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Virtual impedance-based frequency decoupling for modular fuel cell-battery DC

shipboard power systems

Timon Kopka @2, Andrea Coraddu®? and Henk Polinder?
aDepartment of Maritime and Transport Technology, Delft University of Technology, Delft, The Netherlands; PNetherlands Defence Academy, Den Helder,
The Netherlands

ABSTRACT

In the scope of the energy transition, the maritime industry, still heavily relying on fossil fuels, is facing expec-
tations to reduce its carbon output. Electrified shipboard power systems (SPSs) equipped with hydrogen fuel
cells (FCs) and energy storage systems (ESSs) are a promising solution for the shift to zero-emission shipping. A
remaining challenge is the efficient coordination of multiple parallel power generation and storage modules.
This article proposes a modular approach to the power system control to offer a plug-and-play capability for
multiple FCs and ESSs, facilitating a topology reconfiguration. Virtual impedance-based droop is implemented
to achieve power sharing and load frequency decoupling in a decentralised architecture. An additional low-
bandwidth communication is leveraged to enable parameter adaptation after a topology reconfiguration. The
methodology is tested numerically with a short-sea cargo vessel serving as a case study. The local controllers
are tuned to achieve load frequency decoupling between FCs and batteries matching the specified time con-
stant. For a maneuvering power profile, the average FC power gradient could be decreased by 36%, limiting
their degradation caused by dynamic operation, while increasing the depth-of-discharge of the batteries. The
simulations further show that an adaptation of control parameters after a component fault can be used to
maintain the system’s voltage dynamics. The voltage drop caused by a load step in a reconfigured system that
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disconnected one of two ESS could be reduced by 37.5% by control parameter adaptation.

1. Introduction

The design of modern shipboard power systems (SPSs) is driven
by multiple factors, including technological advances, new regu-
lations, as well as economic and environmental aspects (Hansen
and Wendt 2015). A key development is the electrification of ships,
away from conventional diesel-mechanic propulsion and towards
a utilisation of novel energy sources and energy storage systems
(ESSs) (Mutarraf et al. 2018). The goal to decrease carbon emis-
sions has increased interest in alternative energy carriers and con-
verters, among which hydrogen fuel cells (FCs) are a promising
option (Nuchturee et al. 2020; van Biert et al. 2016).

In this context, DC distribution with power electronics interfaces
is a fitting solution for the integration of multiple different energy
supply and storage technologies (Latorre et al. 2023). This yields high
controllability of power flows in the system (Xu et al. 2022). The
efficient coordination of all devices, based on their respective charac-
teristics is key (Xu et al. 2022). The system control must facilitate the
balance between the fluctuating load and generation while keeping
fuel consumption and degradation on the components at a mini-
mum (Han et al. 2019). Especially the FCs’ lifetime is affected by their
operation, which ideally is at low current gradients within its efficient
output range (Shakeri et al. 2020).

DC distribution and power converters facilitate an easy expansion
and reconfiguration of the power system topology, promoting a mod-
ular design with plug-and-play characteristics (Sadabadi et al. 2018;
Xing et al. 2021). This also requires the control system to be modular,

and adapt to a reconfiguration, e.g. during regular operation, after a
fault, or system retrofit.

To implement a scalable and reconfigurable control strategy, a
decentralised architecture can be used (Dragicevic et al. 2015; Xiao
et al. 2022). Doing so removes the need for an extensive com-
munication architecture, enables the local implementation of main
control functionalities, and reduces vulnerability to faults. The con-
ventional decentralised method is virtual impedance-based droop
control (Zahedi and Norum 2013b sep; Han et al. 2019), in DC
systems implemented as voltage droop. Major drawbacks of droop
control are a steady-state deviation from the set-point and imbal-
ances in power-sharing. Further, standard voltage droop does not
consider the time response of different sources, which is an important
aspect in the control design with ESS (Xu et al. 2017). It is desirable to
decouple the main power source from the load using the ESS, so the
main supply can operate at low power gradients and in an efficient
operating point (Mutarraf et al. 2018).

The literature on coordinated control and system stabilisation for
FC-battery SPS is dominated by centralised approaches, focussing
the power split between a single FC system and ESS. This is realised,
e.g. using PI-controllers as in Su et al. (2014), Chen et al. (2020)
and Balestra and Schjelberg (2021) or via rule-based approaches
as in Han et al. (2014), Balestra and Schjelberg (2021), Bassam
etal. (2017) and Zhu et al. (2014 mar).

The above-mentioned load-frequency separation is also an
important objective for the power split in hybrid ESS including both
batteries and ultra-capacitors, as proposed by Jin et al. (2017 mar),
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Kwon et al. (2020 jun) and Xie et al. (2022) which can be adapted for
the control in FC-battery designs.

The proposed solutions, however, do not cover investigations of
larger power systems with multiple FCs and batteries, or even a
modular topology. A centralised controller computing all power ref-
erences is not applicable here due to the overhead required for fast
communication. For this reason, this study proposes a decentralised
method for dynamic power sharing among multiple power sources
with different time characteristics. The proposed scheme can adapt
to the system reconfiguration in a plug-and-play manner.

This article expands on the previous work by Kopka et al. (2023),
whose contributions are summarised as follows.

(1) A virtual impedance-based approach with both capacitive and
inductive elements to achieve a decentralised voltage stabilisa-
tion with frequency decoupling in a FC-battery DC SPS.

