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Abstract: This paper describes the implementation of a hydrogen-based system for an autonomous
surface vehicle in an effort to reduce environmental impact and increase driving range. In a suitable
computational environment, the dynamic electrical model of the entire hybrid powertrain, consisting
of a proton exchange membrane fuel cell, a hydrogen metal hydride storage system, a lithium battery,
two brushless DC motors, and two control subsystems, is implemented. The developed calculation
tool is used to perform the dynamic analysis of the hybrid propulsion system during four different
operating journeys, investigating the performance achieved to examine the obtained performance,
determine the feasibility of the work runs and highlight the critical points. During the trips, the
engine shows fluctuating performance trends while the energy consumption reaches 1087 Wh for the
fuel cell (corresponding to 71 g of hydrogen) and 370 Wh for the battery, consuming almost all the
energy stored on board.

Keywords: dynamic analysis; proton exchange membrane fuel cells; hybrid electric propulsion
system; li-ion battery; control system; autonomous marine vehicle

1. Introduction

Autonomous Surface Vehicles (ASVs) are becoming consolidated robotic tools for
marine, coastal and inland surveys. ASVs are usually equipped with electronic instruments
to perform autonomous geo-morphological, biological, chemical, and physical analyses, as
well as data collection.

Autonomous Unmanned Surface Vehicles (USVs), also known as unmanned surface
ships or (in some cases) as autonomous surface vehicles (ASVs), are boats that operate on
the surface of the water unmanned [1].

Remotely operated USVs were used as early as the end of World War II in mine
clearance operations [2]. Since then, advancements in USV control systems and navigation
technology have resulted in USVs with partially autonomous control and USVs (ASVs)
with full autonomy [2]. Modern applications and research areas for USVs and ASVs include
environmental and climate monitoring, seabed mapping [3], surveillance [4], maintenance
and inspection of infrastructures [5], and military and naval operations [2]. USVs are
valuable in oceanography [6] too, as they are more capable than moored or drifting weather
buoys but are much cheaper than equivalent weather and research vessels and more flexible
than the contributions of a commercial vessel.

The National Research Council, formerly the Institute on Intelligent Systems for
Automation (ISSIA) and now the Institute of Marine Engineering (INM), has developed nu-
merous autonomous marine electric vehicles with batteries, both submarine (PROTEUS) [7]
and surface vehicles (CHARLIE [8], SWAMP [9]).

Energies 2022, 15, 6926. https:/ /doi.org/10.3390/en15196926

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15196926
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8067-9054
https://orcid.org/0000-0003-1302-2631
https://orcid.org/0000-0002-7141-9306
https://orcid.org/0000-0002-9892-7255
https://orcid.org/0000-0003-0720-5490
https://doi.org/10.3390/en15196926
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15196926?type=check_update&version=2

Energies 2022, 15, 6926

2 of 21

For autonomous vehicles, electric propulsion is preferred for its efficiency, reliability,
low cost, low thermal and acoustic impact, and low vibration levels [10]. Generally, the
battery system supplies electric energy, although the specific energy of current batteries
limits their duration and range. Conventional lithium polymer (LiPo) batteries have a
specific energy of 150-250 Wh/kg [11] and provide a typical runtime of 60 to 90 min [12].
It is used in different applications, starting from chip to electric vehicle [13,14]. However,
to extend the runtime to many hours, a power system with higher specific energy than
that of batteries must be used. The fuel cell-based systems fed by hydrogen are becoming
the new energy system for future automotive [15] and road freight transportation [16].
They can provide higher specific energy in different vehicles: autobus [17], bicycles and
motorcycles [18], trains [19,20], unmanned underwater [21] and ground [22] vehicles and
ship [23]. Combining a fuel cell with a reservoir of compressed hydrogen with a weight
fraction of 6%, for example, results in specific energy greater than 800-1000 Wh/kg [24].

The commercially available electric motors for AUV and ASV applications are:

1.  permanent magnet DC brush electric motors;
brushless DC electric motors;
3.  stepper electric motors.

N

For marine applications that require greater thrust power, alternating current motors
with inverters can be used, which can be synchronous or asynchronous.

The synchronous motor is a type of alternating current electric motor, whose rotation
speed is synchronized with the electric frequency and the synchronous motor is also called
vector motor or Rowan motor.

In recent years, the use of power electronics has drastically simplified the start-up
operation; in fact, it is possible to regulate both the voltage (and therefore the current) of the
power supply and the frequency. Thus, starting from zero frequency and making it grow
very gradually, a torque is continuously activated, which can accelerate the motor from a
standstill. The components (inverters or cyclo-converters), which allow this mode, are made
with semiconductor components such as the thyristor or the IGBT transistor (Insulated
Gate Bipolar Transistor) and allow the creation of electronic speed control systems.

The power levels that can be developed by synchronous and asynchronous electric
motors are usually up to 12 kW (synchronous motor) and up to 1000 kW (asynchronous
motor). At low power, the synchronous motor has a higher efficiency (0.95 for a rated
power between 2 and 12 kW) than the asynchronous motor (from 0.85 for small 4-kW
motors to 0.95 for large 45-kW motors) [25], while the inverter that controls the motor has
an efficiency that is generally between 0.8 and almost 1. On the other hand, the synchronous
electric motor is often used to drive variable-speed loads when it is powered by a static
converter (inverter), as is the case in most electric vehicles, for example.

