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HIGHLIGHTS

¢ Integration of PEMFC and metal hydrides (MH) for zero-emissions ship is presented.
e A Matlab-Simulink model is developed for the PEMFC and MH systems.

e Two control systems (PID, MPC) are investigated for strong energy load variations.

e Three possible solutions are presented to avoid problems to PEMFC in transients.

e The MPC results the best solution to avoid thermal stress on PEMFC.
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ABSTRACT

As International Maritime Organization set 2030 and 2050 targets to reduce CO2 emissions
in maritime sector, the investigation of innovative clean solution as hydrogen fuel cells for
clean energy generation onboard is gaining more and more value.

The present study investigates the thermal integration between PEM fuel cells and
metal hydrides (for hydrogen storage) on board the first Italian zero-emissions ship with
hydrogen and batteries propulsion, named ZEUS, built by Fincantieri Yard and launched in
2022. A model-based approach is developed to ensure the system's control at different load
demands for the vessel, including transient conditions. The study focuses on the most
critical conditions for fuel cells during navigation, namely from maximum to minimum
power and vice-versa. Load reduction does not imply particular issues, while load
maximum increase may cause some problems in terms of stability, negatively affect fuel
cell stacks lifetime. Three solutions are investigated and compared to solve the problem to
achieve a safe and robust control system: (i) decrease the current ramp for fuel cells from
50 to 10 A/s; (ii) introduce an intermediate load step; (iii) adopt an advanced Model Pre-
dictive Control strategy.
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Nomenclature

Acronyms

DLQR  Discrete Linear Quadratic Regulator
DMPC Discrete Model Predictive Control
ECA Emission Control Area

FCS Fuel Cell Systems

GHG Green House Gases

HiL Hardware in the Loop

ICE Internal Combustion Engine

IEA International Energy Agency

IMO International Maritime Organization

LNG Liquefied Natural Gas
MH Metal Hydrides
MPC Model Predictive Control

NMSS Non-Minimal State Space
PEMFC Polymer Electrolyte Membrane Fuel Cell
PID Proportional-Integrative Derivative
PMS Power Management System
RES Renewable Energy Sources
SiL Software in the Loop
SoC State of Charge
TPG Thermochemical Power Group
WGHE Water-Glycol Heat Exchanger
WSHE Water-Sea Water Heat Exchanger
ZEUS  Zero Emission Ultimate Ship
Symbols
E Electrical energy [kWh]
H Pump Head [m]
J DLQR cost function
N Number of modules
P Power [kW]
R MPC weight matrix
Q Heat [kW] or MPC weight matrix
TT Temperature transmitter
u Control signal
X State vector of NMSS system
y Output of NMSS system
n Efficiency
Introduction

It is a matter of fact that CO, emissions are dramatically
increasing more and more: in 2019, the record value of 33.5 Gt
was reached and in 2021, after a reduction due to pandemic
effectin 2020 (31.5 Gt), they have increased again up to 33.0 Gt
[1]. Referring to 2019 IEA data [2], energy producers represent
the main CO, emissions’ sector (14.2 Gt), followed by transport
(8.2 Gt) and industry (6.2 Gt). Among transports, the maritime
transportation sector has a significantimpact: the 4th reportby
International Maritime Organization (IMO) estimates an
increasing trend in CO, emissions, from 962 Mt in 2012 up to
1056 Mt in 2018 [3]. Considering that almost the totality (>98%)
of the ships in operation employ fuel products derived by oil
(Marine Diesel Oil and Marine Fuel Oil) in Internal Combustion
Engines (ICEs) for propulsion and energy generation onboard,

their pollutant impact is high [4], also in terms of PM, NOx and
SOx emissions. The IMO already implemented several regula-
tions in the last years, reducing the allowed level of SO, and
NOy emissions, with more stringent limitation in Emission
Control Areas (ECAs) in particular. More recently, IMO also set
long-term targets to cut 50% GHG emissions by 2050, compared
to 2008 [4—6]. To reach this goal, different strategies are
possible, including installation of renewable energy systems
(RES) onboard [7], use of low-impact alternative fuels [8—10]
and energy efficiency increase to reduce fuel consumptions,
e.g., designing vessels with low resistance [11,12]. According to
many studies [5,6], the introduction of low-environmental
impact fuels and innovative technologies for maritime trans-
port represents a key point. Among the potential alternative
fuels, methanol, and LNG [13,14] represent worthy solutions to
minimize SOx and NOx, at the same time reducing the impact
in terms of carbon dioxide: however, they are not carbon free,
thus they are not sufficient to meet the long-term targets
established by IMO related to CO,. Ammonia and hydrogen, in
particular if produced by RES, may represent two valuable so-
lutions for shipping [15—17], as their CO, emissions are zero.

