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This paper presents a system level approach to estimate the maximum load steps on a hydrogen fuel
cell powered marine system. In the proposed approach, a model has been developed to predict the
system distribution voltage drop due to sudden load changes applied on the system. The estimated
voltage drop is used as a metric to determine if a system can sustain the applied load change.
Such technique is beneficial for system engineers in the early stage of marine system design and
dimensioning. Additionally, the model can be used by a power management system to coordinate
starting and stopping of fuel cells for improved system performance. In this work, the proposed
approach is validated using a real-time hardware-in-loop simulation platform and it is demonstrated
that the proposed approach is accurate within 1.2%.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The maritime industry relies heavily on different fossil fuels
for onboard propulsion and hotel energy. Burning fossil fuels
for energy production releases large amounts of greenhouse gas
(GHG) emissions, which is harmful for the environment. During
2012, the maritime industry accounted for approximately 2.8%
of global GHG emissions (Smith et al., 2014). The International
Maritime Organization (IMO) predicts that without any interven-
tion, the GHG emissions from shipping will increase by up to
250% between 2012 and 2050. In order to avoid the rapid growth
in GHG emissions, IMO has taken a decision to halve the total
GHG emissions from the shipping industry by 2050. With the
growing number of new vessels entering operation, the only way
to achieve goals set by IMO is to replace high-emitting vessel
power sources (i.e., diesel engines) with low or non-emitting
alternatives.

For maritime applications, a promising alternative power
source is the proton exchange membrane (PEM) fuel cell, as
it offers green sustainable power production for marine ves-
sels (Anon, 2018). Fuel cells are quiet power sources and have
good energy efficiency at partial loads. However, the develop-
ment of fuel cells as main power sources for marine vessels is
still in its infancy. Utilizing fuel cells as main power sources for
vessels require more performance and reliability analysis.
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A PEM fuel cell produces electric current by combining hydro-
gen and oxygen in an electrochemical reaction. From this process,
only heat and water are produced as byproducts. However, the
dynamic characteristics of fuel cells differ significantly from more
conventional marine power sources, such as diesel engines. Al-
though fuel cells offer quick power ramp rates and high electrical
efficiencies, they are very vulnerable to step load dynamics or
fast transients where momentary load current exceeds the rate
of reactant supply to the fuel cell (Nikiforow et al., 2018). Unlike
diesel generators, fuel cells contain no inertial energy that can,
to a certain extent, prevent the power supply from collapsing
during a quick power steps or fast load power transients. This
phenomenon, where the rate of extracted current exceeds the
rate of fuel (hydrogen or oxygen) supply is typically referred to
in the industry as fuel starvation. Starving the fuel cell from fuel,
even for short periods, can significantly damage the fuel cells and
cause a breakdown that would lead to a blackout (Pukrushpan
et al., 2004; He et al., 2017). Like in most applications (e.g., electric
vehicles), the aforementioned presents a challenge for marine
vessels as well.

In the past decade, numerous dynamic fuel cell models have
been developed in order to analyze and improve the dynamic
response of PEM fuel cells. In particular, dynamic response of
fuel cells during sudden load changes has been of interest. For
example, a dynamic PEM fuel cell model based on flux balance
concept (Chen et al.,, 2018b) was used to analyze how low fuel
cell voltage drops and subsequently recovers following a sudden
load transient. It is concluded that large rate of changes in current
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density lead to significant voltage drops and reduced operat-
ing efficiency. In Chen et al. (2018a), the impacts of operating
temperature and pressure on fuel cell performance were inves-
tigated. Both are considered critical for finding optimal operation
performance. In Edwards and Demuren (2016), a mathematical
equation with multiple exponential terms was fitted to exper-
imentally measured voltage data from single cells. The model
was used to measure voltage dips following sudden load changes
at fuel cell terminals. The membrane humidity level was shown
to have a significant impact on the voltage dips following the
transient. More system-oriented approaches were presented in
Rabbani and Rokni (2013) and Hosseinzadeh and Rokni (2013)
where dynamic models were developed for a 22.1 kW fuel cell
stack, including common balance of plant (BOP) components,
i.e., hydrogen feed system, air compressor, humidifier, thermal
management system and control system. Sudden load changes
were applied to the models and the voltage behavior was studied.
It was demonstrated that increasing operating temperature and
pressure improves fuel cell voltage dynamics, but it was also
shown to be insufficient to prevent significant voltage drops fol-
lowing a sudden load transient. To improve fuel cell efficiency and
electrical output power via operating parameter optimization, a
multi-objective evolutionary algorithm based on decomposition
was proposed in Chen et al. (2017). There it was shown that by
optimization of operating parameters, the steady state perfor-
mance of fuel cells can be improved. However, the challenge of
inadequate fuel cell response to sudden load changes remains.

