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Abstract: Based on a multidisciplinary and configurable modeling approach, this work deals with the
optimal choice and the design of a hybrid propulsion with the associated power management strategy
to replace a conventional propulsion in a low tonnage river ferry operating on short cycles, with
the aim of reducing its environmental impact and the costs over its entire lifetime. The considered
ferry is used for the transport of people and vehicles crossing the Seine river, with an installed
propulsive power of 330 KW. The operating cycle of the ferry and the energy consumption of its
classical propulsion have been determined experimentally and then used as references in simulations
for validation and comparison purposes. Two hybrid structures involving the use of batteries
and supercapacitors were proposed and compared. It is shown that the hybridization leads to a
substantial reduction in CO2 emissions. The supercapacitor- and battery-based hybrid structures
lead respectively to 18% and 29.7% CO2 reduction compared to classical propulsion, representing,
respectively, about 382 and 626 tons of CO2 reduction over 20 years of operation. Despite the fact
that the use of batteries leads to a more significant reduction in CO2 emissions, the solution using
supercapacitors is chosen following a technical-economic study over 20 years of operation.

Keywords: environmental impact of low tonnage ships; hybridization; measurements; modeling;
river ferry; short operating cycles

1. Introduction

Maritime and river transport are undergoing major energy changes. The reduction of
air pollutant emissions, imposed by new and severe international regulations, is a challenge
to be met in order to reduce the environmental and health impacts of local pollution
near urban areas and long-distance pollution, leading to the ozone depletion [1–4]. New
propulsive architectures (electric, hybrid), are enabled by the availability of innovative and
efficient components (batteries, fuel cells, supercapacitors, etc.) [5]. The use of these new
architectures is a very promising path to reach these goals [6,7]. However, their integration
requires significant techno-economic studies, and they are mainly reserved for high tonnage
ships and their implementation on small units remains marginal. The integration of these
new propulsive architectures on low tonnage ships characterized by short operating cycles
is, however, a real technical challenge. Indeed, in such structures, minimization of the
volume dedicated to energy storage (fuel tank, batteries) and energy conversion systems
is essential in order to maximize the passenger or freight boarding capacities. Such ships
operate mainly on transient states, involving strong power demands. On the other hand,
the short operating cycles and the limited docking times limit the possibilities of plug-in
external charging. Multicriteria design methods based on multidisciplinary approaches are
thus needed [8,9].
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Obviously, substantial work has been done in this subject. A review of recent achieve-
ments is presented in [8], while highlighting the advantages and the difficulties encountered
in sizing electric energy storage systems for low tonnage ships. The originality of this
work is that it considers the recycling of an existing fleet of small vessels navigating in
river waters with very short cycles. They are characterized by high power requirements
and small available volumes not initially intended for an electric energy storage system,
making the choice and the sizing of the latter a challenging task. The complex water flow
with respect to the vessel hull is another issue which is addressed in this work and which
requires theoretical and experimental approaches.

In this context, a multidisciplinary modeling approach developed in previous works
[10–12] is applied to develop and optimize hybrid propulsions, with the associated power
management strategies, in order to replace a conventional propulsion chain in an existing
river ferry built with a diesel propulsion, with the aim of reducing its environmental im-
pacts and the operating costs over its entire lifetime. The operating cycle of the ferry and the
energy consumption of its classical propulsion chain have been determined experimentally
and then used as references in the simulations for comparison and validation purposes.

The specific structure of the ferry hull and the uncertainties about its navigation
conditions in river waters invalidate the conventional analytical and empirical models for
the hydrodynamic resistance to advancement evaluation. The latter is therefore determined
by the analysis of measurement data and subsequently validated through comparison of
the evaluated and measured fuel consumptions over a cycle for the classical chain.

Batteries, supercapacitors, or flywheels can be used as energy storage systems to be
associated with power sources, which can be diesel generators or fuel cells [13–15]. Due to
specific integration and cost constraints, the possible use of flywheels or fuel cells is not
considered in this work. The proposed hybridization configurations for the electrification
of the propulsion associate the existing diesel generators (DGs) to energy storage systems
(ESS) in order to reduce the electrification costs of the existing ship. As batteries are the most
used and available ESS and are suitable for naval use [16,17], a first configuration involves
Lithium-Ion (Li-Ion) batteries as ESS to be associated to the existing DGs. A second solution
is based on the use of supercapacitors as this kind of solution can significantly improve
upon the cost and emissions of comparable ships [1]. These two hybrid configurations are
compared to the classical initial one in terms of emissions.

