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a b s t r a c t

This article presents a model of a marine power plant with hybrid power sources consisting of Proton
Exchange Membrane Fuel Cells (PEMFCs) and batteries. The primary objective is to develop a system-
level fidelity model of the fuel cell-fed marine power systems with real-time capabilities. The model
encompasses various mechanical and electrical domains such as the air-supply and the hydrogen
auxiliary sub-systems of the PEMFC system, the power management system, the DC electrical converters
with average - value assumptions and thruster and propeller dynamics. Moreover, the PEMFC system
model in this work is verified and tuned with the experimental dynamic behavior of a PEMFC with a
power capacity of 500 kW for specific applications in the marine sector. The presented model can be
implemented for investigating the system performance for simulator applications, designing high-level
controls, sizing and optimization. Indeed, the modular approach of the bond graph modeling strategy
provides flexibility in the configuration and capacity of the power sources, as well as storage for further
studies. Furthermore, this model of the fuel cell-fed power system is practical for feasibility studies of
various maneuvering operations with a potential of integrating with the co-simulation applications. In
the end, a simulation with torque set-points to the thrusters consisting of load steps and noises are
proposed to evaluate the system performance, the controller robustness, and the high-level control
performance in load sharing.

© 2022 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to environmental issues, the International Maritime Orga-
nization (IMO) regulation directed the shipping industry and
related research areas on all-electric vessels as a solution to reduce
emissions (Lim et al., 2019). The electrical propulsion as a solution
to these regulations becomes an effective configuration in the case
of demanding significant electrical power on board. The demanded
electrical power can be supplied by the hybrid power systems with
mechanical or electrochemical sources as an efficient configuration
with the energy storage components (Geertsma et al., 2017). The
mechanical power is produced by the internal combustion engines
and gas turbines converting the mechanical power to electrical
Bagherabadi), stian.skjong@
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power by the generators. The electrochemical power sources are
fuel cells, which directly convert the electrochemical potential of
the fuel to power electricity. The marine power plants are designed
with various configurations and sizes according to the re-
quirements. This endeavor demands feasibility studies and analyses
for each alternative to achieve the best solution. For instance, the
power can be supplied by the genset and fuel cells individually or in
a hybrid configuration. The fuel cells are employed as either back-
up, the auxiliary source or the main power supply in the vessels,
which demands comprehensive understanding of the system's
characteristics to decide on the proper configurations. The PEMFC
system has gained more attention to be the primary power source
of the vessels because of the high efficiency and zero-emission
operation, which is aligned with current environmental issues
and regulations (Van Biert et al., 2016). Fuel cells' potential is
needed to be explored as the primary power source of the vessels
through the aid of simulations and modeling.

Modeling and simulation as a practical tool provide a compre-
hensive understanding of the system's behavior in various
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operations, which leads to a feasible and optimum design decision.
However, the models have a wide range of fidelity, which defines
the outputs' details and computational efforts. A compromise be-
tween the expected system model dynamics and computational
time reaches a practical and efficient modeling approach to the
problem. The marine power plant As a multi-domain system re-
quires system-level modeling for analyses and feasibility in-
vestigations. The system-level fidelity models capture the
necessary dynamics and facilitate the integration of components
with less computational time compared with detailed models.

There are system-level modeling studies in the field of marine
power plants, which are practical for analyses and design with an
emphasis on the engine and generator sets as the primary power
sources. In (Pedersen and Pedersen, 2012a), a flexible model library
is developed for the all-electric vessel power plants with the bond
graph method as the modular approach for modeling the multi-
domain systems. The library contains engines, a fuel cell, a gener-
ator, electrical converters and motors, a ship model and propellers.
The flexibility and modularity enable the library to be used for
analyzing current cases while designing new power plants with
various sizes and configurations. In (Ghimire et al., 2020), a dy-
namic model of the marine DC hybrid power system is proposed,
which is verified by laboratory experimental results. The presented
model is re-configurable due to the modular component modeling
approach, with emphasizing on the electrical component physics.

The system-level modeling approach is presented in (Zahedi
and Norum, 2012) for the marine DC hybrid power system by
considering the electrical and mechanical components. The vessel
hydrodynamics and propulsion system with the reduced order
assumptions are considered in the simulation. The main power
sources in this work are diesel engines and generators. Further-
more, in (Shajari et al., 2020) a system-level model of a power plant
consists of a diesel generator, a battery and a Solid Oxide Fuel Cell
(SOFC) with the average - value assumption for the electrical and
mechanical components. The model is developed practically for the
system's dynamic performance investigations in the various oper-
ational conditions. Also, in (Zhu et al., 2018) a ship-wide system-
level model is proposed that contains the electrical and mechanical
physics to investigate the system's behavior in an effective manner
from a computational time point of view. The numerical stability
and control issues of the generator models with a generic modeling
framework for a weak grid marine power plant are studied and
illustrated in (Skjong and Pedersen, 2017). The model has the real-
time capabilities of the power system model, which is integrated
into the vessel dynamics models for co-simulation studies (Skjong
et al., 2018).