(2) An extension oflocal controllers by voltage restoration and state
of charge (SoC) management functionalities via adaptation of
the reference voltage.

(3) Demonstration of the control strategy using real measurements
at the example of a virtually retrofitted short-sea cargo vessel

In addition, this article delves into the concept of modularity and
proposes an extension of the previously developed strategy by a low-
bandwidth communication network to adapt the control parameters
following a topology reconfiguration. For this purpose, how the local
control parameters can be adapted after a component fault is inves-
tigated in order to maintain the desired power system dynamics.
Furthermore, this work presents additional simulation results using
high-frequency measurements from multiple operating scenarios.

This paper is organised as follows. A virtual retrofit and the mod-
elling of a reference vessel with a FC-battery hybrid system is intro-
duced in Section 2. Subsequently, the proposed decentralised control
strategy for coordinating FCs and batteries is laid out in Section 3.
Section 4 describes the simulation environment for numerical inves-
tigations and discusses the obtained results. The main conclusions
are presented in Section 5.

2. System description

The work in this article focuses on all-electric ships with a hybrid
energy system, as defined in Geertsma et al. (2017), consisting of
multiple main power supplies and ESSs. The emphasis is on FC-
battery hybrid SPS, however, the method is applicable to alternative
generation and storage technologies as well. This section describes
the case study used in this work and introduces the models used for
numerical investigations of the SPS.

2.1. Reference vessel

The originally diesel-driven short-sea cargo vessel Ankie operating
in the Baltic and North Seas serves as the reference vessel for the
case study. The main specifications of the vessel are listed in Table 1.
The original power system utilises a main diesel engine, mechanically
connected to a controllable pitch propeller. Additionally, a shaft gen-
erator is used as a power take-off to feed the bow thruster, auxiliary,
and hotel loads via an electric AC distribution network. The system
is equipped with an auxiliary engine that can be used for supplying
the electric system while the main engine is turned off.

The reference vessel is equipped with measurement devices, con-
tinually logging the power generation of main and auxiliary engines,
main consumers, as well as mechanical power working on the
propulsion shaft. Figures 1 and 2 show the histograms of total power
consumption and speed over ground for one month of continuous

Table 1. Specifications of reference vessel.

Parameter Info

Type General cargo ship
Length 90.0m

Width 126 m

DWT 3638t
Propulsion Diesel-mechanic
Main Engine Wartsila 9L20 (1.6 MW)

Note: Adapted from Mylonopoulos et al. (2024).
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Figure 1. Histogram of speed over ground of reference vessel derived from contin-
uous measurements over one month.
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Figure 2. Histogram of power consumption of reference vessel derived from contin-
uous measurements over one month.

logging. Time spent at low power (;100 kW; 41.7% of samples) and
at low speed (< 1kn; 44.0% of samples) are not shown in the fig-
ures. The measurements are available with a sampling time of 200 ms,
which is considerably faster than typical ramp times of power genera-
tors and conventional propulsion systems in ships. Power profiles for
different operation scenarios can be derived from the measurements
and used as input for the re-design and simulation of a retrofitted
vessel.

2.2. Virtual retrofit

Since the SPS of the original vessel does not match the scope of this
work, a virtual retrofit of the power system was conducted to make
it usable as a case study. In the virtual retrofit the vessel is fitted
with an FC-battery hybrid system. Hence, all diesel-generators are
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Figure 3. Topology of retrofitted hydrogen-based system with electric propulsion
and DC distribution.

Table 2. Parameters of retrofitted power system components.

Parameter Description Value
Pric FC power rating 4x325 kW
Epat Battery energy capacity 2x225 kWh
Chat,chg Battery max. charge C-rate 1.5
Coat,dis Battery max. discharge C-rate 1.5

Pr bat Battery power rating 2x337.5 kW
Pem Prop. motor rating 2x600 kW

removed from the system, and an electric-driven propeller replaces
the mechanic propulsion. The resulting system, equipped with four
FC and two battery systems in a dual-bus configuration, is shown
in Figure 3. This constellation creates a redundancy to compensate
for a component or bus fault, and the number of FCs in the system
gives operational flexibility. All power generation devices and loads
are connected to the electric system, forming an integrated power
system. DC distribution is used for the on-board grid, as it matches
the outputs of FCs and batteries, among further advantages, such
as increased efficiency (Zahedi et al. 2014) and operational flexibil-
ity (Xu et al. 2022). Neglecting the enhanced operational capabilities
of electric propulsion drives, it is assumed that the load requirements
of the vessel remain the same as in the original topology.

The power and energy ratings of the components are listed in
Table 2. The FC and battery ratings are based on a newly developed
short-sea cargo vessel fuelled by liquid hydrogen that has similar
operational characteristics as the Ankie. The power rating of the bat-
teries is sufficient such that the ESS can compensate for the fault of
FC system while having surplus capacity for covering transient loads.
Furthermore, the energy rating allows short-time strategic charging
and load levelling to reduce the power gradients of the FCs.

2.3. Modelling

The focus of this work is the development of control strategies.
Power system and component models are required to evaluate these
strategies. Because the emphasis is on system-level control, simple
dynamic models are implemented to build a simulation environment
for the complete SPS. The following sections describe the approaches
for modelling FCs, batteries, converters, and loads and how they
interact with one another via the DC bus.