Fuel Cell Systems (FCS) represent an interesting technology
for maritime applications [18—20], as they have high efficiency,
low noise and vibrations and low pollutant emissions. Recent
literature reports many possible fuel cells’ use in maritime field
as an alternative to ICE, up to 1 MW size [22—24]. Among the
existing FCS, Proton Exchange Membrane Fuel Cells (PEMFC),
fed by high purity H,, currently represent the most promising
technology, thanks to the compactness, the quick answer to
load variations and their zero impact in terms of pollutant or
CO, emissions [22,25]. This opened the research to investigate
solutions for the modelling of PEMFC and hybrid systems,
considering the coupling with electrical batteries onboard
[26—28], also considering their behavior for transient and dy-
namic conditions [28—31]; in parallel, several experimental
analyses on laboratory scale test rigs were developed [32—34].

A key-point related to PEMFC utilization for sustainable
transports is due to the high volumes related to H, storage.
Nowadays, the most employed methods for hydrogen storage
consist of pressurized tanks (200—800 bar) or cryogenic vessels
for liquid storage (at —253 °C), but both the methods require
significant volumes onboard and high energy demand for the
storage [35,36]. Metal Hydrides (MH) can represent a worthy
solution, as they allow for good energy storage in volume
terms, without needing the considerable energy input required
for the above-mentioned methods, as hydrogen is stored at
limited pressure (<40 bar) and temperature (<100 °C) [37,38]. It
must be noted that storing hydrogen in MH has a significant
drawback in weight terms; however, in case of ships, this
aspect can be limited by properly positioning MH tanks on-
board [39,40]. The thermal coupling of PEMFC and MH has been
investigated by several authors in the last years: as H, release
from MH storage is an endothermal reaction, the needed
thermal energy input can be recovered from the PEMFC, as
investigated in Refs. [41—43].

In the last years, many prototype and research vessels for
the utilization of PEMFC onboard (size up to 200 kW) have been
successfully demonstrated [44—46]. Very recently Fincantieri,
together with Isotta Fraschini Motori S. p.A and granted by the
Italian Ministry of Economic Development (MISE) in the TecBia
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research project, has developed and built the first Italian H,
propulsion ship, named Zero-Emission Ultimate Ship (ZEUS),
in operation since 2022 and fully powered by PEMFCs (two
branches, 71 kW each) and electric batteries (nearly 160 kW)
[47]. The choice of installing PEMFC for the ZEUS vessel is due
to many reasons, such as their availability on the market for
the required size (higher than 100 kW), the possibility of zero-
emissions propulsion and the fast response in transient (not
possible with different FCS, such as high temperature ones).
The hydrogen is stored onboard in MH, for a total amount of
50 kg. The TecBia project is going to be completed by the end of
2022 with tests in open sea for different navigation conditions.
The integration between the fuel cells and the hydrogen
storage system and the control system represent two key
points for the ZEUS optimal management.

In previous research, the authors developed a control sys-
tem for the PEMFC-MH system management installed onboard
throughout a model-based approach and tested the dynamic
behavior for different operating conditions for the ZEUS vessel
[43]. More in detail, the authors validated the model with data
from PEMFC and MH producers and tested the integrated sys-
tem, verifying that the heat produced by the PEMFC was suf-
ficient to release the needed H, amount from the MH installed
on-board for the cruise speed of 6 knots and the required au-
tonomy (7 h). However, in such kind of applications the opti-
mization of the control strategy to answer to fast and high load
variations (i.e., from minimum to maximum power and vice-
versa) is mandatory, also considering that PEMFC represent
the propulsion system onboard, integrated with electrical
batteries; an excessive stress would reduce their lifetime, with
dramatic consequences also from the economic standpoint.

