the time con-
stants of the RC and RL filters should be equal,
to allow a smooth transition from batteries to FC
as a power source.

• Reducing the time constant will yield a higher
dynamic capability, allowing the generation-side
to cover higher load gradients, which would oth-
erwise be inhibited by the limited power of the
batteries. However, a higher time-constant low-
ers the output gradients of the FCs, reducing their
degradation.

Voltage Regulation
Eq. (8)

RL Droop
Eq. (7)

RC Droop
Eq. (6) + (9)

SoC Management
Eq. (10)

SoC
Estimation

Local FC Control

Local Battery Control
Voltage Regulation

Eq. (8)

Figure 4: Decentralized control of FC and batteries
with voltage regulation and SoC management

4.2 Voltage Regulation

It is desirable to maintain the DC link voltage
at its nominal level to provide a certain quality of
power supply and minimize transmission losses in
the DC network. Traditional droop control schemes
lead to a voltage drop on the main bus proportional
to the delivered power [31]. For this reason, an addi-
tional voltage regulation function was added to the
proposed droop-based power sharing strategy. A lo-
cal implementation of this functionality maintains
the modular control architecture. Hence, all the
local controllers are equipped with an independent
voltage regulation control. The proposed method
is an integral adaptation of the reference voltage in
the local droop controller based on the measured
DC link voltage deviation. Accordingly, the voltage
reference Vd,ref in the local droop controllers of the
sources is computed as:

Vd,ref = VDC,ref+

kV

∫
VDC,ref−VDC,actdt (8)

where kV is the integral coefficient for voltage
regulation and VDC,ref denotes the DC bus voltage
reference. To avoid circulating currents between
components, it is vital that deviations of Vd,ref be-
tween local controllers are kept at a minimum. In
the scope of this work, it is assumed that this can be
achieved through an appropriate tuning of the con-
trol parameters. However, this challenge requires
further attention in future research.

4.3 SoC Management

The limited energy capacity and power capabil-
ity of battery storage systems act as constraints on
the overall system control. The SoC management
of ESS encompasses two main challenges.

First, it must be ensured that the SoC remains
within certain boundaries, e.g. between 20% and
80% as in [32]. The usable energy is limited to
account for capacity degradation, whereas deep dis-
charge is avoided to prevent damagess and safety
risks. Moreover, in steady-state the ESSs shall fol-
low a reference SoC centered between the defined
limits to withhold an equal positive and negative
reserve for compensating load fluctuations.

Second, in the presence of multiple parallel ESS,
differences in operation and parameter deviations
lead to SoC imbalance. Hence, an additional ob-
jective of the power system control is to eliminate
these imbalances under steady-state conditions.

These objectives imply the need for an exten-
sion of the control strategy by an SoC management
functionality. As before, a decentralized approach
is proposed. Because the SoC is an individual vari-
able of every ESS, the coordination of this function
between parallel devices is not required. An addi-
tional SoC-dependent term VSoC,ref is introduced
to achieve the desired charge and discharge of the
ESS. The adjusted reference voltage for the droop
V ∗
d,ref is computed as:

V ∗
d,ref = Vd,ref + VSoC,ref (9)

VSoC,ref = kSoC

∫
(SoCref −SoCact)

αdt (10)

where SoCref and SoCact are the reference and
actual SoC values and kSoC is the integral coefficient



of the SoC management strategy. The shape factor
α describes the relationship between SoC deviation
and charging current. Because the batteries use an
RC droop controller, integration in (10) is required
to produce the desired current.

