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In recent years, the electrification of marine transport has developed rapidly. However, much
of the existing research and practical implementation is well developed for ferries,
workboats, and larger commercial vessels, while small low-power passenger craft are less
often treated as detailed engineering design cases in academic studies. This thesis is focused
on the design of a hybrid propulsion system suitable for a displacement vessel intended for
four to six passengers. Different propulsion architectures are compared, and the vessel
resistance, propulsion power demand, and energy requirements are estimated for a
representative operating profile. Based on this analysis, a series range-extender hybrid
propulsion architecture is selected as the most suitable configuration for the considered
vessel. The final drive system consists of a 1.8 kW Honda EU22i engine-generator, a 48V
100Ah LiFePOs battery, a 48V 25A charger, and a 3 kW ePropulsion POD 3.0 EVO
propulsion motor. The selected components meet the estimated propulsion and energy
requirements while maintaining a relatively simple system layout, short-distance electric
operation capability, and extended operating range through generator support.
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1 Introduction

1.1 Background

Electric propulsion in the maritime sector is undergoing a rapid transition due to
increasingly stringent environmental regulations and global carbon neutrality targets
[1]. Compared with traditional internal combustion engine vessels, electrical boats have
a lot of advantages including zero local emissions, low noise, and reduced operating
costs, especially in inland waterways and environmentally sensitive regions. The
International Maritime Organization (IMO) continues to advance strategies aimed at
reducing greenhouse gas emissions from shipping, with a target of reducing the average
carbon intensity of international shipping by at least 40% from 2008 levels by 2030 [1],
and to promote the application of zero or near-zero greenhouse gas emission
technologies, fuels, and energy sources. Driven by these policies, electric vessels and

related clean energy technologies are receiving increasing attention.

The commercialisation of lithium-ion batteries and the continuous improvement in
energy density and cycle life have made electric boats technically viable for a wide
range of applications [2]. At the same time, governments in Europe, North America,
and Asia have introduced policies such as low-emission zones, port emission
regulations and financial incentives to promote the adoption of electric and clean-
energy vessels [3], [4], [5]. Consequently, the global electric boat market is expanding
rapidly and is expected to reach USD 14 billion by 2030, indicating strong and sustained

growth in this sector [1].

This thesis focuses on the investigation of electric propulsion and energy storage
systems for electric boats, with the aim of improving performance, efficiency, and

operational feasibility.



1.2 Literature Review

Recent research on electric boats has increasingly focused on the development of
integrated electric drive systems, including propulsion motors, power electronics,
transmission, and battery energy storage [6]. Compared with conventional internal
combustion engine (ICE) boats, electric propulsion offers higher efficiency, better
controllability, and zero local emissions. Some studies have compared internal
combustion, hybrid, and fully electric propulsion systems for small passenger boats,
concluding that hybrid systems are particularly suitable for short-to-medium distance

applications in inland waters and environmentally sensitive regions [7], [8].

A major topic in the literature concerns the configuration of propulsion systems.
Researchers have investigated both single-motor and dual-motor layouts for electric
boats. Single-motor systems offer the advantages of structural simplicity and lower cost,
but they suffer from limited redundancy and reduced flexibility in torque distribution.
In contrast, dual-motor and multi-motor systems provide higher total power, improved
manoeuvrability, and enhanced reliability. By independently controlling two
propulsion motors, thrust can be distributed more efficiently between propellers, which
improves acceleration, low-speed manoeuvring, and fault tolerance. Therefore, dual-
motor configurations are increasingly regarded as a promising solution for small

passenger electric boats [9], [10], [11].

Another major research area is the matching of propulsion motors with propellers and
transmission systems. Studies have shown that the hydrodynamic characteristics of
propellers strongly influence the required motor torque and rotational speed. Direct-
drive systems eliminate gearbox losses but require motors capable of delivering high
torque at low rotational speeds. Alternatively, the use of gearboxes allows high-speed
motors to be applied, improving power density and reducing motor size [12]. The
selection between direct drive and geared drive depends on the required propeller speed,

torque demand, and overall system efficiency.



The sizing of battery systems is also widely examined in the literature [13], [14]. The
required battery capacity is determined by passenger capacity, total vessel mass,

cruising speed, sailing distance, and generator power in hybrid systems.

However, increasing battery capacity increases the mass of the boat, which in turn
increases hydrodynamic resistance and energy consumption. This creates a design
trade-off between range and performance. Therefore, in the design process presented in
this thesis, a suitable generator is first determined, while the battery is designed to
provide the additional power demand beyond the generator’s operating capability
within a defined operating range. Subsequently, the minimum required battery capacity

1s determined.

