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Resumo alargado 

O objetivo desta tese é o estudo de veículos autónomos de superfície (ASV) com especial foco nas 

suas especificações e limitações energéticas, de modo a avaliar hipótese de desenvolver um veículo 

que consiga executar diferentes missões e com elevada autonomia. 

Actualmente, estes veículos apresentam limitações na autonomia o que leva a um grande interesse em 

converter a energia das ondas, o maior recurso energético dos oceanos, em eletricidade para uso futuro 

durante as missões. 

Esta tese considerou um ASV cujo casco é um monocasco e equipado com diversos aparelhos de 

recolha de dados e dispositivos capazes de extrair energia de três recursos disponíveis no oceano: 

radiação solar, vento e ondas. 

Ao longo da dissertação, foram estudados os recursos disponíveis na costa atlântica da ZEE 

portuguesa, assim como a potencial energia extraída desses mesmos recursos e a velocidade a que o 

ASV conseguiria operar. O ASV dimensionado apresenta um monocasco, desenvolvido para operar no 

oceano e em águas agitadas, com 4,56 m de comprimento, 1,3 m de largura e altura de 0,7 m, capaz 

de navegar a velocidades de mais de 4 nós e com elevada capacidade de carga e energia para executar 

as diversas missões científicas.  

Palavras-Chave: Veículo autónomo de superfície (ASV), Energia, Flapping Energy Utilization 

and Recovery (FLEUR), Monocasco, Zona Económica Exclusiva (ZEE). 
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Abstract  

The objective of this thesis is a study about Autonomous Surface Vehicles (ASV) and their energy design 

and limitations in order to evaluate the hypothesis of having an ASV capable of performing different 

missions with high levels of autonomy. 

Nowadays, these vessels present limitations in the autonomy field which leads to a great interest in 

converting wave energy, the highest energy resource of the oceans into energy for later use on board 

during the missions.  

This dissertation considered a monohull ASV equipped with devices capable of extracting energy from 

three resources at the sea: solar radiation, wind and waves. 

During this dissertation, it was studied the resources available at the Portuguese EEZ as well as the 

potential energy extracted from those resources and the speed at which the ASV was able to operate. 

The studied ASV is a monohull, designed for open ocean and rough waters with 4,56 m length, 1,3 m 

width and 0,7 m height, capable of sailing at speeds of 4 Kt and with enough payload and power to 

execute the diverse scientific missions. 

 

Key Words: Autonomous Surface Vehicle (ASV), Energy, Flapping Energy Utilization and Recovery 

(FLEUR), Monohull, Economic Exclusive Zone (EEZ). 
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1. Introduction 

 

The EU Marine Strategy Framework Directive requires that each Member State develops a strategy for 

its marine waters reflecting the overall perspective of the marine region or sub region concerned [1]. 

Marine strategies should result in the application of programs and measures designed to achieve or 

maintain good environmental status. To assure this, it is necessary to have ocean monitoring and 

surveillance programs. These programs have been carried by manned ships, buoys and radars, but 

given the vast extension of the Portuguese EEZ, those programs are very expensive, both in terms of 

human and economic resources. Besides this, radars are also limited to the coastal zone while buoys 

need to be moored which is extremely difficult due to the water depth.  

Unmanned vehicles are being used for missions of ocean monitoring and surveillance. These vessels 

mark a new beginning in the way the sea is explored and studied due to their versatility and safety, and 

the fact that they can be built with low-cost investment. They can operate underwater or on the surface 

and with them, it is already possible to study and explore aquatic environments that would be dangerous 

for humans. As often occurred, the first application of these vessels were military missions, but soon 

scientists understood that there was great value in using these vessels for scientific purposes since they 

can accomplish a lot of different missions. 

An Autonomous Surface Vessel (ASV) or Unmanned Surface Vessel (USV) is a vehicle that operates 

at the surface of the water without a crew [2]. The fact that they can be equipped with a great variety of 

equipment makes them very versatile since they can be used for different types of missions, like 

scientific purposes - bathymetry, water monitoring, salinity, currents, chemistry, earthquake prediction, 

hydrographic data, air and atmosphere measurements; military missions – mine countermeasures, anti-

submarine warfare, maritime security, surface warfare, electronic warfare and maritime interdiction 

operations; offshore works -  ship wreck survey and structure inspection; communication - simply follow 

an Autonomous Underwater Vehicle (AUV) in order to provide support communications as well as 

precision location and navigation. 