There are limited studies on the dynamic modeling of fuel cells
as the main power source of the marine power plant. A multi-
domain dynamic model of a Molten Carbonate Fuel Cell (MCFC)
system is developed and verified by (Ovrum and Dimopoulos, 2012)
to help facilitate the design and approval of employing the MCFC
for the auxiliary power source of an offshore supply vessel. PEMFC
in the marine sector has gained more attention for further zero
emissions studies among the fuel cells. A model of PEMFC and a
super capacitor is proposed for small ships in (Benyahia et al.,
2012). The primary aim of the work is to investigate super capac-
itor performance in hybrid power systems to improve the slow
dynamics of PEMFC. Indeed, a model of a marine hybrid power
system by (Chen et al., 2020) is presented with the PEMFC and
genset with an equivalent equal circuit model assuming average -
value assumptions for the power converters.

The PEMFC has attainedmore attention in research studies to be
utilized as the primary power source in the vessel power plant. This
endeavor can be facilitated with a validated high fidelity PEMFC
system model of the marine application in integration with other
2

power system components. Indeed, the generic view and flexibility
in size and configuration enable the feasibility studies in the design
stage. Regarding the above literature, there are some studies on
integration equivalent circuit model of PEMFC with small scale
laboratory validation with other electrical components and battery
in hybrid power system. However, there is a gap in providing a
generic hybrid power systemmodel with emphasis on high fidelity
validated PEMFC system model for marine application as the pri-
mary power source in integration with a battery as the energy
storage and other electrical components.

This work proposes a system-level fidelity model of the hybrid
power system with a validated high fidelity PEMFC system for
marine application and a battery. The electrical and mechanical
components of the system are considered with physical relations.
Indeed, power electronics converters are estimated by the
average - value relations. The average - value assumption for the
electrical converters decreases computational time significantly.
However, the accuracy of the results is in good agreement with
waveform level models (Zhu et al., 2018). This work aims to develop
a model that fills the gap in the generic modeling of hybrid power
plants with verified PEMFCs for marine applications and batteries
with a modular approach and real-time capabilities. The developed
PEMFC system consists of auxiliary components, and the static and
dynamic behaviors are validated against a PEMFC system vendor
for marine applications. Therefore, this model estimates PEMFC's
performance as the primary power source component due to
employing experimental data of the FC, which can be installed on
board. The modular modeling approach provides flexibility in the
power system configuration and the power management system
can be tuned for various number of components and sizes. The
vessels have a wide range of power sizes and configurations. This
model can be used for feasibility studies in designing or retrofitting.
The model's real-time capabilities facilitate system integration into
the thrusters' model, the vessel dynamics model and energy and
power management systems with co-simulation approach. Bond
graph as a multi-domains and modular modeling strategy is
employed for this work (Karnopp et al., 2012).

1.1. Article outline

In Section 2, the modeling approach and equations with the
bond graph implementation for the system's mechanical and
electrical components are presented. In Section 2.1, the model of
the PEMFC system is developed with an emphasis on the air supply
sub-system, which has themost effect on dynamics, and the system
efficiency. The PEMFC system validation and tuning by the exper-
imental data with the polarization and transient curves are repre-
sented in Section 2.3. The battery, converters and controller model
developments and relations are described in Section 2. The simu-
lation scenario and results are illustrated and discussed in Section
3.2. In the end, the conclusion is presented in Section 4.

2. Modeling

Fig. 1 illustrates the single line diagram of the modeled power
plant with full-converter-based DC integration configuration
(Haxhiu et al., 2020). The system consists of the PEMFC system, the
battery, converters, inverters, electrical motors and propellers, and
includes various physical domains. This work is developed based on
two main assumptions in the modeling approach. First, the me-
chanical components are modeled with system-level fidelity and
physical assumptions. For example, the PEMFC system has lumped
control volumes for the stack and air supply sub-systems. Second,
the performance of the electrical components is modeled with the
average - values assumption for the high frequency switching



Fig. 1. Single line diagram of the modeled vessel power plant with hybrid power sources consist of the PEMFC system and the battery.
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behavior. Thus, the computational efforts are reduced, while the
required details are maintained. As mentioned earlier, the ship
power plant consists of various physical domains with power
conversions. Consequently, the bond graph (Karnopp et al., 2012)
approach, as a multi-domain energy based modeling strategy, is
utilized for this work. The modular view of the bond graph facilities
the model flexibility for various configurations.

The system is divided into components with detailed mathe-
matical relations, which are presented individually in the following
subsections. The PEMFC is the system's primary power source, and
the batteries are the energy storage.
2.1. PEMFC system

The PEMFC system shown in Fig. 2 consists of the stack, the air
Fig. 2. Schematic of the PEMFC system with auxiliary