In this paper, the dynamic electric model of the entire PEM fuel cell-based hybrid
electric propulsion system for an autonomous surface vehicle and the electric model of
its control system are formulated and implemented in the Matlab-Simulink environment.
The entire PEM fuel cell-based hybrid electric propulsion system consists of the power-
controlled PEM fuel cell subsystem with its hydrogen metal hydride storage subsystem,
the Li-ion battery subsystem, and the electric motors.

The calculation tool is reliable and robust, it can simulate long-term missions and is
flexible since it can consider different types of PEM fuel cells or Li-ion batteries.

The dynamic analyses of the entire fuel cell-based hybrid-electric propulsion system
with its control subsystem operating in real long-term tests are performed with the devel-
oped calculation tool for four different working missions. The goal of these analyses is to
monitor the charge states of the battery subsystem and hydrogen storage system during
the missions, determine the feasibility of the working missions, and highlight the critical
points before the propulsion system is built and installed on board the vehicle.



Energies 2022, 15, 6926

30f21

2. Modeling

The heart of the paper concerns the powertrain modeling of an autonomous marine

vehicle. All the main components are modeled, using electrical, chemical, thermal, mechan-
ical, and logical systems of equations. After the formalization phase, the dynamic models
are implemented in the Matlab-Simulink environment, building dedicated blocks for each
component. Once the modeling phase is completed, a validation analysis is performed to
evaluate the behavior of the components compared to real components available on the

market. Three different sections are defined: the vehicle presentation, the power, and the
propulsive systems modeling.
2.1. Autonomous Marine Vehicle Powertrain

The introduction of an innovative fuel cell-based powertrain in an autonomous ma-
rine vehicle (AMV) is the main goal of this paper. The AMV discussed is denominated
SWAMP (Shallow Water Autonomous Multipurpose Platform) [9], and it is electric, mod-
ular, portable, lightweight, and highly controllable catamaran; the energy required is
provided by a battery pack, while the propulsion system is constituted by four azimuth

Pump-Jet thrusters, specifically designed for this vehicle. Regarding the physical parame-
ters, the vehicle is 1.23 m long, 1.1 m high and 1.1 m wide, but this last value is variable

between 0.7 m and 1.25 m, given by the sliding structure used; in addition, its weight is
38 kg, but the catamaran allows embarking up to 100 kg.

Considering these features, useful for calculating power consumption, the introduction

of a fuel-cell system is evaluated, working together with the battery, with the aim of
extending the vehicle’s range. The conceptual scheme of this new layout is illustrated in
Figure 1. As shown, the main components can be gathered into two macro-systems:
1.

POWER SYSTEM

The power system, which provides power and energy demands of the AMYV, is useful

for defining a specific power-sharing, and is composed of a fuel cell, battery, DC/DC
converter, and power-sharing control systems;

The propulsive system, that transforms the power system outputs into parameters
useful for the AMV traction, is constituted by two BLDC motors, the propulsive and
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Figure 1. Simplified scheme of the AMV innovative powertrain.
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2.2. Power System

Electrochemically, fuel cells convert reactant chemical energy directly into electrical
energy [17,20]. An external storage system continuously supplies reagents, unlike batteries.
The fuel cell system and its auxiliary systems can be sized to meet the required operation’s
energy needs, while the external hydrogen storage system is sized to meet the fuel cell
system’s energy needs for the same mission. Since the energy density of the hydrogen
storage system is much higher than that of batteries, fuel cell systems’ energy density can
potentially exceed the batteries” energy density.

Among the various types of fuel cells [26-29], low-temperature proton exchange
membrane fuel cells (PEMFCs) are best suited for use in power generation systems aboard
an ASV or AUV for the following reasons:

1.  the thermal energy requirements of an ASV and an AUV are minimal and strictly
necessary to prevent the vehicle temperature from dropping below the minimum
recommended value for the proper functioning of the on-board instrumentation;

2. their weight must be as low as possible to maintain good vehicle handling;

3.  the compatibility of the devices with the marine environment, in which they operate,
must be guaranteed;

4. PEMFCs are the most mature from a technical and commercial point of view among
the different types of low-temperature fuel cells.

The fuel cell power generation system with fuel cells and battery and without super-
capacitors is the best configuration for the ASV propulsion system since the power demands
of the considered ASV vehicle do not have a power peak request of such an extent as to
justify the use of super-capacitors, which would unnecessarily burden the same vehicles.

The AMV Power System consists of a power-controlled PEM fuel cell subsystem, a Li-
ion battery subsystem, and a metal hydride hydrogen storage subsystem. The PEM fuel cell
power system is designed to be controlled by the powertrain control system and integrates
an innovative and more efficient PEM stack. The powertrain system is complemented by an
innovative low-pressure metal hydride hydrogen storage system, which is more compact
than a conventional tank at the same pressure, and the Li-ion battery subsystem. The
DC—DC converter models of the PEM fuel cell subsystem and the Li-ion battery subsystem
have been simplified to reduce software calculation time.

The power system consists of three different blocks: the power-controlled PEM fuel
cell power subsystem, the Li-ion battery subsystem, and the metal hydride hydrogen
storage subsystem. After the implementation of each subsystem, their validation tests will
be performed.

2.2.1. Power-Controlled PEM Fuel Cells Subsystem

The power-controlled PEM Fuel Cell subsystem consists of the PEM stack with all its
ancillaries (measuring instruments, actuators, air blower, etc.), the DC—DC converter, and
the control subsystem.

