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Abstract. This paper investigates the integration of advanced battery technologies within naval
energy systems, with a particular emphasis on their application in autonomous surface vehicles
(ASVs). The study examines key electrochemical storage solutions, such as Li-ion, lithium-
titanate (LTO), and solid-state batteries, highlighting their operational advantages, technological
limitations, and suitability for deployment in marine environments. As part of the experimental
component, a robotic arm prototype designed for an ASV was developed using specialized
engineering software. The power supply architecture was implemented through three series-
connected Li-ion cells, and subsequently validated through circuit modeling in Fritzing. The
experimental results demonstrate the reliability and efficiency of Li-ion accumulators as a viable
energy source for naval applications, thus supporting the transition towards sustainable and
hybrid electro-energy systems in maritime operations.
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1. Introduction

The need for energy has increased drastically due to population growth, and improving energy
efficiency is necessary for progress in the economy and technology. Conventional energy sources, or
non-renewable energy sources, are finite resources that become depleted over time. Non-renewable
energy is defined as energy that does not regenerate at a sufficient rate to allow long-term economic
extraction on a human scale. Coal, crude oil, natural gas, and uranium are examples of non-renewable
energy sources.[1][2][3]

Energy from fossil fuels, such as coal, oil, natural gas, nuclear material, the sun, and wind, are the
primary sources of electricity. Wind, sunlight, and flowing water are used to generate energy, while
coal, oil, and natural gas are used directly in vehicles and equipment.

Economic growth in recent decades has been driven by increased production activity, which in turn has
been accompanied by significant energy consumption. Technological innovations, financial
development, economic growth, and the consumption of renewable energy have a direct impact on the
ecological footprint.[4][5]

2. Energy sources in the naval domain

A.  Conventional Energy Sources
At present, naval propulsion systems rely predominantly on liquid fuels and, to a growing extent, on
liquefied natural gas (LNG).[6] Among the most widely employed are marine gas oil (MGO) and
marine diesel oil (MDO), whose extensive global availability ensures their widespread use across the
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maritime sector. However, the combustion of these fuels results in significant emissions of COx, sulfur
oxides (SOy), and nitrogen oxides (NOx), which has led to increasingly stringent restrictions under
international regulations such as MARPOL and IMO directives.[7][8]

LNG is generally perceived as a transitional alternative, given its capacity to substantially reduce SO,
NOy, and CO:2 emissions. For large-scale vessels (e.g., frigates, naval ships), gas turbines are frequently
employed to achieve superior power density and rapid response capabilities.[9] While these propulsion
systems provide a highly favorable power-to-weight ratio, they are also characterized by elevated fuel
consumption.

B.  Alternative Energy Sources
Driven by regulatory pressures and the International Maritime Organization’s (IMO) decarbonization
targets, the development and deployment of alternative energy solutions have gained momentum:
. Fuel cells: Operating with hydrogen or methanol, these devices generate electricity through
electrochemical reactions without combustion, offering high efficiency and, in the case of pure
hydrogen, zero-emission operation.
. Renewable energy: Refers to power derived from natural processes and fluxes, including
wind, solar, hydro, wave, geothermal, and bioenergy sources, which can be harnessed to complement
or partially substitute conventional propulsion.[10][11], [12]
. Hybrid systems and batteries: Hybrid propulsion architectures—combining conventional
engines with high-capacity batteries—are increasingly adopted in the maritime domain. Such systems
enable vessels to operate in “zero-emission” mode within ports or environmentally sensitive areas.
Additionally, hybridization enhances overall efficiency by allowing conventional engines to operate at
steady-state loads, while batteries supply peak demand, thereby reducing fuel consumption and
mechanical wear.[1][4]

C.  The Role of Batteries in Enhancing Energy Efficiency
Battery storage systems have become pivotal in advancing maritime decarbonization strategies, serving
as an effective bridge between conventional and renewable energy sources. Their integration provides
multiple operational and environmental benefits, including:[13]
. Mitigation of greenhouse gas emissions;
Reduction of overall fuel consumption;
Enhancement of global energy efficiency across vessel operations;
Storage of renewable energy for optimized, demand-driven utilization.