3

supply sub-system, the hydrogen supply sub-system and the
thermal management sub-system. The stack, the heart of the fuel
cell, converts the chemical energy of the supplied hydrogen and
oxygen to the electrical power directly. The electrical efficiency and
dynamics of the system are dependent on supplying the two re-
actants. Therefore, the auxiliary sub-systems play an important role
in the system operating characteristics. In this model, the net sys-
tem efficiency and dynamic responses in the order of seconds are
the primary focus of the PEMFC model. Among the auxiliary sys-
tems, the air supply system,which consists of the blower, manifolds
and cathode affects the net system efficiency and dynamic re-
sponses the most. The dynamic response of the air supply sub-
system is in the order of seconds (Pukrushpan et al., 2004), which
is important to be considered in the system-level modeling ap-
proaches. The hydrogen is supplied by a high pressure tank and a
sub-systems and chemical reactions in the stack.
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control valve, which simultaneously adjusts the required pressure.
Hence, the dynamic of the hydrogen supply section is small enough
to be neglected. The thermal management sub-system responds to
the temperature variations in the order of minutes, which can be
neglected in system-level considerations (Vasu and Tangirala,
2008). Thus, in this model, besides the stack with the anode and
cathode, the physics of the air supply, the cathode, the hydrogen
supply and the anode for a more realistic estimation of the effi-
ciency and dynamics are considered.
2.1.1. Stack and cell model
The cell voltage vcell is obtained from Eq. (1). The overpotentials

are activation voltage vact, ohmic voltage vomh and concentration
voltage vomh, which are subtracted fromNernst voltage vNernst as the
reversible potential. The overpotentials are estimated by curve
fittings to the experimental data. These values are dependent on
the operational parameters such as the partial oxygen pressure, the
stack temperature and the load. The detailed relation of the Nernst
and chemical potential are given in the Appendix.

vcell ¼ vNernst � vact � vomh � vcon (1)

The activation voltage is considerable on the low load and by
increasing the load, it becomes constant. The characteristic of this
over voltage is estimated by Eq. (2a). Where Tst is the stack tem-
perature, Tref ¼ 298 K is the reference temperatures, pca is the
cathode pressure, pO2

is the partial pressure of oxygen and psat is the
water saturation pressure (Pukrushpan et al., 2004). aij as constant
coefficients must be tuned according to the experimental data of
the polarization curve.

vact ¼ v0 þ vað1� e�c1iÞ (2a)

v0 ¼ a11 þ a12
�
Tst � Tref

�
þ a13Tst��

ln
�
pca � psat

a14

�
þ 1
2
ln
�
a15

pca � psat
a14

�� (2b)

va ¼ ða21Tst þ a22Þ
�

pO2

0:1173
þ psat

�2

þ

ða23Tst � a24Þ
�

pO2

0:1173
þ psat

�
þ

ða25Tst þ a26Þ

(2c)

The charge transfer through the membrane causes resistance,
which is ohmic over voltage representing this electrical loss. The
ohmic over voltage is obtained from Equation (Pukrushpan et al.,
2004). where tm is the membrane thickness and l is a non-
dimensional parameter to demonstrate the relative humidity of
the membrane, which is considered l ¼ 14 to induce 100% relative
humidity of the membrane. The ohmic voltage has linear behavior
and is dominant on themiddle load range. The constant parameters
bij are tuned regarding the proper fitting of the polarization curve.

vohm ¼ i,Rohm (3a)

Rohm ¼ tm
sM

(3b)

sM ¼ ðb11lþ b12Þexp
�
b13

�
1
b14

� 1
Tst

��
(3c)

The concentration voltage is considerable in current densities.
Eq. (4) obtains the concentration over voltage as function of
4

current.

vconc ¼ i
�
c2

i
imax

�c3
(4)

The cells could be connected in series and parallel configura-
tions to produce the demanded voltage and current range in the
stack. In this system, the cells have similar performance and voltage
responses. The fuel cell voltage vfc obtained from Eq. (5) and NcellSeries
is the number of cells in series. The fuel cell load range Ifc is
calculated from Eq. (6) and is the number of cells in parallel.

vfc ¼ NcellSeries � vcell (5)

Ifc ¼ Ncellparallel � Icell (6)

The fuel cell net power pfc is achieved from Eq. (7). The reactants
are supplied by auxiliary components that consume a considerable
amount of power. The power consumed by the auxiliary compo-
nents paux is considered to obtain the fuel cell net power. The
estimated consumed auxiliary power varies with the load range.

pfc ¼ vfc � Ifc � paux (7)
2.1.2. Air supply sub-system
The air supply system consists of the blower, manifolds and the

cathode. The blower inertia and air filling of the volumes cause time
responses in the order of seconds. The manifolds are modeled with
C-elements as shown in Fig. 3. In this model, the ideal gas relations
are assumed for the air supply and control volumes for the ther-
modynamics calculations. The partial pressures of oxygen, nitro-
gen, water vapor and air pressure are calculated by Eq. (8). In Eq. (8)
Ra is the air gas constant, T is the control volume temperature, V is
the volume of the manifold or the cathode and _min;out represents
the inlet and outlet mass flow rates to the control volumes. The
cathode pressure pca in Eq. (9) is the summation of the partial
pressure of oxygen pO2

, nitrogen pN2
and water vapor pH2O.

dp
dt

¼ RaT
V

�
_min � _mout

	
(8)

pca ¼ pO2
þ pN2

þ pH2O (9)

The valves’ mass flow rates are predicted with both linear and
nonlinear relations. In the case of small pressure differences be-
tween the reservoirs, such as the cathode inlet valve, the linear
correlations are valid. In Eq. (10), _mc;in is the estimation of the mass
flow rate, kcons is a constant coefficient and psm is the supply
manifold pressure (Pukrushpan et al., 2004). However, in the case
of considerable pressure differences, similarly to the return mani-
fold valve, the nonlinear rations are employed and can be found in
the Appendix.