In light of the foregoing and other existing research on fuel
cell power dynamics (San Martin et al., 2014; Corbo et al., 2009;
Espiari and Aleyaasin, 2010; Padhee et al., 2015; Lee et al., 2010;
Adzakpa et al., 2008), the fuel cell response to rapid load changes
can be generalized as follows. The electrochemical reaction oc-
curring on a cell level is very fast and allows for quick power
response. On a system level (i.e., including BOP components),
control of the critical operation processes is slow, thus lower-
ing overall fuel cell power response. Due to the weak overall
power response, it is commonly claimed that fuel cells cannot
be used as sole power sources in marine vessels. Therefore, most
research focuses on development of hybrid power systems with
energy storage devices (e.g., batteries) used for enhanced dy-
namic performance (Shih et al., 2014; Diaz-de-Baldasano et al.,
2014; Vafamand et al., 2020). However, proper studies on the
dynamic response of a complete fuel cell powered system (e.g., a
marine power system) are missing.

In marine applications, fuel cell power is generally controlled
by power converters with quick power responses. The converters
can prevent fuel cells from experiencing sudden load transients
by controlling the fuel cell current according to fuel cell require-
ments (Na et al., 2007; Ziaeinejad et al., 2016; Amin et al., 2014).
Therefore, the previous researches on dynamic response of single
fuel cells cannot be referred directly to draw conclusions on the
response of a complete system (powered only by fuel cells) to
sudden load changes. Other factors such as load types, system
voltage and energy stored in passive components must also be
considered. Such a complex and interdependent system poses a
challenge to system designers to determine the maximum load
changes that can be applied on a purely fuel cell powered system
without compromising on system reliability.

The work performed in this paper expands the existing re-
search on fuel cell dynamics by studying how a purely fuel
cell powered system responds to sudden load changes. The pa-
per proposes an easily applicable system level approach using
a closed form mathematical model to determine maximum load
steps that can be applied on a purely fuel cell powered marine
system. The emphasis is on systems with DC distribution due to
their advantages compared to AC distribution systems for fuel
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cell integration to marine vessels. Similar to previous researches
where the magnitude of fuel cell voltage drop following a power
transient is used as a metric for dynamic response, this work uses
the magnitude of the DC bus voltage drop as a metric for system
dynamic response. The proposed approach is validated using a
real-time hardware-in-loop (HIL) simulation setup consisting of
previously validated power component models and actual power
converter control units which are commercially available.

The proposed model is significant for both early stage sys-
tem design and system control during operation. In early stage
design of a marine power system, the model can be used to
determine if a designed system can meet all operational load
requirements. Such information is useful when deciding whether
a system requires additional energy storage devices or can be
powered purely by fuel cells. Regarding system control during
operation, the model can be used by a shipboard power man-
agement system (PMS) to coordinate starting and stopping of
fuel cells according to system load dynamics requirements. By
estimating maximum allowed load steps in real-time, the PMS
can pre-start fuel cells, e.g., prior to connection of large power
consumers. When quick dynamics are not needed, the number
of running fuel cells can decreased. The proposed approach is
innovative because it considers a complete fuel cell powered
system, instead of only a single fuel cell unit. System level studies
on fuel cell powered systems are important in order to accelerate
the adoption of fuel cells into marine vessels, and consequently
reduce emissions from the shipping industry.

This paper is organized as follows. Section 2.1 provides a short
introduction on PEM fuel cells and a commonly used fuel cell
voltage model. The proposed approach is set forth in Section 2.2.
Section 3 describes real-time HIL setup which is used to validate
the proposed approach. The results of the HIL validation work
are presented in Section 4. Additionally, Section 4 will show how
different system variables affect the system response to sudden
load changes. Finally, Section 5 concludes the work.