The aim of this paper is to test the thermal management
loop of the PEMFC + MH propulsion system mounted onboard
the ZEUS vessel. The dynamics of each control element must
be investigated to verify the capability to bring the system to
the desired equilibrium point avoiding the exposition of
PEMFC to extended critical operations: this is fundamental to
preserve the FCS' lifetime. A dynamic model in Matlab Simu-
link environment has been developed and validated for this
purpose. The simulations are computed to cover the most
stressful operating ramps: from minimum power to nominal
power and vice versa. Different plant solutions for managing
the control devices are analysed according to the manufac-
turer's suggestions and the most modern control tools.

System description and model approach

The thermal management system of the PEMFC and MH units
installed on the ZEUS is shown in Fig. 1. The system includes
two parallel generation branches consisting of two PEMFC
modules. In each branch (first loop, red line) a cooling flow
constituted by water and glycol (50-50 mixture) circulates,
driven by a pump (P1/P2); an expansion vessel (ET) and three-
way partition valves (V1as and V2,.) are also installed. A
water-based metal hydride heating system, consisting of a
motion pump (PO), metal hydride racks, a three-way shut-off
valve (VO) and three heat exchangers (WGHE-1/2 and WSHE),
is located at the bottom (second loop, green line). The FCS
cooling circuits are coupled to the MH heating circuits through

two water-glycol heat exchangers (WGHE1 and WGHE2). The
heat produced by the operating PEMFCs activates the
hydrogen release reactions of the MH metal powder. The
eventual excess heat is dissipated through the water-sea heat
exchanger (WSHE), which uses seawater as cold source.
Depending on the system's operative conditions, it is neces-
sary to properly manage the heat dissipation in WSHE with
the controlled by-pass valve VO.

A Matlab Simulink model (Fig. 2) is developed to study the
dynamic behavior of the thermal management system of the
FCS installed on the ZEUS. The main components involved in
the coupling of PEMFC modules cooling system and MH racks
are modelled. The aim is to represent the dynamics of the
complete system to investigate the effects of different control
strategies on the power generation modules. Each model sol-
ves the main thermodynamic fluid dynamics governing
equations; the mathematical description of the main modules
(PEMFC, MH, WGHE, WHSE, three-way valves, pumps) was
presented in detail in previous authors’ publication [43]. Table
1 reports the most significant equations for the different
components.

A simplified battery model is integrated to evaluate energy
consumption due to PEMFC dynamics. This is described by
equation (1); battery discharge efficiency g giscn 1S assumed
constant.

d (SoCpat) __ Paisch (1)

dt E menbat,disch

Both branches are modelled, although their behavior is
expected to be the same. The purpose of this choice is to allow
future investigations of transient operating phases from par-
tial load (one branch switched on) to full load (both branches
switched on). In this study, the system is assumed to operate at
full load. Table 2 reports the main data for the different sys-
tems installed onboard ZEUS vessel and considered in this
paper. PEMFC, MH and battery energy systems are produced by
ProtonMotor [48], GKN [49] and Valence [50] manufacturers
respectively.

Control strategy

When an increase in load demand occurs, the Power Man-
agement System (PMS) acts on the PEMFC modules by
increasing the current supplied to meet the net electrical de-
mand. The efficiency of FCS decreases as the current increases;
thus, the amount of heat required to ensure stable operation of
the modules increases significantly. In this paper two current
rates are analysed: 50 A/s and 10 A/s. The control strategy is
designed to meet the requirements of the PEMFC modules
manufacturer. The main constraints that must be complied by
the thermal management system are the water-glycol outlet
temperature from fuel cells modules for each operatingbranch
(TT11 a/s and TT21 s in Fig. 1) and the water-glycol outlet
temperature of interface heat exchanger (WGHE1/2) for each
operating branch (TT12 and TT22 in Fig. 1). Table 3 shows the
temperature set points at different working conditions.

V1as and V2,4, three-way valves are designed to ensure
the thermal requirement at the stack outlet (first loop),
bypassing part of the flow destined to the water-glycol heat
exchanger (WGHE). Therefore, when an increase of stack load
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Table 1 — Main components’ equations of the thermal management system installed on ZEUS ship [43].

PEMFC model
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occurs, it is reasonable to expect a drop in the bypassed mass
fraction. Similarly, the VO valve increases the water flow
through the WSHE to guarantee the water-glycol set point
temperature (second loop) at WGHE outlet. However, the
simulations will show that a temporary increase of the mass
fraction bypassing the heat exchangers is useful to overcome
the thermal dynamics of the system. In fact, the heating
phenomenon of the vector fluids is delayed by the inertia of
the circuit; therefore, it is necessary to decrease provisionally
the flow through the exchangers to avoid a sudden system
cooling. This result is relevant as it is not achievable through a
static analysis of the system and can be crucial in structuring a
stable and fast control system on the ship. In order to simulate
valve control systems, two approaches are analysed: the
Proportional Integral Derivative (PID) method and the Model
Predictive Control (MPC) method.