_mc;in ¼ kconsðpsm � pcaÞ (10)

Fig. 3 depicts the causality of the system from signal to the
electrical motor until load. The torque of the electrical motor, the
rotational speed of the electrical motor and the torque of the
blower are obtained from Eq. (11).

tem ¼ hem
kt
Rem

ðvem � kvublÞ (11a)



Fig. 3. Bond graph model of PEMFC system with constant temperature assumption.

Table 1
The operational parameters and system specification of the PEM fuel cell system for
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Jbl
dubl

dt
¼ tem � tbl (11b)

tbl ¼
Cp
ubl

Tref
hbl

"�
psm
patm

�g�1
g

� 1

#
_mbl (11c)

where tem is torque of the electrical motor, vem is the input voltage
to the electrical motor, Jbl is the rotational inertial of the blower, _mbl
is the air mass flow as the output of the blower, _mbl is the mass flow
rate of the blower and psm is the pressure of the supply manifold.
The constant parameters are scaled by the method described in
details in (Bagherabadi et al., 2022). The parameters are given in the
Appendix based on (Pukrushpan et al., 2004) (Bagherabadi et al.,
2022).

2.1.3. Hydrogen supply sub-system
The dynamics of regulating the desired pressure in the anode

are fast enough to be neglected in the system-level modeling based
on (Pukrushpan et al., 2004). In this model, the hydrogen supply as
shown in Fig. 3 is modeled with an ideal hydrogen source, a valve
and the anode reservoir. The same relations of the valve and the
reservoir in the cathode are employed for the anode. The deman-
ded hydrogen pressure is adjusted regarding the air pressure in the
cathode.

2.2. Control of the PEMFC system

The control schematic of the PEMFC is shown in Fig. 4. lO2
is the

oxygen excess ratio, which is defined as the ratio of oxygen con-
sumption to that supplied. Increasing the load decreases the oxy-
gen excess ratio, which can cause starvation. By regulating the
blower voltage, the PI controller adjusts the excess ratio to the
Fig. 4. The control schematic of the air supply system.

5

commanded set point.
2.3. Validation and tuning of the PEMFC system

The PEMFC system in this work is calibrated with Nedstack
PEMFC stacks and modules in both the static and dynamic opera-
tions. These PEMFC systems are designed and manufactured for
maritime applications (Smit, 2014). The operational parameters
and the system specifications of the PEMFC system for the valida-
tion are given in Table 1. The polarization curve validation is shown
in Fig. 5. The static behavior of the stack is validated by tuning the
parameters of the electrical losses. As mentioned, the beginning of
the polarization curve is affected by activation loss, so adjusting the
activation loss coefficients results in the curves’ agreement with the
low load. Afterward, to validate the mean load, the parameters of
the ohmic loss area adjusted. There is a good agreement between
the reference and the tuned model in the static behavior.

The dynamic response of the system is also calibrated with
reference experimental data as is shown in Fig. 6. The primary
parameters for dynamic validation are the supply manifold and
stack volume, the blower inertia, and the coefficient of the cathode
outlet vale. These parameters are tuned to obtain a close voltage
response to the reference, and cathode and manifold pressures do
not exceed 1.2 bar. There is acceptable agreement with the model
time responses and experimental data.
2.4. Lithium ion battery model

The equivalent circuit of a high power lithium ion battery is
modeled and developed according to the provided experimental
validation.

Parameter Description Value

Tst Temperature of the stack 65
lO2

Stoichiometry of air 2.0
lH2

Stoichiometry of hydrogen 1.25
l Non-dimensional parameter of the membrane relative

humidity
14[100%]

Vst The operational voltage range 500 � 1000
[V]

Ist The operational current range 0 � 1200[A]
Ncells Number of cells 60 � 96



Fig. 5. The polarization curve validation.

Fig. 6. The dynamic response validation.

Fig. 7. The modeled battery w
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data in (Huria et al., 2012). The electrical circuit is shown in Fig. 7
which is implemented as a bond graph model. The open circuit
voltage is dependent on the resistance and R0, R1, C1 and E0, which
are functions of the temperature and the state of charge ðSOCÞ. The
parameters’ dependencies are estimated with a fifth-order poly-
nomial curve fitting to the provided experimental data in (Huria
et al., 2012). The battery cells are configured in series and in par-
allel to produce the demanded voltage and the current range from
the battery pack. The total battery power pbattery is calculated from
the battery voltage Vbattery, the battery current Ibattery and the
number of cells Ncells in Eq. (12).

pbattery ¼ Vbattery � Ibattery � Ncells (12)

The battery cell temperature Tcell is calculated from Eq. (13),
which is an energy balance between natural convection and the
produced heat of the internal battery cell resistance.
hA ¼ 0.51WK�1 is the heat convection and the surface area of the
heat transfer, CT ¼ 2.04 � 106jm�3K�1 is the heat capacity of the cell
and Tair ¼ 298 K is the air temperature (Huria et al., 2012). The
produced heat by the battery because of resistances is obtained
from Eq. (14). Where V0 is the voltage of resistance R0 and V1 is the
voltage of resistance R1.

dTcell
dt

¼ hA
CT

ðTair � TcellÞ þ
1
CT

QEl;resistance (13)

QEL;resistance ¼ V0I þ V1I (14)

The battery state of charge is calculated from Eq. (15). When the
SOC is 0, it shows that the battery is empty, while SOC 1 shows the
battery is fully charged. Qbattery ¼ 31Ah is the cell battery charge
capacity, with the integration of the battery current depicting the
consumed or stored charge in the cell Eq. (15a).