The specifications of the studied ferry and its mission are presented in the next
section. It is followed by the analysis and the treatment of the measurement data in order
to determine the speed profile and the resistance to advancement. A simulation of the
classical propulsion will then be performed in order to determine the power repartition in
the different parts of the conversion chain, and its evolution in time, which is necessary for
the sizing of the different elements of the hybrid structures and the determination of the
relevant power management strategies. The last section concerns the hybridization of the
ferry propulsion, aiming to determine the best hybrid structure.

2. Specifications and Mission Profiles of the Studied River Ferry

River ferries are generally flat-bottomed boats that allow vehicles and passengers to
move from one river shore to another. They have a shallow draft, in order to be able to dock
very close to the shore. The present study concerns a river ferry operating on the Seine
River in France, with a carrying capacity of 12 cars and 50 passengers. The initial existing
design (using conventional diesel propulsion) has two independent propulsion chains.
Each chain consists of a diesel engine connected to a Voith Schneider propeller (VSP) via a
drive shaft and a gearbox. The electrical requirements on board are provided by a diesel
generator (Figure 1). The main characteristics of the system are listed in Table 1 [18]. We
can notice that the rated power of the propellers is about 66.25% of the rated power of the
diesel engines. This percentage represents the efficiency of the propellers at their optimal
rotating speed (854 rpm).
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Figure 1. Studied river ferry (a) and simplified schema of its conventional propulsion (only one set
of diesel–gearbox–propeller is represented) (b).

Table 1. Main characteristics of the studied river ferry.

Type Parameters Values

Dimensions and weight
Length (m) 23
Width (m) 9

Draught (m)
Displacement tonnage (tons)

1.1
110

Propulsion

Main diesel engine power at 2100 rpm (kW) 166 (×2)
Gearbox ratio 2.46

VSP rated power at 854rpm (kW) 110 (×2)
Diesel generator rated power (kVA) 50

Mission details
Average crossings length (m) 300

Fuel consumption/day (liters) ≈300
Number of crossings per day 126

The ferry makes about 126 river crossings per day, with an average duration of 3 min
per crossing and between 3 and 10 min of docking for the boarding of passengers and cars.
It marks three stops of 30 min per day, approximately one per 40 crossings. It stops at the
dock for 8 h during the night.

The ferry propulsion presents numerous drawbacks: lack of flexibility, a poor efficiency
at low speeds, significant vibrations and noise emissions, high fuel consumption and,
therefore, high pollutant emissions. These drawbacks motivate the search for solutions
to improve the energetic performances of the ferry, envisaging the electrification of its
propulsion.

3. Experimental Study
3.1. Data Acquisition and Processing

A Global Positioning System (GPS) has been used to record the trajectories and speeds
of the ferry during two days of operation in favorable weather conditions (Figure 2a). By
statistical analysis (filtering and averaging) of the acquired data, a reference speed profile
for one river crossing was determined, as shown in Figure 2b.

The speed cycle has three phases: an acceleration phase, a deceleration phase, and a
stopping phase. The acceleration phase lasts about 80 s, where the speed reaches a maximal
value of about 3.1 m/s. This phase is characterized by an important power demand. The
deceleration phase lasts about 100 s. Approaching the dock an astern thrust is applied to
slow down the ferry and to better maneuver near the banks. The docking phase lasts about
10 min.
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Figure 2. Recorded crossing trajectories (a) and mean speed profile for one river crossing (b).

