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A B S T R A C T

Ecological areas visits require appropriate management of key ecological features. In protected reserves innov-
ative systems should be developed to facing problems of pollution, exhaust fumes and noise. These underlying
conditions lead to special challenges for excursions ships. The switching to a cleaner, safer and quieter transport
system seems to be a sustainable long-term solution for the problems of ecological areas, where more electric
ship can be an important part of the solution and principally for the last mile. This paper presents a design ap-
proach of a hybrid Energy Storage Systems (ESS) for new generation of series hybrid excursion ship devoted to
ecological areas to avoid any emission during the casting-off and the docking maneuvers. The main purpose of
the paper is to show that, even if the hybrid ESS plus series-hybrid propulsion were already used to other vehi-
cles, the gain for a ship with no regenerative capability is not evident. The proposed hybridization is built upon a
fully-active parallel topology with battery and supercapacitors. The sizing methodology and the configuration of
the ESS are detailed. For a real mission profile in Alster Lake (Hamburg, Germany) it is shown that a small bat-
tery pack of 2 kWh with a supercapacitor bank of 0.54kWh are necessary to have zero-emission maneuvers. The
graphical formalism Energetic Macroscopic Representation (EMR) is used to describe the model and to establish
an energy analysis tool. An inversion-based control scheme is then deduced from the EMR and simulation results
are provided to validate the proposed methodology. The usage of hybrid ESS avoids 1.39kg of CO2 during the
casting-off and docking maneuvers despite increasing consumption of 0.2 l (+8%). However, the plug-in capabil-
ity can be introduced and a recharge of the battery when the ship is docked could reduce the global consumption
and emissions by 20% in comparison to the original ship.

Nomenclature

CDC DC bus capacitance [F]
Current controller of the ESS j

Cj Capacity of the ESS j [Ah]
Speed controller
DC bus controller

fs Coefficient of friction of the mechanical shaft [Nm.s]
ich_j(t) Current chopper of the ESS j [W]
iDC(t) DC bus current [A]
ij(t) Current of the ESS j [A]

Total current of the power supply system [A]
iSM(t) Synchronous machine current [A]
Js Moment of inertia of the mechanical shaft [kg.m2]
Lj Inductance value of the chopper j [H]

mj Chopper modulation ratio of the ESS j [0,1]
Total power demanded [W]

Pdem Average of the total power demanded [W]
pICE(t) ICE power [W]
pj(t) Power of the ESS j [W]
rj Series resistance of the ESS j [Ω]
rLj Series resistance of the inductor of the chopper j [Ω]
T Profile mission period [s]
tc Casting-off time maneuver [s]
tD Docking time maneuver [s]
TICE(t) ICE torque [Nm]
TSM(t) Synchronous machine torque [Nm]

Voltage chopper of the ESS j [W]
DC bus voltage [V]

vj(t) Voltage of the ESS j [V]
Open-voltage of the ESS j [V]
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Fig. 1. Alster Lake (Hamburg, Germany) excursion ship example (). available at: http://
www.alstertouristik.de

Fig. 2. Electric propulsion power demand pdem of the studied excursion ship.

Greek letters
Δton On-time of the ICE operation [s]
Δtoff Off-time of the ICE operation [s]
ΔWbat Battery energy variation [Wh]
ηchj Chopper efficiency of the ESS j [%]
ηSM Synchronous machine efficiency [%]
ΩSM(t) Synchronous machine speed [rpm]

Subscripts
j∈{Bat; SC} Refer to an ESS: battery or supercapacitors
meas Measure value of the variable
ref Reference value of a variable

Abbreviation
CO2 Carbon dioxide
EMR Energetic Macroscopic Representation
ESS Energy Storage System
ICE Internal Combustion Engine
IMO International Maritime Organization
SC SuperCapacitors

1. Introduction

Emissions related to maritime activities are rapidly growing due to
the increasing of maritime traffic. The shipping emissions of carbon
dioxide (CO2) was of 870 million of tons in 2007. In the absence of reg

Fig. 3. Structural description of the diesel-electric ship.

Fig. 4. Structural description of the series hybrid ship.
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Fig. 5. Supercapacitor power profile over the considered round-trip mission.