The main equations of the PEM Fuel Cells stack are Equations (1)—(6):

VS(t) =0CVs — Van,S(t) - Vcat,S(t) - Rel,s(t)'iS(t) 1)
Z's(’f) = Zlrm,s,l (t) + iun,s,z(t) = icut,s,l (t) + icat,s,Z(t) (2)
AV s(t .
%() 'Can,s (t> = lans,1 (t) (3)
dv, t .
%() Ceats (t) = Leat,s,1 (t) 4)
Vcat,s (t) = Rcat,s (t) 'icat,s,Z(t) (5)

Van,s (t) = Ran,s (t> 'ian,s,Z (t) (6)
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Equation (1) is the equation for the calculation of the real voltage of the PEM fuel
cell stack, Equation (2) represents the current balance equation at the circuit main nodes,
Equations (3) and (4) are the current equations for the capacitive anodic and cathodic
activation phenomena, while Equations (5) and (6) are the voltage equations for the anodic
and cathodic ohmic phenomena.

The main equations of the simplified DC—DC converter are Equations (7) and (8):

UDC—DCCUH,,’VS(t)'is(t) = Vout'iout(t) (7)
Vout = D(t)'vs(t) (8)

In Equations (7) and (8), #pc—pc,,,, and D(t) are respectively the DC—DC converter
efficiency and the DC—DC converter duty ratio.

The equations for the electric loads of ancillaries and user, which are assumed as pure
resistive loads, are Equations (9) and (10):

iout(t) = iuser(t) + iuux(t) (9)

Voutiout () = Ruser (t)iqer (£) + Raux (£) 13,5 () (10)

Equations (9) and (10) represent the currents and power balance equations for the
PEM fuel cells subsystem.

The control subsystem regulates the DC—DC converter duty ratio, D(t), which influ-
ences electrochemical phenomena (associated with parameters such as R,;s(t), Reat,s(t),
Rans(t), Can,s(t), Ceats(t)), in a way that the electric power delivered by the power sub-
system is equal to the electric power required by the control system of the entire hybrid
electric propulsion system.

Regarding the validtion, the PEM stack simulated is the PEM stack model H300 type
C, produced and marketed by the company H2Planet by Hydro2Power s.r.l.,, whose main
technical data are reported in Table 1.

Table 1. Main PEM stack technical data.

Technical Parameter Unit Value
Fuel cells number - 60
Nominal electric power W 300
Operative temperature °C 5-30
H; flow rate consumption at the nominal electric power NI min~! 39
Electric efficiency (referred to Hydrogen HHV) - 40
Start-up time s <30

Figure 2 shows the comparison between the PEM stack experimental data supplied
by the manufacturer and the polarization and electric power curves produced by the
simulation model. Figure 2 shows that there is a good agreement between the simulation
model results and the experimental data.

2.2.2. Li-lon Battery Subsystem
The Li-ion battery subsystem consists of the Li-ion battery pack and the simplified
DC—DC converter subsystem for the management of the charging and discharging phases.
In the discharging (i* > 0 ) and charging phases (i* < 0 ), the main equations of the
Li-ion battery pack model are Equations (11) and (12) [30-32]:

_Q _Q
K o= 0m 0~ O

Qs xR
Qext+0'1‘Q : K Q_ Qext

Vpar = E—R -1 — i — K “Qext + A-eBQext (11)

Vit = E—R-i—K -Qext + A-e7BQext (12)
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Figure 2. Comparison between the PEM stack theoretical polarization (blue line) and electric power
(red line) curves and PEM stack experimental data supplied by the manufacturer.

In Equations (11) and (12) Vi, i, R, E, K, i*, Qext, Q, A and B are respectively the
voltage, the current, the internal resistance, the constant voltage, the polarization constant
or the polarization resistance, the low frequency filtered current, the extracted capacity, the
capacity, the exponential voltage, and the exponential zone time constant.

The voltage of the battery pack at a fully charged state is calculated by adopting
Equation (13) [30-32]:

VfuIIZE—R'i—FA (13)

The battery pack voltage at the exponential section and at the nominal zone are
calculated by Equations (14) and (15) [30-32]:

3 .
Vexp:E*R‘i*K‘L'(Qexp+i)+A'e Qexp " Qexp (14)
Q_Qexp
— / Q : _Q%'Qnom
Viom =E—R-i— K —=——(Quom + 1)+ A-e (15)
Q — Qnom

In Equations (14) and (15), Qexp and Qyom are the exponential and nominal capacities.

The equivalent circuit of the Li-ion battery pack is discussed somewhere else [28-30].
The parameters of the equivalent circuit can be modified to represent the Li-ion battery,
based on its discharge characteristics (exponential voltage drop, normal discharge, and
total discharge sections). The Simulink battery block implements a Li-ion battery pack
dynamic model parameterized to represent the Li-ion battery pack installed on board the
autonomous marine vehicle.

The model uses the SOC as a state variable [33], and the open circuit voltage is
calculated using a nonlinear equation based on the analysis of the state of charge.

Regarding the battery validation, the Lithium-ion battery (NCM) pack simulated is
the model IS36V13, which is produced by the company Map batteries by FAM batteries,
and it has a nominal voltage and capacity equal to 37 V and 13 Ah. All other technical
specifications can be found in [34].

Figure 3 shows the comparison between the Li-ion battery pack experimental data
supplied by the manufacturer and the Li-ion battery pack battery theoretical discharge
curve produced by the simulation model at different typical operating discharge currents
(6.5,13, 26 A). Figure 3 shows that there is a good agreement between the simulation model
results and the experimental data.
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Figure 3. Comparison between the theoretical Li-ion battery pack discharge theoretical (theo) curves
and the Li-ion battery pack experimental (exp) data, supplied by the manufacturer at different typical
operating currents (6.5, 13, and 26 A).