In addition, the selection of inverters and power electronics is critical to ensure
compatibility with the chosen motors and batteries. Proper inverter sizing must consider
peak and RMS motor power, voltage level, and thermal limits. Efficient inverter—
motor—battery integration can significantly improve overall system efficiency and

reliability [15].

Existing studies provide detailed guidelines for electric boat drive system design,
including motor selection, propeller matching, battery sizing, and power electronics
integration [16]. However, most published work does not present a complete system-
level design process for a specific passenger boat configuration, especially for dual-
motor architectures. This highlights the need for a detailed design and optimisation

study, which is the focus of this thesis.

1.3 Research Gap and Objectives

Although electric boat technologies have been extensively researched, several
important gaps remain, particularly for small passenger vessels equipped with multi-
motor drive systems. Most existing studies focus on large electric ships or simplified
single-motor configurations, while small- to medium-sized passenger electric boats

with dual-motor propulsion have not been sufficiently investigated. In particular, the



interaction between propulsion configuration, battery mass, and hydrodynamic

performance is still not yet fully understood within a system-level design framework.

Furthermore, many previous studies analyse propulsion motors, batteries, and inverters
as independent subsystems do not fully consider their strong coupling through vessel
mass, propeller load, and operating profile. In practical applications, increasing battery
capacity to extend operational range also increases vessel mass, thereby increasing
propeller load and requiring higher motor power, especially at higher cruising speeds
or in the planing regime. This trade-off is particularly critical for dual-motor boats,
where torque sharing, redundancy, and efficiency must be balanced against system

complexity and mass.

Therefore, the primary objective of this thesis is to develop and evaluate an integrated
electric propulsion system for a small passenger boat employing either a single- or dual-
motor configuration. The study aims to design an electric drive system that includes the
engine-generator unit, AC/DC battery charger, battery system, inverter(s), propulsion
motor(s), optional gearbox, and propeller. This research is limited to hybrid passenger

boats operating in inland and coastal waters.
To achieve this objective, the following tasks are defined:

1. Define the operational requirements of an electric passenger ship with a

capacity of 4-6 passengers, including speed, range, and payload;
2. Compare and select different propulsion structures;
3. Compare and select different propeller configurations;
4. Calculate the required output power and battery capacity;

5. Select drive system components, including the engine, converter, battery, and

motor, based on the defined design requirements.

The thesis is organised as follows. After this introduction, Section 2 specifies the

required parameters. Section 3 presents and compares the possible propulsion
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architectures. Section 4 outlines the system design, including the calculations and the
selection of suitable propulsion motor, engine-generator set, battery, and charger.

Section 5 summarizes the main findings of the thesis.

2 Method

2.1 Research approach

An analytical system-level design approach is applied in this thesis to develop and
evaluate an electric propulsion system for a small passenger boat. The study combines
a literature review, preliminary sizing calculations, resistance estimation, propulsion
power analysis, and component selection. This section presents the study approach, the

main assumptions, and the input parameters adopted in the design process.

2.2 Case vessel and assumptions

The case vessel considered in this thesis is a small electric passenger boat designed to
accommodate 4—6 passengers. As no specific commercial reference vessel was adopted,
the principal dimensions and mass distribution were defined based on representative
characteristics of small passenger boats reported in publicly available manufacturer

data and relevant literature [17], [18].

2.3 Input parameters

The initial data for the design of the electrical drive system for the boat are listed in
Table 1. The dimensions of the boat are assumed based on the existing commercially

available example [19].

The design process is iterative and is completed under ideal operating conditions, with
water current effects neglected. First, the boat resistance is estimated based on the

assumed principal dimensions and operating speed. Second, the required thrust and
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propulsion power are calculated. Third, the preliminary sizing of the motor,

transmission system, and battery capacity are determined.

Table 1. Initial data

Parameter Value Description
Vessel length, /, (m) 6 This length is suitable for 4-6 people.
Vessel width, by (m) 1.6 For ships under 30 m, the length-to-

width ratio is typically 4 [17].

Waterline length or 55

characteristic length, L (m)

Total mass, m (kg) 1000 Assumed based on similar passenger

boats.

Water density, p (kg/m?) 1025

Kinematic viscosity, v (m%*/s) | 1.19x10° | Kinematic viscosity of water.

Shape (form) factor, & 1.15 Accounts for additional viscous
pressure resistance caused by hull
form. Selected as a preliminary
moderate value for a small slender
displacement hull; to be refined by
CFD/model test. [20].

Propulsive efficiency, 7 (%) 0.55 An approximate overall propulsion
efficiency of # = 0.55 was assumed for
preliminary calculation, based on the
lower bound of typical marine

propeller open-water efficiency [21].