3. Battery development status
The fundamental operating principle of batteries is governed by the redox reactions occurring during
the processes of energy storage and release. These reactions involve the transfer of electrons at the
electrodes, which defines the electrochemical behavior of each system. Depending on their chemical
composition and cell architecture, batteries are classified into several categories:[6], [10][14]

e (Carbon-Zinc batteries
Alkaline batteries
Nickel-Cadmium (Ni-Cd) batteries
Lithium-Ion (Li-Ion) batteries
Lead-Acid batteries
Carbon-Zinc batteries typically deliver a nominal voltage of 1.5 V; however, their output decreases
progressively as the battery discharges. Furthermore, their efficiency deteriorates significantly under
low-temperature conditions.[15]
Alkaline batteries emerged as an improved alternative to carbon-zinc cells. They offer several
advantages, including up to five times higher energy output, superior energy density, enhanced
performance, and extended service life. Their main drawback lies in their inability to be recharged,
which limits their long-term applicability.[9]
Nickel-Cadmium batteries generate voltages in the range of 1.2—1.5 V and can undergo up to 1,000
charge—discharge cycles. They exhibit strong resilience under adverse weather conditions, particularly
low temperatures. Compared to Li-Ion batteries, Ni-Cd systems generally have a longer lifespan and
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lower maintenance requirements. However, their commercial cost is higher, their energy density is
lower, and cadmium’s toxicity necessitates specialized handling and disposal protocols.[16]
Lithium-Ion batteries represent one of the most widely adopted technologies, particularly in acrospace
and defense applications, due to their rechargeability, high energy density, lightweight construction,
and compact form factor. Typically delivering around 3.7 V per cell, they provide excellent
performance, although their cycle life is reduced after two to three years of operation.[17][9][18] Key
disadvantages include their relatively high cost, the reactivity of lithium as a chemical element, and
associated environmental concerns. To mitigate safety risks such as short-circuiting and potential
ignition, separators are employed between electrodes to reduce the likelihood of thermal runaway.
Lead-Acid batteries were the first rechargeable technology to be commercialized. They are inexpensive,
capable of delivering high current outputs, and remain widely used. Each cell generates approximately
2 V, with six cells connected in series producing 12 V. They recharge rapidly and maintain reliable
performance under low-temperature conditions.[19]

The incorporation of batteries into naval energy architectures is a crucial step toward modernization
and the reduction of carbon emissions in maritime transport. At present, batteries are primarily
employed as complementary power sources, operating alongside conventional fossil-fuel engines rather
than serving as stand-alone systems.[17]

In practice, batteries are integrated through energy management systems that coordinate power flows
between generators, consumers, and storage units. Their applications currently include:[9]

. Peak-shaving, by covering demand surges and maintaining engines at optimal load conditions
. Power supply during port entry and departure, reducing both emissions and acoustic pollution
. Storage of surplus energy from renewable sources for later use

A critical aspect of battery deployment is operational safety, which is ensured through advanced
monitoring systems that track parameters such as temperature, voltage, and current to prevent thermal
runaway. Moreover, optimizing charge—discharge cycles plays a pivotal role in extending service life
and reducing operational costs.[9]

Through these functionalities, batteries are no longer limited to auxiliary or backup roles but are
emerging as fundamental components of modern naval energy architectures. Their integration not only
reduces emissions in line with international decarbonization strategies but also supports the transition
from conventional to hybrid and fully electric maritime systems.[1]

4. Innovations in battery technology and their applications in autonomous naval energy systems
The advancement of stored energy technologies, particularly rechargeable batteries, represents a
decisive factor in the transition towards sustainable and high-efficiency naval energy systems. Within
the context of unmanned surface vehicles (USVs), the integration of advanced energy storage solutions
has become indispensable to ensuring extended autonomy and operational reliability.[20]
Technological progress has enabled the adaptation of a broad spectrum of battery chemistries to
maritime applications, including:[4]

. Lithium-Ion (Li-Ion) batteries, which remain the most prevalent due to their high energy
density, reliability, and relatively short recharge times.

