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Abstract

This work presents the development of a smart energy management system (SEMS) designed to ex-
tend the operational range of unmanned marine-surface electric vehicles (USVs) used for border surveil-
lance missions. USVs present numerous benefits for maritime missions and applications, since they are
unmanned, and, thus, particularly well-suited for operations in dangerous areas, such as polluted waters,
harsh environments, or even nuclear-contaminated sites, where human lives would otherwise be at risk,
making them a safer option, compared with more traditional ones. This work aims to demonstrate the fea-
sibility of a fossil-free USV powered by electric propulsion and photovoltaic panels to extend the duration
and range of border surveillance missions. To achieve this, a SEMS was developed using two algorithms,
a Bidirectional Graph-based (BdG) and an A-star with probabilistic behavior (A*Pb) to calculate the best
route and predict its energy consumption based on the USV model. Since the BdG algorithm does not
account for variations in environmental conditions, it is used for short missions. In contrast, the A*Pb
algorithm considers these variations and thus is more suitable for long missions. The developed system
was integrated into the USV prototype and tested under real environmental conditions at Tejo River, in Lis-
bon, Portugal. Experimental results show that the inclusion of photovoltaic panels increased the mission
range by 21%, and the path proposed by the SEMS resulted in a 16.4% reduction in energy consumption
compared to the shortest route.
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1. Introduction
Currently, the maritime sector consumes a signifi-
cant amount of resources, which is no longer jus-
tifiable with today’s technological advancements.
One of the key innovations in this field has been
the development of Unmanned Surface Vehicles
(USVs), which typically offers greater efficiency
and energy savings [12]. These marine vessels,
being partially or fully autonomous, present numer-
ous advantages for maritime missions and appli-
cations, since they are unmanned, they are par-
ticularly well-suited for operations in dangerous ar-
eas, such as polluted waters, harsh environments,
or even nuclear-contaminated sites, where human
lives would otherwise be at risk, making them a
safer option, compared with more traditional ones
[12].

Because of their remote operation and low cost,
USVs are often employed in military and defense
missions, such as coastal patrols. In some cases,

multiple USV can be used to form a surveillance
grid, remotely operated to perform various tasks on
a large scale [10]. The use of these vehicles is a
key research topic for organizations like FRONTEX
[3], which focuses on developing technologies for
border surveillance and situational awareness.

However, the autonomy of these USVs is limited,
which can potentially compromise the mission. A
possible solution to extend their operational range
is the incorporation of Photovoltaic (PV) panels
[13], along with an Energy Management System
(EMS) to optimize mission planning. An EMS be-
comes crucial when managing multiple and limited
energy sources, optimizing fuel consumption, mis-
sion range, and emissions [4, 5, 14, 15]. The most
efficient way to extend the range of any vessel is to
identify the optimal path for the mission. For large
patrol missions, maritime and atmospheric condi-
tions tend to shift over time, so a way to approach
this problem is to discretize the patrol map into
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