2.3.1. Proton exchange-membrane fuel cells
The FC models used in this work were implemented according
to Njoya et al. (2009 sep). A beneficial feature of this model is that
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Figure 4. Polarization curve and power output of Nedstack FCS 13 XXL module, from
data-sheet and simulation in steady-state.

ST T mmmmmmeemm o mmmmmmmmm s N I feref
' Rivf ¢ II A4 I
' feyin feact
4
EfC (I cjin ) Vfc V;ic,act
a) =
—o
1 i
ST - ----_-R- """""" N :Ibat,ref
' S i bat !
. i bat,in A/ Ibat,act
\
Epat (SOC) Viat I/clc,act
b) =
—o

Figure 5. Equivalent circuit models of FC (a) and battery (b) including DC-DC con-
verter and interface to the DC bus.

it can be parameterised using manufacturer data. Hence, the real
components can be easily represented.

The FC systems investigated in this paper are based on the Ned-
stack FCS 13 XXL, a proton-exchange membrane fuel cell (PEMFC)
module with a maximum output power of 13.6 kW (Nedstack 2023).
Figure 4 shows the polarisation 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 operation.
The graph describes the relationship between the FC current Iy, ;, and
voltage Vi, as indicated in Figure 5(a). The mean absolute percent-
age 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. To achieve the targeted 325 kW per FC system in the
SPS, 24 modules are stacked together.

2.3.2. Li-lon batteries

For the batteries, a model of similarly low fidelity as that for the FCs
was used, as reported in Tremblay et al. (2007 sep), shown here in
Figure 5(b). It is based on single cell modelling, and in this study,
generic values for Li-ion battery cells, as reported in the source, are
used. Opposed to the FC model, the voltage source Ep,; is a function
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of the SoC, which is obtained via Coulomb counting. Multiple cells
are connected in series and parallel to achieve the desired voltage,
power, and energy levels of the battery packs.

2.3.3. DC-DC converters

A dynamic model of a DC-DC converter for maritime power systems
is presented in Zahedi and Norum (2013a). It is an averaged model
that describes the current dynamics while neglecting any losses in
the system. Similarly, an averaged representation of a half-bridge is
used in Haseltalab et al. (2021).

Conventionally, the converter is current-controlled using PI feed-
back control, as outlined in Mokhtar et al. (2019). For DC SPSs, the
current control bandwidth is typically in the range of 1000 Hz (Zeng
etal. 2022). Whereas transient analysis requires a high-fidelity model
of the power converters, the system-level simulation and investiga-
tion of voltage droop control allow the simplified representation of
the current control using a first-order low-pass filter (Lu et al. 2014).
The converter output current Iyt 4 as a function of reference cur-
rent Ly, ref and current control time constant 7 is realised accord-
ing to
Iout,ref (1)

Iout,act =

STee + 1
Consequently, the input-side current I, as a function of I, g as well
as input and DC bus voltages V;, and V. 4, as indicated in Figure 5
is computed as

Vdc,act

Iy = Vi

qut,act (2)

2.3.4. Loads

All system loads are aggregated and represented as a power load Py,,4
acting on the electric system. The load profile obtained from the mea-
surements represents the actual consumed power and is modelled as
an exogenous input disturbance. Assuming that all loads are tightly
power-controlled, the current drawn by the loads Ij,,4 depends on
the actual bus voltage V. 4. Accordingly, the current drawn by the
loads is derived as

Pilogd
lipad = ——— (3)
. Vdc,act

2.3.5. DCdistribution

The DC distribution system in a ship is characterised by short power
lines with low impedance. Following the approach described in Xu
et al. (2022), the bus in DC SPS can be simplified as a lumped
capacitor, neglecting the losses and inductances in the network. The
DC-link capacity Cg, is the sum of the output capacitors of all N adja-
cent DC-DC converters C,, ;. Accordingly, the time derivative of the
DC-link voltage Vdc,m can be computed as

N
. 1
Vdc,act = a (Z Iout,i - Iloud) (4)
¢ \i=1
N
Cdc = Z Cout,i (5)
i=1

3. Power system control

The control of the power system covers multiple functionalities, of
which this work focuses on the coordinated control for stabilising the
DC bus voltage and managing the power flows between the different
components.

On the generation side, each primary system, i.e. the FC sys-
tems and batteries, is interfaced to the bus via a DC-DC converter.

Whereas the FCs can only provide positive current, the battery con-
verter needs to be bi-directional to enable both discharging and
charging. The converters are current-controlled, tracking a given
reference value, as described in Section 2.3. Additionally, the local
controllers ensure the operation of each device within its techni-
cal limitations, e.g. voltage and current limits. The balance-of-plant
and inner control loops of the FC battery systems are not explicitly
considered here.

This section leads through the proposed implementation of local
controllers for FCs and batteries. A more detailed elaboration can
be found in Kopka et al. (2023). This work additionally introduces a
method for parameter adaptation after a topology change.

3.1. Coordinated control

The coordinated control layer covers a multitude of functionalities.
This work focuses on the voltage stabilisation and restoration, battery
SoC management, and power sharing among parallel devices. Addi-
tionally, this work explores the adaptation of control parameters to a
reconfiguration of the power system topology.