The amount of energy available and accumulated instant by instant are functions of
the battery SOC. Improving the available capacity has been necessary to carefully assess
the depth of discharge, the charging voltage, and the currents in the processes of charging
and discharging [35].

2.2.3. Metal Hydride Hydrogen Storage Subsystem

The hydrogen storage system based on metal hydrides (MH) operates in discharging
mode, and the main equation of the hydrogen storage system is Equation (16):

M = SOCH2 (fz') — % /t‘t is(t)'dt (16)

SOCq, (t) = 0L, s
2/ i

where moly, (t), moly, max, SOCH, (t;), s, is(t) and k are, respectively, the instantaneous
and maximum hydrogen moles in the storage system, the state of charge at the initial
instant ¢;, the number of fuel cells, the instantaneous stack current, and the conversion
parameter for the calculation of the state of charge variation from the stack charge variation.

The MH H2 storage system simulated is the My-H2 900, produced and marketed by
the company H2Planet by Hydro2Power s.r.l.,, whose main technical data are reported in
Table 2.

Table 2. Main MH-H2 tank technical data.

Technical Parameter Unit Value
Storage capacity NI 900
Volume 1 1.7
Weight kg 6.9
Dimensions (Diameter x Height) cm 10 x 38
Charge pressure range bar 5-12
Maximum pressure bar 30

The PCT diagram of the metal hydride shows the equilibrium relationship between
the hydrogen pressure and the percentage of hydrogen mass, %m 112, as a function of the
amount of alloy present in the system. Under dynamic conditions, i.e., during charging or
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discharging, the respective curve deviates from this equilibrium curve to a greater or lesser
extent, depending on the cooling/heating parameters chosen, in particular the temperature.

Figure 4 shows the comparison between the theoretical desorption curve MH PCT
and the experimental data from MH provided by the manufacturer at the typical operating
temperature (20 °C). Figure 4 shows that there is good agreement between the results of
the simulation model and the experimental data.
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Figure 4. Comparison between the theoretical Metal Hydride PCT desorption curve and experimental
data, supplied by the manufacturer at the typical operating temperature (20 °C).

2.2.4. Power System Control Strategy

Control strategies are fundamental to allow a proper management of the energy
sources within the powertrains [36,37]. Between the numerous strategies, the state machine
control strategy is based on different states useful for selecting the operating power level of
the Fuel Cell (FC) subsystem [38]. This control technique aims to reduce the FC power fluc-
tuations to improve efficiency and lifetime. For this reason, the fuel cell power fluctuations
occur only when the battery state of charge (SOC) exceeds the predetermined thresholds.

In general, the control technique tries to keep the fuel cell in the optimal state, i.e., the
value corresponding to the maximum efficiency, which is its only output parameter. Nev-
ertheless, the only controlled parameter, the fuel cell power, is changed according to the
battery SOC between the maximum power output and the minimum value. Therefore,
the fuel cell is never turned off to avoid the long turn-on times and low efficiency at low
power rates. Two input parameters are considered, namely the battery SOC and the fuel
cell subsystem power at the previous time step. The battery operates in a wide SOC range
between 20% and 100%, which is set as the operating limit, but four intermediate levels of
SOC are considered, namely 30%, 40%, 80%, and 90%, which are useful for appropriate
charging or discharging operations. Finally, to ensure the proper behavior of the fuel cell
subsystem under the extreme conditions of the battery subsystem, the performance of the
fuel cell at the previous time is studied, considering two threshold values, namely the
maximum and minimum performance of the fuel cell. The limited values of the input and
output parameters are summarized in Table 3.

Table 3. Limits imposed on input and output parameters of the state machine control.

Battery SOC FC Power
SOCy, = 30% PECmin = 60 W
SOCwmr, = 40% Prcopt =204 W
SOCpy = 80% PrCmax = 250 W

SOCx =90%
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Evaluating the suitable combinations of the input limits, six states are considered,
listed in Table 4.

Table 4. Control rules of the state machine control.

State Battery SOC FC Power (t — 1) FC Power (t)
1 SOC < SOCL, - Prc = PrC,max
2 SOC < SOCwpr, Prc (t — 1) = Prc,max Prc = Prc,max
3 SOC > SOCy. - Prc = Prc,opt
4 SOC < SOCy - Prc = Prc,opt
5 SOC > SOCvn Prc (t — 1) = PFC,min Prc = PEC,min
6 SOC > SOCy - Prc = PrCmin

Following these rules, the control strategy is composed of a hysteresis cycle for each
SOC extreme condition, as shown in Figure 5: in detail, a hysteresis cycle between 20% and
40% of battery SOC is implemented (Figure 5a), while another one between 80% and 100%
of battery SOC (Figure 5b).

A A
PFC,opt PFC,max
PFC.mm PFC,opt
- »-
20% 40% s50Cs 80% 100% 50y

(a) (b)

Figure 5. Hysteresis cycle of the state machine control system: (a) low battery SOC levels; (b) high
battery SOC levels.

A further feature implemented in the power-sharing strategy concerns the simulation
stops; when one of the two SOCs reaches the minimum value allowed (11% for the SOCH2
and 20% for the SOCB), the vehicle is stopped and the drive cycle is not completed.