Nowadays, the production of this kind of vessels has increased significantly due to military and scientific 

purposes and since there are a lot of different scientific missions and aquatic environments, there is a 

great variety of ASV’s sizes and hull types. They can be trimaran, monohull, catamaran or small 

waterplane area twin hull and it is necessary to define the mission’s requirements and environmental 

conditions in order to know the size and hull type that is more useful for that specific mission.  

Each mission also requires different kinds of equipment which can be divided in two groups. The basic 

equipment covers the navigation, communication and energy generation and storage equipment and 

the mission’s equipment like sonar and hydrophone, which varies depending on the mission. These 

equipment can be very heavy and occupy a large volume, like some batteries for example, and they 

influence both the vessel’s payload capacity and its autonomy. With the persistent development in the 
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Figure 1. Endurance vs Nominal Power in some developed ASVs 
and objective for the ASV in study. [3] 

 

 

world of technology, electronic devices are getting smaller and consequently lighter, reducing the 

necessary space and payload capacity for the vessel. 

But these equipment need energy and increase the weight of a vessel. The increased weight and energy 

needed limits the autonomy of an ASV. To surpass those problems, two solutions appeared: bigger 

ASV’s with large batteries, fuel powered, capable of carrying a heavy payload and achieve fast speeds 

but with autonomy reduced to weeks or just days, that are mainly used for military purposes and smaller 

and slower AVS’s, that use the marine renewable resources available at the sea to generate energy 

and have a better autonomy, mainly used for scientific missions. This thesis will focus on the 

improvement of the second group. In order to have a good autonomy, ASV’s are using electric or hybrid 

motors instead of diesel and gas motors. The batteries that they carry can be recharged using the energy 

resources of the sea – wind, solar and wave energy and if combined, it is possible to have an even 

better autonomy. Having a superior autonomy also reduces the costs of recovery and deployment since 

the vessel is capable of sailing for much more time. 

ASVs are a “green” option for water survey and monitoring and, since the EU is forcing State-Members 

to apply marine strategies in order to achieve or maintain good environmental status, this characteristic 

is an asset. They are also smaller than usual ships due to the fact that they need to be easy to transport 

and deploy and this characteristic translates into less disturbance for aquatic environments. 

Despite all the advantages and value of ASV’s and the fact that these vehicles are emerging to suppress 

the difficulties that ocean monitoring and surveillance present, there are still some major limitations such 

as operation range and power supply. These characteristics have proven to be difficult to conciliate and 

the solutions that present a good power supply aren’t able to have a long endurance and vice versa. 

The purpose of this thesis is to study and design an energy harvesting and harnessing ASV with high 

power supply and autonomy and a long operation range (Figure 1), using solar, wind and wave energy 

and if practicable, high load capacity, that will be used for ocean monitoring and surveillance missions. 

If this last objective is not possible, it will be studied the possibility of develop a lighter ASV and therefore, 

with less load capacity, using different equipment for each mission scope. 

  

ASV in study 



3 
 

2. State of the art  

 

In 1862, Captain W. H. Noble of the Royal Navy proposed the concept of an electrically steered surface 

craft controlled from shore as a mean for guiding a fire ship into an enemy fleet. This was one of the first 

concepts similar to an ASV.  

The main development of Unmanned Surface Vehicles (USV) began in the late 1800’s, due to the need 

of improving torpedo’s accuracy. The first practical demonstration of a remote-controlled unmanned 

surface vehicle probably occurred in August of 1870 by a Prussian artillery office, according to military 

historian A. R. Weyl. A small sailboat was guided from another boat or from shore and its tiller actuated 

using pneumatic control pulses transmitted through rubber tubes. This would allow to inflate or deflate 

its rubber bag, making the tiller actuate [4]. 

These were the early development of USV’s, but the concept of ASV was only introduced in World War 

II, where a group of remote controlled vessels were created for purposes of gunnery and missile target 

systems [5]. Like most innovation, the initial purpose of these vessels was only military as they were a 

way to save lives and navigate through dangerous places at sea.  

After WWII, ASV development increased and besides military missions, they were also used for sea 

measurements like obtaining of radioactive water samples after the blast of atomic bombs during 

Operation Crossroads in 1946 [6]. 

But it was only in 1993 that ASV’s began being developed exclusively for scientific purposes. This 

happened in Boston, Massachusetts, where the MIT’s Sea Grant College Program produced an 

Autonomous Surface Craft (ASC) named ARTEMIS (Figure 2) [7].  

 

Figure 2. The ASC Artemis. [7] 

It was capable of testing the navigation and control systems required by an ASC and it was later used 

for collecting bathymetry data in the Charles River in Boston, MA [8]. 