Fig. 6. Impact of the battery in the global ESS: a) variation of the ICE average power; b)
off-time of the ICE operation as a function of the battery system size.

Fig. 7. Switch-off periods of the internal combustion engine considering 2kWh of battery.

ulations an increase of 200–300% of CO2 is predicted by 2050. To tackle
this issue, the International Maritime Organization (IMO) has defined
in 2010 an “Energy Efficient plan” to reduce significantly the emissions
[1,2]. New challenges must be then reached to improve ship systems in
terms of energy efficiency and environmental behavior [3,4]. As stated
by Hansen et al., some research and development are carried out to im-
prove existing products and procedures or to lead to the development
of new products and procedures in marine sector [5]. Electric propul-
sion in boats, ships and vessels is a key issue to reach a better and more
sustainable transportation on the sea, rivers and lakes. Because of the
massive research and development in the automotive industry, hybrid
electric propulsion has now become available in maritime application.
Such a system will combine the strengths of an electric drive system, an
ideally designed propeller, modern energy storage systems, and the op-
timized use of diesel engine as a primary source of energy as discussed
by Hansen et al. in [5], and also by García-Olivares et al. in [6].

The ongoing idea, like in other vehicle applications, is to maximize
the global efficiency and minimize the emissions with the trend to zero
emission operations in sensitive areas. Some boat prototypes have been
proposed in recent literature [5–12]. A non-exhaustive survey on elec-
tric and solar boats is presented by Guellard et al. in [9]. The usability

of multiple Energy Storage System (ESS) by a passive association of
battery and SuperCapacitors (SC) for an excursion ship is studied by
Trovão et al. in [10], but any quantification of fuel consumption or
emissions were provided. The interactions of the multiple power sources
when a hybrid ESS is used are addressed by Bellache et al. in [11].
In [12], Hou et al. have studied the problem of the energy manage-
ment improvement for a hybrid electric boat assisted by SC and Li-Ion
battery with a fully decoupled topology. In [13], Zhou et al. have dis-
cussed and analyzed the coordination of power management strategies
for a series hybrid electric boat based on dynamic load’s power distri-
bution approach using diesel generator and battery. An electric ferry
with a hybrid power system has been modeled by Monaaf et al. in [14]
where the power management system was studied by simulation using
the MATLAB/Simulink™ software. In [15], Lhomme and Trovão have
studied the resizing of the Internal-Combustion Engine (ICE) coupled
to a SC pack leads a gas consumption reduction of 9.6%, and a CO2
emission reduction of 9.5%, but the zero-emission concept was not ad-
dressed. Nonetheless, the main challenge in boats is reaching consump-
tion and emission reduction without regenerative braking, which justi-
fies the adoption of hybrid configurations. ESS sizing and management
are critical aspects to the performance and cost of and series hybrid
ships. The energy management of multiple ESS is of utmost importance
for promoting operational performance and enhancing system efficiency
as demonstrated by Nguyen et al. in [16] for multi-source vehicle. Some
preliminary insights into optimal ESS sizing and their coupling to energy
management have been discussed in the literature by Shen and al. in
[17], by Ostadi and Kazerani in [18], and also by Araújo et al. in [19].
Typically, power requirements are usually formulated as optimization
constraints, while manufacturing cost, system efficiency, or fuel econ-
omy are often assigned as optimization objectives. Zhang et al. studied
the optimal sizing of hybrid ESS as a multi-objective optimization prob-
lem considering system cost and battery lifetime in [20]. Wu et al. have
proposed a convex programming framework using for optimal energy
management and components sizing of a solar-battery power source for
smart home in [21]. More globally, Martinez et al. in [22] have pre-
sented a comprehensive analysis of energy management strategy evolu-
tion toward blended mode and optimal control, providing a thorough
survey of the latest progress in optimization-based algorithms.