2.3. Propulsive System

The propulsive system of the tested AMV consists of two brushless DC (BLDC)
motors, which are named motor system, for each propulsive pump; during the test, 2 or
4 propulsive pumps are used. The BLDC motors used are three-phase synchronous motors
with permanent magnets on the rotor and electronic commutators instead of brush gears
and mechanical commutators. In this way, the system takes advantage of three-phase
motors, behaves like a DC system, and avoids limitations of electromagnetic interference,
frame, speed, and noise [39]. Compared to brushed DC and induction motors, they offer
satisfactory performances such as high efficiency, long life, noiseless operation, wide speed
ranges, high torque relative to frame size, excellent dynamic behavior, and good speed-
torque characteristics.

Generally, BLDC systems consist of three different blocks: the electric motor, the
inverter, and the control system. After implementation, the validation tests are performed.

2.3.1. Electric Motor

Brushless DC motors are synchronous motors, namely the two magnetic fields, belong-
ing to the stator and rotor, have the same frequency. They can be single-phase, two-phase,
and three-phase, according to the stator windings. Generally, three-phase motors are the
most used, thanks to their high efficiency and accurate control. In this case, permanent
magnets’” synchronous motors with trapezoidal back electromotive force, rather than si-
nusoidal ones, are the most used in BLDC systems [40]. The model implemented is based
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on the block present in the Matlab/Simulink environment [41,42]. The main assumption
made is the linear magnetic circuit, without stator and rotor saturation.

The electric motor behavior is described by Equations (17)—(19), which are useful for
calculating the three-phase currents (i, ip, and ic), considering the phase voltages (V;;, and
Vie), the flux amplitude induced by the rotor magnet to the stator (1), and the electromotive
forces in per-unit (@4, @y, @c):

di 1 .
?: = T [ZVah + Ve =3 Rsw ig + /\Pwm (Z(Pa + ¢p + (Pc) } (17)
sw
diy, 1 .
at = 3L [_Vah + Ve — 3 Rew iy + Apwyy ((Pa —2¢, + (Pc) } (18)
Ssw
di,  di di, _
ar Tar A= O 19)

2.3.2. Inverter

The inverter is fundamental in BLDC systems. It is needed to convert the single-phase
direct current supplied by the power grid into the three-phase alternating current. In
addition, it is critical for detailed control of the electric motor by determining the required
mechanical torque and speed of the motor. The detailed modeling of the inverter, which
consists of six switches, requires a high computational effort that is suitable for simulating a
detailed behavior of the device but for a limited simulation time. However, the scope of this
work is to analyze an autonomous marine vehicle in different simulation campaigns, and a
simplified model is more appropriate in terms of low computational cost and sufficient in
terms of data accuracy.

The inverter model used is based on the block available in the Matlab Simulink envi-
ronment [42,43]. It consists of a DC-controlled current source, whose behavior is described
in Equation (20), and two AC-controlled voltage sources that manage the trapezoidal inputs
provided by the electric motor model:

PAC,out + Ploss (20)

I =
DC 7

The AC reference currents, calculated through the control system, the back electromo-
tive force voltage, and the current are the inputs needed to compute the inverter voltages.
The main assumption is the rate limiter, which regulates the output voltage during transi-
tions, employing a saturation degree coefficient.

2.3.3. Motor Control Strategy

Once the main components of the BLDC motor have been defined, it is important to
analyze the electronic commutations, capable of controlling the interaction between the
inverter and electric motor and achieving the outputs needed, as shown in Figure 6.

In the present work, among the different commutation strategies, the communication
with Hall sensors is performed, given by the BLDC motor used [44,45]. In brief, there are
three Hall sensors (H;, Hy, and Hj in Figure 6) on the motor at an angle of 120°, which
detect the magnetic field of the control magnet on the shaft. In this way, the signal received,
as the combination of the Hall sensors, is univocal for each 60° of rotation. Therefore,
according to the rotor position and the outputs needed, it is possible to change the stator
magnetic field, acting on the three-phase voltages and, hence, on the duty-cycle of the
inverter switches (Sy/, Sy, Syr, Sy, Sgr, Sarr).

The control strategy can be divided into two subsystems, namely a commutation
system and a speed controller system. The former is a rule-based strategy, capable of
providing a vector that contains phase voltage details, starting from the hall sensor signals.
For example, a rule is shown in the following sentence:

“If Hall sensor signal is [1 0 1] then phase voltage vector is [+1 —1 0]”
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Figure 6. Motor system: electric motor, inverter, and control subsystems.

The speed controller is useful for calculating the torque reference value, namely the
torque imposed to perform a specific journey. A proportional-integral (PI) structure is used,
considering as a controlled value the error between the reference and real values of the
motor rpm.

By combining the outputs of the two subsystems with a suitable motor factor, a control
vector can be created that specifies a suitable duty cycle for each inverter switch.

2.3.4. Validation

As shown in the simplified schematic of the AMYV in Figure 1, the propulsion system
consists of two brushless DC motors, one for propulsion and one for directional control,
the azimuth motor. Due to these tasks, two motors with different characteristics are tested
in the numerical simulations, which are listed in Table 5. Both are connected to the DC
bus and work together depending on the requirements of the vehicle. The drive motor is a
Maxon Ec-4pole, a motor with a rated speed of 16,800 rpm and a rated torque of 54 mNm,
coupled with a 14:1 reduction gearbox [46]. The azimuth motor, on the other hand, is
a Faulhaber 2232-BX, characterized by a rated speed of 4930 rpm and a rated torque of
14.3 mNm, with a reduction ratio of 59:1 [47].

Table 5. Performance features of the two electric motors.