This ASC was a monohull with a length of 1,37 m and 0,38 m of width. It was able to reach a speed of 

2.25 Kt using a diesel engine and its endurance was limited to 4 hours.  
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One of the main issues with ARTEMIS was its small size. This caused a limited endurance and payload 

capacity which meant that it could only collect data from a limited area and carry few equipment and 

therefore, its field of operations was restricted to the Charles River. 

In order to achieve a more valuable ASC, MIT’s Sea Grant College Program start developing a new 

ASC, based on some key characteristics: versatility similar to a small manned vessel; small size so that 

it could easily be deployed and retrieved; faster and with better autonomy and payload capacity. This 

new ASC was baptized Autonomous Coastal Exploration System (ACES) and was developed between 

1996 and 1997 [7]. This new vessel’s hull was a catamaran to provide better stability and payload 

capacity. It had a length of 1,9 meters, 1,3 m width and 0,45 m draft. It could carry 158 kg and could 

reach speeds between 5 to 10 Kt thanks to a gasoline engine. Its endurance was also upgraded to 12 

to 18h and ACES was tested on field in the summer of 1997 in Gloucester, MA [9] (Figure 3). 

 

Figure 3. ACES main structure. [7] 

After those field tests, it was improved with sensors for hydrographic survey for a research program in 

Boston Harbor. In early 1998, ACES went back to the lab in order to receive a major upgrade of its 

mechanical systems and was rebaptized AutoCat in the summer of 2000.  

AutoCat was the evolution of ACES. The hull was replaced by a lighter one using fiberglass composite 

materials and the gasoline engine was also replaced by an electric one. It was smaller than ACES, with 

1,8 m length and 1 meter width but was also lighter weighting just 100 kg. The batteries it carried allowed 

AutoCat to sail for 4 hours at a speed of 8 Kt, and despite its low autonomy, it was one of the first steps 

to achieve a fully autonomous vessel. 

Across the Atlantic, some European Countries also started development of ASV’s.  The MESSIN project 

[5, 9], sponsored between 1998 and 2000 by the German Federal Ministry of Education, Research and 

Technology, consisted on the development and testing of an ASV named Measuring Dolphin for high 

accuracy positioning and track guidance for carrying measuring devices in shallow water. Its hull had a 

length of 3,3 m and 1,8 m width and weighed 250 kg. Its payload capacity could reach 100 kg and with 

a maximum draft of 0,4 meters, was capable of navigating through shallow waters. Like AutoCat, it was 

a catamaran hull with fiberglass composites. It was equipped with two counter rotating propellers and 

could reach speeds close to 4 Kt with an autonomy of 13 hours due to its hybrid energy supply generated 

from a gasoline engine and lead-acid accumulator batteries. 
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EU was very interested in the development of ASV’s and therefore, from 1997 to 2000, it funded the 

project Advanced System Integration for Managing the coordinated operation of robotic Ocean Vehicles 

(ASIMOV) [9, 10]. The goal of this project was to develop an ASV that could provide a fast direct acoustic 

communication link with an AUV and also between the AUV and a support vessel or to shore. For this 

project, the Institute for Systems and Robotics of the IST (Instituto Superior Técnico) with collaboration 

of Portuguese Companies Rivave, Corinox and Decatlo, designed and built two autonomous vehicles, 

the DELFIM ASC and the INFANTE AUV.  

DELFIM was equipped with a specially developed acoustic communication channel optimized to 

transmit sonar and acoustic data in the vertical, achieving its main goal of providing a fast direct 

communication link. It was a catamaran 3,5 m long and 2 m wide and weighed 320 kg equipped with 

two propellers driven by electrical motors that made it possible to reach a speed of 5 Kt and on-board 

resident systems for navigation, guidance and control. With a Doppler log, a Differential Global 

Positioning System (DGPS) and an integrated motion sensor data for navigation, it could communicate 

within a range of 80 km. Navigation and control systems as well as the communication and sonar 

systems were tested in several places such as Azores, Lisbon, Brest and UK but it was during the 

Summer of 1999 at Terceira island in Azores that it endured extensive tests which were successfully 

completed. 

In the land of the rising sun, Japan, the Yamaha Motor Co., Ltd developed an ASV as requested by the 

Japan Science Foundation. This vessel was named Kan-Chan, and was much bigger than most ASV’s 

already developed [11]. Its length was about 8 m with 2.8, m width capable of a displacement of 3500 

kg. It had a diesel engine and wind turbines generator for propulsion and it was the first ASV capable of 

measuring colloidal particles in the air over the ocean. 