For the control of the regarded SPS, FCs and batteries are required
to match the power demand in dynamic conditions, stabilising the
DC bus voltage. The FCs benefit from operation within a specific
power band and at low power gradients to limit their lifetime degra-
dation and operate them at a high efficiency (Ahmadi Sarbast 2021).
The batteries can provide high power gradients and thereby cover
load fluctuations, but cycling at high power and high depth-of-
discharge also degrades their lifetime.

In this section, first a centralised controller is described as a
benchmark strategy. Subsequently, a decentralised control archi-
tecture is proposed, employing virtual impedances for frequency
decoupling between FCs and batteries.

3.2. Centralised control

Ideally, the current references for the coordination of FCs and bat-
teries can be generated in a centralised controller. All required infor-
mation about the system’s states is available to the central controller
so that it can compute a target for each component in real-time while
accounting for their different characteristics. As a benchmark strat-
egy, a PI feedback controller with a filter-based frequency decoupling
is considered, similar to Kwon et al. (2020 jun). The PI feedback loop
with gains k, and k; is employed for the voltage control, determining
a total required current for bus stabilisation and restoration Ity e as
a function of the voltage set-point error Vi ref — Vicac:

Itot,ref = (Vdc,ref - Vdc,act) (kp + %) (6)
Low-frequency elements of this reference current are forwarded as
a reference current for the FCs I s, while the remaining high-
frequency parts of the reference Iy, s are to be covered by the batter-
ies. The control strategy is illustrated in Figure 6. For the frequency
decoupling, the filter is tuned using the time constant 7.

Itot,ref
Ifc,ref = T T 1 (7)
Ibat,ref = Itot,ref - Ifc,ref (8)

3.3. Decentralised control

Several issues make the implementation of real-time control in
a centralised unit challenging. The acquisition of measurements
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and real-time distribution of reference signals to local controllers
requires high-bandwidth communication, which can be costly, prone
to faults, and introduce latencies. Hence, this work proposes the
implementation of a decentralised architecture. No communication
between local controllers is required for the real-time voltage stabili-
sation and restoration. This provides a control strategy which can be
scaled to a modular reconfiguration of the power system topology.
In the following, virtual impedance-based droop is introduced as a
method for voltage stabilisation and frequency decoupling between
the different sources. This method is subsequently extended by a
voltage restoration and an SoC management functionality.

3.3.1. Virtual impedance-based droop

The state-of-the-art solution for decentralised voltage stabilisation
in DC power systems is voltage droop (Gao et al. 2019). Whereas
conventional, resistive droop control is appropriate for power shar-
ing under steady-state conditions, additional capacitive or inductive
droop elements can be used to include an additional time-response
of the controllers (Chen et al. 2019; Khazaei 2021). Whereas a capac-
itive 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 appropri-
ate tool for controlling the power output of power supplies with
slow dynamic capabilities, such as FCs. Figure 7 shows the equiva-
lent circuits describing the functioning principle of different droop
schemes. The corresponding transfer functions of the DC link volt-
age deviation AV = Vo — Vigeac to the current reference are as
follows:

@ _ $Crc )
AV sR3rCire +1
Iin 1 (10)

AV "~ Rgy+sLay

where I  is the computed reference current for the droop-controlled
source. Ry », Cj ., and Ly , describe the virtual resistance, capacitance
and inductance, Cy_ is the total dc bus capacity; Vs and Vi g are
the reference and actual dc bus voltages, respectively.

3.3.2. Voltage restoration

The aforementioned droop control schemes lead to a voltage drop
on the main bus proportional to the delivered power (Peyghami
et al. 2017). To restore the voltage and maintain the modular power
system design, the voltage reference Vi, in the local droop con-
trollers is adapted based on an integral action on the set-point error
and is computed as

Vd,ref = Vdc,n0m+kv/ Vdc,rwm_vdc,actdt (11)

where k, is the integral coeflicient for voltage regulation.
3.3.3. SoCmanagement

Due to the ESSs’ limited energy capacity, the SoC of each device
needs to be maintained within specified limits, e.g. between 20 % and
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Figure 7. Equivalent circuit representations of decentralised droop controllers with
(a) resistive (b) resistive-capacitive, and (c) resistive-inductive virtual impedance.

80 % as in Balestra (2022). Additionally, different SoCs in parallel
devices need to be balanced. The local battery controllers are fur-
ther extended to include the SoC management in the decentralised
control strategy. Each local battery controller is enhanced by an SoC-
dependent term Vo ref, Wwhich manages the additional charge and
discharge of the device. The reference voltage V;‘Jef is manipulated

for this purpose and is computed as

Virer = Viref + VsoCref (12)

VSoC,ref = kSoC/(SOCref — S0Cqct)" dt (13)

where SoC,er and SoCy; are the reference and actual SoC values
and ksoc is the integral coefficient of the SoC management strat-
egy. An additional shape factor a describes the relationship between
SoC deviation and charging current. Figure 8 shows the imposed dis-
charge current for an ESS based on its SoC for different a. To ensure
that the ESS current reaches its respective maximum and minimum
values when the SoC reaches its limits ks,¢ is computed as following.
Here, it is assumed that the reference SoC is centred around max-
imum and minimum SoC and that the batteries maximum charge
and discharge currents are equal at Iy yax:

I bat,max

(14)