Propulsion Motor Azimuth Motor
Manufacturing Company Maxon Faulhaber
Company’s Headquarter Sachseln (Switzerland) Schonaich (Germany)
Model Ec-4pole 2232-BX
Nominal torque 54 mNm 14.3 mNm
Nominal speed 16,800 rpm 4930 rpm
Nominal voltage 36V 24V
Maximum efficiency 90% 74%
Rotor inertia 5.1 gem? 8.91 gem?

Gear ratio coupled 14:1 59:1
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Starting from these values, and considering the torque trends present on the data
sheets provided by the manufacturing company, validation tests have been performed,
obtaining as results the plots shown in Figure 7; the blue line represents the model behavior,
while the red dots are the real motor data. The error achieved during the simulations is less
than 1%; therefore, the model turns out to be appropriate for the studied application.
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Figure 7. Validation tests of (a) the propulsion motor and (b) the directional motor.

3. Simulation and Results

The hydrogen-based marine vehicle was numerically tested in four case studies to
evaluate the performance and range of the vehicle and to discuss the SOC of the fuel cell
and battery. The energy parameters of each drive cycle are presented, and the response of
the powertrain is mentioned.

3.1. Case Studies

In the simulation campaigns, four journeys with different power levels and time
intervals are considered, which are useful to test the AMYV under different conditions.
Figure 8 shows the power and energy requirements in blue and red, respectively, measured
at the DC bus connecting the power and motor systems. They are the sum of the motor
demand, i.e., the electrical power requested by the propulsion and azimuth motors, and
the auxiliary power, i.e., the theoretical consumption of the instruments on board.

As shown in the figure, all trips have a minimum power of 176 W, which is the
instrument consumption considered as a constant power for the whole drive-cycle time.

In Figure 8a, the power and energy demands of Journey 1 are shown. The trip lasts
5 h and has numerous power fluctuations, with a maximum value of 370 W and an energy
consumption of 1100 Wh. The second drive cycle, shown in Figure 8b, achieves higher
power but lower energy consumption compared to Journey 1, about 585 W and 425 Wh,
respectively, due to less frequent power fluctuations and a shorter drive time of 85 min.
Journey 3 (Figure 8c), unlike the other case studies, uses only two propulsive pumps,
instead of four, namely, two motor systems (composed of an azimuth and a propulsive
motor) are used. Consequently, the maximum power value is 385 W, with very frequent
and faster power fluctuations, more than the other journeys. Although the power range is
limited, the energy consumption of Journey 3 is the highest, about 1615 Wh, since the trip
is about 6 h long. Finally, Journey 4 (Figure 8d) is almost 3 h long, with high power, 585 W,
the same value as Journey 2, but the total energy is less than 1 kWh, a value lower than that
of Journey 3.

3.2. Result Analysis

The four drive-cycles shown in Figure 8 are used to numerically test the autonomous
marine vehicle and analyze the behavior of the powertrain under different operating
conditions without changing the size of the energy storage device. The energy consumed
by the fuel cell and the battery varies greatly depending on the trip tested; therefore, the
final values of the hydrogen SOC and the battery SOC are different. A separate section is
dedicated to each journey.
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Figure 8. Power (blue line) and energy (red line) trends of the four analyzed journeys: (a) Journey 1;
(b) Journey 2; (c) Journey 3; (d) Journey 4.

3.2.1. Journey 1

The first Journey is almost 5 h long, with a smaller power interval compared to the
other journeys, between 176 W and 370 W, even though four motor systems are used. The
simulation results are shown in Figure 9. The right part (Figure 9a) shows the mechanical
power variations of the propulsion motor and the azimuth motor, while the left part
(Figure 9b) illustrates the power system performances, namely the fuel cell power, the
hydrogen SOC and the battery SOC. The power of the propulsion motor (blue line in
Figure 9a) exhibits numerous and sudden fluctuations between 0 W and 160 W, while the
azimuth motor is turned on a few times during the trip, and its power (red line in Figure 9a)
assumes an impulse trend in a range between 2 W and 20 W. As in the other runs, the fuel
cell power (blue line on the left axis in Figure 9b) exhibits a step-like trend starting from the
minimum power (60 W) as the battery is fully charged and varying to the optimal value
(about 200 W) when one of the control strategy thresholds is exceeded. The maximum
FC power value is not reached as the battery SOC remains at a high level. This power
results in a wide range of hydrogen SOC (red line on the right axis in Figure 9b) arriving
at 21% and consuming about 64 g of hydrogen; in contrast, the battery SOC (green line
on the right axis in Figure 9b) starts at 100% and arrives at 70%. During this drive, the
fuel cell delivers a larger fraction of energy, about 965 Wh, than the battery due to the
smallest power fluctuations compared to the other drive cycles. In other words, the fuel
cell works as a prime mover, covering the energy demand and operating quasi-steady-state
conditions, while the battery covers the power peaks when the energy demand is high and
is charged by the fuel cell when the energy demand is low.



Energies 2022, 15, 6926

14 of 21

200

Mechanical Power [W]
h
[=]

=

400

1

o

(=]
I

Mechanical Power [W]
s =

o
S

100

0

50

| 0l e

250 = - . ; ‘ ‘ 100

200 - —— — 1 80

i
S

160

Power [W]
=

140

State of Charge [%]

wn
>

100 150 200 250 0 50 100 150 200 250

Time [min] (a) Time [min] (b)

Figure 9. AMV performance in Journey 1: (a) Motor mechanical power trends; (b) Fuel cell power,
hydrogen tank and battery state of charge trends.

3.2.2. Journey 2

The second Journey is the shortest among the four drive-cycles, being more or less a
quarter compared to Journey 3, around 85 min, and also the one with the lowest energy
demand, consuming about 425 Wh, which is also almost a quarter of the energy required
for the Journey 3.