In Europe, another coastal country, Italy, designed and built the SEa Surface Autonomous Modular Unit 

(SESAMO) ASV [9, 12]. The development of the ASV occurred between 2002 and 2004 in a cooperation 

of the robotics group of CNR-ISSIA with the National Program of Research in Antarctica (PNRA) and its 

main goal was to collect water samples of the surface microlayer and immediate subsurface layer to 

understand the sea-air interference. SESAMO was a catamaran with 2,4 m length and 1,8 m width. The 

short and wide shape was due to the space available on the stern deck of the Antarctic support vessel 

and the need of maximizing the space for scientific payload between the hulls. These were built in 

fiberglass covered in epoxide resin to avoid contamination. It had a payload capacity around 105 kg and 

was powered by four lead batteries, 12 V at 42 Ah, with a set of solar panels to increase its autonomy. 

Propulsion was guaranteed by two propellers actuated by two electrical thrusters. It was also equipped 

with GPS for navigation and a TV camera for the observation of the operating environment and a 

weather station (Figure 4). 
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Figure 4. Basic SESAMO test in Genoa harbour wet dock on October 22, 2003. [12] 

Back in Boston, MA, in 2004, the MIT Department of Ocean Engineering developed a low cost 

autonomous surface craft, Surface Craft for Oceanographic and Undersea Testing (SCOUT) [13]. The 

project consisted in the fabrication of four vessels during the year of 2004 whose design objectives 

involved simplicity, robustness, versatility and improved operational utility. It was a light ASV, which 

weighed about 80 kg and had a total length of 3,05 m. The low weight was due to the fact that it should 

be able to be recovered by two man with minimal infrastructure intervention. It was a simple vessel 

whose kayak hull was made of High Density PolyEthylene (HDPE), modified to allow autonomous 

control using an on board single board computer, and propulsion given by a modified electric trolling 

motor that could reach a maximum speed of 5 Kt [8, 13] (Figure 5). 

 

Figure 5. The MIT Surface Craft for Oceanographic and Undersea Testing. [13] 

In late 2004, in the USA, the National Oceanic and Atmosphere Administration (NOAA) together with 

the National Aeronautics and Space Administration (NASA), developed a new kind of vessel. The new 

ASV was named Ocean Atmosphere Sensor Integration System (OASIS) and was a low cost and speed 

platform with high autonomy whose main goal was to perform ocean and atmosphere measurements 

[14].  OASIS was able to quantify air-sea CO2 and gas transfer velocity through sensors used to obtain 

biogeochemical and air-sea measurements. It could also map dynamic features like oil spills and harmful 

algal blooms, making it an excellent ASV for missions whose objective was to evaluate the quality of the 
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aquatic environment. However, the great innovation of OASIS was in the energy field. It was equipped 

with 6 solar panels with aluminium stiffeners and a mast. The vessel’s length was about 5,5 m with 1,52 

m width and a 1,83 m height fiberglass monohull. Its payload capacity was around 227 kg and with the 

use of solar panels to improve its autonomy, was able to be in the ocean from 36 to 72 days. Its 

propulsion system was a single propeller that could make the vessel reach the maximum speed of 2,5 

Kt (Figure 6). 

 

Figure 6. The Ocean Atmosphere Sensor Integration System (OASIS) ASV. [14] 

From 2004 until today, there was an exponential growth in the development of ASV’s, primarily for 

scientific purposes. With the constant advances of technology, there are always new and better ASV’s 

being developed making them an indispensable tool in their work field. 

That was also spotted by universities all around the globe and they started developing their own vessels. 

In 2006, at Virginia Tech, USA, the Autonomous System and Control Lab developed a vessel equipped 

with an Omni-directional camera that detect and track the obstacles in the images using image 

processing techniques, and use the position, attitude, and kinematic model of the ASV to map the 

location of the obstacles into the world frame [15]. It could photograph a 360º image and an interesting 

application was the ability to map the shoreline. This vessel was a catamaran with 2,7 m length and 1,5 

m width with 125 kg weight and a payload capacity close to 57 kg. It was powered by a gasoline engine 

that provided speeds up to 3 Kt and could operate to 3 or 4 days before being refuelled. Due to its small 

size and weight, it could easily be recovered without any assistance from mechanical means. 