PID controller

PID control is a typical control algorithm with a huge usage in
industry applications, including fuel cell systems [52—55]. Its

popularity is attributed to a wide range of operating condi-
tions and to its functional and implementation simplicity. It
consists of three basic coefficients: proportional (Kp), integra-
tive (K;), and derivative (Kp). They are varied to get an optimal
response of the control variable (u(t)); so, the basic idea behind
PID controller is to read a sensor, evaluate the error between
the control variable and the required set point (e(t)) and
generate the desired actuator output summing the propor-
tional, integrative and derivative responses (Fig. 2) as equation
(2) reports.

u(t) =Kee(t) + K / e(o)de + Ko Zit) o

In order to obtain a stable controller, it is necessary to tune
the characteristic constants of the PID. There are two control
loops in the ZEUS ship's PEMFC and metal hydrides thermal
management system. The first loop acts on the opening of the
bypass valves V11 55 and V21 45 to control the temperature at
the stack outlet. The second loop acts on the opening of the VO
bypass valve to control the temperature of the water and
glycol leaving the WGHE. A PID is assigned to each control
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Table 2 — Installed energy systems on ZEUS.

PEM Fuel Cells [48]

Installed modules 2

Installed Power (per module) 71 kw
BOP consumption (at 500A) 11 kw
Nominal operating current 400 A
Minimum operating current 120 A
Maximum current 500 A
Idle current 50 A
Stack efficiency (at 500 A) 47%

FC system weight 125 kg
Hydrogen storage (MH)

Installed rack 2

MH tanks per rack 24

Hydrogen content per rack 25 kg
Rack dimensions 2.1 x 1.5x0.64 m
Rack total weight 3050 kg
Batteries

Installed modules 84

Energy per module 1.84 kWh
Efficiency 96%

Module dimensions 0.31 x 0.22 x 0.17 m
Module weight 19.2 kg

Table 3 — Temperature set points at different working
conditions.

Load TT11 a5 and TT21 and
TT21 a8 [°C] TT22 [°C]
1dle (50 A) 56 54
Minimum operation (120 A) 58 55
Nominal operation (400 A) 64 56
Maximum (500 A) 65 56

signal, which has been calibrated using the Ziegler-Nicolson
procedure [56] and then modified to smooth out oscillations
and improve responsiveness. Table 4 shows the characteristic
coefficients of the controllers in the two loops.

Model predictive control (MPC)

MPC is a model-based control system where a plant model is
used to forecast plant status along a moving predicting win-
dow, and control outputs are obtained by minimizing a cost
function.

In this work, the MPC architecture is based on two func-
tions: one for the discrete model predictive control (DMPC)
and one for the observer, according to the velocity form pre-
sented by Wang and Young [57]. The model developed for the
control is based on augmented state-space representation,
i.e., Non-Minimal State Space (NMSS), reported in [58]. The

Table 4 — PID constants of ZEUS thermal management
system.

PID Constants First Loop Second Loop
Kp 2.25 24

K; 0.06 0.24

Kp 0 0.94

observer is used to estimate the state of the system at each
time step, to be fed back to the DMPC dynamic model for the
following iteration.

‘Axm(k+1)’7Am 0y
yk+1) | |CnAm 1

AXpm(R) '
y(k)

oo 1[5

This non-minimal representation is detectable and stabi-
lizable if the original model is detectable and stabilizable and
has no transmission zeros on the unit circle. The integration
within the MPC is performed through the application of the
Laguerre network and it is used to simplify MPC computation
by adding tunable parameters.

One of the advantages of MPC is linked to the possibility to
tune controller response based on weights associated to
control variables. Here, cost function is based on Discrete
Linear Quadratic Regulator (DLQR) architectures, which are
used to be as equation (4), with Q and R weight matrices, x is
the state of the system, and u is the control signal. DMPC al-
gorithm includes constraints on absolute value of plantinputs
u and their rate of change Au.