The performance of the AMV in Journey 2 is shown in Figure 10. Given the low value
of the required energy, the vehicle can complete the journey with satisfactory performance.
The mechanical power of the two motors follows the trend of the energy demand, excluding
the consumption by the auxiliary and measurement systems. The power of the propulsion
motor (blue line in Figure 10a) varies in a wide interval between 0 W and 340 W, while the
power of the azimuth motor (red line), which is characterized by a sequence of numerous
impulses, has 20 W as the maximum mechanical power.
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Figure 10. AMV performance in Journey 2: (a) Motor mechanical power trends; (b) Fuel cell power,
hydrogen tank and battery state of charge trends.

As for the power system performance, the power of FC goes from the minimum value
to the optimal value after 25 min and remains the same until the end of the cycle. According
to this trend, the hydrogen SOC reaches a value of 80% at the end of the cycle, with a
hydrogen consumption of 16 g. On the other hand, the battery SOC is very variable, with
successive charging and discharging phases; the final value is about 61%, and, consequently,
the energy provided by the battery is about 195 Wh.

3.2.3. Journey 3

The third Journey is the most critical because it takes the longest, about 6 h, and has
the highest energy consumption, about 1.6 kWh, compared to the four drive-cycles tested.
It is the only Journey where two motors are used. As shown in Figure 11a, the mechanical
power of the drive motors reaches a maximum value of 170 W. The power of the azimuth
motor, on the other hand, follows the same trend as that of the propulsion motor, with a
narrow interval between 2 W and 12 W. Although the power interval is not very large, the
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long travel time results in huge energy consumption that the drive system cannot provide.
The AMV stops driving after 340 min because the fuel cell reaches the imposed limits for
the hydrogen SOC (11%), as shown in Figure 11b, and consequently, the power-sharing
strategy aborts the simulations. As for the fuel cell performance, it adopts the three fixed
rates given by the wide interval of the battery SOC. In fact, the trend of the battery SOC is
oscillating due to the numerous charging and discharging phases and its minimum value
is 24%, reached at the end of the Journey.
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Figure 11. AMV performance in Journey 3: (a) Motor mechanical power trends; (b) Fuel cell power,
hydrogen tank and battery state of charge trends.

3.2.4. Journey 4

The last Journey shows medium values compared to the other cycles, with an energy
consumption of 980 Wh. As in the first two cycles, the energy stored on board is sufficient
to complete the drive cycle, but a correction of the control system is required for the AMV
to complete the journey. In fact, Figure 12 shows the performance of the AMV without
corrections and testifies that one of the two SOC limits is reached. This is due to the
characteristics of the control strategy and the large difference between the two SOCs; in
other words, the hydrogen SOC is much higher than the battery SOC at all times, and
the limit conditions are easily reached. Although the hydrogen SOC remains at 55%, the
battery SOC reaches the lower limit of 20%, causing the simulation to terminate. The main
reason for this behavior is related to the journey features, namely the pronounced and
contiguous power variations between 176 W and 585 W. Therefore, the battery cannot
deliver the energy variations of the journey if the fuel cell maintains the optimal power
output between 80% and 30% of the trend of the battery SOC.
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Figure 12. AMV performance in Journey 4, without control system correction: (a) Motor mechanical
power trends; (b) Fuel cell power, hydrogen tank and battery state of charge trends.

To address this issue, the SOCL and SOCML values of the control strategy are changed
from 30% and 40% to 50% and 60% for Journey 4 only. The updated performance with the
adjusted control strategy is shown in Figure 13. The propulsion motor reaches high values,
as in Journey 2 and more than the other Journeys, fluctuating in an interval between 0 W
and 340 W; its trend shows sudden fluctuations, as in Journey 3. The azimuth motor, on
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the other hand, since four motors are active, fluctuating in the standard range between
2 W and 20 W; it follows the operating conditions of the propulsion motor and assumes its
maximum power when the propulsion motor is on. Figure 13b illustrates the power system
performance. As with Journey 3, unlike the other journeys, the fuel cell power assumes
all three values specified by the power-sharing strategy, even if its energy demand falls in
between. The maximum fuel cell power (250 W) is required from about 100 min, about
halfway through the trip, until the end. Under these circumstances, the hydrogen SOC has
a final value of 47%, eight points less than in the case without adjustments to the control
strategy, requiring 43 g of hydrogen. At the same time, the battery SOC is at 25% at the end
of the journey, which means that the lowest threshold of the control system is not exceeded,
and the journey can be ended.
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Figure 13. AMV performance in Journey 4, with control system correction: (a) Motor mechanical
power trends; (b) Fuel cell power, hydrogen tank and battery state of charge trends.

3.2.5. Summary Considerations

In the result analysis, the AMV powertrain model has been numerically tested on four
journeys, with different time intervals, power, and energy demands (shown in Table 6),
and its performance is summarized in Table 7. During the first Journey, the motor system
mechanical power assumes a maximum value of 180 W with variable trends; the hydrogen
consumption is approximately 64 g, given by the fuel cell energy consumption (1 kWh)
while the battery provides a moderate energy amount, remaining with a final SOC value
of 70%. On the contrary, Journey 2 requires a maximum motor power of approximately
360 W; being the journey with the lowest energy demand than the other ones, the hydrogen
consumption is only 16 g, but the battery provides almost 195 Wh, reaching a minimum SOC
value of 61%. The third Journey instead requires a higher energy amount, about 1.60 kWh,
more than the one needed in the other cycles; nevertheless, the maximum mechanical motor
system power is only 180 W. The energy stored on board, as the hydrogen in the tank and
the battery capacity, is not enough to complete the journey, stopping at 340 min (96% of the
journey). The fuel cell supplies about 1087 Wh, consuming the whole hydrogen amount
usable, while the remaining energy part is provided by the battery, about 375 Wh. In the
end, the last Journey requires 980 Wh, with the same level of maximum motor power for
Journey 2. Owing to the high and consecutive power variations, a modified control strategy
is required to complete the journey. With these new features, the powertrain completely
fulfills the vehicle demands; the fuel cell provides 632 Wh, consuming 43 g of hydrogen,
while the battery supplies 368 Wh, concluding the journey with an SOC level of 25%.