Maximum speed, Vimax (m/s) 2.9 Hull speed for displacement boats.

Formula for limiting speed of ship hull

is Viax = 1.25VL [18].
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Table 1. Initial data (continued from the previous page)

Air density, par (kg/m?)

1.225

Air drag coefficient, Cq

Conservative preliminary drag
coefficient for the above-water hull
and passenger area. For a more precise
estimation, this value can be refined by
CFD, wind-tunnel testing, or empirical
wind-resistance data for similar small

craft. [20]

Windward area, A4 (m?)

Small vessel experience values.

Relative wind speed, Vi (m/s)

2.9

Assuming there is no wind, the relative
speed between the boat and the air is
equal to the boat's speed when the boat

is at its maximum speed.

In the present thesis, the following priorities of the system are set:

1. Electric-only operation for short trips and noise-sensitive low-speed

manoeuvring;

2. Suitability for low-speed passenger use;

3. Possibility of shore charging to support short battery-electric operation;

4. Capability for moderate cruising periods with generator support;

5. Reasonable generator size, noise, and mass, without requiring an excessively

large battery;

6. Backup and range assurance through the onboard engine-generator set.
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3 Propulsion architecture

In order to select the suitable propulsion architecture, an overview of the existing
solutions should be performed. The architectures are mainly classified by the
connection between the propeller and other drive elements: engine, generator, battery,

and motor. The possible architectures are the following.
3.1 Series hybrid

The schematic view of the series hybrid propulsion system is shown in Figure 1. The
series hybrid has no mechanical connection between engine and propeller. The engine
drives a generator. The voltage induced at the generator terminals is converted by
AC/DC charger to DC voltage suitable for charging the battery. Then, the electric
energy stored in the battery is transformed to AC voltage and currents via inverter to

supply the electric motor. Finally, the motor drives the propeller.

. DC bus/ Motor
[ Engine ]—)[ Generator ]—)-—)[ Btz controller ]—)[ Motor ]—)[ Propeller ]

—> Mechnical power, ——> Electrical power

Figure 1. Series hybrid architecture.

The series hybrid itself can be separated into two categories: generator-dominant and

range extender.

3.1.1 Generator-dominant series hybrid

In a generator-dominant series hybrid system, the battery is mainly used for peak
shaving, load levelling, and short transient operation. In this case, the generator should
be able to cover most of the average propulsion demand, including operation at the
maximum sustained load (Psust, max). The sustained load refers to operation at a
continuous power level for a considerable period of time, for example during steady

cruising. The maximum sustained load is different from the peak load (Ppeak), which
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may occur only for a short time during acceleration, manoeuvring, or sudden

environmental disturbances.

In this configuration, the battery acts as a buffer between the generator and the electric
drive. It supplies short power peaks and absorbs load fluctuations, allowing the
generator to operate more steadily and closer to its efficient operating region. Therefore,
the generator does not necessarily need to be sized for the absolute peak propulsion
power, but it should be sufficient for the highest sustained operating condition. The

following relations can be used to describe a generator-dominant series hybrid system:

Pyen 2 Poust, max (1)
Pyen = Py, (2
Pyen < Peaks 3)
Pray = Ppeak — Pgens 4)

where Pgen 1s the power that the generator can output, Psust, max 1S maximum sustained
propulsion power, Payr is average propulsion power, Ppais the power that the battery

can output.

Such a solution might make sense when the operation time is relatively long and large

enough battery would be too heavy or too expensive.

3.1.2 Range extender series hybrid

In a range-extender series hybrid system, the battery has a larger role in supplying the
propulsion demand. The generator is not sized to cover the maximum propulsion power
or the maximum sustained load by itself. Instead, its main function is to extend the
operating range and support the battery state of charge during operation. The battery
supplies short-term power peaks and covers energy deficits when the propulsion

demand is higher than the usable generator power.
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In this configuration, the vessel is intended to behave mainly as an electric boat, while
the onboard generator is used to extend the driving range. The generator may be
selected close to the average load if charge-sustaining operation is required. However,
if battery depletion during the mission is allowed, the generator power may also be
lower than the average power demand. Therefore, the battery must be sized not only for

peak power support but also for the required usable energy over the operating cycle.

The following relations can be used to describe a range-extender series hybrid system:

Pyen < Ppeaks ()

Pyen = Pgustmax (6)

Prat 2 Ppeak — Pgens (7

B2 [ [Prsa 0 Pyl ®)
If battery depletion is allowed:

Pyen < Poyr, 9

where Pgen 1s the usable generator-side power, Ppeak 1s the short-term peak propulsion
power, Psust, max 1S the maximum sustained propulsion load, Pay: is the average power
demand over the operating cycle, Ppat, peak 1S the required peak battery power, Epa 1s the

required usable battery energy, and Pload(?) is the time-dependent propulsion load.