KSoC =
SoC, SoCyi
( ! ( max mm)(X

3.3.4. Implementation
Figure 9 shows a graphical representation of the local controllers for
the FCs and ESSs. Since no real-time communication takes place
between the decentralised controllers, it is crucial to carefully tune all
control parameters so that the overall system performance meets the
desired requirements. To achieve the desired frequency separation,
the resistive-inductive droop scheme from Equation (10) is used to
control each individual FC system’s output current, while each ESS is
controlled according to the resistive-capacitive droop Equation (9).
For the consistent behaviour of the power system under dynamic
operation, a series of guidelines for tuning the control parameters are
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Figure 9. Synthesis of local controllers for FCs and batteries.

proposed. Following these guidelines ensures a coherent design of all
local controllers:

e The total droop resistance of the main power supplies should
equal the total droop resistance of the ESS and match a reference
value Ry e so that a consistent response of the power system in
dynamic and steady-state operation is obtained.

e The total droop resistance should be selected such that the band-
width of the DC bus voltage regulation is at least one order of mag-
nitude slower than the current control of the DC-DC converters
(Tve >> e

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

e In the proposed FC-hybrid system, the time constants of the RC
and RL filters should be equal and match the desired frequency
decoupling time constant 7. This allows a smooth transition
from batteries to FC as a power source.

o Reducing the time constant 747 will yield a higher dynamic capa-
bility, allowing the generation-side to cover higher load gradients,
which would otherwise be inhibited by the limited power of

the batteries. However, a higher time constant lowers the output
gradients of the FCs, reducing their degradation.

3.4. Low-bandwidth communication and reconfiguration

The proposed control strategy from Kopka et al. (2023) has a series
of challenges due to the lack of information-sharing. The system’s
dynamics will differ from the designed characteristics once the topol-
ogy changes, e.g. due to a component fault or an extension of the
power system. It is furthermore inflexible towards a change in the
topology. To mitigate this, this study proposes the extension of the
decentralised strategy by a central controller and low-bandwidth
communication and leveraging shared information for an adaptation
of control parameters. It is important to note that the central con-
troller is used only for slow information sharing, whereas all essential
computations for coordinated control remain in the local controllers.

The response of each local controller is determined based on its
virtual resistance and the time constant of the low- or high-pass fil-
ter constituted by the virtual impedance. The goal is for each local
controller to adapt its parameters so that the total droop gain of
the system matches its target value R4,f independent of the system
topology. Hence, the guidelines listed in Section 3.3.4 should hold
true even if the topology is reconfigured.

Each FC system and battery shares its available power rating, P,z ;
and P, pasj respectively, via the communication network. Accord-
ingly, the central controller can determine the total available FC
power Py ¢ 1or and total available battery power Py pa or as

Pr,fc,tot = z Pr,fc,i (15)
ieN

Py pattot = Z Pr,bat,j (16)
jeM

In case a component fails, is degraded, or the system is reconfigured,
the effect of the altered topology is visible in a change of the total
available power ratings. The central controller broadcasts Py g st
Py pat tor» and reference values for 777 and k,, as well as Ry rf. Since a
low-bandwidth communication is assumed here, and to avoid jumps
in the parameters, the local controllers apply a low-pass filter with
time constant 10 s on the received values. Each local controller is then
able to compute its local virtual impedance parameters R ,; and Cy 5,
or Ry, and Cg .. The ith FC computes its control parameters as

Pr pat ot
Ripl = Rypef——— 17)
P r,bat,j
Lan = taRan (18)
The jth battery computes its control parameters as
Py pat tot
Rire = Rd,refu (19)
P r,bat,j
Tfd
Cae = - (20)
Rd,rc

Additionally, it needs to be considered that the DC bus capacitance
changes upon disconnection of a source, assuming that the switch is
situated between the converters’ output filter and the DC bus. As the
total virtual droop Ry s is dimensioned to reach a specific control
time constant for the voltage stabilisation 7,., the total droop should
be adjusted to achieve a consistent voltage control speed. Assuming
that the central controller has an estimate of the total capacity in the
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troller communicating via low-bandwidth interface.

Table 3. System and control parameterisation for numerical investigations.

Parameter Description Value
Vide,nom Nominal DC bus voltage 700V
Cout fc FC converter output capacity 25 mF
Cout,bat Battery converter output capacity 25 mF
Tec Current control time constant Tms
Tyc Voltage control time constant 10 ms
[ SoC shape factor 20—
T Frequency decoupling time constant variable
bus Cjees> the total droop is adapted as

Rd,ref = 7ycCcest (21)

The information exchange between the central and local controllers
in the power system is visualised in Figure 10. Since no vital compu-
tation is being done in the central controller and all adaptations based
on information broadcast is low-bandwidth, a failure of the commu-
nication network has no immediate effect on the voltage stability of
the system.

4. Numerical investigations

A power system model as outlined in Section 2.3 is implemented
in Matlab/Simulink to create a simulation environment where con-
trol strategies can be tested. This section describes the case study
and system parameterisation in more detail, introduces test scenarios
for the control of the reference vessel and evaluates the numeri-
cal results obtained through the simulations. Table 3 provides an
overview of system level parameters used throughout the simula-
tions. The 700 V DC bus voltage stems from a reference design within
the SH2IPDRIVE project (SH2IPDRIVE 2024) and falls within the
low voltage DC range (Latorre et al. 2023). The current control time
constant of 1 ms matches typical control bandwidths of 1000 Hz as
mentioned in Zeng et al. (2022). The voltage control bandwidth is
chosen ten times slower to avoid interferences between the cascaded
control loops. The output capacitances were estimated following the
approach outlined in Tsakyridis et al. (2020).