2. Estimation of DC bus voltage as a function of transient load
power

2.1. Voltage characteristics of a PEM fuel cell

The PEM fuel cells are characterized by a low operating tem-
perature (30-80 °C) and a solid electrolyte material. In its sim-
plicity, a fuel cell consists of two catalyzed electrodes wrapped
around a highly ion conductive electrolyte. A single fuel cell has
an operating voltage between around 0.6 V to approximately 1.1
V. To obtain higher voltages, several fuel cells are connected in
series to form fuel cell stacks. However, to be able to operate the
fuel cell stack, several fuel cell subsystems, such as electronic con-
trollers, a hydrogen delivery system, an oxygen (or air) delivery
system, a cooling system and condition monitoring devices, are
needed.

In order to estimate the behavior of a fuel cell powered system
during a sudden load change, it is important to understand the
voltage characteristics of the fuel cell. In the literature, numerous
models have been proposed for estimation of fuel cell voltage as
a function of current. One commonly used model is an empirical
fuel cell model described in O’'Hayre et al. (2016) and Larminie
and Dicks (2003). The model thermodynamically estimates the
fuel cell voltage at no load. As the fuel cell load increases, dif-
ferent voltage losses, i.e., losses due to reaction kinetics, charge
transport and mass transport, are subtracted from the estimated
no-load voltage. The model describes the fuel cell voltage as
follows:

i .
Er =N (Eow —Agln (lfc) — Rei — mcenf'ff) ,
0

(1)
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Table 1
Fuel cell model parameters used in the HIL tests of this work Haxhiu et al.
(2019).

Parameter Symbol Value
Fuel cell open circuit voltage Eoco 11V
Activation voltage drop coefficient Aq 0.0525 V
Fuel cell exchange current io 333A
ion and electron transport resistivity Rc 366 nQ
Mass transport loss constant 1 me 0.77 WV
Mass transport loss constant 2 ne 33.3 mA~!

Voltage losses in a fuel cell
T T

—Fuel cell voltage
— Activation loss
Resistive loss

1 ~— Concentration loss

0 ! !
0 50 100 150 200 250
Cell current (V)

300 350 400

Fig. 1. The total fuel cell voltage and different fuel cell losses as function of
current. Red, yellow and green lines represent fuel cell activation, resistive and
mass transport voltage losses, respectively.. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

where, N is number of cells connected in series, E,., is no-load
voltage, ir is fuel cell current, A, is activation loss coefficient,
ig is fuel cell exchange current, R; is ion and electron transfer
resistance and m, and n. are empirically determined constants.

The second term (Ey, = AgIn % on the right side of (1) de-
scribes the activation losses due to reaction kinetics. The third
term (Eres = Rcif), describes losses due ion and electron transport.
Finally, the last term (En = mce™') describes the losses due to
mass transport of reactants and products.

In practice, easiest way to obtain the parameters needed for
(1) is by fitting the equation to a voltage polarization curve
found in a datasheet from a fuel cell supplier. However, it should
be noted that fuel cell voltage is highly dependent on fuel cell
operating temperature and pressures. Therefore, if temperature
or pressures are changed during operation, the parameters in (1)
will be affected and would need to be redefined. However, in
commercial fuel cell products for marine systems, temperature
and pressures are normally pre-optimized by the product sup-
plier. The supplier then provides a voltage curve as function of
current. Therefore, in practice it would be enough to determine
the parameters for (1) only once during the early system design
phase. For this work, the parameters used in (1) are presented in
Table 1. The total voltage and different voltage losses of a single
cell obtained with (1) are illustrated in Fig. 1.

2.2. Derivation of the mathematical model to estimate system volt-
age dips during sudden load changes

In marine vessels with DC distribution, power sources and
loads are centrally connected into a common DC bus through
power converters as illustrated in Fig. 2. Each power converter
is equipped with DC capacitors on the DC bus side. Due to short
distances on board the vessel, impedance values from cables and
busbars between the converters are commonly insignificant com-
pared to the total amount of capacitance in the DC bus capacitors.
Therefore, the DC bus can be modeled as a single large capacitor.

890

Energy Reports 7 (2021) 888-895

EIRENE EEIE
T[T L1 T T L 11
=| | = =: bbC = —| 2 = = =
Saa
o T I T T R A =T
HH  HH
|=f|-| = l:_/rlDAC % = =

AC
loads

DC
loads

Fig. 2. A general fuel cell powered marine vessel power system with DC
distribution. In the figure, DCB = DC breaker, DAC = DC/AC converter, DDC
= DC/DC converter, C = capacitors and M = propulsion motor.