QeðtÞ ¼
ðt
o

IbatteryðtÞdt (15a)

SOC ¼ 1� Qe

Qbattery
(15b)

(a) Electrical circuit diagram of themodeled battery (Huria et al.,
2012) (b) The bond graph implementation of the modeled battery].
ith effect of temperature.



Fig. 8. The buck converter electrical circuit and bond graph representation.
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2.5. Power electronics converters

The fuel cells, batteries and propulsion motors are connected to
the DC bus through power electronic converters. The converters are
employed for the power control of the fuel cells, as well as the bus
voltage regulation. The converters operate based on high frequency
switchers; however, the average - value relations are assumed in this
work. This simplification does not affect the dynamics from the
system-level modeling, as the average - value relations are assumed,
despite the reduction of the computational effort significantly.
Fig. 11. The bidirectional control strategy.
2.5.1. DC-DC buck converter
The fuel cell power is controlled by a DC-DC converter. In this

work, an average model of the buck converter is developed, as
shown in Fig. 8. The average model substitutes the switches and
rectifier operation by the duty ratio (D). This assumption reduces
the computational effort and increases the model solver's robust-
ness. The dynamics of the switches are fast enough to be neglected
in the ship-wide system-level modeling (Janke, 2015) (Chen et al.,
2020).

As shown in Fig. 9, the closed loop PI controller is considered for
controlling the fuel cell power. The controller regulates the duty
ratio to achieve the power set point defined by the power man-
agement system.
Fig. 9. The buck converter control strategy.
2.5.2. DC-DC converter bi-directional
As energy storage, the battery requires two side power flows for

charging and discharging. In this work, a bidirectional DC-DC
converter with buck-boost modes and an average - value assump-
tion is proposed. The equivalent circuit and bond graph represen-
tation are shown in Fig. 10. The switch and diode operations are
Fig. 10. The modeled bidirec

7

modeled with average - value assumptions. Regarding the duty
ratio from controller, the modular transfer components MTF as a
bond graph element induces the voltage difference to the inductor.
The voltage difference produces the current for the charging or
discharging according to the sign of voltage difference (Arabul et al.,
2015).

The control strategy for the bidirectional converter is shown in
Fig. 11. The control strategy for this converter is PI voltage based
(Zhang et al., 2020).
2.5.3. Power management control strategy
Fig. 12 shows the power management control strategy for the

fuel cells. The load demand is passed from the low pass filter, while
the low frequency loads are compensated with fuel cell No.1. The
other fuel cells just start sequentially on their operating set point
for the higher load demands. Indeed, the high load frequencies and
oscillations are supplied by the batteries to maintain the bus
voltage constant. In case of decreasing the mean load, the fuel cells
will be shut down sequentially. The low pass filter causes a delay to
compensate the demanded load by fuel cells. Thus, the battery
controller is based on the bus voltage and provides the load de-
mand until the fuel cell approach the defined power set point. The
demanded load passes through low-pass filter to be decomposed to
the high and low frequency. The cut-off frequency defines the
imposed load on the battery and the fuel cell. A compromise be-
tween battery storage capacity and smooth load on the fuel cell has
to be considered to design a proper filter (Nehrir and Wang, 2009).
In this case, one step load is passed from the filter, and the cut-off
frequency is adjusted in a way that the imposed load to the battery
maintains the charge and discharge rate limitations.
tional DC-DC converter.



Table 2
The time scale of marine power plants submodels (Schuddebeurs et al., 2010; Bø
et al., 2015).

subsystem Time scale

Power converters switching 1 � 5 ms
Thruster drive 10 mse1 s
Battery charging 10 mse1 min
PEMFC system unit 500 mse1 min
Propeller inertia 1 se10 s

Fig. 12. The power management control strategy of the fuel cells.
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2.5.4. Voltage source inverter model
The average model assumption for the voltage source inverter

based on (Zahedi and Norum, 2012) is implemented in Eq. (2.5.4),
where VDC is the DC bus voltage, IDC is the imposed current to the
power system, m is the modulation index, 42 is the initial phase
angle and 4 is the d-q transformation angle. The parameters in Eq.
(2.5.4) are defined by the controller in the thruster model in Section
2.6.�
vq
vd

�
¼
�
sinð42 � 4Þ
cosð42 � 4Þ

�
mVDC (16a)

IDC ¼ m
��
iqsinð42 �4Þ	þ idcosð42 �4Þ 	 (16b)
2.6. Thrusters

The thruster contains a propeller, an induction motor and a
frequency converter to control the propeller torque. The imple-
mented model in this work is from the NTNU marine vessel bond
graph model library developed by Pedersen et al. (Pedersen and
Pedersen, 2012b). The thrust is calculated by Eq. (17) and the tor-
que is obtained from Eq. (18) (Sørensen, 2005).