J= %XTQX +u"Ru (4)

PID defines control signal according to the mismatch of
previous time steps, while MPC defines the optimum control
signal starting from the current mismatch and predicting the
system behavior using the embedded model, minimizing dif-
ference between set-point and measured output (equivalent
control loop, Fig. 2). Some authors have already explored the
integration between the MPC and the fuel cell [59][60], how-
ever, this work proposes the comparison between PID and
single-input single-output MPC, in two different control loops
in stress operating condition for ZEUS thermal system. The
V1A fractional opening control allow the monitoring water-
glycol outlet temperature of PEMFC modules, while VO frac-
tional opening control allow the monitoring of water-glycol
outlet temperature of WGHE interface exchangers (Fig. 1).
Each MPC should embed the NMSS of subsystem of the related
control loop, then subsystem of the first MPC includes WGHE-
1 and PEMFC Stack 1 A, while the subsystem of the latter MPC
includes WGHE-1, MH tanks, and WSHE.

Simulation and results

In this section, the results obtained from the simulations
performed on the thermal management system of the inte-
grated PEMFC-MH systems are presented. According to the
previous analysis [43], the stability and the effectiveness of the
control method through PID in most operation scenarios for
the navigation of the ZEUS was verified. In this paper, the two
most critical operating scenarios of the ship are investigated:
load decrease from nominal to minimum conditions and vice
versa (Table 5) by a current ramp speed of 50 A/s (this limit
was given by the stacks manufacturer) and PID control logic.

As Fig. 3 shows, the load drop from the nominal to the
minimum condition does not lead to critical thermal
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Table 5 — Definition of critical operating conditions under

investigation.

Nominal Minimum
Power — Minimum Power — Nominal
Power Power
Current [A] 400 — 120 120 — 400
Gross 120 — 44 44 — 120
Electrical
Power [kW]
Net Electrical 101 — 38 38 — 101
Power [kW]

Set Point System

PID
Controller|

Fig. 3 — Block diagram of a closed loop system controlled by
PID.

management of the modules. The lower power consumption
corresponds to an increase in stack efficiency and therefore a
reduction in heat generation; thus, the cooling flow through
the WGHE decreases as the bypass valves open. The
maximum temperature deviation recorded is less than 2 °C,
which is lower than the set point: therefore, strong load
reduction does not cause any thermal problems to the PEMFC
control system.

Fig. 4 shows the system's behavior when the 50 A/s current
ramp is applied to bring the system from the minimum load
operating condition to delivering the nominal power. A sig-
nificant temperature peak (about 5 °C above the setpoint) oc-
curs, as measured at TT11 55 and TT21 4,5 sensors; also, the
system keeps running at a temperature of 2 °C above the set
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point for more than 37 s. It is mandatory to reduce the latter as
much as possible for two reasons: (i) working under adverse
temperature conditions decreases the fuel cells lifetime; (ii) a
stack alarm system triggers a derating of the power supplied
by the modules if this phenomenon lasts more than 60 s.

In conclusion, the PID method system responds to a
physical measure of the variable to be controlled and there-
fore is affected by the dynamics of the two systems in series:
in other words, the secondary heating circuit of the hydrides
(slower) retards the achievement of a stable equilibrium point
of the primary cooling system of the PEMFC modules (quicker).
Then, the temperature of the modules takes longer to cool
down and the period under critical operating conditions in-
creases. Therefore, it is important to get the secondary circuit
control system as fast and stable as possible.

Therefore, this paper investigates possible methods to
solve this critical aspect, avoiding temperature peaks and/or
extended periods under operating conditions that could affect
the lifetime of the PEMFC units. Three solutions are identified
and compared with the operating condition suggested by the
manufacturer (current ramps at 50 A/s), namely: (i) slow down
the current advance speed (manufacturer's suggestion 10 A/s);
(ii) introduce an intermediate step; (iii) use an advanced con-
trol method such as the MPC.

Ramp at 10 A/s

This section aims to verify if the decrease of the current for-
ward rate to 10A/s, suggested by the manufacturer [46], allows
the thermal transient to be easily overcome. The maximum
peak temperature has been reduced by 1 °C and the residence
time in operating conditions 2 °C above the set point has been
limited to 32 s, as can be seen in Fig. 5. Therefore, there is a
benefitin terms of both maximum registered temperature and
dwell time under critical operating conditions compared to
the 50 A/s ramp case. The batteries utilization is limited, as
only 0.23 kWh (0.15% of the total SoC) are consumed during
the transition step. This solution also highlights the limitation
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Fig. 5 — Stack outlet temperature of water-glycol and mass
fraction of bypass for 50A/s increasing ramp.

of the controller, which is unable to adequately anticipate the
control action. Therefore, it is essential to use control systems
capable of predicting the dynamic response of the system and
anticipating the control action to reduce as much as possible
the risk of malfunctioning.