During operation, the DC bus voltage is kept constant by
voltage-controlled power sources, e.g., a fuel cell with a DC/DC
converter, connected on the DC bus. In order to regulate a steady
DC bus voltage, the power sources are required to possess fast
dynamic power responses. Quick incremental load power changes
cause voltage dips which may lead to partial or complete system
blackouts.

The voltage dip during a load transient is dependent on the
magnitude of the transient and on the energy stored in the DC
bus capacitors prior to the transient. Therefore, the following
equation can be written for the change in DC bus voltage as
function of time:

du(t) (ijl pS,]'(t) - Z%:] pl,m(t))

. u(t)

where u is DC bus voltage, t is duration of the transient, J is
total number of power sources connected on the DC bus, ps; is
instantaneous power of a source j, M is total number of loads
connected on the DC bus and p; , is instantaneous power of a load
m. By rearranging (3) and integrating both sides of the equation,
the following is obtained:

uf g fJ M
Chus / u(t)du (t) = / Dopi® =Y pm@®|dt.  (3)
Ui ti j=1 m=1

Subscripts i and f are used to indicate initial and final values,
respectively. Solving right side of (3) requires knowledge on the
duration of the transient event (i.e., At = tf — t;) and supply and
load powers of power sources and loads. The estimation of these
variables is shown in the following section.

Observing (2), it can be noticed that change in voltage oc-
curs only when there is imbalance between power production
and consumption. During a sudden load increase, DC bus volt-
age keeps falling until power production meets power demand.
Therefore, once duration At has passed since the first occurrence
of the power transient, the changes in average power production
and power consumption at the DC bus are equal and the following
equation can be written:

J M
Z Aps.j - Z Apl.m =0,
j=1 m=1

where Aps; is power change in source j and Ap;, is power
change in load m. Since the transients usually occur randomly in
the system, the approach herein assumes a worst-case scenario
where the load powers increase instantly to their maximum value
and stay there during the whole observation time. The following

) (2)

bus

(4)
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equation can be written to describe the change in total load
power:

M
AP =) Apim. (5)
m=1

Inserting (5) into (4) and rearranging it yields

J
> Apgj= AP, (6)
j=1

Recall that only fuel cell power sources are considered in this
work. Therefore, Aps; in (6) can be replaced by Eq. (1) multiplied
by fuel cell current as follows:

J
> Epjij= APy,
=1

where Ey j and i; are voltage and current of fuel cell j, respectively.
Recalling from Section 1, fuel cell current must always be
increased and decreased with a certain ramp rate, r., according to
the fuel cell requirements. In practice, this ramp rate is typically
limited by the response of an oxygen supply system (a controlled
air compressor) (Nikiforow et al., 2018). Following a sudden load
change, the fuel cell current is naturally increased until power
production equals load consumption for duration At. Therefore,
the following equation can be written for the fuel cell current:

(8)

where i;; is the fuel cell current at the first instant when the load
change occurs. Since fuel cell voltage Ef ; is a function of fuel cell
current i; and (8) shows fuel cell current to be a function of At,
Ef j is also a function of At. Therefore, by inserting (1) and (8) into
(7), the duration At can be solved as a function of AP;. However,
since fuel cell voltage equation is a non-linear function of fuel cell
current, it is more convenient to use a simpler approximation of
the fuel cell voltage to solve At.

Earlier in Fig. 1, the fuel cell voltage was shown to decrease
as a function of power due to activation, resistive and mass
transport losses. The voltage losses due to mass transport become
significant only at high current values (above ~300 A in fuel cell
of Fig. 1). Normally, it is not desirable to operate at such current
levels because fuel cell efficiency is drastically decreased. There-
fore, in this formulation, mass transport losses can be assumed
negligible. On the other hand, activation voltage losses increase
most significantly at low current values (<50 A in Fig. 1) and
then the trend become almost linear. Therefore, it is appropriate
to approximate activation losses about a current value near the
fuel cell operating point by using first order Taylor polynomial
(Adams, 2006):

,-j) ,

a; 4
Eact,j - Nl Aa,j lIl b - 1 + -
l().j aj

where current g; is the value about which the activation voltage
drop of source j is approximated. Inserting (9) into (1) gives the
following equation for the fuel cell voltage:

qj Aj ,
Efc’j = N] Eocv.j —Aa’j In{—)-1)—-{(—+ Rc’j ;. (10)
lo,j a

Following the derivation of the approximated fuel cell volt-
age, the total power of all connected fuel cell power sources is
obtained by inserting (8) into (10) and multiplying the result by
(8). The total power of the fuel cell power sources at the instant
At is given by the following equation:

(7)

ij = l'i’j + 1 jAt,

(9)

J
D Pej(At) = BA* + CAt + D, (11)
j=1
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where
J A
j— a’] . 2
-2 (o)
j=1
J a
C=) N (EOW —Agj (m (—f> — 1)
— lo,
Jj=1
Agi .
-2 (ﬂ + Rcﬁj) l,',j) Tej
aj
and

aj Aa’j . .
D= ZNC <Eocu,j — Aa,j (11‘1 (101> — ]) - ((1] + Rw) lw‘) ij
j=1 ’
are constants that can be derived using fuel cell model parame-
ters.
The total power change in fuel cell sources can now be cal-
culated as follows by subtracting the initial fuel cell powers

i.e., power prior to the occurrence of the load transient from (11):

J J
D Apsj =Y Prj(At) = Pui, (12)
j=1 j=1

where Pj;; is the total initial power of all connected fuel cell
power sources. By further inserting (12) into (6), the following
second order equation is obtained:

BAt? + CAt + D — Pypie = AP, (13)

Eq. (13) has two solutions for At but only the closest positive
solution from zero is applicable because that represents the first
instance when power supply meets demand after the transient.
Therefore, the solution to At is obtained from the following
equation:

—C +/C2 — 4B(D — Pyt — APy)

At = .
2B

With the At solved, it is now possible to solve (3). This is
achieved by first substituting (5) and (12) into (3) and then
solving the integrals of both sides of (3). Hence, the following
equation is obtained.

2
(uf Ceap

Solving uy from (15) gives the following equation for the DC
bus voltage:

J+
Us = 2

The uy is the lowest voltage level which is reached by the DC
bus voltage following a sudden load change. It should be noted
that during the derivation of (16) it was assumed that the load
increase during the sudden load change occurs instantly. Often,
however, load power is not expected to increase instantly but
with a certain rise time, 7;. In these cases, the final value where
the DC bus voltage dips is obtained as follows:

BAt2 cat
=+ =+
uf 2\/2 3 2

Eqs.(17) describes how a fuel cell powered system responds
to sudden load changes by expressing how low the DC bus volt-
age dips due to the load change. Naturally, the accuracy of this
mathematical model is highly dependent on the accuracy of the
used fuel cell model. The validation of the model using the HIL
test setup is presented in the next section.

(14)

BAt3 car?
2 3t 73
— U; =
1)

+ (D — Pyt — AP At
( init L) ) (15)

CAt

=+ [D — Pinit — AP ] At

+u. (16)

i
Ccap

[D = Pinic — (1= %) AP ] At

+ut (17)

Ccap
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Fig. 3. The HIL test setup.

3. Description of the real time test setup

In order to test and validate the proposed approach for esti-
mating the response of a fuel cell powered system, a real-time HIL
setup was built. The HIL setup consists of a HIL simulator, two
HES880 DC/DC converter control units and one ACS880 DC/AC
converter control unit (ABB Oy, 2020a,b). The simulator operates
with a 1 ps simulation step. The two three control units are
connected to the HIL simulator through hardwired high-speed
input and output terminals. A virtual power stage consisting of
two fuel cells with DC/DC converters, one AC load with a DC/AC
inverter and one DC load with a DC/DC converter was modeled.
The HES880 control units are used to control the virtual power
stages of fuel cell DC/DC converters and the ACS880 control
unit is used to control the virtual power stage of the DC/AC
converter. The test setup is illustrated in Fig. 3. The DC load DC/DC
converter was controlled with a pulse width modulation (PWM)
control method using a signal processing toolbox from Typhoon
HIL (Typhoon HIL, 2018a). Each capacitor in the DC bus has a 15
mF capacitance.

The fuel cells in the HIL setup are modeled using pre-validated
fuel cell models in the Typhoon HIL library (Typhoon HIL, 2018b).
The nominal power of the fuel cell is 150 kW. The models con-
sider the electrochemical, the fluidic and the thermal processes
in a fuel cell. All parameters required by the fuel cell model
are presented in Table 2. For comparison, the fuel cell voltage
polarization curve obtained with (1) and parameters from Table 1
is compared to that obtained from the HIL system. The compari-
son is presented in Fig. 4. For reference, the voltage polarization
curve of HyPM HD180 from Hydrogenics is also included in the
figure (HYDROGENICS Corporation, 2012). It is included to show
that the HIL simulated and estimated voltages are in accordance
with those of a real commercial fuel cell product suitable for
marine applications (Pratt and Klebanoff, 2016). The blue dashed
lines in Fig. 4 show that the accuracy between the estimated
voltage and the voltage from the HIL model is within 2%. There-
fore, the empirically obtained parameters in (1) are considered
sufficiently accurate to estimate the system response with the
approach proposed in this work.