Ta ¼ signðnÞkTrwD4n2 (17)

Qa ¼ signðnÞkQrwD5n2 (18)

where n is the rotational speed, rw is density of water, D is the
diameter of the propeller, KT and KQ are the thrust and torque co-
efficients respectively. The induction motor of the thruster is con-
nected to the DC bus by the inverter. The torque set points of the
thruster and water velocity are the inputs of the thruster and the
required electrical power of the inductionmotor as output, which is
supplied by the power system.
2.7. Validation

The validation of a model is defined as the accuracy level of
estimations of the model regarding primary intentions and ex-
pectations by the simulation (Vrijdag et al., 2009) (Schuddebeurs
et al., 2008). Marine ship-wide models consist of various physics
and domains that the validation of the whole system is a challenge
due to complexity or lack of data for being in design stage
(Schuddebeurs et al., 2010; Bø et al., 2015). However, the submodels
and the integration can be validated individually by considering the
dynamic and static behaviors (Schuddebeurs et al., 2010) (Zahedi,
8

2014). The transient time of the marine power plant subsystems
is shown in Table 2. In a system-level and simulators the dynamics
at the order of milliseconds and seconds are demanded to be
captured by the model. The power system consists of fuel cells,
batteries, converters and switchers. Switchers and other electrical
components have time transients on the order of microseconds.
The average value assumption is a reasonable estimation for this
work. Therefore, the dynamics of the fuel cell and battery affect the
whole system on the order of milliseconds and second, which is the
primary focus in system modeling. In this work, the fuel cell dy-
namics and static responses are validated against experimental
data, as the main aim of developing a hybrid system based on
PEMFCs for design and feasibility studies. The battery and other
electrical components are modeled based on physical relations and
experiments with references. Indeed, the integration of the com-
ponents and submodels is based on the bond graph approach based
on energy conservation. According to the components validations
and energy-based integration, it is concluded that the model may
estimate the system behavior with a good agreement.
3. System simulation

In Section 2, the modeling approach and relations of the elec-
trical and mechanical components according to the system char-
acteristics are presented. Indeed, the PEMFC system is tuned and
verified against the experimental data. The implemented PEMFC is
designed and manufactured for marine applications, which pro-
vides a more realistic estimation of the fuel cell behavior in various
vessel operations and load demands. The simulation is designed to
investigate the fuel cells, the batteries and controllers’ perfor-
mances in the various load levels with fluctuations. The simulation
scenario and results are discussed in the following. The schematic
of the model causality and the interaction of the components
during simulation is depicted in Fig. 13. The torque set-points and
water velocity are the inputs to the model. The corresponding
current to torque and velocity is induced on the DC link. The PMS
decides on the load share regarding the algorithm in Fig. 12 by
defining the power set points to the battery and fuel cells. The fuel
cells operational conditions are the same as the validation condi-
tion in Table 1. The simulations were performed by 20-sim as a
solver for the bond graph models. 20-sim as a modeling and
simulation software supports bond graph, block diagrams, equa-
tions, and Functional Mock-ups (FMU). The solver has sophisticated
numerical integration methods for stiff problems, which is advan-
tageous for modeling the dynamic behavior of the engineering
systems (Broenink, 1999).
3.1. Simulation scenario

In this scenario, five load step-ups are implemented as the tor-
que reference set points to the thrusters with noises as the wave
loads. Besides, two step down loads are applied for checking the



Fig. 14. The torque set points and the produced thrust.

Fig. 13. The simulation flow chart and the causality of the components.
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turning off of the fuel cells' effects on the bus voltage. Also, the step
loads are designed to test the robustness of the control system to
maintain the bus voltage through the defined set points. The noises
are considered to check the low pass filter and battery behavior for
supplying the load fluctuations. The noise has the maximal fre-
quency of 4 Hz to simulate theworst situations that the systemmay
encounter in future works. The load demands initiate with idle to
allow the system to stabilize. The step loads are then applied with
the time domain of t ¼ 100 s. The peak load occurs from t ¼ 400 s
until t ¼ 500 s, which is the maximum power demand. The system
initiates with an idle load demand to allow the system primary
numerical convergence. At t¼ 50 s the first load ramps applied. The
load increment is supplied by the battery and fuel cell No.1
simultaneously. However, the fuel cell has slower dynamics
regarding the battery, so having a high discharge rate compensates
for the step initially. Afterward, the fuel cell follows the average
load, while the battery discharge rate is decreased and just sup-
ports the fast dynamic power demands. Afterward, at t ¼ 100 s
another load step is demanded; hence, the battery supplies the
initial ramp. However, the average load value is more than one fuel
cell's power capacity. Thus, fuel cell No.3 starts at the determined
load set-point. This fuel cell operates at a constant load, with the
difference in the load demand and this fuel cell supported by fuel
cell No.1 in the part load mode. At t ¼ 200 s, the loading ramp does
not reach the load capacity of two fuel cells, so fuel cell No.1
compensates for the load by increasing the power. From t ¼ 400 s
until t ¼ 500 s the load demand is approximately 1.3 MW, and four
fuel cells and the battery operate tomeet the load demand. Three of
the fuel cells operate at the constant operational set-point. From
t ¼ 500 s two step downs are required in load demands; at this
time, fuel cell No.4 shuts down and the battery converts to charging
mode to help compensate the transient. Consequently, other con-
stant load fuel cells are shut down. Afterward, two step downs are
applied to the system to check that the fuel cells have shut down
and the effects on the system's robustness. In summary, the
simulation scenario consists of the increasing and decreasing of the
load with steps and oscillations.