Mid-step solution

In this section, the feasibility of an intermediate step is
investigated to reduce the temperature peak during the elec-
trical load advance phase. Therefore, it is reasonable to as-
sume that introducing a short stay in an intermediate load
condition would allow the system to dampen the thermal
peaks. As Fig. 6 shows, the effect of an intermediate step leads
to a drop in the maximum measured temperature (4 °C
instead of 5 °C). However, this solution requires more time to
reach the desired equilibrium point (around 5 min). As a
result, batteries’ consumption increases up to 1.45 kWh (1% of
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Fig. 6 — Stack outlet temperature of water-glycol and mass
fraction of bypass for 10A/s increasing ramp.

the SoC) during the load ramp: although the amount is
limited, it can represent a problem if batteries have been fully
discharged in previous navigation hours.

Finally, it is important to point out that the maximum
dwell time above 2 °C from the setpoint is significantly
reduced compared to the previous case (only 11 s).

MPC

This section describes the results obtained by applying the
MPC strategy. The results of the model are analysed by
applying a current ramp at both 10 A/s and 50 A/s. The pur-
pose is to verify that the chosen event horizon of MPC and the
calibration of the characteristic constants describing the
linearized model can shorten the system dwell time at critical
conditions (>2 °C than the setpoint). In Fig. 7 it is possible to
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Fig. 7 — Stack outlet temperature of water-glycol and mass
fraction of bypass for 50A/s increasing ramp and one mid-
step.
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control method.
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observe that the MPC system reaches the setpoint value
avoiding strong temperature peaks and never exceeding the
critical temperature threshold. Therefore, it is possible to
assert that a current ramp at 10 A/s does not cause any ther-
mal problems in the circuit thanks to the application of MPC
logic. Looking at the 50 A/s case, it can be highlighted that the
peak temperature recorded has risen slightly (about 6 °C above
the setpoint) compared to the PID control (about 5 °C). How-
ever, even in this case, the dwell times in critical operating
conditions are drastically reduced: only 3 s. Therefore, it is
possible to conclude that even the fastest current ramp can be
well supported by MPC. Also in this case, battery consumption
is very low (<0.1 kWh). It is interesting to highlight that in both
cases under analysis, the MPC commands a higher increase of
the mass fraction bypassing the WGHE during the initial
phase of the step, compared to the PID. It is noticeable how the
anticipation of this action plays a fundamental role in allow-
ing the system to overcome thermal transients and bring the
circuit to thermal equilibrium sooner (see Fig. 8).

Results comparison

This section compares the techniques used to control the
PEMFC and MH thermal management systems onboard the
ZEUS. The focus is on the most stressful ramp from the point
of view of PEMFC modules: moving from minimum to nominal
load. Fig. 9 shows the trend of the cooling temperature TT11 a/p
measured at the stacks' outlet vs time. The dashed line shows
the setpoint values. It is interesting to highlight that the 50 A/s
ramp with PID is the worst control strategy for PEMFC for this
specific case: in fact, there is a sharp temperature peak at the
stacks' exit that persists for a long time. A high-temperature
peak also occurs when using MPC at 50 A/s, but this control
method can bring the system to the new equilibrium point
very fast compared to the previous case. The inclusion of an
intermediate step by keeping the ramp speed at 50 A/s is a
valid solution, which allows both the thermal peaks to be
limited and the time spent in non-ideal operating conditions
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Fig. 9 — Stack outlet temperature of water-glycol and mass
fraction of bypass for 50A/s increasing ramp and MPC
control method.

Table 6 — Comparison of different control methods in

terms of permanence in critical conditions.