Parameters kSoC and α are selected such that
the ESS provides its maximum discharge cur-
rent IESS,max at its maximum allowable charge.
Accordingly, the minimum discharge current -
IESS,max is targeted at the lower SoC threshold to
charge the ESS. Coefficient α determines the shape
of the current reference over the SoC range. The
curves for various values are plotted in Fig. 5. The
smaller the value of α ∈ (0,∞), the more strin-
gently the SoC management function regulates the
battery charge towards its reference value. A graph-
ical representation of the local controllers for the
FCs and ESSs is shown in Fig. 4.
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Figure 5: Relationship of individual battery SoC
and targeted discharge current depending on shape
factor α

5 SIMULATION RESULTS

The models of the SPS components as well as
the methodology described in the previous section
are implemented in MATLAB Simulink. Several
simulation scenarios were constructed based on the
case study described in Section 2 to evaluate and
compare the proposed strategies to a benchmark
controller.

5.1 Centralized Control with LPF

A centralized PI controller with an LPF was
implemented as a benchmark, similar to the work
in [21]. The central controller directly generates
current references for all local controllers, requir-
ing high-bandwidth communication. Furthermore,
this strategy requires global awareness of all com-
ponent parameters and states. The advantage of
this architecture is that no coordination among the
local controllers is required. It achieves accurate

tracking of the reference DC link voltage as well
as frequency decoupling according to the filter time
constant τLPF .

The control strategy is illustrated in Fig. 6. The
PI controller determines the reference current to sta-
bilize and restore the DC link voltage. The low-
frequency parts of this current are supplied by all
FCs, while the batteries cover the remainder. The
reference currents are distributed among parallel
components proportional to their power rating.

LPF

+

+ PI

Figure 6: Centralized control strategy with LPF for
frequency decoupling between FCs and batteries
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systems after a load step using the centralized PI
control with LPF and time constants of 30s(dashed)
and 300s(solid)

In the first simulation, the step response of the
power system was investigated. Measurements of
the propulsive power, taken during a mission of
the reference cargo vessel, show an average load
of 900 kW during cruising. Taking this value as
the starting point, the step to full propulsive power
of 1200 kW was investigated. In this scenario, the
initial power load was assumed to be completely
supplied by the FCs. To avoid high power gradients
for the FCs, the LPF time constant τLPF was chosen
to be in the range of multiple seconds to minutes.
Two step responses with τLPF = 300 s and 30 s
were analyzed to compare the effects of different
time constants. The PI controller was tuned such
that its poles are in the area of 10Hz, approximately



10 times slower than the underlying current control.
The resulting step responses are displayed in

Fig. 7. The FCs react to the load change according
to the LPF; therefore at t = τLPF the output cur-
rent reaches 63.2% of its final value. The battery
supplies the remaining difference between load and
FC power, and additionally stabilizes the DC link
voltage, which remains within 5V of the nominal
DC link voltage of 700V.

5.2 Decentralized Control Strategy

The proposed strategy aims to achieve the same
performance as the central controller using a de-
centralized architecture. For this purpose, the total
droop resistance was chosen such that it equals the
inverse of the proportional factor of the PI controller
in the benchmark strategy. Furthermore, the time
constant for frequency decoupling τfd is adjusted
by sizing the virtual inductances and capacitances
such that τfd = Rd,rcCd,rc = Ld,rl/Rd,rl.
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Figure 8: Load step response with decentralized
strategy with τfd=30 s(dashed) and 300 s(solid) a)
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Initially, voltage regulation and SoC manage-
ment are not implemented and the power system
with the virtual impedance based droop is subjected
to the same load step as the benchmark strategy
in Section 5.1. The simulation results in Fig. 8
show that frequency decoupling is achieved as ac-
curately as with the benchmark, matching the cho-
sen τfd. The steady-state deviation resulting from
the droop scheme, which lack an integral action,
amounts to 63V at full load. The reduced DC bus
voltage requires higher currents and therefore in-
creases conduction losses. Furthermore, the power

quality can be insufficient for sensitive loads, and a
sudden change in voltage is challenging for accurate
current control in DCDC converters.