3.2. Simulation results

In this section, the results from the simulation are illustrated
and described. The step loads and water velocity are the inputs to
the model. These inputs are applied to the thruster, which the
9

induction motor produces for the torque set points. The induction
motor through the inverter induces the load demand to the power
system. The model has two thrusters with the same performance
and the same torque set point commands. The thrust and electro-
magnetic torque of the induction motor are shown in Fig. 14. The
torque set points are followed by the electrical motor in a good
agreement. The torque set points are the inputs to the system and
produced thrust as the output regarding the water velocity. The
water velocity fluctuates as the waves to the propellers cause fast
variations in the thrust. These variations are designed to check
controller stability in maintaining the bus voltage and the battery
behavior to supply high frequency loads.

The power distribution of fuel cells, the battery and the load
demands are shown in Fig. 15. According to the load levels, the fuel
cells start sequentially in the determined operating set-points to
supply the mean loads. However, one of the fuel cells is defined to
operate in a part load to decrease the stresses on the battery.
Therefore, fuel cell No.1 satisfies the low frequency loads, which
decreases the high charge and discharge of the battery. Once, the
load demand decreases the fuel cells shut down. In the ramps, the
fuel cell start and shut down have a short time transient. These
transients are supplied or absorbed by the battery as shown in
Fig. 15. The first step up is at t¼ 50 s with load oscillations. The load
steps are applied gradually to check the starting of the fuel cells. In
the step load demands, the battery has a high discharge rate to
supply the load to regulate the bus voltage to the defined set-point.



Fig. 16. The bus voltage, battery power and battery state of charge.

Fig. 15. (a) The load demand and load-sharing among the fuel cells and the battery, (b) Magnified load demand in the time domain.
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Also, in the fuel cells shut down, the battery operates in charging
mode to save the supplied energy and maintain the bus voltage. At
high torque levels, the system requires excessive electrical power,
so the fuel cells and battery supply the demanded load in parallel. It
can then be concluded that the high-level control properly decides
according to the load demand level. The battery also supports the
high-frequency loads properly. Indeed, fuel cell No.1 supplies the
part load (low frequency) as well.

At t ¼ 100 s, the second step of the torque demands is applied
and demands around 500 kWelectrical power. This amount is more
than 400 kW of ful cell No.1 power capacity, so fuel cell No.2 starts
on 400 kW constant load. Then the load on fuel cell No.1 is reduced
because it is aimed to supply the part load. From 200 s until 300 s
fuel cell No.2 and No.1 produced the demanded load and the
applied torque set point requires around 700 kW electrical power.
So, it is under the capacity of two fuel cells. Afterward, the applied
load at 300s increases the power demand up to 1000 kW. Therefore
fuel cell No.3 starts on the constant load same as fuel cell No.2 and
fuel cell No.1 supplies the part load. The starting of the fuel cells on
constant load to compensate for mean load causes reduction with
step down for fuel cell No.1. From t ¼ 400 s until t ¼ 500 s has the
highest load demand, which is supplied by three fuel cells on the
constant load and fuel cell No.1 on the part load. In later steps, the
mean load is decreased and constant load fuel cells are turned off
according to the PMS rule-based algorithm. The shut down of the
fuel cells at 500 s and 600 s causes charging of the battery and
sudden compensation by fuel cell No.1. Because the dynamic
response of the fuel cells is lower than the batteries, the battery
charges the extra power to maintain the DC bus voltage around the
defined set point.

The bus voltage is shown in the upper plot in Fig. 16. The mean
load is supplied by the fuel cells, and the oscillations are taken care
of by the batteries with the bus voltage set point for the battery's
converter. The control system of the bidirectional battery converter
maintains the bus voltage within the desired set point. However,
10
there are some dips less than 1% due to oscillations in the high level
load, which are within the acceptable tolerance. Consequently, it
shows the stability of the power system and DC bus voltage
controller.

The battery power is shown in the second plot in Fig. 16. The
battery supplies the fast transient load changes. Indeed, the sign of
power is positive in discharging, the positive power flow direction
is assumed to the bus. Hence, the negative power is the battery
charging. The charging and discharging reach a C-rate of less than 1
in this simulation, which is applicable for the battery. Employing
the fuel cells for the mean value load and one fuel cell for the low-
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frequency loads decreases the high charge and discharge power
flow of the batteries. The battery's highest charge and discharge
rate are caused by the starts and stops of the fuel cells. In addition,
the steps up of the load are faster than the dynamics of the fuel cell,
and the battery supplies the sharp load increment to allow the fuel
cell reaches the demanded load level. For example, at t ¼ 200 s, the
load step is applied, and the battery by simultaneous discharge,
produced the demanded load until the fuel cell No.1 reaches the
required load. Afterward, the battery load is maintained around
zero and supplies the fast oscillations. At t¼ 500 s and t¼ 600 s two
negative power demands as charging are caused due to the shut
down of the fuel cells.