4.1. Centralised control with LPF

As outlined in Section 3.2, a centralised PI controller with low-pass
filter is implemented as a benchmark. The PI gains are tuned via pole
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centralised Pl control with LPF and time constants of 10 s(dashed) and 1 min(solid).

placement to match the desired voltage control bandwidth:

kp = CdCT‘VC (22)
k2
P
= 23
T (23)

Equations (22) and (23) show that the feedback gains are depen-
dent on the estimate of the total DC bus capacitance. The estima-
tion may differ from the real value. An overestimation will lead to
a more aggressive control action, and vice versa. This fact should
be accounted for in the control design to ensure sufficient stabil-
ity margins. The low-pass filter is parameterised with the frequency
decoupling time constant as 77pr = . The reference currents are
distributed among parallel components of the same type propor-
tional to their power rating. Initially, all FCs and batteries are rated
equally and accordingly the current is shared equally among parallel
components. The figures with results show the summed currents of
all components of the same type.

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, matching load
current increase from 1286 A to 1714 A at 700 V. Two cases with
77z = 10 sand 1 min were analyzed to compare the effects of different
time constants. The resulting trajectories are displayed in Figure 11.
The FCs react to the load change according to the LPF; therefore
at t = tyy the output current reaches 63.2% of the step. The bat-
tery supplies the remaining difference between load and FC power,
and additionally stabilises the DC link voltage, which remains within
20V of the nominal DC link voltage of 700 V.

4.2. Decentralised control strategy

The proposed strategy aims to achieve the same performance as the
central controller using a decentralised architecture. For this pur-
pose, the total droop resistance was chosen to equal the inverse of
the proportional factor of the PI controller in the benchmark strat-
egy. Furthermore, the time constant for frequency decoupling 7y is
adjusted by sizing the virtual inductances and capacitances such that
7fa = RarcCare = Layi/Ran-

In the first step, voltage regulation and SoC management 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 4.1. The simulation results in Figure 12 show that
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frequency decoupling is achieved as accurately as with the bench-
mark, matching the chosen zy;. Since the load before the step is
non-zero, the bus voltage has already decreased to 600V due to
the absence of an integral action. The steady-state deviation further
increases to 144 V at full load. The reduced DC bus voltage requires
higher currents and, therefore, increases conduction losses. In this
case, the voltage drop is beyond 10 %, which would be a typical lower
voltage limit. Furthermore, the power quality can be insufficient for
sensitive loads, and a sudden change in voltage is challenging for
accurate current control in DC-DC converters.

In the next step, the same step response as before was simu-
lated with the proposed strategy, including the voltage regulation
described in Section 3.3.2. The gain k, in (11) was selected to match
the integral action of the benchmark’s PI controller:

Tyc
ky = 2

4 (24)

Note that the squared term present in the denominator in
Equation (23) is not present here, since the adjusted voltage Vi is
still passing through the droop controller. The step response obtained
using this strategy is displayed in Figure 13. The resulting curves of
the FC and battery currents are equal to those of the benchmark, indi-
cating that the same behaviour of a centralised PI controller with an
LPF canbe achieved in a decentralised architecture. Additionally, this
method achieves accurate tracking of the nominal DC bus voltage.
Initially, after the load step, an acceptable voltage drop of 20.1 V can
be observed, and the steady-state deviation could be eliminated.
Furthermore, Figure 13 shows the implications of changing the
time constant z7;. With 1 min, a total of 2.44 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 6.6 A/s. Reducing the time constant by a factor to 10s
proportionally reduced the required battery charge to 0.42kWh.

2000 : : : :
1500 t P |
< I dl/dt,,, . =6.6A/s
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= Load
o FC——
500f | AE=042kWh Baticry
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Figure 13. Load step response with decentralised strategy incl. voltage regulation
with 77y = 30 s(dashed) and 300 s(solid) (a) FC, battery and load currents, (b) DC bus
voltage.

However, the current gradient of the FCs increased by the same factor
to 40.6 A/s, leading to higher degradation. This comparison high-
lights the underlying trade-off between the required battery charge
and dynamic operation of the FCs when selecting the time constant.

4.3. Mission simulation

The application of the proposed control strategy in an SPS is demon-
strated using parts of real mission profiles as inputs. The challenging
operation periods of the vessel occur during maneuvering, start-
up and shutdown sequences, or other situations demanding highly
fluctuating loads. Three scenarios are selected for which power pro-
files of the real operation are available. The first scenario represents
a relatively short maneuvering sequence of ca. 2h, which covers
high power gradients. The second scenario covers the start-up and
maneuvering out of harbour sequence until cruising. The third sce-
nario, in turn, is the shutdown from cruising into the harbour. The
latter two cover ca. 5 h of operation each. Figure 14 shows the power
demand over time for all three scenarios.