5.3 Voltage regulation
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In the next step, the same step response as before
was simulated with the proposed strategy includ-
ing the voltage regulation scheme described in Sec-
tion 4.2. The gain kV in (8) was selected to match
the integral action of the benchmark’s PI controller.
Hence, the overall voltage control, tuned based on
the DC bus capacitance, was designed to achieve a
bandwidth of 100Hz, ensuring that it is one order
of magnitude slower than the local current control
loops. It is vital to make kV equal in all local
controllers such that the same Vd,ref is obtained.
The differing dynamics and power ratings of the
components are already represented in the virtual
impedances. The step response obtained using this
strategy is displayed in Fig. 9. The resulting curves
of the FC and battery currents are equal to those
of the benchmark, indicating that the same behav-
ior of a centralized PI controller with an LPF can
be achieved in a decentralized architecture. Addi-
tionally, this design of power sharing and voltage
regulation achieves accurate tracking of the nomi-
nal DC bus voltage. Initially after the load step, a
voltage drop of only 2.7V can be observed with no
steady-state error.

Furthermore, Fig. 9 shows the implications of
changing the time constant τfd. With 300 s, a to-



tal of 25.18 kWh of battery charge is required to
compensate for the difference between load and FC
power, while the maximum current gradient of the
FC systems is limited to 1.4A/s. Reducing the time
constant by a factor of ten, proportionally reduced
the required battery charge. However, the current
gradient of the FCs increased by the same factor,
leading to higher degradation. This comparison
highlights the underlying trade-off between the re-
quired battery charge and dynamic operation of the
FCs when selecting the time constant.

5.4 SoC Management

To evaluate the SoC management function, de-
scribed in Section 4.3, the SoCs of the two batteries
were set to different initial values during the simula-
tion. The constant load demand is entirely covered
by the FCs, hence the batteries do not participate
in load sharing and voltage regulation. The initial
SoCs of batteries A and B are set to different values,
as in [33]. Here, 70% and 40% were selected as the
starting values. All batteries followed a reference
SoC of 50%. The shape factor α in (10) was set to
0.75, 1.0, 1.5 and 2.0, for a series of simulations.
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Figure 10: Convergence of two batteries’ SoC to-
wards reference value for different shape factors α

The resulting behaviors of the discharge current
and SoCs over time for both batteries are shown
in Fig. 10. As expected, a low shape factor yields
a faster convergence towards the reference value.
However, a high factor leads to a lower charging
current, interfering less with other functionalities as
long as the SoC is kept close to the reference. Ad-
ditionally, the test case shows that different charges
in parallel batteries are balanced over time.

5.5 Mission simulation

Finally, the complete proposed control strategy
was evaluated using a realistic power profile from
the reference short-sea cargo vessel. The consid-
ered mission, shown in Fig. 11, has a duration of ca.
30 h and was measured at 5min intervals. For the
simulation, running at 10ms steps, the measured
values were linearly interpolated.
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Figure 11: Power demand of exemplary mission
used for the simulations

The focus of this investigation is to observe how
the FCs’ power output is adjusted when subjected
to a real operating profile over a longer time and to
what extent batteries are required to achieve a power
balance. Three mission simulations were performed
with varying time constants τfd for the frequency
decoupling. Because multiple control functionali-
ties act on the power system, it is key to ensure that
they do not interfere with each other. As discussed
in Section 5.3, the current and voltage control band-
widths are separated by tuning the control parame-
ters. In the same manner, the slower control loops,
i.e. the frequency decoupling and the SoC manage-
ment, need to be separated to avoid them interfering
with one another. For this purpose, the shape factor
α was set to 2.0 so that the slope of the charging
current around the target SoC was flat, reducing the
charging dynamics as shown in Fig. 10. Doing so
ensures that the SoC management acts more slowly
than the frequency decoupling.