The solution is preferred for low-speed, low power operating profile for short or
moderate cruising periods. It is especially suitable when a fully battery-electric system
would require excessive battery capacity, mass, or cost, whereas a generator-dominant

series hybrid system would be oversized for the average power demand.
3.2 Parallel hybrid

A schematic illustration of the parallel hybrid propulsion system is presented in

Figure 2. In this configuration, both the internal combustion engine and the battery-
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powered electric motor are mechanically coupled to the gearbox, which subsequently

drives the propeller.

The engine supplies the primary propulsion power, while the electric motor supports

acceleration and enables low-speed manoeuvring or short-duration electric-only

Propeller

Motor
o e

—> Mechnical power, ——> Electrical power

Figure 2. Parallel hybrid architecture.

operation. Compared with series propulsion systems, the parallel arrangement avoids

multiple energy conversion stages, thereby improving overall efficiency. Nevertheless,

the mechanical layout and control strategy are relatively complex, which may increase

maintenance requirements and operational challenges.

3.3 Series-parallel hybrid

The schematic view of the series-parallel hybrid propulsion system is shown in

Figure 3. This structure combines the advantages of series and parallel systems,

offering the highest flexibility, but the system is overly complex, and the excessively

long propulsion structure is unsuitable for small vessels.

Engine |

A

y

DC bus/ Motor
(oo Bty o > o

—> Mechnical power, —>  Electrical power

Figure 3. Series-parallel hybrid architecture.

Propeller
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3.4 Fully electric

The schematic view of the fully electric propulsion system is shown in Figure 4. In
this case, the system is powered solely by batteries, offering advantages such as zero
emissions and low noise. However, it also faces challenges related to shorter battery

life and limitations imposed by charging infrastructure.

DC bus/ Motor H ’
[ Battery controller Motor Propeller

—> Mechanical power, —> Electrical power

Figure 4. Fully electric architecture.
3.5 Fuel-cell hybrid

A schematic representation of the fuel-cell hybrid propulsion system is presented in
Figure 5. In this configuration, fuel cells function as the primary power source, while
batteries are employed to accommodate transient load fluctuations, startup operations,

acceleration, and peak power demands.

Hydrogen DC bus/ Motor
[ o{ e ]_)-_)[ Batery | contoller |1 Mor_1—{_Prpetie |

—> Mechanical power, —> Electrical power

Figure 5. Fuel-cell hybrid architecture.

This architecture is suitable for medium- to long-distance low-carbon navigation,

however hydrogen storage, refuelling, and cost are the main limitations.
3.6 Comparison of propulsion system architectures

Each of the considered architectures has its own advantages and disadvantages.
Therefore, the selection of the most suitable system depends on the intended
application, operating profile, and design requirements. Table 2 provides a comparison

of the different boat propulsion system types.
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Table 2. Comparison of propulsion system architectures

Architecture Advantages Disadvantages

Series hybrid, | The engine can operate within a | Multiple energy conversions

generator- high-efficiency range during | reduce efficiency; produce

dominant operation; it is driven solely by the | pollutant emissions.
electric motor, resulting in a simple
layout; the battery regulates
transient load changes.

Series hybrid, | Enables zero-emission operation for | Limited by battery capacity;

range short distances; generator extends | higher system cost and

extender the operating range when battery | control complexity than pure
state of charge is low; suitable for | diesel propulsion.
variable or low-speed duty cycles.

Parallel Both the engine and the electric | Requires clutch, gearbox, or

hybrid motor can drive the propeller; high | shaft coupling; more
efficiency during direct mechanical | complex mechanical
propulsion; electric motor can | integration; less flexible than
support low-speed operation, peak | a fully electric propulsion
loads. path.

Series- Combines mechanical and electrical | Most complex architecture;

parallel power paths; more flexible in | high cost and weight.

hybrid equipment selection.

Fully electric | Zero local emissions; low noise and | Limited by battery capacity;
vibration; simple propulsion chain; | requires the construction of
high motor efficiency and good | mature charging
manoeuvrability. infrastructure.

Fuel-cell Zero local emissions during | Hydrogen  storage  and
operation; longer range than battery- | refuelling infrastructure are
only systems in many cases; battery | challenging; high system
can support transient loads while the | cost; fuel cell dynamic

fuel cell provides steady power.

response and lifetime require

careful management.
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3.7 Selection of the suitable architectures

Based on the priorities set in Section 2.3, the battery-dominant series range-extender
architecture should be the most suitable candidate. The properties of this hybrid meet

the requirements as shown in Table 3.