Back in Portugal, there were also new developments in this work field. The Autonomous Systems 

Laboratory of Institute of Engineering of Porto (ISEP) developed two ASV’s – the ROAZ and the 

Swordfish [16]. ROAZ was a twin hull vessel in fiberglass to reduce its total weight designed to operate 

in typical river conditions and therefore, its dimensions were limited. They were designed to perform 

bathymetry and measurements of shallow water environments, support ASV and also search and rescue 

missions.  It was a small size vessel with 1,5x1x0,52 m dimensions with a maximum payload capacity 

of 50 kg. A flat top surface allowed solar panel coverage and an antenna bridge. Its propulsion was 



8 
 

guaranteed by two externally stern mounted thrusters and was equipped with a day/night camera that 

could prove very useful in search and rescue missions. 

The second vessel developed was similar to the ROAZ, but much bigger, because it was designed to 

operate in open waters. Its missions were the same as ROAZ but in order to be a stable platform, 

designers opted for a catamaran hull made of HDPE. The two hulls were coupled using transversal 

aluminium tube with a supporting stainless steel platform. Its dimensions were 4,5x2,2x0,5 m and had 

a total weight of 200 kg. Its propulsion was guaranteed by two Minnkota trolling motors that provided 22 

kg of bollard pull capable of providing a speed up to 3.88 Kt. In opposition to the ROAZ, it had no solar 

panels, so its autonomy was much smaller with a maximum of 6 hour in the sea. Like the ROAZ, 

Swordfish was equipped with a day/night camera, but also with a thermographic infrared camera (Figure 

7 and 8). 

 

Figure 7. ROAZ II visible and infrared camera. [16] 

 

Figure 8. Visible spectrum (top) and infrared 
(bottom) image of a human body in water. [16] 

In 2012, the newly established Italian company aerRobotix developed an ASV called CatOne, specially 

designed for shallow water conditions [17]. This vessel is a catamaran mainly designed for long 

endurance missions or missions that could prove to be dangerous for man and also in missions with low 

disturbance to aquatic ecosystems. Its navigation is based on a GPS positioning reference system and 

is totally automatic. It is a small size and low weight vessel that can be handled by just one person and 

is easily assembled for a mission in a few minutes. Two vessels were designed and its dimensions were 

1,6x1 m with a total weight of 12 kg and a payload capacity up to 12 kg and the other vessel was 1,9x1,2 

m with a total weight of 20 kg and a maximum payload capacity of 50 kg. Propulsion was made by two 

aerial propellers, regulated by an electric engine that could reach speeds of 2.7 Kt. It was totally electric, 

with zero pollution emission and low noise and since it had no propeller or rudder in the water, its 

disturbance to ecosystems was very low. Equipped with high energy density Lithium-Polymer 

rechargeable batteries, it had an endurance of 8 hours that could be extendable with the addition of 

more batteries. 

In 2013, ASV unmanned marine systems, developed the C-Enduro, a catamaran with 4,2 m length, 2,4 

m beam and 0,4 m draft with a weight of 350 kg [18]. It was a very innovative ASV, with and endurance 
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up to 90 days and reaching speeds of 7 Kt. Its autonomy was higher due to the solar panels and wind 

turbine installed on top of its hull and the thrust was guaranteed by two DC brushless motors (Figure 9). 

 

Figure 9. C-Enduro. [18] 

The MIT Sea Grant continued their development of ASV’s with the objective of creating a cooperative 

networks of AUVs to monitor large sea stretches [19], [20]. To do that, in 2013, an ASV was designed 

for autonomous launch and recovery of AUV in coastal areas. With improved sea performance, this 

marked the beginning of the second generation of ASV’s. This vessel was a SWATH Hull with 6 m length 

and design speed of 12 Kt also capable of basic sea measurements. With a diesel-electric engine, its 

propulsion was provided by two gen-sets of 25kW in the upper body and two 20kW fast DC brushless 

electric motors and its range could reach 120 miles. 

In the same year, MIT’s Sea Grant designed another project. A medium sized superfast vehicle for 

offshore search and rescue. This superfast hybrid hyge-SWATH, whose dimensions are 20x16x5,5 m 

with a full load weight of 42 tonnes, should be able to reach a top speed of 120 Kt and travel around 

500 miles. This vessel must be able to operate in displacement mode, where the hydrofoils are folded 

up against the structure and it behaves like a SWATH vessel, and also in foilborn mode, where the two 

turbo-jet engines start to perform and two pairs of surface-piercing hydrofoils are folded down making it 

capable of reaching the speed of 120 Kt. When in foilborn mode, the weight of the vessel is sustained 

by four cavitating hydrofoils (Figure 10). 