Figure 12 shows the resulting current curves of
the FCs and batteries next to each other for the
first segment of the mission profile until the ves-
sel reaches a steady power demand at the cruising
speed. Table 2 summarizes the key numbers from
the simulations, including the batteries’ SoC ranges,
as well as maximum charge and discharge currents.
Load cycling is reported to be detrimental to the
health of PEMFC [34], [35]. In [36], a linear degra-
dation factor for transient loads on the cell voltage
decay was used. Hence, the average absolute value
of the FC power gradient | ˙PFC |avg is listed as a
proxy for assessing the effect of FC operation on



degradation. Given the FC output PFC,n and time
at the n-th simulation step tn, it is computed as:

| ˙PFC |avg =
1

N

N∑
n=1

|PFC,n − PFC,n−1|
tn − tn−1

(11)
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Figure 12: Total FC, battery and load currents
with proposed strategy in mission simulation with
τfd=30 s(a), 300 s(b) and 900 s(c)

Table 2: Evaluation of mission simulation

τfd 30 s 300 s 900 s

SoCmin 48.4% 39.3% 26.0%
SoCmax 51.5% 63.9% 84.2%
Pbat,min −17 kW −143 kW −268 kW
Pbat,max 25 kW 121 kW 256 kW

| ˙PFC |avg 49.8 W
s 45.4 W

s 35.6 W
s

The results show that the FC follows the load
closely, and little power and energy are demanded
from the batteries with a low time constant. How-
ever, a higher time constant smoothens the power
output of the FCs, reducing their power gradients
and, consequently, their degradation. At a time con-
stant of 900 s, the SoC-limits were fully exploited,
leading to a minimized transient operation of the
FCs. Overcharging above 80% is caused by al-
lowing a battery operation slightly above the batter-
ies’ ratings to avoid instability of the DC voltage.

The results underscore the importance of selecting
the time constant in a manner that aligns with the
ship operator’s objectives the trade-off between the
discharge depth of the batteries and the transient
loading of the FCs. It is important to note that
an increased discharge depth negatively influences
the battery lifetime, which must be considered in
this trade-off. The simulated operation range of the
batteries also shows that they may be sized signifi-
cantly smaller when a small time constant is chosen
to reduce capital expenditure.

6 CONCLUSIONS

Although FC-battery hybrid power systems with
DC distribution are emerging as a promising so-
lution for zero-emission shipping, the coordinated
control of multiple power system resources remains
a challenge. An appropriate control strategy can en-
sure power balance in the system while accounting
for the different characteristics of the generation and
storage technologies.

Especially in larger systems, a modular approach
for integration and control appears to be a viable ap-
proach, as it can facilitate the reconfiguration and
extension of the SPS by offering PnP capability.
For this purpose, a decentralized coordinated con-
trol strategy based on virtual impedance droop con-
trollers was presented as an alternative to centralized
control. The proposed method achieves an excellent
tracking of the DC bus voltage while decoupling the
load power into low and high frequencies so that they
can be covered by FCs and batteries, respectively.
A trade-off is required between the dynamic opera-
tion of the main power supplies and the used power
and energy of the batteries, affecting their degrada-
tion. This can be influenced by the time constant
selection in the local droop controllers. It could be
shown that the decentralized solution can achieve
the same quality in dynamic power sharing and load
tracking as a centralized PI controller with an LPF.

Hence, the developed method provides a de-
centralized control strategy capable of coordinat-
ing multiple power supplies and ESSs with different
characteristics in large SPS. However, varying com-
ponent parameters, e.g. owing to aging effects, and
the effect of the operation strategy on system effi-
ciency have not been accounted for in this study.
Lack of awareness of specific system-wide param-
eters and variables in a decentralized architecture,
e.g. the operating state and control parameters, are
further challenges that will be addressed in future
work. One possible solution is to investigate a low-



bandwidth communication network that can facil-
itate information sharing among local controllers.
Furthermore. the introduction of a central controller
enables the online adjustment of control parame-
ters based on the operating conditions and changing
component states and characteristics. The steady
operation of FC already contributes to their efficient
utilization. However, an explicit consideration and
optimization of the overall system efficiency to re-
duce fuel consumption is planned.
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