Table 3. Comparison between design priorities and the selected architecture

Properties of battery-dominant series range-

Priority
extender architecture
1. Quiet electric operation Boat can operate with generator off
2. Low-speed passenger use Battery can easily cover dynamic power demand
3. Shore charging available Battery is the main energy source

o . Generator extends endurance without being
4. Moderate cruising periods )
oversized

5. Reduced generator size, ‘ ‘ _
_ Smaller generator is easier to install
noise, mass

Generator prevents complete dependence on
6. Backup/range assurance
battery

A battery-dominant series range-extender architecture was selected because the vessel
is intended to operate primarily as an electric boat. In this configuration, the battery is
the main dynamic power source and is sized to supply propulsion power during
acceleration, manoeuvring, and normal electric operation. The onboard generator is not
intended to cover the full peak propulsion demand. Instead, it acts as a supportive
energy source that extends the operating range and reduces the battery discharge rate
during longer operation. Therefore, the generator can be smaller than the peak
propulsion power and, if partial battery depletion is allowed, it may also be lower than
the average power demand over the operating cycle. This approach provides a
compromise between a fully battery-electric system, which may require excessive
battery capacity, and a generator-dominant series hybrid system, which may be

oversized for a small low-speed passenger boat.
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4 System design

In the design process of the passenger boat, resistance and propulsion calculations,
together with propulsion system component selection, are essential. This section
presents the resistance and propulsion calculations and the selection of appropriate

propulsion system components.
4.1 Resistance

To select a propulsion motor capable of delivering the required thrust (7), the
hydrodynamic resistance (R) acting on the vessel under the specified operating
conditions should be evaluated. A schematic diagram related to ship operation is

presented in Figure 6.

Propulsor —_—

Drive R

system ——

Figure 6. Ship resistance and propulsion. 7 is the thrust, R is the resistance, and V'is

the velocity.

In this study, the total calm-water resistance of the boat is estimated using a simplified
coefficient-based method. The total resistance is divided into frictional resistance and
residuary resistance. The frictional resistance component is estimated using the ITTC-
1957 correlation line, while the residuary component is approximated from empirical
data for similar small displacement vessels. This simplified approach is adopted for
preliminary system sizing, since detailed hull geometry, CFD simulations, and towing-
tank test data are not available. All formulas used for resistance calculations are

referenced from [20].
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The Reynolds number is calculated as

V'L
= T =1.34-10, (10)
”

where Vmax 1s maximum speed, L is Waterline length, v is kinematic viscosity of water.

The frictional resistance coefficient is estimated using the ITTC-1957 correlation line

as

0.075

- - 0.00285. 11
" (log, Re-2)’ (1

In addition to frictional resistance, a residuary resistance coefficient, Cr, is introduced
to account for wave-making and other non-frictional effects. In the absence of validated
resistance data for the considered vessel configuration, the residuary resistance was
estimated using empirical methods reported in the literature for small displacement craft,

while a baseline coefficient, C;, of 0.004 was adopted for preliminary sizing [20].
The total resistance coefficient is calculated as

C, = Cy(1+k) + C,=0.00828. (12)
The resistance in water is calculated as

R, =C, %pSmeX =182.2 N. (13)

The resistance due to air is calculated as

Ry = 5p,;,Cod Vinax- = 15.5 N. (14)
The total resistance, R, is estimated as
R=R,+R,=197.6 N, (15)

where Ry, 1S resistance in water, R, 1S resistance in air.

Assuming the acceleration is uniform, it takes 10 seconds to accelerate from rest to

maximum speed. Therefore, the acceleration is 0.29 m/s?.



The maximum thrust requirement is calculated as
Tiotal = R + m-a.

Maximum thrust is required when the maximum speed is

Tiotat = 197.6 +1000-0.29 = 487.6 N.
4.2 Power of propulsion motor

The peak output power required from the propeller, Pe, is
P. = Tiota1 Vinax = 1.414 kW.

The peak input power required by the overall drive system, Piy, is

(<

P, =— =2571 kW,
n

where 7 is the overall system efficiency.

22

(16)

reached.

(17)

(18)

Next, a comparison between single-motor and dual-motor configurations is conducted

based on the power requirements.

4.3 Selection of the motor configuration

There are two motor configurations considered for the case under study: single motor

and dual motor. These systems include both a motor and a propeller, eliminating the

need for a separate propeller design. The single- and dual-motor configurations are

compared, and the single-motor configuration is selected as the more suitable option.

4.3.1 Evaluation Criteria

To ensure technical and economic feasibility, the candidate propulsion systems are

evaluated based on economic factors (cost), efficiency, reliability (maintainability),

safety, and technical performance in order to determine the most suitable configuration.