Subscribed to this topic, the main objective of this paper is to pro-
pose and analyze a sizing methodology of an active association of bat-
tery and SC to avoid any local emissions for casting-off and docking
maneuvers. Prior to this paper no zero-emission casting-off and dock-
ing maneuvers had ever been considered for excursion ships. The main
idea is to provide a suitable solution for excursion ships that operate
in very sensible areas and protected reserves, introducing the concept
of emission-free last mile in excursion ships. For that, simulations using
Energetic Macroscopic Representation (EMR) are addressed to evaluate
the behavior of the proposed system as a results of a dedicated sizing
procedure. As proposed by Bouscayrol et al. in [23], EMR is a graphi-
cal model organization tool developed to deduce systematically the con-
trol and energy management of complex energetic systems. In the past,
it has been successfully used for hybrid and electric vehicles, railway
traction systems and automatic subways as presented in [15,16,24,25].
Other tools, such as the well-known unified language Bond Graph, allow
to describe graphically the energetic transfer for multidomain physical
systems, as presented by Borutzky et al. in [26]. Nevertheless, in com-
parison with EMR, Bond Graph does not allow to deduce systematically
the control based on the inversion of the description. It is however pos-
sible to deduce a state-space representation, which can lead to a global
control.

In this scope and using as a case study an excursion ship typically
used in Alster Lake, Hamburg, Germany, the zero-emission manoeuvres
approach is studied to validate the proposed concept for casting-off and
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Fig. 8. Energetic Macroscopic Representation and control structure of the studied ship power system configuration.

Table 1
System parameters.

Parameters Variable Values

Inductor inductances LBat, LSC 1.37mH
Inductor parasitic resistances rLBat, rLSC 28.9mΩ
SC module’s series resistance rSC 5mΩ
SC module’s nominal voltage vSC–nom 54V
SC module’s nominal capacitance CSC 130F
DC bus voltage vDC 560V
Battery module’s series resistance rSC 6mΩ
Battery module’s nominal voltage vBat–nom 36V
Battery module’s nominal Capacity CBat 14.5Ah

docking. Based on the initial studies presented in [10,15], the addition
of a small battery pack is hereby extended using a more complete model
based on EMR of the original excursion ship. The used model has been
instrumental to the accurate design of the battery pack and, also, in im-
proving the inner-control loop and the energy management strategy. A
complete analysis is carried out in this paper, with an assessment of bat-
tery-SC full active hybrid topology to zero-emission maneuvers of hy-
brid series ship.

The remaining parts of the paper is structured as follows. The ex-
cursion ship and the proposed architecture is presented in Section 2.
Section 3 addresses the ESS design for active association. The series
hybrid excursion ship with multiple ESS model, control structure and
energy strategy framework based on EMR approach are described in
Section 4. Section 5 presents and discusses the simulation results for a
real mission profile of a lake ship with specific focus on the casting-off
and docking operations. The concluding remarks and ongoing works are
outlined in Section 6.

2. Excursion ship case study

2.1. Original configuration

The case study considered for this zero-emission maneuver is the
ship used for 15min ferry operations as presented in Fig. 1. The as-
sumption that the casting-off and the docking operation phases should
be without any emissions configures a typical issue of sensitive or pro-
tected areas. The ship has 25m of length, 5m of beam, 1.3m of draught
and can carrier up to 100 passengers.

The power demanded ( ) to the supply system is presented in
Fig. 2, and it is the results of on-board acquisition process during a nor
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Fig. 9. Results without battery: ICE power (a), battery power (b), DC bus voltage (c), SC
current (d) and SC voltage (e).

mal transport service. Unless minor variations on the power demand
profile, all the tips have the same pattern. Analyzing this pattern, four
main operations could be identified:

• Standby: used to pick up and drop passengers (before 20s and after
890s);

• Casting off: take the ship of its quasi-immobility to its cruising speed
(20–50s);

• Cruising speed: nearly constant power demanded to transit at con-
stant speed (50–830s);

• Docking: fastest dynamics with several variations from 0 to 100kW
(830–890s).

In this paper, a diesel-electric topology is used as the original config-
uration. The overall description corresponds to a propulsion subsystem
and a generation subsystem (diesel-electric generator 200hp) plugged
to a common DC bus, as presented in Fig. 3.

2.2. Series hybrid configuration

An active association of a pack of battery and SC has been con-
sidered to keep a full-electric operation during the casting off and the

Fig. 10. Results with battery (zero-emission maneuvers): ICE power (a), battery power
(b), DC bus voltage (c), SC current (d) and SC voltage (e).