3.2. Identification of the Hydrodynamic Resistance to Advancement

Due to the specific structure of the ferry hull and the uncertainties about its navigation
conditions (orientation and relative speed with respect to the water flow), analytical models
giving the hydrodynamic resistance to advancement cannot be directly used unless sup-
ported and corrected by numerical fluid dynamics models. In our case, with a rather small
draft and a maximal Froude number equal to 0.22 (see Table 2), a simplified representation
of the ship resistance reduced to friction has been chosen. This approximation seems
enough for the energy flow analysis and modeling of the ship propulsion behavior. This
model is therefore determined by the analysis of the measurement data. Analyzing the
profile of the dynamic part, we notice that is can be assimilated to a step response of a
first-order system. With this assumption, the differential equation governing the movement
of the ship can thus be expressed as follows, where v is the ferry speed, M is the ferry mass,
Tp is the propulsion thrust, and f is the coefficient of viscous friction between the water
and the ferry hull (resistance to advancement):

M
dv
dt

= Tp − f v. (1)

Table 2. Identified parameters.

Parameter Value

Maximal value of the ship speed (vm) (m/s) 3.3
Froude number 0.22

Ship time constant (τ) (s) 35
Coefficient of friction (f ) (kg/s) 3428

For a constant thrust (step response), the temporal expression of the ferry speed
during the acceleration (80 s) and deceleration phases is given as follows, where u(t) is the
Heaviside function:

v(t) = vm(1− e−t/τ) u(80− t) + vme−(t−80)/τu(t− 80) (2)

In Equation (2), v(t) is the ferry speed, vm is its maximal value, and τ is a time constant
given as follows: τ = M f−1.

By fitting the curve obtained by Equation (2) to the experimental curve of the ferry
speed (Figure 3), and knowing the ferry mass, the different parameters given in Table 2
were determined.
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3.3. Identification of the Estimation of the Energy consumption on a Cycle

The measured speed and the identification of the resistance to advance allow making
an estimation of the useful energy consumption on a cycle, which can be expressed as
follows:

Etrip =

180∫
0

Tpvdt =
180∫
0

v
(

M
dv
dt

+ f v
)

dt =
180∫
0

(
f v2 +

M
2

dv2

dt

)
dt. (3)

Taking the identified values, and replacing Equation (2) in Equation (3), we obtain:
Etrip = 8.7093 × 106J = 2.42 kWh

Considering a global thruster efficiency of about 66% (according to the data given in
Table 1) and a diesel engine and gearbox efficiency estimated at 30%, a fuel energy of about
12.22 kWh is obtained, which represents a consumption of about 1.34 L by considering a
fuel calorific power of 10 kWh/L. By adding the diesel generator consumption, which is
estimated at 8.33 kWh for a single trip (working at full power all the time), a global fuel
consumption around 2.05 L for one single trip is obtained.

The reported consumption by day is about 300 liters of fuel for 126 trips which
corresponds to 2.4 liters of fuel per single trip consumed by the set of engines including
the diesel generator.

The difference between the estimated values and the reported ones (14.5%) may be
due to several factors:

• The energy consumed during the docking and braking maneuvers, which is not
considered.

• Since the GPS only measures an absolute speed, the considered operating cycle (mea-
sured speed) does not consider the speed of the water flow in the Seine River. The
relative speed difference, of about 2 km/h [18], leads to an additional consumption of
energy which is not considered in the simplified approach which is used.

• The global efficiency of the propulsion may be overestimated. Indeed, this efficiency
could be lower that the considered one due to the aging and uncertainties about the
component characteristics.

• The diesel engines may be oversized and thus do not work on their optimal regime.

4. Simulation of the Classical Propulsion

A dynamic simulation of the classical propulsion was performed in order to determine
the time evolution of the power flows in the different parts of the system. These results are
needed for the sizing of the different elements of the proposed hybrid structures and the
determination of relevant power management strategies.
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A multidisciplinary and configurable modeling simulator has been developed on
Matlab/Simulink [10–12]. The ferry hull is model is given by (1), with the resistance to
advance determined experimentally using Equation (2). A four-quadrant (Ct, Cq) model
is used to model the propeller in terms of torque and thrust for any operating points as
in [12]. The propeller shaft dynamic model (I dΩ/dt = Qred − Qp) involves the moment of
inertia (I) of all the rotating parts, and the gear box is represented by a reduction ratio (Kred)
and an efficiency (ηred), giving Ωeng = Kred Ω and Qred = ηred Kred Qeng, where Qeng and Ωeng
are respectively the diesel engine torque and rotating speed, and Qp and Ω are respectively
the propeller torque and rotating speed (Figure 4). The diesel engine is represented by the
dynamic model given in [19].
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Figure 4. Schematic representation of the conventional chain model on Matlab/Simulink [12].