4. Results and discussion
4.1. HIL results in time domain

In order to validate the accuracy of the proposed approach,
two separate tests were performed in the HIL setup. In these tests,

the fuel cell powered system was initially operated in steady state
and then three sudden load changes with different magnitudes
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Table 2

Parameters used in the HIL fuel cell model.
Parameter Symbol Value
Fuel cell cathode double layer capacitance Ca 22F
Oxygen activation energy at electrode E. 20 kj/mol
Electrochemical reaction symmetry factor o 0.3709
Empirical parameter beta Be 3.32
Empirical parameter gamma yc 1.1 A/m?
Gas diffusion coefficient (0,, H,0) Do, 1,0 30 wm?/s
Gas diffusion coefficient (H,, H,0) Dy, 1,0 150 pm?/s
Gas diffusion layer porosity € 35%
Gas diffusion layer tortuosity T 3
Membrane surface area As 300 cm?
Gas diffusion layer thickness teal 250 um
Membrane thickness tm 112 pm
Hydrogen pressure at the anode Pn2 2 Bar
Oxygen pressure at the cathode Po2 4 Bar
Temperature T 334 K
Membrane water content Amem 13
Number of cells N 650
Weight per stack m 6545 g
Thermal capacity [ 879 J/(kg K)
Heat transfer coefficient ha 30 W/K
Reaction’s enthalpy change Ah 242 kJ/mol

Fuel Cell Voltage Polarization Curve

800 —Estimated \)oltage
+ Voltage from HIL 4
* Voltage of HyPM HD180
28
3 prs
£ 10 2
5400 =
3 w
-2
200 L L L L L L 4
0 50 100 150 200 250 300 350

Current (A)

Fig. 4. Fuel cell voltage polarization curves. The dashed blue line presents the
error (in percent) between the estimated voltage and voltage from the HIL
model.. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

were applied on the system. Each load change was applied ap-
proximately two seconds after the DC voltage recovered to its
nominal value of 750 V in these tests. Each fuel cell is controlled
with a maximum increasing current ramp rate of 20 A/s. The
minimum allowed DC bus voltage is 600 V. If the DC bus voltage
drops below 600 V, the system is considered not be able to endure
the load transient and it will trigger additional system protection
responses. The tests were performed to see how accurately the
magnitude of the voltage drop can be estimated using (17).

In the first test, only one fuel cell was operated and the other
was off. The fuel cell initially supplied 12.5 kW to an AC load and
33 kW to a DC load. The sudden load changes were applied on
the system as follows. At 0.5 s, the DC load was increased by
6.67 KW. At 3 s, the DC load was further increased by 10 kW.
Finally, at 7 s, the DC load was increased by an additional 12.5 kW.
In each load step, the rise time 7; of the load increase was 250 ms.
The impacts of the load transients on the DC bus voltage are
illustrated in Fig. 5. The blue line in the figure illustrates the
behavior of the DC bus voltage. The red, green and yellow lines
illustrate the behavior of fuel cell power, DC load power and AC
load power, respectively. The black diamonds are the estimated
DC bus voltage drop as described by (17).

Due to the slowness in the fuel cell power adjustment, the DC
bus voltage dips significantly after each load change. The impact
from the first and the second load change is estimated with a
good accuracy and within 1.2%. However, in the third load step,
the DC bus voltage is estimated to drop to ~570 V but in the
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Load transients with a single fuel cell unit
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Fig. 5. HIL simulated voltage dips with three different power transient steps
(6.67 kW at 0.5 s, 10 kW at 3 s and 12.5 kW at 7 s). Only one fuel cell is
powering the loads.