 

Figure 10. 3D view of the concept design of the Ultrafast USV. [19] 
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Despite all the advances and innovations, there are still challenges in the ASV conception. The 

autonomy is an issue as well as speed in some cases. That is why scientists are trying to develop a 

system capable of generating propulsion and electric power through wave energy. Since it is the 

resource that carries more energy, it is the best chance to achieve an ASV that only depends on the 

energetic resources available at the sea. But even though a lot of energy is carried by waves, they also 

present a bigger challenge for scientists to be able to develop an efficient technology that convert its 

energy into electricity and therefore, is also the less developed technology when compared to solar and 

wind energy. 

The concept of converting wave energy into propulsion and electric power is not new and is based on 

simple principles. The wave propelled vessels are equipped with hydrofoils. The hydrofoils are what 

makes propulsion possible. They convert kinetic energy directly into propulsion using hydrodynamics 

motions and when a vessel moves upward due to the wave motion, the foil rotates clockwise, generating 

a force that propels the vessel. As the boat moves downward, the foil rotates anticlockwise, again 

generating force on the hydrofoil and propelling the vessel, similar to the motion of a cetacean tail fluke. 

This propulsion system is independent of the wave direction, since the propulsion force comes from the 

heave motion of the floating body [21]. The first mention of a wave propulsion system is a US patent by 

Daniel Vrooman in 1858 [22]. His patent described “[…] a new and useful improvement in ships and 

other vessels for enabling their up and down motion from the rolling of the sea and other causes and 

the corresponding movement of the water to aid in propelling them on their course [...]" . 

In 1895, Herman Linden patented his wave powered boat called Autonaut [23]. It was a 4 meter long 

boat that could move against the waves at speeds between 2,6 to 3,5 Kt and its propulsion was provided 

only by wave energy. It had two underwater steel plates, one at the bow and one at the stern, fixed to 

the hull, that behave like cetaceans fins with the heave motion of the boat, propelling it (Figure 11).  

 

Figure 11. A drawing of the Autonaut from Pearson’s Magazine, December 1898. [24] 

In the late 1900’s, more precisely in 1978, Einar Jakobsen started so do some experiments on wave 

powered-boats. He would then carry out experiments at the Norwegian Hydrodynamics Laboratories 

(MARINTEK) in Trondheim, Norway, and presented his results in 1981 [25]. His model boat had a total 

length of 1,025 m and the wave propulsion system was based on a spring-loaded foil on an extension 

out from the bow, and another spring-loaded foil on an extension aft of the stern. The results presented 

a speed between 0,55 to 0,824 m/s in regular sea waves of 0,05 m and 1,2 s period. This vessel was 
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baptized the “foilpropeller” by Jakobsen and his experiments were transmitted in BBC’s “Tomorrow’s 

World”.  

Jakobsen, alongside with his company, Wave Control Company, would apply the “foilpropeller” 

technology on a sailboat hull with 7,5 m long and test it with combinations of 2 and 4 foils, each 

measuring 0,5 m2 that reached a maximum speed of 6 Kt. 

In this period, Hiroshi Isshiki, of the Technical Research Institute, Hitachi Shipbuilding & Engineering 

Co., Ltd. in Osaka, Japan was developing a theoretical and experimental study of wave-powered boats 

and named his research “Wave Devouring Propulsion System” (WDPS). At the same time, Yutaka Terao 

of Tokai University in Japan was also working in this very same system. The WDPS is based on the 

propulsion system of aquatic mammals, such as dolphins and wales. The propulsion provided by their 

tales has high efficiency and theoretical and experimental studies have been carried successfully to 

explain this oscillating hydrofoil propulsion system [26]. Forward speed and the combined motion of 

heave and pitch makes the fin produce relative fluid velocity which causes an apparent inclined flow 

against the fin and lift force is generated perpendicularly to the flow. The WDPS consists of a ship hull 

and hydrofoil that acts in a similar way as the dolphin’s fin. By putting a hydrofoil in the front of the ship’s 

bow, the relative flow of the waves acts on it, causing its motion and consequently thrust. Experimental 

studies were carried between December of 1988 and January of 1989 on a 20 ton and 15,7 meter long 

fishing vessel equipped with a hydrofoil with an area of 7,4% the ship’s waterline area (Figure 11 and 

12). With the use of the hydrofoil, the ship registered an improvement of propulsion in waves and a 

reduction of the motion, specially pitching, where a reduction close to 30% was registered. 