The comparison of single- and dual-motor configurations is provided in Table 4.
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Table 4. Comparison of single- and dual-motor configurations

Evaluation Single Dual Explanation
criterion motor motor

Cost Lower Higher A dual-motor system requires two
propulsion units and additional control
hardware.

Efficiency Higher Medium | Given the relatively low power demand of
the vessel, a dual-motor system may result
in less efficient power utilisation.

Reliability Medium | Medium | A dual-motor system provides redundancy,
since limited propulsion can still be
maintained if one motor fails.

Safety Lower Higher In a dual-motor system, one motor can
provide backup propulsion in the event of
failure of the other motor.

Complexity Lower Higher Dual motors require a more complex control
system, installation, and maintenance.

Although the dual-motor system provides higher redundancy, the maturity of single-

motor drive technology makes it a reliable practical solution. Furthermore, the vessel’s

operating power demand is relatively low, and a dual-motor system would likely result

in inefficient power utilisation. Therefore, a single-motor configuration was selected.

4.3.2 Motor comparison and selection

Following the selection of the propulsion system configuration, the next step is to

determine the propulsion arrangement. Three commercially available propulsion

options are considered in this study: outboard motors, inboard motors, and pod-drive

systems. These alternatives are compared and evaluated to determine the most suitable

option for the selected vessel configuration (Table 5).
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Table 5. Considered motor alternatives

Parameter EZ-Outboards X-05 SHARK 3.0 - ePropulsion POD
- Outboard motor Inboard Motor 3.0 EVO [24]
[22] [23]

Input power (kW) 3 3 3

Voltage (V) 48 48 48

Transmission Direct Shaft Direct

Price (EUR) 2599 3399 2699

Total weight (kg) 20 11.8 15.3

Noise level Audible noise Almost silent Almost silent

Cooling Air Air Water

A comparison of the three propulsion arrangements indicates that outboard systems
offer lower installation costs and easier maintenance. Inboard systems enable improved
weight distribution within the vessel but are generally associated with higher
installation costs. Pod-drive systems are more expensive than outboard ones but provide
lower noise levels and improved manoeuvrability. Considering cost, performance, and
practicality, the ePropulsion POD 3.0 EVO system was selected as the preferred

solution.

4.3.3 Verification of the selected motor

At this operating velocity, the vessel operates entirely in displacement mode.
Hydrodynamic calculations using the ITTC-1957 method indicate maximum total
resistance (R;) of approximately 487.6 N, resulting in a calm-water effective power (Pe)
of 1414 W. According to the rated data [24], ePropulsion POD 3.0 EVO provides a
thrust power of 1.52 kW, which is above the required peak power of 1.41 kW for vessel
propulsion. However, as the input power is 3 kW, the total efficiency of the motor is
50.67% (1.52 kW/3 kW), which should be taken into account when selecting the battery

and generator.
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4.4 Selection of the engine-generator

In the proposed generator-supported range-extender architecture, the engine-generator
set is selected as a substantial onboard energy source for extended operation. The
system is not intended to operate as a purely battery-electric vessel over the full mission
cycle. Instead, the battery is selected to enable quiet electric-only operation during short
trips, harbour manoeuvring, and other low-speed passenger-sensitive modes, while the

engine-generator set provides range extension during longer cruising periods.

In this configuration, the generator is not required to cover the short-term peak
propulsion demand, since peak power and transient load variations can be supplied by
the battery. However, the generator should provide a significant part of the average
operating power during extended operation in order to reduce the required battery
capacity and avoid excessive battery mass and cost. Therefore, the generator power is
selected to be lower than the peak propulsion power, but sufficiently close to the
average operating power to provide a meaningful energy contribution over the drive
cycle. Following this logic, the usable generator power is assumed to be approximately

60-90% of the average operating power:
Pgen = (0.6~0.9)- P,y (19)

This approach provides a compromise between a purely battery-electric system, which
would require a larger battery to cover the full operating cycle, and a generator-
dominant series hybrid system, in which the generator would be sized to cover most
sustained propulsion conditions. In the proposed concept, the battery supports quiet
short-range electric operation and transient power demand, while the engine-generator
set provides range extension for longer operation. The operating profile used for
propulsion power estimation is presented in Table 6. The values are used as preliminary
assumptions to represent a typical operating cycle of a small displacement vessel. They
should be refined in future work using measured propulsion data, manufacturer-

provided performance curves, or experimentally validated load profiles.
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Table 6. Operating profile

Operating mode Duration (h) Propulsion power Description
demand (kW)

Departure 0.5 1.5 Leaving harbour at
low speed

Acceleration 0.5 2.3 Increasing speed

Cruising 1.5 2.0 Normal navigation

High-load cruising 1.0 2.5 Higher propulsion
demand

Return to shore 0.5 1.5 Reduced-speed
operation

Based on the operating profile presented in Table 6, the average power is calculated as

b 0.51.5+0.523+1.520+1.02.5+0.5-1.5
avr 05+05+1.5+1.040.5

=2.04kW.  (20)

The average power of 2.04 kW suggests selecting an engine-generator set in the range
between 1.4 kW and 1.84 kW, corresponding to 70-90% of the average operating
power. The Honda EU22i engine-generator, with a rated power of 1.8 kW, is selected.
The main parameters of the selected engine-generator Honda EU22i are listed in

Table 7.