Three mission simulations were performed for each scenario with
different time constants 74; of 10 s, 1 min, and 10 min. Because multi-
ple control functionalities act on the power system, it is key to ensure
that they do not interfere with each other. An increased time constant
aims at smoothening the FCs’ output power while requiring the bat-
teries to provide more power and depth-of-discharge for achieving
the load-generation-balance. The current and voltage control band-
widths are separated by tuning the control parameters to meet the
values listed in Table 3. In the same manner, the slower control loops,
i.e. the frequency decoupling and the SoC management, need to be
separated to avoid them interfering with one another. The shape fac-
tor o was set to 2.0 so that the slope of the charging current around
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Table 4. Key values of simulation results with different frequency decoupling time
constants for short maneuvering/start-up/shutdown profiles.

Frequency decoupling time constant 774

Value 10s 1 min 10 min
S0Cpmin [%] 49.7/49.7/49.5 48.4/47.6/47.8 42.1/32.3/33.0
S0Cmax [%] 50.0/50.1/50.2 50.1/50.1/51.9 57.2/58.7/63.9
Poat,min (kW] —255/—221/-325 —212/—256/—-319 —274/—471/—435
Pbat,max (kW] 232/159/252 387/287/262 320/468/409
|P;‘c|avg [W/s] 1083/1605/3148 731/1494/2929 693/1431/2841

the target SoC was flat. Doing so ensures that the SoC management
acts more slowly than the frequency decoupling.

Resulting current trajectories of total FC and battery power, as
well as battery SoC over time, are shown in Figures 15, 16, and 17, for
the three scenarios respectively. The plots with the results are zoomed
in on the time period where the highest load fluctuations occur. For
the simulation, running at 1 ms steps, the measured values, sampled
at 200 ms, were linearly interpolated.

Table 4 summarises 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 (Pahon et al. 2019 oct; Jourdan et al. 2014 oct).
In Fletcher et al. (2016), a linear degradation factor for transient loads
on the cell voltage decay was used. Hence, the average absolute value
of the FC power gradient |Pﬁ|avg is listed as a proxy for assessing the
effect of transient FC operation on degradation. Given the FC output
Pf. » and time at the nth simulation step ¢, it is computed as

N
. 1 < 1Py — Proneil
1Pelavg = fzu

N (25)

=1 th — th—1

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. However, a higher time constant smoothens the power out-
put of the FCs, reducing their power gradients and, consequently,
their degradation. With a higher time constant, the SoC-limits are
exploited to a higher degree, leading to a reduced transient operation
of the FCs. During maneuvering (Figure 15), the average FC power
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Figure 15. Power split between FCs and batteries and battery SoC during short
maneuvering for different frequency decoupling time constants.

gradient is reduced by 32.5 % by increasing the time constant from
10s to 1 min and even 36.0 % at 10 min. In the start-up (Figure 16)
and shut-down (Figure 17) profiles, a minimum is reached when the
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FC power is monotonously increasing or decreasing, respectively. It
is to be noted that this metric does not consider the rate-of-change
of the FC but the absolute change in output power.

The increased ESS discharge depth at higher time constants neg-
atively influences the battery lifetime. The results underscore the
importance of selecting the time constant to trade off the discharge
depth of the batteries and the transient loading of the FCs. The sim-
ulated operation range of the batteries also shows that they may be
sized significantly smaller when a small time constant is chosen to
reduce capital expenditure.

4.4. Droop parameter adaptation

One key goal of the decentralised architecture is its adaptability to
configuration changes and in this work the low bandwidth commu-
nication is leveraged to realise said adaptation. Accordingly, compo-
nents with different ratings and characteristics should behave dif-
ferently. To highlight this, the characteristics of the FC systems are
changed to emulate aged components, which is done by shifting their
polarisation curves down. Thereby their output voltage, and in turn
their output power at a given current, is decreased. The voltage of
FCs A, B, C and D are reduced by 0 %, 10 %, 20 % and 30 %, respec-
tively. In addition, the batteries’ capacities are changed to different
ratings, and their initial SoCs are set to 40 % for battery A and 60 %
for battery B. Accordingly, each component has an individual power
rating, which influences the droop parameter calculation described
in Section 3.4. Table 5 lists the parameters of the altered configu-
ration. Non-listed parameters remain unchanged from the previous
Section.

Load FC

o
o)

e
i
Y

Battery SoC [%]

Figure 17. Power split between FCs and batteries and battery SoC during shutdown
for different frequency decoupling time constants.

Table 5. Asymmetric component ratings and control parameterisation.

Parameter Description Value
Prtea Power rating FC A 325.0kW
PrcB Power rating FC B 292.5kW
Prcc Power rating FC C 260.0 kW
Prfep Power rating FCD 227.5kW
Epata Energy capacity battery A 300 kWh
Pr pat,A Power rating battery A 450 kW
Epatp Energy Capacity battery A 150kWh
Pr bat,8 Power rating battery B 225kW
Tt Frequency decoupling time constant 10 min

The power system is simulated with the short maneuvering power
profile in Figure 14(a) to demonstrate the effectiveness of the pro-
posed control architecture. The resulting output currents of all com-
ponents and battery SoC are shown in Figure 18. Generally, the
configuration changes lead, as expected, to an unequal current shar-
ing among both the FCs as well as among the batteries. For both
type of components, the current sharing is proportional to their
power rating such that the FCs with higher maximum power carry
higher currents. Analogously, battery A provides twice the current
as battery B for voltage stabilisation, due to its doubled capacity
and power rating. Additionally, it can be observed, that the SoC
management strategy of both batteries lets both charges converge
over time.
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4.5. Reconfiguration after fault

The reconfiguration of the power system control is investigated by
emulating component faults. As described in Section 3.4, the fault
itself has three immediate effects on the coordinated control. First,
the power output of the disconnected component drops to zero,
creating a power imbalance which needs to be compensated. Sec-
ond, the total DC bus capacity is reduced by the output capacity
of the disconnected converter. Third, the total virtual resistance of
the control strategy is increased since one local controller is miss-
ing. Thus, the time-response of the voltage stabilisation is slowed
down.