 

Figure 12. WDPS ship raising a foil. [26] 

 

Figure 13. WDPS ship speed trial. [26] 

In 2007, Liquid Robotics, an American robotics marine corporation, developed an ASV named 

WaveGlider. This vessel as a new class of ASV because it was able to use wave energy for basic 

propulsion, overcoming the problem of autonomy. The principle of the WaveGlider is a submerged glider 

attached to the main vessel through a tether [27]. Its propulsion is based in the conversion of wave 

energy into forward thrust and it is purely mechanical (Figure 14 and 15).
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Figure 14. The Wave Glider from below. [27] 

 

Figure 15. Wave Glider principles of operation. [27] 

 

Despite the advantage of limitless propulsion, the speed generated by this mechanism is limited and it 

only reaches speeds between 1-3 Kt. Therefore, designers implanted a small electric thruster in the sub. 

The dimensions of this vessels have a range from 2,1 to 3,05 m length and its sub ranges from 1,9 to 

2,2 m length. The weight of it is also between 122 to 155 kg with a maximum payload capacity of 45 kg. 

All systems and equipment are powered through batteries connected to solar panels coupled on the top 

of the float that can also be used to activate the electric thruster. Since its propulsion is limitless, it is 

able to stay in sea for long periods of time. In one of the trials, the glider and the float endured over 440 

days at sea and the second tether endured 365 days of operation after the first one was replaced after 

an incident. It is also a very reliable ASV in harsh conditions having survived to Hurricane Flossie in 

2007 and 20+ ft waves and 50+ Kt winds when surveying the Alaska coast. 

In 2008, Japanese Kenichi Horie sailed a wave-powered catamaran, the Suntory Mermaid II, from 

Honolulu, Hawaii to the Kii Channel in Japan [28]. The vessel’s propulsion system was designed by 

Yutaka Terao and worked like the WDPS. The propulsion system is mounted under the bow and consists 

of two side-by-side horizontal fins that move up and down with the motion of the waves capable of 

converting wave energy into thrust [21]. The Mermaid completed its journey in 110 days and cruised 

using only the thrust generated by the WDPS. It was also equipped with sails and a motor for leaving 

the harbour or/and for an emergency. The Mermaid proves that it is possible to have vessels whose 

propulsion is generated only by renewable energy (Figure 16 and 17).

 

Figure 16. Suntory Mermaid Physical Structure. [21] 

 

Figure 17. Suntory Mermaid Mechanism Schematic 
[21] 
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In 2012, David Maclean and Michael Poole started developing the AutoNaut. Its design and propulsion 

system were based in Herman Linden’s Autonaut, using a flapping foil at the stern and at the bow. Since 

it is powered by wave energy, its endurance is, as most vessels powered by wave energy, limitless and 

even increased by the solar panels placed on top of the hull. It ranges from 2 to 7 m and is capable of 

achieving speeds up to 5 Kt [29]. 

J. A. Bowker, of the Fluid Structure Interactions Group of the University of Southampton, performed an 

“experimental study of a wave energy scavenging system onboard ASVs” in 2015. The purpose of this 

study was to develop a foil system that has the ability of generating thrust and also convert wave energy 

into electricity for later use onboard [3]. The system was named Flapping Energy Utilization and 

Recovery (FLEUR). The system uses the same principles as the WDPS but has the ability of generating 

onboard power. Two sets of two flapping foils are submerged and fixed to the hull beneath the bow and 

the stern through a rigid pivot arm. When in propulsion mode, the foils can not heave independently of 

the vessel and no power is generated. By switching to the power recovery mode, the pivot arm is allowed 

to rotate and the foils can apply mechanical work and convert wave energy into power through a rotary 

damper fixed on the beginning of the pivot arm, whose damping constant can be regulated. The trials 

were carried at the Solent University towing tank on a model with dimensions of 2,27x0,3 m and a pivot 

arm of 0,4 m long. The wave height tested was 0,08 m to maximise the hull motions whilst minimizing 

the amount of water ingress over the freeboard of the model. The results showed that the optimum wave 

frequency is 0,8 Hz at which the model is capable of generating a 0,8 N thrust and an average power 

close to 0,15 W and 0,5 W for the forward and the aft foil respectively. The maximum power generated 

was 2 watts per foil proving that it is possible to generate power using this technology and improve an 

ASV autonomy. 

In Appendix 1, a list of the ASVs studied for this dissertation is presented.  
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3. Resource assessment in the Portuguese EEZ 

The Exclusive Economic Zone (EEZ) is an area beyond and adjacent to the territorial sea with a 

maximum extent of 200 nautical miles from the baselines from which the breadth of the territorial sea is 

measured [30]. 

The Portuguese EEZ is one of the largest in the world, with an area around 1 720 560 km2, making it 

the 11th largest in the world. Not only that, but is also located in the route where most of the maritime 

traffic of the Northern Europe navigates. This increases the responsibility regarding safety of traffic and 

pollution.  