Table 7. Main parameters of engine-generator Honda EU22i [25]

Parameter Value
Rated output (W) 1800
Rated voltage (V) 230
Rated frequency (Hz) 50
Rated current (A) 7.8
Operating time at rated power (h) 3.5
Dry weight (kg) 20.7
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4.5 Selection of the battery

To estimate the minimum required battery capacity, an energy-balance approach is
adopted. In this approach, the total energy demand over the operating cycle is compared
with the energy supplied by the engine-generator set, and the remaining energy demand
is assigned to the battery. The total electrical energy demand over the mission cycle

presented in Table 6 is
E102¢=0.5-1.5+0.523+1.5:2.0+1.0-2.5+0.5-1.5=8.15 kW. (21)

The rated continuous power of the selected engine-generator set is 1.8 kW (EU221i).
According to the product data, the Honda EU22i can operate for 3.5 h at rated power.
Therefore, the electrical energy supplied by the engine-generator set during one full-

tank operation is estimated as
Egen = 1.8:3.5=6.3 kWh. (22)

Then, by subtracting the 6.3 kWh generated by the engine-generator set from the
8.15 kWh consumed during the entire operating cycle, the remaining net battery energy

demand is obtained as
Egen — Eload = —1 85 kWh (23)

Thus, the battery must provide a net energy contribution of 1.85 kWh over the
considered operating cycle. To ensure safe battery operation, the battery state of charge
is limited to the range from 20% to 80%, which means that only 60% of the rated battery

capacity is considered usable. Therefore, the minimum required battery capacity is

% = 3.1 kWh. Based on the calculated design requirements, a 5.12 kWh (51.2 V,

100 Ah) lithium iron phosphate (LiFePO4) battery was selected. The selected battery
satisfies the voltage and power requirements and also provides additional usable energy

reserve within the selected state-of-charge range.

The parameters of the selected battery are listed in Table 8.
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Table 8. Main parameters of the 48V 100Ah LiFePOy4 battery [26]

Parameter Value

Voltage (V) 51.2

Capacity (kWh) 5.12
Maximum charge current (A) 50
Maximum discharge current (A) 200
Maximum discharge power (kW) 5.12
Weight (kg) 43

4.6 Selection of the charger

The charger should be selected based on the battery voltage, charging current, and the
available generator output power. Since the selected battery is a 48 V LiFePOq battery
pack with a rated voltage of 51.2 V, the charger must be compatible with48 V/51.2' V
lithium iron phosphate batteries. The charger has a charging power of 1450 W and is
designed for 48 V/51.2 V lithium batteries. This charging power is lower than the rated
output power of the Honda EU22i generator, which is 1800 W. Therefore, the generator
can supply the charger during operation without being overloaded, provided that the
charger input power, including conversion losses, remains below the rated generator

output. The main parameters of the selected charger are provided in Table 9.

Table 9. Main parameters of LiFePO4 battery charger [27]

Parameter Value
Rated input voltage (V) 200-240
Charging power (W) 1450
Output voltage (V) 58.4
Charging current (A) 25
Weight (kg) 7
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The selected charger provides a suitable charging current for the 48 V 100 Ah battery.
A 25 A charging current corresponds to approximately 0.25 C for a 100 Ah battery
pack, which is a moderate charging rate for LiFePO4 batteries. According to the product
information, this charger can fully charge a 48 V 100 Ah battery in approximately 4
hours. Therefore, the selected charger satisfies the voltage, chemistry, charging-current,

and generator-power compatibility requirements of the proposed system.
4.7 Selected equipment

This section summarizes the main components selected for the proposed series range-
extender hybrid propulsion system. The selected equipment is based on the propulsion
power demand, operating profile, battery energy requirement, generator output power,
and compatibility between the battery, charger, and propulsion motor. The selected

components and their main parameters are listed in Table 10.

Table 10. Selected components for the series hybrid system under design

Part Name Parameters Reference | Quantity
Motor and | ePropulsion Motor supply: 3 kW, 48 V. [24] 1
Propeller POD 3.0 EVO | Propeller: 1.52 kW, 2300 rpm.