Load transients with two fuel cell units
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Fig. 6. HIL simulated voltage dips with three different power transient steps
(6.67 kW at 0.5 s, 10 kW at 3 s and 12.5 kW at 7 s). Two fuel cells are powering
two loads (AC load and DC load)

HIL setup it drops only to ~600V. The reason for the Smaller
voltage drop is the activation of undervoltage control function
in the DC/AC converter. Once DC/AC voltage reaches 600 V, the
DC/AC converter immediately reduces its load, and thus the 600
V DC voltage is maintained. The load reduction can be seen as
a small dip in AC power in Fig. 5. Without the activation of
undervoltage control, the DC voltage would have dropped closer
to the estimated 570 V. Nevertheless, it is evident that the last
load change interrupted reliable load supply.

In the second test of this work, both fuel cell in the HIL setup
were operated. Same load power changes as in the first test were
applied on the fuel cell powered system. To ensure equal load
sharing between the two fuel cells, the DC/DC converters are
operated with a 5% DC voltage droop control. The impacts of the
load transients on the DC bus voltage are illustrated in Fig. 6. In
accordance with the first test, the error between estimated volt-
age drop and the voltage drop in the HIL setup is less than 1.2%.
This time, none of loads were large enough to cause instability in
the system.

By comparing the results of the first and second test, it can
be seen that when the system is powered by one fuel cell only,
the system is able to sustain a 10 kW load change without inter-
ruption to load supply. However, a 12.5 kW load change resulted
in power limitation by the DC/AC converter. The same did not
occur in the second test because two fuel cells were supplying
power, instead of one. In a marine vessel, it is important that
enough fuel cells are powering the system so that critical load
supply is never interrupted. The starting and stopping of power
sources is typically handled by a shipboard PMS. The information
provided by (17) is important to the PMS because it could prevent
start-up of heavy loads until enough fuel cells are connected and
supplying power. That way, the system is kept robust.

The numeric values of results from the HIL tests are presented
in Table 3. The maximum increasing fuel cell current ramp rate
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Table 3

Comparison of HIL simulated results to estimated results. Error column indicates
the difference between HIL simulated value and estimated value as a percentage
of nominal DC bus voltage (750 V in this work).

Test Load change u¢ (HIL test) ur (estimate) Te Error
6,67 kW 697.9 V 706.7 V 18 Als 1.20%

1 10.0 kW 665.2 V 659.4 V 21 Als 0.80%
12.5 kW 599.6 V 569.9 V 19 Als N/A
6,67 kW 7238 V 7317 V 19 Als 1.10%

2 10.0 kW 7116 V 706.8 V 20 Als 0.60%
12.5 kW 664.5 V 664.8V 17 Als 0.00%

was set to 20 A/s but during the tests, it was observed that the
actual ramp rate varied between 17 A/s to 21 A/s. In both test
cases, the error between HIL simulated values and the estimated
values (excluding third load transient of test one) was less than
1.2% of nominal DC bus voltage. Therefore, the accuracy of the
model proposed in this work is considered commendable.

4.2. Parameters determining the magnitude of the voltage drop

The two tests performed in this work show that if 600 V
is chosen as minimum allowed DC bus voltage, the maximum
power transient that a single fuel cell (with parameters used in
this work) can endure is around 7.5% of nominal power of the
fuel cells. However, by observing the derivation of Eq. (17), it
can be noticed that there exist several variables that can be used
to improve the maximum allowed load step. All other fuel cell
parameters being constant, five variables determine how low the
DC bus voltage will dip during a power transient on the DC bus.
These factors are the magnitude of the load step (AP;) compared
to the available fuel cell power, DC bus voltage level prior to
the transient (u;), the amount of capacitance in the common DC
bus (Ceqp), the fuel cell current prior to the transient (i;) and the
maximum allowed fuel cell current ramp rate (r.). The impacts of
each of these variables on the DC bus voltage dip are illustrated in
the following Figs. 7-10. The waveforms in the following figures
are calculated considering only one fuel cell power source and
the nominal DC bus voltage remains at 750 V. In each figure,
the Y-axis shows the lowest point in the DC bus voltage dip
after a load change has been applied. For reference, some of the
operating points in the following figures are also verified using
the HIL simulation setup presented earlier. In the figures, the HIL
simulated values are illustrated using crosses while the values
estimated with (17) are illustrated with solid lines.