For simplicity, and because there are strong uncertainties in the propeller characteris-
tics, the Voight Schneider propeller is replaced by a classical one. It is assumed that this
modification will not affect the dynamic behavior of the system. The parameters used
for the dynamic simulation of the classical propulsion are given in Table 3. A schematic
representation of the conventional energy chain model is presented in Figure 4. Only the
propulsion is simulated; the diesel generator is not considered.

Table 3. Simulation parameters.

Ratio between the Number of Blades and the
Diameter of the Propeller (-) P/D 1.2

Diameter of the propellers (m) D 0.8
Suction coefficient (-) tsuction 0
Wake coefficient (-) w 0

Gearbox coefficient (-) Kred 2.46
Gearbox efficiency (%) ηred 98

Moment of inertia of the rotating parts brought
back to the propeller shaft (kg·m2) I 15

The fitted ship speed (Figure 3) is used as reference. The simulation results are given
in Figure 5. The power developed by the diesel engine increases rapidly until it stabilizes
around 100 kW. Then, during the deceleration phase, the propeller shaft speed decreases
and becomes negative (astern thrust). The torque becomes negative, which indicates that
we are in the braking mode. The maximum power reached in this phase is around 30 kW.
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5. Electrification of the Propulsion

The objective of this part is the study and analysis of the different possibilities of
electrification of the propulsion considering the mission profile (operating cycle and daily
operation). The strategy adopted is to centralize the production of the energy needed for
propulsion and auxiliaries.

Considering the power levels and the constraints on the available space in the ship,
only serial hybridization architectures are studied. The proposed solutions consist of
keeping the existing diesel generator (DG) used in the initial design for inboard electricity
production which is characterized by a maximum power Pdg_max = 50 kW. Complementary
electrical storage elements are introduced and associated with this DG to meet the global
needs (propulsion and auxiliary needs). The diesel propulsion engines are replaced by
electric motors (Figure 6). The 50 kW DG can produce on a cycle of 200 s, an amount of
energy of 2.77 kWh. Even though the DG produces sufficient energy on a cycle, its rated
power is much lower than the instantaneous maximal power demand. This is why an
energy storage element (ESS) is added to the system. The ESS specific power must be
greater or equal to the difference between the maximum power demanded and the DG
power. Its specific energy depends on the used charging strategy.
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Regardless of charging time, the specific power of the storage element (PESS_max) is
calculated according to the maximum equivalent electric power needed by the propulsion
(Pm), the power demands on board which are considered constant here (Pb), and the
maximal (rated) power of the diesel generator (Pdg_max). The power consumed on board
in the new structure is considered constant and set to 10 kW (Pb = 10 kW). Neglecting the
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losses in the electric motor and converter set, the specific power and energy for a cycle of
the storage elements are evaluated as follows considering that a maximal power is needed
during the acceleration phase of 80 s (as shown in Figure 5c):{

PESS_max = Pm + Pb − Pdg_max = 60 kW
EESS = (PESS_max × 80)/3600 = 1.33 kWh

(4)

The storage elements envisaged are batteries and supercapacitors (SCs). These are
very complementary: the SCs, thanks to their large specific powers, can serve as short term
buffer storage during peak power production, while the batteries, thanks to their high
energy densities, are capable of ensuring the autonomy of the system in a longer term. A
combination of the two elements is therefore ideal. However, for economic reasons and for
the simplicity of power management, only the following configurations are considered in
this study:

• A series hybrid architecture with the diesel generator and supercapacitors (SH_DG-
SC).

• A series hybrid architecture with the diesel generator and batteries (SH_DG-Bat).

For each solution, after sizing of the different elements and the development of the
power management strategy, considering the ship mission and its constraints, a simulation
was performed and an analysis of the different results are presented. A multicriteria
comparative study of these solutions was then carried out to select the best solution.