Case study Permanence in critical conditions [s]
50 A/s 37.4
One mid-step at 50 A/s 11
10 A/s 32.8
MPC 50 A/s 2.7
MPC 10 A/s 0
70
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Fig. 10 — Comparison of different control methods and
solutions to handle the desired water-glycol outlet
temperature of PEMFC modules.

to be minimised; on the other hand, the necessary time to
reach the desired working point is the highest in the investi-
gated solutions. Morover, the consumption of the batteries is
higher, as they must provide for the lack of PEMFC energy
production during the intermediate step. Thus, the case with
the application of MPC is presented. The capability of this tool
to predict the system's response permits to anticipate the
response and eliminate undesired phenomena. In particular,
the 10 A/s ramp with MPC manages to handle the load in-
crease very smoothly. On the other hand, applying the MPC
control logic to a 50 A/s ramp shows an initial temperature
peak, but the system's permanence in critical conditions is
considerably reduced (Table 6).

Fig. 10 shows the water-glycol temperature TT;, control
system at the WGHE outlet. The set point value of this variable
(red hatching) is not uniformly ascending with the load, as
suggested by the stack manufacturer. All control strategies
guarantee a very good level of accuracy. The case with an
intermediate step and 50A/s ramp is the only one that shows a
more significant deviation, but the error on the target value is
still so slight that it does not affect the other system's com-
ponents. The integrator term of the set-point error in PID ef-
fects on the slow response, it integrates the peak set-point
mismatch, providing as result the TT;, peak late. MPC pre-
sents fast response because its control signal is just based on
the difference between the real-time measured monitoring
parameter and its real-time set-point; if the set-point peak is
already passed, MPC does not consider it anymore (see Fig. 11).
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Fig. 11 — Comparison of different control methods and
solutions to handle the desired water-glycol outlet
temperature of WGHE interface exchangers.

Conclusions

In the present paper, the authors investigated the thermal
integration of MH and PEMFC modules for energy propulsion in
maritime applications, considering the first Italian hydrogen
vessel, named ZEUS and launched in 2022, as real test case.

The proposed approach is based on a Matlab-Simulink
model for dynamic analysis of the whole energy system,
already developed in previous research by the authors to
verify that the heat generated by fuel cells was sufficient to
release the required thermal energy amount from MH tanks
for the different navigation conditions, including transient
ones. A PID control system was considered to guarantee the
correct management of the PEMFC cooling system throughout
three-way by-pass valve.

In this work, the authors aimed to test the control system
in the most critical conditions that can be encountered in
navigation, i.e., from minimum to maximum power and vice-
versa with a fast ramp (50 A/s) required to fuel cells. This
analysis represents a key point for real PEMFC application
onboard, as permanence in not desired conditions during
transitory can negatively affect their lifetime. Two conditions
have been analysed:

e Reduction from nominal (400 A) to minimum (120 A) power:
this case does not imply critical conditions, as the devia-
tion from temperature set-point at stacks outlet TT145 is
always lower than 2 °C.

Increase from minimum (120 A) to nominal (400 A) power:
this case presents some issues, as temperature TTiiap
shows a peak of 5 °C higher than the set-point; further-
more, a significant time (37 s) is needed to bring the devi-
ation under 2 °C. This can damage PEMFC modules, which
are the most expensive components onboard.

To solve this problem, three different strategies have been
investigated, achieving the following results:

1. The decrease in the ramp speed to 10 A/s, suggested by
PEMFC manufacturer, gives a limited advantage in terms of
permanence time in critical conditions (32 s).

2. The introduction of an intermediate step reduces the peak
value (4 °C) and the permanence in critical conditions (11 s),
on the other hand it requires an energy input from batte-
ries and around 5 min to reach a new equilibrium point.

3. The introduction of an advanced MPC is the best solution,
as it allows for a strong reduction in terms of time both in
critical operations (2.7 s at 50 A/s, 0 s at 10 A/s) and to reach
the new equilibrium point: 48 s for 10 A/s power ramp case
and 36 s for 50 A/s power ramp case.

Itis worth remarking the general relevance of this paper not
only in the framework of the application on the first Italian H2
propelled maritime vessel, but also for the development of
robust and safe control systems for the integration of zero-
emission energy production fuel cell systems onboard, and
their operation at different conditions. The stability of the MPC
will be tested in the next future considering the operative load
profile that will be tested onboard ZEUS in open sea; the aim is
to apply this control logic in Software in the Loop (SiL) and
Hardware in the Loop (HiL) mode to the real ship. The devel-
oped model represents a key-point for studying and analysing
other critical operation conditions for different kind of FCS
installed onboard for applications on different ship typologies.
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