Table 6. Performance features of the four analyzed journeys.

Journey 1 Journey 2 Journey 3 Journey 4
Power [W] (176-370) (176-585) (176-385) (176-585)
Energy [Wh] 1100 425 1615 980

Time [min] 300 85 355 180
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Table 7. AMV achieved performance in the four analyzed journeys.

Journey 1 Journey 2 Journey 3 Journey 4
Journey conclusion rate 100% 100% 96% 100%
Max mechanical power [W] 180 360 180 360
Fuel cell Energy [Wh] 965 235 1087 632
Battery Energy [Wh] 157 195 375 368
Hydrogen consumption [g] 64 16 71 43

4. Conclusions

This paper presents an innovative fuel cell hybrid powertrain for an autonomous
marine vehicle, whose performance is analyzed using multiphysics and dynamic numerical
modeling of the main vehicle components, namely fuel cell, battery, inverter, electric motors,
and control systems.

The implemented model was tested to simulate the fuel cell hybrid powertrain in four
journeys, with different characteristics to evaluate the performance and range of the vehicle
and to discuss the SOC of the fuel cell and battery. In the tests, hydrogen consumption
varied from 16 g for Journey 2 to 71 g for Journey 3, which is closely related to the energy
delivered by the fuel cell. However, each component exhibited different peculiarities in
the four journeys discussed. For example, Journey 3 required a higher amount of energy,
about 1.60 kWh, than the other journeys. Nevertheless, the maximum motor power was
only 210 W because only 2 of 4 motors were on during the journey. The energy stored on
board was not enough to complete the trip. The trip was stopped after 340 min (96% of
the cycle). The fuel cell supplied about 1087 Wh, consuming all of the hydrogen stored on
board (about 71 g), while the remaining energy portion (about 375 Wh) was supplied by
the battery, which completed the trip at 25% SOC.

Journey 4, on the other hand, requires an intermediate amount of energy (980 Wh)
with a maximum mechanical motor power of 360 W. Due to the significant and continuous
power fluctuations between 176 W and 585 W, the journey could not be completed with
the implemented simplified control system. Therefore, a modified control strategy was
implemented in which the thresholds were changed to terminate the run. With these new
features, the powertrain fully met the requirements of the vehicle; the fuel cell delivered
632 Wh and consumed 43 g of hydrogen, while the battery delivered 368 Wh and completed
the trip with an SOC level of 25%.

Given these limitations, further work could consider evaluating new control sys-
tems capable of increasing the vehicle’s range by exploiting the characteristics of the
propulsion system.

In other words, in this paper:

1. A fuel cell hybrid powertrain for an autonomous marine vehicle was developed by
means of dynamic and multi-physics relations;

2. Four journeys were considered to test the innovative vehicle on different conditions;

3. The main parameter of the powertrain, concerning power, consumption and SOC
were monitored by means of a control system ad-hoc implemented;

4. The feasibility of each work journeys was verified, highlighting criticality.

The application tested proves that the use of hydrogen in marine applications can im-
prove the performance of the electric powertrain and increase the range of the vehicle with
less environmental impact compared to battery-based powertrains. The energy transition
requires radical choices in all sectors, especially in the mobility sector, which produces a
substantial amount of emissions. In this scenario, hydrogen-based solutions could be an
important support, also in maritime applications, guaranteeing zero emissions in seawater.
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Nomenclature

Symbols Parameter Units
A Exponential Voltage \%

B Exponential zone time constant A Th™!
C Capacity Ah
Cc Capacitance F

D Duty ratio -

E Constant Voltage \%

n Efficiency -

@ Electromotive forces in per-unit -
HHV high heating value J/kg
1 Current A

K Polarization constant or polarization resistance VATh lorQ
k conversion parameter C

L Inductance H

A Flux amplitude induced by the rotor magnets in the stator phases Vs
mol moles mol
n number -
ocv Open Circuit Voltage \%

w Angular velocity rad/s
P Power w

P Number of pole pairs -

R Resistance Q
s0C State of charge -

t time s

Vv Voltage \%
Subscripts Parameter

a Phase a of the three-phase parameter

AC Alternative current

an anodes

aux referred to the ancillaries

b Phase b of the three-phase parameter

B Referred to the battery

batt battery

c Phase c of the three-phase parameter

cat cathodes
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el electrolyte

exp exponential

ext extracted

fc Fuel cell

full fully charged state

H High level

H, hydrogen

in At the inlet

L Low level

loss Owing to losses

m Motor

max Maximum level

min Minimum level

ML Medium-low level

MH Medium-high level

nom nominal

opt Optimum level

out At the outlet

S stack

Sw Stator winding

user referred to the electric user
1 referred to the resistive branch
2 referred to the capacitive branch

Superscripts Parameter
* Low frequency filtered
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