Fig. 11. Operating points of the ICE (90 hp) with and without battery for the results of
Figs. 9 and 10.

docking phases. The proposed hybrid configuration is presented in Fig.
4. Considering the power demand diagram and the proposed series hy-
brid propulsion system with the active association of battery and SC, the
ESS must be sized to provide the power demanded by all the operations
of the ship.

5
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Fig. 12. Fuel consumption analysis.

3. Design of the energy storage system

3.1. Sizing of the supercapacitors system

The power requested to the diesel-generator should be the average
power of the mission cycle (Fig. 2) due to the buffer operation induced
to the SC and battery. The power balance of the ship power system is
proposed in (1):

(1)

Regarding a maximum global efficiency, ICE operations at better ef-
ficiency points are demanded and that occur at constant torque overall
the speed range. Meanwhile, the SC responds to the power variations,
storing the energy produced by the generator at standby phases and pro-
viding the excess for maneuvering operations. Battery is only used for
zero-emission operation phases. The average power value and the ex-
treme conditions to sizing the SC storage system are obtained by the
analysis of the mission power diagram presented in Fig. 2. A charge sus-
taining method is also employed to guaranty that:

(2)

The estimated SC power over the mission period T is com-
puted from the difference of power demand profile , presented in
Fig. 2, and its average Pdem, assigned to the diesel-generator ), as
depicted in (1). As an assumption, the power delivered by the superca-
pacitors will be then the same, with or without the battery operations,
as proposed by:

(3)

as

(4)

then

(5)

which, from (2), can be written as

(6)

By (6), a constant diesel-generator power of 40.8kW can be set, and
the power supported by the SC over the mission becomes the presented
in Fig. 5. The maximum power requested to the SC is 67.2kW and dur-
ing the storage operation the maximum power is – 40.8kW. The varia-
tion of energy stored and provided, in the SC system is 539.5Wh. Re-
garding voltage, current and energy constraints, the design of a suitable
SC storage system for the ship mission can be based on several modules
of 130F, 54V (M2-54V130F from BATSCAP). That results in the parallel
of 2 branches of 7 modules in series.

3.2. Sizing of the battery system for zero-emission operations

The battery system will be operated as a green energy boost system
to avoid any emission during the casting-off and the docking operations
of the excursion ship. Fig. 6a represents the increase of average power
in the ICE with the quantity of energy embarked in the battery, com-
puted using (7)–(9) where tC is the time after the casting off maneuver
and tD is the time before the docking maneuver. PICE-ref corresponds to
the constant power generated by the diesel-generator unit to obtain the
average power demand for the on-time ΔtON of the ICE. Fig. 6b defines
the stop-time of the ICE regarding the energy stored in the battery sys-
tem.

As proposed by Lhomme and Trovão in [15], for a hybrid system
with just SCs system, the ICE output average power was set for 40.8kW,
to maximize the usability of the SCs system, that it could be obtained in
Fig. 6 for 0kWh of battery. In this paper, the design of the battery has
been done to stop the ICE for

ΔtOFF =3min, that means 90s at the beginning of the power profile
(casting-off) and 90s before the end of the trip (docking), as presented
in Fig. 7.

Finally, considering voltage, current and energy constraints, a design
of a suitable ΔWbat =2kWh battery storage system for the proposed ship
mission can be defined by:

(7)

(8)

(9)
The considered battery storage system for the green energy boost op-

erations is based on 10 modules in series of 14.5Ah, 36V.

6
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4. Modeling and control of the excursion ship

Coupled to a diesel-electric topology an active association battery/
SC is under study, as presented in Fig. 4. The overall description cor-
responds to a propulsion subsystem and a generation subsystem with
a diesel-electric generator 90 hp (proposed by Lhomme and Trovão in
[15] as an enhanced version of the original ship with 200hp) plugged
to a common DC bus, and in parallel with and active configuration of
Battery/SC, as proposed in Fig. 4. Each ESS is connected to the DC bus
by its own bidirectional DC-DC converter. Based on this specific con-
figuration a simulation model is developed using EMR formalism for
evaluation purpose of the sizing methodology and, finally, validate the
zero-emission concept.