. Lithium-Titanate (LTO) batteries, preferred in applications requiring extended lifecycle
performance and enhanced safety margins.

. Solid-State batteries, currently in the development stage, offering superior energy density
alongside a significantly reduced risk of thermal runaway and fire hazards.

. Conventional lead-acid batteries, historically the most widely used in naval systems, are
progressively being phased out due to their lower energy efficiency and considerable weight limitations.
. In autonomous naval platforms, battery integration has become increasingly frequent and
takes several forms:

. Supplying on-board electronics and sensor arrays;

. Powering small-scale electric propulsion systems to minimize noise, vibration, and emissions;
. Supporting hybrid architectures in combination with auxiliary generators to extend

operational endurance.
A relevant example is the implementation of rechargeable batteries in small-scale USVs, where they
provide several hours of autonomy. This functionality is supported by Battery Management Systems
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(BMS), which optimize charge—discharge cycles while ensuring real-time monitoring of safety
parameters.[9][16][21]

Despite their growing adoption in maritime applications, batteries continue to face several challenges
that restrict large-scale deployment in the naval sector, including:

. Limited endurance compared with conventional fossil fuels;

. Risks of overheating and the associated need for advanced thermal management solutions;
. Progressive performance degradation over time, accompanied by recycling requirements;
. High acquisition and integration costs within naval environments.

These factors illustrate both the transformative potential and the current limitations of battery
technologies in naval applications, underscoring the need for continued research and innovation to
enable their widespread adoption in line with global decarbonization strategies.[17]

5. Mathematical modelling of the robotic system
The development of a robotic system intended for integration within Unmanned Surface Vehicles
(USVs) requires not only a practical approach to design and assembly but also a rigorous mathematical
foundation. Mathematical modeling plays a central role in both the design and optimization processes,
as it enables accurate dimensioning of components, determination of functional parameters, and
structural validation of the overall assembly.[22]
In the case of the current prototype, a series of strength and resistance calculations were performed,
ranging from basic estimations to more comprehensive computational analyses. Consequently, this
chapter outlines the mathematical methodology employed in the design of the robotic system, providing
a robust basis for future developments aimed at achieving reliable and efficient autonomous solutions.
The robotic system, equipped with seven stepper motors (as illustrated in Figure 1), facilitates both
rotational and translational movements of individual components. Its mathematical formulation is based
on the following relation:[23]

®i=generalized coordinates, i=1, 2, ..., 7

li=length of element i

This mathematical framework establishes the foundation for the kinematic and dynamic modeling of
the robotic architecture, ensuring accurate prediction of system behavior under operational conditions.

Fig. 1. Robotic system with 7 degrees of freedom

The control objective consisted in determining the joint parameters required to achieve a desired
position of the end-effector. This target position was defined by the reference values of the Cartesian
coordinates (X, y, z) together with the angular variables 8s and 6-,, which govern the rotational
configurations of the final joint. The position of the end-effector was determined according to the
following equation:[23], [24]

EE = T,(11)R,(0:1)Ry (02)T,(12)Ry (03)T,(I3)R;(04)Ry (85) T, (L)Ry (Be)Rx (6)[0 0 L5 I]"
(M
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Since the rotation of the final joint of the robotic arm is determined by the reference trajectory, it remains
in a fixed position until the reference values of angles 8s and 6- are modified. The resulting Jacobian
matrix has a dimension of 3x5.[17]

DOF — Degrees of Freedom;

EE — End-Effector;

k — Instantaneous time;

R — Rotation matrix;

T — Translation matrix;

6 — Homogeneous Transformation Matrix;

q — Rotation angle between the link and the reference frame;

1 — Link of the robotic arm.
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Nevertheless, determining the mechanical strength of the system’s components is essential to ensure
the stability, safety, and durability of the robotic structure. Mechanical strength analysis evaluates the
capability of materials to withstand operational stresses, thereby preventing potential deformations or
structural failures during operation.