5.1. Power Management Strategy

The power management strategy, described in Figure 7, is the same for the SH_DG-SC
and the SH_DG-Bat solutions. The difference between these solutions is in the strategy of
the ESS recharging.
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Four possible operating zones are defined depending on the instantaneous power
demand, Pd, and the ESS state of charge, SOC.

In the first zone (area 1 in Figure 6), the power demand is lower than rated power of
the DG and the ESS is not fully charged. The DG provides the power demand and allows
the ESS charging: {

Pdg = Pdg_max

PESS = −min
(
|PESS_max|,

∣∣∣Pdg − (Pb + Pd)
∣∣∣) (5)
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In a second zone (area 2 in Figure 6) the ESS is fully charged and the power demand is
lower than that of the DG. In this case, DG provides only the power demand:{

Pdg = Pb + Pd
PESS = 0

(6)

In a third zone (area 3 in Figure 6), the power demand is greater than that of the
DG and the ESS state of charge is lower than the minimum required (SOCmin). This is a
degraded mode which has to be avoided as much as possible. Indeed, in this case all the
power demands are not satisfied, and DG operates at its rated power to provide only a
part of the power demand. The propulsion system, in this case, will work at a power lower
than the reference power. Finally, in the last zone (area 4 in Figure 6) the power demand
is greater than that of the DG, and the ESS state of charge allows a combination of both
sources to provide the required power:{

Pdg = Pdg_max
PESS = Pb + Pd − Pdg

(7)

5.2. Case of the Supercapacitor Based on Hybrid Solution

In the case of use of supercapacitors, one recharge per cycle (trip) is possible thanks to
their high power density and their large number of possible charge–discharge cycles. The
supercapacitors can be charged during dockside stop times or during the navigation when
the total power requested is less than the power of the DG. The use of the DG is preferred,
and the ESS is kept loaded as much as possible to be able to face strong power calls.

The sizing of the SC ESS consists in determining the numbers of elements that are
necessary to store the energy and to satisfy the maximum power demanded. It is assumed
that the SCs admit the same maximum power in charge and in discharge modes. For
optimal use of SCs, an operating range between 25% and 100% of their SOC is fixed in
order to keep a minimal level of voltage and to avoid oversizing the power converters (the
use of too low a voltage would lead to high currents).

Among the technologies available, the 48 V Maxwell’s DuraBlue supercapacitors
module for hybrid vehicles are selected for this application [20]. Based on this choice, the
SC ESS sizing results are given in Table 4.

Table 4. Results of the SC ESS sizing.

Characteristics of SC modules

Nominal voltage [V] 48
Capacitance [F] 165

Maximal current [A] 1900
Stored energy [Wh] 53

Working temperature −40–65 ◦C
Mass [kg] 14.2

Volume (liters) 14.5
Lifetime Up to 10 years and 106 cycles

ESS Sizing

SOCmin 25%
Number of required modules 27

Mass [kg] 383.4
Volume [m3] 0.4

The simulation results are presented in the Figure 8. It can be seen that during the
acceleration phase, power demand is provided by both sources, with the peak power
provided by the SC. The negative part of the SC power corresponds to the recharging mode.
The cycle duration is sufficient to recover the energy provided by the SC.
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5.3. Case of the Batteries Based on Hybrid Solution

The sizing of the batteries must satisfy the power demand (Equation (4)) and various
environmental constraints, such as space requirements. Battery life is also strongly affected
by the number of charge and discharge cycles and the SOC [21]. To extend the battery life,
the recharging should only be carried out after several operating cycles, while maintaining
a minimum state of charge (SOCmin). Plug-in recharging during docking (via the power
grid) is done during the night, when the boat is not in service (full recharging), and during
additional partial recharge phases during the 30 min stops (after 40 trips). If necessary, in
order to reduce the amount of batteries required, other recharges can be carried out during
the dockside stop times in some trips. Lithium-ion batteries are chosen. The results of the
batteries sizing are given in Table 5, and their recharging strategy is illustrated in Figure 9.

Table 5. Results of the battery sizing.