4.1. Modeling and EMR of the excursion ship

EMR organizes the global system using four basic elements: energy
sources (green ovals), energy accumulations (orange crossed rectan-
gles), mono-physical (orange squares) and multi-physical conversions
(orange circles) and energy distributions (double orange squares), as
presented in Appendix. The basic elements are connected using the ac-
tion-and-reaction principle. The product of the action-and-reaction vari-
ables provides the instantaneous power exchanged between the ele-
ments. All subsystems are modelled respecting the integral causality.
The EMR is depicted in Fig. 8. The EMR of the Propulsion Subsystem
(Ship M1 and Ship M2 in Fig. 4) is directly represented by an equivalent
current source based on the power demand diagram presented in Fig. 2.
The current iDC is given by:

(10)

where vDC is the voltage at the common DC bus. The DC bus capacitor
is represented by an accumulation element. The common voltage vDC is
the state variable given by:

(11)

where CDC is the DC bus capacitor.
The ICE-generator, propulsion and ESS are coupled in parallel on the

same common DC bus. The EMR representation is made by a coupling
element to represent the parallel connection. The DC bus current (it) is
given by the sum of the currents ich_Bat, ich_SC and the synchronous ma-
chine generator (iSM), keeping the same voltage vDC:

(12)

The EMR of the ICE-generator subsystem is based on an ICE, a Syn-
chronous Machine (SM) and a rectifier. The ICE transforms fuel into me-
chanical energy, represented as a controllable torque source and mod-
elled by a quasi-static model. In this kind of model an equivalent dy-
namic model of the system, here a first-order system, is added into the
steady-state model. A static map is then used to determine instanta-
neously the Brake Specific Fuel Consumption (BSFC) and emissions.

The ICE shaft is connected to the SM and it is represented by an ac-
cumulation element, which determines the speed ΩSM based on the ICE
and SM torques, as presented in:

(13)

where Js and fs is the inertia and the coefficient of friction, respectively,
of the mechanical shaft.

The current iSM is deduced from the supplied voltage vDC, SM speed
ΩSM and torque TSM, using a static model of the electric drive, i.e. SM
plus its rectifier and control, for efficiency computation (ηSM), given by:

(14)

A look-up table is used to define the efficiency ηSM from the torque
TSM and the rotation speed ΩSM. Regarding the ESS (j∈{Bat;SC}), they
are represented by a voltage source, which imposes the voltage of the
ESS, as proposed by:

(15)

where is the ESS initial open voltage.
The inductor of the DC/DC converter is represented by an accumu-

lation element and modelled by:

(16)

For the DC/DC converter the average model is used:

(17)

where mj is the duty cycle of the pulse-with modulation and is the
efficiency of each DC/DC converter.

4.2. Control of the excursion ship

An inversion-based control is obtained directly by EMR (see
light-blue pictograms of Fig. 8. The tuning path of the generation sub-
system is defined and link the tuning variable (TSM_ref) to the control ob-
jective variable (vDC). The DC bus model (11) is inverted using the DC
bus controller to provide the reference current of the electric drive:

(18)

The inversion of the SM drive is achieved by:

(19)

Next, the shaft model (13) inversion requires the speed controller
to provide a suitable ICE torque reference:

(20)

SM optimal speed reference is computed at an upper level, using the
maximum efficiency for the power reference points and implemented in
the block designed by “Strategy”.

For the ESS control current, the ich_j_ref are given by:

(21)

To obtain the ESS current references an inversion of the conversion
element (17) is used:

(22)
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To compute vch_j_ref a current controller is required to invert (16):

(23)

Finally, mj is obtained using the inversion of (17), given by:

(24)

5. Simulation results and discussion

All the results have been obtained by MATLAB/Simulink™ simula-
tion using EMR library. The simulation is carried out using the power
demand evolution presented in Fig. 2 as DC bus dynamic load profile.
For this study, a 90 hp diesel-engine efficiency map is used to compute
the torque output as a function of shaft the rotational speed, as proposed
by Lhomme and Trovão in [15]. The main parameters of the ESS are
given in Table 1.