Here, two successive faults of a battery system and a FC system
are emulated. The disconnection of an ESS leads to an increased
total virtual resistance of the high frequency power supplies, while
the low-frequency resistance is affected by the FC fault. Three adap-
tation strategies are compared. First, no adaptation of parameters
is done. Second, the parameters are adapted to track a reference
value Ry rf with the total virtual resistance. Third, Ry s is adapted
according to Equation (21) to keep the voltage control at the desired
bandwidth.

The two faults are sufficiently far apart, such that the first parame-
ter adaptation is completed at the time of the second fault. Figure 19
shows the battery disconnection at t = 0's. Since the fault instance
the battery output is close to zero, the remaining battery is only
required to compensate for a minor imbalance, yielding a voltage
drop of ca. 3V. Figure 19 shows the low- and high frequency ele-
ments of the total virtual resistance over time. The battery discon-
nection instantly doubles the high frequency element. This value
remains unchanged if no adaptation is undergone, yielding differ-
ing virtual resistances of the low- and high frequency controllers. In
the second case, the resistance converges back to its target value by
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Figure 19. Droop resistances and current sharing immediately after battery fault for
different adaptation scenarios.

decreasing the droop parameter of the remaining battery controller.
In the third case, due to the decreased DC bus capacity, the total
droop resistance is led to a slightly higher value than originally. Here,
the low frequency components also adapt their droop parameters,
reacting to the adapted DC bus capacity estimation. In the second
and third cases, the final virtual resistance of all low- and high-
frequency components matches, as intended in the implementation
guidelines in Section 3.3.4.

During the subsequent FC system fault, the local controllers are
parameterised differently, depending on the adaptation strategy. The
results are shown in Figure 20, with the fault occurring at t = 0s. A
quarter of the delivered power is suddenly cut back and is required
to be compensated by the remaining battery.

Figure 20 shows the voltage trajectories during the stabilisation
for the three described strategies. With no adaptation, the total droop
resistance is too high, leading to an increased voltage dip of 24V
and a subsequent overshoot after stabilisation. With a constant droop
resistance in the second case, the voltage stabilisation becomes more
aggressive, since the total droop resistance is lower than required
to achieve the desired voltage control bandwidth, yielding a volt-
age dip of 13 V. Finally, in the third case, the voltage stabilisation is
achieved as designed according to the voltage control bandwidth w,,
yielding a voltage dip of 15V, 37.5 % lower than without parameter
adaptation.

Figure 20 shows the droop parameter adaptation for the high
bandwidth droop resistance after the fault. With the adaptation
enabled, low- and high-frequency resistances converge towards the
same value. The low bandwidth resistance remains constant except
for the third case, where the system reacts to the change in DC bus
capacity. Accordingly, for consistent behaviour, regardless of the sys-
tem topology, an adaptation of the droop parameters following the
desired voltage control bandwidth is recommended.
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after fuel cell fault with previous battery fault for different adaptation scenarios.

5. Conclusions

Although FC-battery hybrid power systems with DC distribution are
emerging as a promising solution for zero-emission shipping, the
coordinated control of multiple power system resources remains a
challenge. In larger systems, a modular approach for integration and
control is a viable approach, as it can facilitate the reconfiguration
and extension of the SPS.

This work presented a decentralised coordinated control strategy
using virtual impedance-based droop achieving low DC bus voltage
deviations and fast restoration as well as a load frequency decoupling.
It could be shown that the decentralised solution can achieve the
same quality in dynamic power sharing and voltage control as a cen-
tralised PI controller with an LPE The controller tuning affects the
power gradients and load changes demanded from the FC systems,
as well as the required depth-of-discharge for the ESS. Accordingly,
a trade-off must be made between FC and ESS degradation aris-
ing from their dynamic operation. This study further presented an
approach for automatic parameter adaptation after system recon-
figuration utilising a low-bandwidth communication network. The
adaptation is proposed as a means to facilitate a modular power
system control. It could be shown the the power sharing among com-
ponents is adapting to configuration and parameters alterations and
furthermore the voltage dynamics of the electric system could be
maintained after disconnection of multiple components.

Whereas a low-bandwidth communication network facilitates
parameter adaptation, its full potential has not yet been leveraged.

The consideration of varying component parameters, e.g. owing to
aging effects, and the consideration of different component types
remain unaddressed topics for future research. This study consid-
ers simple component models for FCs and batteries, which allows
parameterisation with limited manufacturer data. Such models are
sufficient for this work’s focus on the system dynamics of the electric
distribution system. However, models with higher fidelity will enable
to generate deeper insights in the component-level behaviour. Accu-
rate quantification of FC and battery degradation, as well as hydrogen
consumption of the proposed methodology, and a comparison to an
optimised control strategy will be valuable additions in the future.
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