15.3 kg
Engine- Honda EU22i 1.8 kW, 230V AC, 7.8 A, [25] 1
generator 21.1 kg
Battery 48V 100Ah | 5.12 kW, 51.2V, 100 A, [26] 1
Bluetooth 5.12 kWh, 43 kg
Charger 48V 25A | 1.45kW, 58.4V,25 A, 7kg [27] 1
LiFePO4
battery charger
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5 Conclusion

The aim of this thesis is to design a hybrid displacement vessel for four to six

passengers. For the case under study, the initial conditions for the boat have been set

based on similar boats available on the market and empirical knowledge available in

the literature on the design of vessels. After comparing the advantages, disadvantages,

and applicability of different hybrid propulsion architectures, a series range-extender

architecture was selected. In this configuration, the battery enables electric-only

operation during short trips and low-speed manoeuvring, while the engine-generator set

extends the operating range during longer trips.

The proposed system integrates the following main components:

1.

An ePropulsion POD 3.0 EVO propulsion unit, which integrates a brushless
DC motor and propeller. The motor operates from a 48 V DC power supply
and has a rated input power of 3 kW. According to the manufacturer, its
propulsion performance is comparable to that of a 6-horsepower gasoline
engine. It is selected to provide the required propulsion power for the proposed
low-speed displacement vessel.

A Honda EU22i portable inverter engine-generator set with a rated continuous
power of 1800 W and a maximum power of 2200 W.

A 48V 100Ah lithium iron phosphate (LiFePO4) battery with metal housing.
The rated voltage of the selected battery is 51.2 V, the rated capacity is 100
Ah, the rated power of 5.12 kW, and the rated energy capacity is 5.12 kWh.
The selected battery provides sufficient energy capacity for the considered
operating cycle and sufficient discharge capability for supplying the selected
3 kW propulsion motor. The LiFePO4 chemistry is selected due to its high
safety, long cycle life, and stable voltage characteristics, and suitability for

marine energy-storage applications.
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4. A 48V 25A lithium iron phosphate charger suitable for 48 V-class (rated

51.2 V) 16-cell lithium iron phosphate battery packs. The charger has a rated
charging current of 25 A and a charging power of 1450 W. For a 100 Ah
battery pack, this corresponds to a charging rate of 0.25 C. Therefore, the
battery can be charged approximately in 4 hours under ideal conditions,

depending on the initial state of charge and the charging profile.

The selected series range-extender architecture provides a practical compromise

between electric-only operation and extended cruising capability. The battery allows

quiet short-distance operation, while the engine-generator set provides additional

energy for longer trips. This solution is considered suitable for the proposed low-power

displacement vessel because it avoids the large battery capacity required by a fully

electric system and the mechanical complexity of parallel or series-parallel hybrid

architectures.
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   P  bat  ≥   P  peak  –   P  gen ,                                                       (7)


   E  bat  ≥   ∫  [  P  load (t) –    P  gen ]dt.                                         (8)


   P  gen  <   P  avr ,                                                                    (9)


  Re =     V  max ⋅L ν  = 1.34⋅   10 7 ,                                            (10)


   C f  =    0.075    (   log  10 Re-2) 2  = 0.00285.                                    (11)


   C t  =    C f ∙(1+k) +   C r = 0.00828.                                    (12)


   R w  =   C t  1 2 ρS  V  max  2 = 182.2 N.                                      (13)


   R a  =   1 2  ρ  air  C d A    V max 2  = 15.5 N.                                                (14)


   R t  =   R w  +   R  a  = 197.6 N,                                                                   (15)


   T  total  = R + m⋅a.                                                         (16)


  ∙


   P e  =    T  total ⋅  V  max  = 1.414 kW.                                      (17)


   P  in  =      P e  η   = 2.571 kW,                                                (18)


  η


   P  gen  ≈ (0.6~0.9)   ⋅P  avr .                                                 ( 19 )


   P  avr  =    0.5⋅1.5 + 0.5⋅2.3 + 1.5⋅2.0 + 1.0⋅2.5 + 0.5⋅1.5  0.5 + 0.5 + 1.5 + 1.0 +0.5  = 2.04 kW.          (20)


   E  load  = 0.5⋅1.5 + 0.5⋅2.3 + 1.5⋅2.0 + 1.0⋅2.5 + 0.5⋅1.5 = 8.15 kW.          (21)


   E  gen  = 1.8∙3.5 = 6.3 kWh.                                          (22)


   E  gen     – E  load  = –1.85 kWh.                                          (23)


    1.85  0.6  = 3.1 kWh