Fig. 7 illustrates the impact of load change magnitude to the
DC bus voltage drop. Three different (700 V, 750 V and 800 V)
initial voltage levels are studied. Naturally, increasing load change
causes larger voltage dips and the lower the initial DC voltage,
the larger the voltage dip. Nevertheless, it is interesting to notice
that a 50 V DC voltage increase can have a significant impact
on improving the durability of the system to load changes. For
example, if u; = 700 V prior to a load change, a 9-kW load leads
to DC bus voltage dropping to 600 V. However, if u; = 750V,
a 12-kW load change is needed for the voltage to drop to 600 V.
This represents 33% increase in system durability to load changes.

The impact of DC bus capacitance is shown in Fig. 8. The
capacitors are energy storage devices and therefore, increasing
the capacitance improves the system durability to load changes.
However, as shown in the figure, after a certain point the im-
provement saturates. For optimal dimensioning, the capacitance
value should be selected as low as possible to minimize the
onboard footprint requirement, while still ensuring that the DC
bus voltage does not exceed the minimum allowed voltage level
during a power transient.
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Impact of load power transient on DC bus voltage
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Fig. 7. A graphical illustration of how low the DC bus voltage dips due to
a load power transient. The impact is illustrated with three different initial
voltage levels. The solid lines are illustrations of how low the proposed method
estimates the voltage to dip due to the transients, while the crosses are HIL
simulated values.

Increasing DC bus capacitance improves system dynamics
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Fig. 8. Impact of the DC bus capacitance on how low the DC bus voltage dips
(from nominal voltage 750 V) during a transient event. The impact is illustrated
with three different magnitudes of transient power. The solid lines illustrate
calculated voltage dips and the crosses illustrate respective HIL simulated results.

Higher FC operating current reduces system dynamics
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Fig. 9. Impact of the initial fuel cell current (pre transient event) on how low
the DC bus voltage dips (from nominal voltage 750 V) during a power transient
(5% of fuel cell nominal). The line illustrates calculated voltage dips and the
crosses illustrate respective HIL simulated results.

Fig. 9 shows the impacts of the fuel cell operating point,
i.e., fuel cell current level, to the magnitude of the DC bus volt-
age drop. As stated earlier, the fuel cell voltage is a non-linear
function of fuel cell current. Due to the lower voltage at higher
current, a power increase at higher operating points will re-
quire higher current increase compared to lower operating points.
Therefore, at higher operating points, a sudden load change will
result in a larger DC bus voltage dip. It is important to be aware
of this phenomenon to ensure reliable operation over complete
fuel cell operation range.

Finally, Fig. 10 illustrates the impacts of maximum allowed
fuel cell current ramp rate on the DC voltage drop. Naturally,
this parameter has a significant impact on the dynamic power
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Impact of FC current ramp rate on system dynamics
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Fig. 10. Impact of fuel cell current ramp rate on how low the DC bus voltage
dips (from nominal voltage 750 V) during a power transient (5% of fuel cell
nominal). The line illustrates calculated voltage dips and the crosses illustrate
respective HIL simulated results.

characteristics of a fuel cell. If the fuel cell current ramp rate is
too low (e.g., less than ~15 A/s in fuel cell of Fig. 10), the DC
bus voltage collapses due to the system’s inability to respond to
the applied load change. However, even if the fuel cell current
ramp rate is significantly increased, (e.g., from 30 A/s to 50 A/s
in fuel cell of Fig. 10), after a certain point, the difference in DC
bus voltage drop magnitude becomes insignificant. Earlier in this
work, it was mentioned that in practice, fuel cell current ramp
rate is usually limited by the response rate of its oxygen supply
subsystem (namely air compressor). If higher response rates are
desired, a more powerful oxygen supply subsystem is needed.
Therefore, it is important to be aware of the tradeoff between the
system response as required according to the operational profile
and the subsystem’s performance, complexity, and cost.

5. Conclusion

In conclusion, a mathematical model has been set forth in this
work to estimate the maximum load steps that can be applied
on purely fuel cell powered marine systems. The fidelity of the
model was validated using a real-time HIL setup. The results
demonstrate that the accuracy of the mathematical model is very
commendable with the error between HIL and estimated results
being within 1.2%. The small error between the results is ex-
pected due to approximations applied in the proposed estimation
method and the overall mismatch between the used empiric
voltage model and the measured HIL fuel cell voltage. In addition,
this work illustrates the impacts of several system parameters
to the system response so as to aid marine system engineers in
analyzing the tradeoffs to optimize the design according to the
requirements and vessel operational profile.

For future work, this approach can be applied in conjunction
with a vessel PMS as, for example, conditions for load dependent
start and stop functions or prevention of large consumer start-up.
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