The battery state of charge is shown in the last plot in Fig. 16,
with the effects of step loads in charging and discharging. The os-
cillations have high frequencies and low magnitudes. As a result
have minor effects on the SOC.

The voltage of fuel cell No.1 is shown in Fig. 17, which supplies
the low-frequency loads. The fuel cell properly follows the imple-
mented load. At t ¼ 500 s, the mean load is starting to decrease
from 1300 kW to 800 kW, so fuel cell No.4 is shut down. Hence, fuel
cell No.1 supports the part load until the load again decreases, and
fuel cell No.2 is also shut down. So, the part load of fuel cell No.1
again is increased.

The duty ratios of the battery and fuel cell No.1 converters are
shown in the first plot in Fig. 18. The output voltage of the battery is
constant, so the duty ratio is maintained at a moderate level after
compensating for the load fluctuations. The duty ratio induces
voltage difference to the inductors, which is the input load to the
battery as a load. In the case of higher voltage from the battery, the
current is positive and the battery is in discharge mode. As can be
concluded from Fig. 18, the step up loads cause the controller to
increase the duty ratio with a high rate. These steps to the
Fig. 17. The fuel cell No.1 voltage responses to the low frequency applied loads.

Fig. 18. Duty ratio of the controller to the battery and fuel cell No.1 converter.
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controller and duty ratio supply the high discharge rate expected
from the battery to regulate the bus voltage, because the controller
set point of the battery converter is the bus voltage. The fuel cell
output voltage varies significantly regarding the applied load, so
the controller settles down the duty ratio to various levels. The
output duty ratio from the controller is smooth because fuel cell
No.1 supplies the low-frequency load demands. The set point of the
converter controller for each fuel cell is based on the power de-
mand. The high-level controller defines the required power from
each of the fuel cells.

The simulation results show the robustness of the power system
and controllers in various load levels with oscillations. The system-
level modeling approach from auxiliary components of the PEMFC
system until the propeller and thruster provide a comprehensive
understanding of the system states. For instance, the electromag-
netic torque response of the thrusters, the converters duty ratio,
battery and fuel cell voltages are monitored. The tuned PEMFC
system model with the manufacturer's data for marine application
resulted in realistic behavior estimations of the PEMFCs in the
model of marine hybrid power systems. The high level control
works properly at the start and shut down of the fuel cells, and
decomposing the loads to high-frequency and low-frequency. The
low level controllers for the converters were robust, and handled
the oscillations and step loads properly. There were some dips in
the bus voltage for high loads but the deviation is within acceptable
tolerance.

The modular modeling approach provides the flexibility of the
model in configuration and power capacity size. The fuel cells and
battery power range can be changed by the number of cells. Indeed,
through the use of proper electrical converters, other power sour-
ces such as genset and super capacitors can be integrated into the
model's DC bus.

The Vod Adams integration method is used as the solver for this
simulation in 20-sim software. The simulation of 700 s is solved in
22 s, which is approximately 31 times faster than real-time in this
case. Therefore, the model can be used for real-time applications.
The feasibility studies, energy management systems and design
optimizations can be performed by the developed model.
4. Conclusion

In this work, a model of the hybrid marine power plant with
four PEMFC systems and a battery has been developed by the
system-level fidelity. The main aim was to develop a flexible and
generic framework that captures the dynamics of the mechanical
and electrical components of a hybrid power system with the
PEMFC and the battery. The model encompasses auxiliary compo-
nents of the PEMFC system, power electronics converters, the po-
wer management system, converters' low-level control, thrusters
and propellers. Indeed, the model has a system-level fidelity, which
significantly decreases the computational efforts, while providing a
proper estimation of the system's characteristics.

The simulation scenario was designed with step loads and os-
cillations, demand to the thrusters to test the control robustness
and the system performance under various load levels. The power
management system with the logic-statements strategy for the
start and stop of the fuel cells, with the low pass filter showing a
good performance in the starting and the shutting down of the fuel
cells while decomposing the load demands to the low and the high
frequency. The bus voltage was maintained to the set-point with an
acceptable tolerance by the low-level controller of the bidirectional
battery converter. This indicates the robustness of the power sys-
tem. Indeed, the bond graph modular approach and the rule based
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PMS provides flexible model in configuration and component po-
wer capacity. Indeed, the system-level strategy resulted in real-
time in the order of 31, in this specific simulation scenario. It
shows the potential of the model to be implemented in repetitive
simulation based studies.

In future work, the presented model will be employed in the co-
simulation studies for the vessel operations in various cases. The
tuned PEMFC system with the real case for marine applications
facilitated the feasibility studies for decisions on the size and ca-
pabilities of the PEMFC to handle specific load profiles. Indeed, the
proposedmodel can be utilized in design optimization analyses and
energy management system studies to find out the proper power
capacity range, configuration and control strategy.
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Appendix

The details and parameters of the relations can be found in
(Pukrushpan et al., 2004).
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