Accordingly, the calculation of forces acting on the robotic system depends on multiple factors,
including the arm’s weight, the payload mass, the length of each link, the motion range, and the type of
actuators employed for arm displacement, as illustrated in Figure 2.[17]

Fig.2. Force diagram of the robotic arm

With the necessary data available, the force required to operate a robotic system can be determined
using the following mathematical relationships:

m+*g*d

L * sinf + (% * c0s0) (D
F — required force
m — payload mass
g — gravitational acceleration (9.8 m/s?)
d — distance from the payload’s center of gravity to the considered joint
L — length of the robotic arm
0 — angle between the arm and the horizontal plane
M — total mass of the robotic arm
This equation accounts for the influence of the payload, the arm’s mass, and its angular orientation
relative to the horizontal. It can also be applied to determine the force requirements at various points
along the arm by adjusting the parameters d and 6.[20]
Based on the performed calculations, the essential parameters for accurate dimensioning of the entire
robotic system were established. The results confirm both the stability of the design and the optimal
correlation between the theoretical model and its practical implementation.[22]

6. Integration of a battery powered robotic prototype autonomous naval platforms

In this study, a robotic system intended for naval applications was designed and manufactured using
3D printing technology.

Figure 3 illustrates the robotic system, whose design optimization was achieved through the use of
multiple software tools, including SnapMaker Luban, 3D Builder, and, in particular, FUSION 360 for
critical details. This integrated approach enabled the development of a functional and adaptable robotic
system suitable for naval research and intervention missions.[25]
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A critical component in the operation of this prototype is the Li-lon battery-based power supply system,
supported by a voltage converter. The converter, illustrated in Figure 4, is employed to step down the
total voltage of 11.1 V—obtained by connecting three ICR18650-26JM cells in series—to the 5 V
required for the operation of the servomotors. The converter regulates the magnetic energy flow during
the active phase and releases it during the blocking phase. Meanwhile, the diodes and capacitors
maintain output voltage stability, preventing fluctuations that could adversely affect servomotor
performance.

Fig. 4. Converter for enabling optimal servomotor operation

For the actuation of the robotic system, SG90 micro-servomotors, shown in Figure 5, were employed.
These devices are well-regarded for their reliability, owing to their compact size, low weight, and cost-
effectiveness. The SG90 servomotors provide a maximum torque of 1.8 kg/cm at a voltage of 6 V,
although their optimal performance is achieved at 5 V, according to the manufacturer’s specifications.

Fig. 5. SG90 micro-servomotors
In terms of battery integration in series, an ABS plastic enclosure, illustrated in Figure 6, was employed

to provide electrical insulation and enhanced mechanical protection. This enclosure facilitates the
connection of three Li-ion cells, yielding a total nominal voltage of 11.1 V, which is subsequently
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regulated via a DC-DC converter to supply the system with the optimal operating voltage. The selection
of Li-ion technology is motivated by its favorable trade-off between high energy density, long cycle
life, compact form factor, and suitability for mobile robotic applications. Additionally, the design
ensures safe handling and thermal stability, which are critical for reliable performance in compact
autonomous systems.

Fig. 6. Enclosure for connecting batteries in series to power the servomotors

For the design, implementation, and visualization of the electrical connections, the Fritzing software
was employed. This open-source application facilitates the design of electrical circuits and enabled the
creation of a block diagram, shown in Figure 7, illustrating the connections between the batteries, the
voltage converter, and the servomotor. Its use allowed for the theoretical validation of the design,
minimizing potential assembly errors and ensuring accurate circuit implementation.

Fig.7. Block diagram of the components used in the prototype development.

The successful integration of a Li-ion battery-based power system within the robotic prototype
unequivocally validates the capability of autonomous subsystems to operate efficiently on electrical
energy. This implementation exemplifies the convergence of advanced energy storage technologies,
precision 3D-printed structures, and intelligent power management strategies, establishing a blueprint
for highly modular and scalable robotic architectures. By enabling rapid prototyping, robust system
reliability, and optimized energy utilization, this approach lays the foundation for the next generation
of autonomous maritime platforms and other complex robotic environments. The results of this study
underscore the transformative potential of combining innovative energy solutions with adaptive,
compact robotic design, setting a new benchmark for sustainable, high-performance autonomous
systems in both research and real-world operational scenarios.
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