Two main results, without (see Fig. 9) and with battery (see Fig. 10),
are presented. In this paper, only the results with battery can achieve
zero-emission maneuvers. For both results the initial SC SoC is set to
86%. Due to the design of the SC, the same curves of SC voltage (Figs.
9d and 10d) and current are obtained (Figs. 9e and 10e). During the
casting-off maneuver operation, the SC help the battery to supply the
power demands to the casting-off maneuver. Naturally, its voltage de-
creases. During the cruising speed of the ship the SC only contribute
during littles fluctuation on the DC bus due to the quasi-constant power
demanded by the propulsion (Figs. 9c and 10c). Near to the end of the
mission, during the docking maneuver, the SC contribute again to the
global power transition, charging and discharging several times.

Fig. 10 shows the results when the battery is used to avoid any emis-
sion during the docking and the casting-off maneuvers. At the begin-
ning, during the casting-off maneuvers, only the battery (Fig. 10b) and
SCs (Fig. 10e) propels the ship. The ICE is then turned on at 90 s with
a constant power of 51kW (Fig. 10a). At 810s, just before the docking
maneuver, the ICE is stopped. According to the power profile the SC will
be charged or discharged by the battery. It might be noted that, without
the battery (Pbat =0 in Fig. 9b), the ICE is always turned on and oper-
ates at its best operating point to deliver a power of 40.8kW (Fig. 10a).

Fig. 11 shows the operating points of the ICE with (green star) and
without (red star) battery. When the battery is not used the ICE works
at its best consumption (210g/kWh) for the operating point of 175 Nm,
2650rpm. With the battery, the increase of the ICE power leads to a
lower efficiency and a bit higher consumption (225g/kWh) operation
point. The fuel consumption is then higher when the battery is used:
2.85 l (+8%) with battery versus 2.64 l without battery. Nevertheless,
even if the consumption increases a little, the use of the battery can
avoid an emission of 1.39kg of CO2 during the casting-off and docking
maneuvers.

The fuel consumption for different case studies are presented in Fig.
12. Globally, no reduction of the fuel consumption and emission are ob-
tain keeping the ICE of 200 hp in a series hybrid configuration. Other-
wise, when a decrease in power of the ICE is performed, for instance

using a 90 hp, an important reduction of 9.6% and 9.5% was computed,
for fuel consumption and CO2, respectively. However, the zero-emission
operations at casting-off and docking introduce a new energetic scenario
and despite no emission are emitted during the maneuvers, the fuel con-
sumption only decrease 2.4% in comparison to the original case. An-
other scenario could be the recharge of the battery at the dock during
the entrance and the exit of the passengers. In this case the ICE will
work at its best operating point (210g/kWh) due to no recharges come
from the ICE during the cruising of the ship. The battery will be used
to propel the propulsion system during the casting-off and the docking
phases with the energy stored when the ship was docked. The introduc-
tion of the plug-in option reduces the fuel consumption to a minimum
of 2.33 l, and then the plug-in ship would allow a maximum reduction
of 20.1% in fuel consumption, that implies a reduction of 20% in CO2
emissions.

6. Conclusion

In this paper, a study on a possible enhancement of a diesel-electric
excursion ship using EMR approach, devoted especially to ecological ar-
eas has been presented. A series hybrid configuration has been proposed
using a hybrid ESS, with battery and supercapacitors, coupled to DC
bus by an active topology. The use of the hybrid ESS allows zero-emis-
sion capabilities during the casting-off and the docking maneuvers, even
without the clear advantage of regenerative braking energy. As demon-
strated, EMR was central in the definition of the global control strategy
to maximize the utility of the ESS and to set the best operation point of
the ICE over the mission profile under the restriction of zero-emission.
The main result was the reduction of the local CO2 emission by 1.39kg
in the casting-off and docking maneuvers. However, the consumption of
the ICE (and its emissions) increases (+8%) during the cruising speed
phase. Although, the use of hybrid ESS and ICE operations at optimal
points could be restored by the addition of plug-in capability to the
ship. A reduction around 20% in consumption and emissions are ob-
served. Local environmental benefits can be anticipated by these results
for electric propulsion excursion ships with repetitive missions in sen-
sitive areas. Future work will focus on more improved energy manage-
ment strategies and multi-objective design of hybrid ESS to continuously
expand the performance of the electric propulsion ships for sensitive ar-
eas.
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Appendix:. Summary of EMR pictograms
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