Parameter Value

Maximal power (kW) 60
Minimum state of charge 48%

Number of elements 20
Total energy stored (kWh) 70

Mass (kg) 760
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The simulation results are presented in Figure 10 for one single trip. During the
acceleration, the power demand is provided by both sources, with the peak provided by
the batteries. The state of charge of the batteries decreases by 0.76% for one trip, which
allows satisfying the recharging strategy shown in Figure 9.
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5.4. Global Performance Results and Discussion

From simulations, the consumption in the proposed mission profiles and then in the
lifetime (20 years) of the ship are evaluated. Hybridization lead to a substantial reduction
in the fuel consumption compared to the conventional chain. The SH_DG-SC solution
leads to a reduction of about 18% of fuel consumption, while it is about 40% for the
SH_DG-Bat structure thanks to dockside charging. The CO2 emissions are reduced by the
same proportions. However, one has to consider the CO2 emissions related to the remote
production of the electrical energy supplying the ESS in the dock (remote CO2 emission).
The considered CO2 emission factors are 2.6 kg/L for the fuel and 0.25 kg/kWh for the
remote CO2 emissions [22,23]. With these considerations, a reduction of around 382 tons
(18%) is obtained for the SH_DG-SC chain, against 626 tons (29.7%) for the SH_DG-Bat
chain, during 20 years of operation.

Leading to a lower mass and volume requirements and, in particular, to lower invest-
ments costs (no additional infrastructures at the dock and greater lifetime), the SH_DG-SC
seems to be the most relevant choice in our case. However, the evolution of battery
technologies may reverse this trend in the future.

6. Conclusions

The total or partial electrification of the ship’s propulsion chains leads to a significant
reduction in chemical pollutant emissions. It is envisaged in a large part of future ships and
must be considered from the construction phase, considering space and volume constraints
as well as the mission profile of each ship. In this context, the electrification of low tonnage
ships, with short operating cycles and high-power demands, which leads to real technical
challenges, has been studied in this work. In this particular application, integrating high
power and energy density components is challenging. This is why the recycling of small
vessels designed with conventional propulsions is not obvious due to the lack of available
space to set up the supplementary electrical elements related to hybrid configuration. A
real test case, concerning a Seine river ferry with an installed propulsive power of 330
KW, has been considered for which theoretical and experimental approaches have been
coupled with some simplifying hypotheses due to the uncertainties on some parameters
and navigational conditions. Supercapacitor- and battery-based hybrid structures have
been compared to the conventional one. They lead respectively to 18% and 29.7% of
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CO2 reduction compared to the classical propulsion representing, respectively, about 382
and 626 tons of CO2 reduction in 20 years of operation. Despite the fact that a more
significant reduction in CO2 emissions is obtained with the use of batteries, the solution
using supercapacitors is chosen following a technical-economic study over 20 years of
operation. The study is obviously far from being exhaustive because we have considered
only the CO2 emissions, and the ecological costs of producing the electrical components
are ignored.
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Nomenclature

Cq, Ct The four quadrant torque and thrust coefficients
D Diameter of the propeller (m)
f Coefficient of viscous friction (kg/s)
I Moment of inertia of the rotating parts (kg.m2)
Kred Gearbox coefficient (-)
M Ship mass (kg)
Pb Power demands on board (kW)
Pd Propulsion power demand (kW)
Pm Maximal propulsion power demand (kW)
Pdg Power of the diesel generator (kW)
Pdg_max Rated power of the diesel generator (kW)
Peng Power of the diesel engine (kW)
PESS Power of the storage element (kW)
PESS_max Specific power of the storage element (kW)
P/D Ratio between the number of blades and the diameter of the propeller (-)
Qeng Torque developed by the diesel engine (N·m)
Qp Torque developed by the propeller (N·m)
SOC Starte of charge of the storage element (%)
SOCmax Higher state of charge of storage element (%)
SOCmin Lower state of charge of storage element (%)
Tp Propeller thrust (N)
tsuccion Suction coefficient (-)
v Ship speed (m/s)
vm Maximal value of the speed [m/s]
w Wake coefficient (-)
τ Ship time constant (s)
ηp Efficiency of the thruster (-)
ηred Gearbox efficiency (%)
Ω Propeller rotating speed (rad/s)
Ωeng Diesel engine rotating speed (rad/s)
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