A lot of times, ships navigate near the shoreline and outside the maritime designated routes making 

them a huge source of water pollution.  

The coastal state has sovereign rights for the purpose of exploring and exploiting, conserving and 

managing the natural resources, whether living or non-living, of the waters superjacent to the seabed 

and of the seabed and its subsoil, and with regard to other activities for the economic exploitation and 

exploration of the zone, such as the production of energy from the water, currents and winds.  

In order to do this, an extensive knowledge of the EEZ is required and therefore, the need of oceanic 

monitoring and surveillance.  A fleet of ASVs could fulfil the objectives described above. 

Since the Portuguese EEZ is so large, a large quantity of energy is available in its resources and this 

will be the primary energy source for the ASV. This chapter will evaluate the available energy of three 

main sources: solar, wind and wave. The data used was retrieved between 1995 and 2004, and despite 

not being 100% accurate due to being from more than a decade ago, it can provide a good 

approximation of the current energy values. 

5 places in the Atlantic coast of Portugal were chosen for the energy assessment. This places are 

approximately 100 nautical miles away from the shore line, that is, exactly at half the maximum extent 

of the EEZ. 

The locations chosen are 100 nautical miles away from Viana do Castelo, Porto, Figueira da Foz, Cabo 

da Roca and Vila Nova de Milfontes, in a straight line. The South coast of Portugal was not assessed 

due to its proximity with the Alboran Sea, which leads to different ocean conditions from the Atlantic 

coast. 

The coordinates and the locations in the map can be found in Table 1 and Figure 18.  

Table 1. Coordinates of the 5 places chosen for the portuguese EEZ resource assessment. 

Location 
I - Viana do 

 Castelo 
II - Porto 

III - Figueira 
 da Foz 

IV - Cabo 
 da Roca 

V - Vila Nova  
de Milfontes 

Coordinates 
41⁰ 41' 3'' N 41⁰ 8' 4'' N 40⁰ 10' 6'' N 38⁰ 47' 31'' N 37⁰ 42' 47'' N 

11⁰ 5' 38'' W 10⁰ 53' 20'' W 11⁰ 3' 36'' W 11⁰ 38' 19'' W 10⁰ 53' 35'' W 
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Figure 18. Location of the 5 places chosen for the portuguese EEZ resource assessment. 

3.1. Solar Energy 

Solar energy is a renewable type of energy and is defined by the solar radiation that reaches the Earth’s 

surface. To determine the energy that reaches the surface of the Earth, it is necessary primarily to know 

the solar radiation per unit area at the outer border of the Earth’s Atmosphere. This constant value is 

the Solar Constant (Gsc) [31]. This value depends on three characteristics: the temperature of the sun, 

its size, and the distance between Sun and Earth. By approximating the Sun to a black body it is possible 

to simplify the calculations and use the Stefan-Boltzmann law to calculate the total solar radiation power 

(Ps): 

I 

II 

III 

IV 

V 
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𝑃𝑠 = 𝜎 𝑇4‧ 4𝜋‧ 𝑟𝑠
2 = 

= 5,67 ‧ 10−8 ‧ 57774‧4𝜋‧(6,965‧108)2 =  

= 3,85‧1026 (𝑊) 

 

σ: Stefan-Boltzmann constant (5,67‧10−8  𝑊 𝑚2‧𝐾4⁄ ) 

T: Sun’s temperature (5777 K) 

rs: Sun’s radius (6,965‧108 m) 

rse: Mean Sun-Earth distance (1,496‧1011 m) 

 

(1) 

This is the radiation that the sun emits into the space. This power arrives at any sphere around the sun, 

so, in order to calculate Gsc, it is necessary to divide the solar radiation power by total area of the sphere 

defined by the Sun-Earth distance. 

 𝐺𝑠𝑐 =
𝑃𝑠

4𝜋𝑟𝑠𝑒
2

= 3.85‧
1026 

4𝜋(1,496‧1011)2
≈ 1367(𝑊

𝑚2⁄ )  (2) 

The total radiant power that the earth receives from the sun (PE) is calculated in the following expression: 

 𝑃𝐸 = 𝜋𝑟2𝐺𝑠𝑐 = 𝜋‧(6371‧103)2‧1367 = 1.74‧1017 (𝑊) (3) 

 

To determine the mean irradiance at the Earth’s atmosphere (GE), it is only necessary to divide the total 

radiant power by Earth’s total area: 

 

 𝐺𝐸 =
𝑃𝐸

4𝜋𝑟2
≈ 342 (𝑊/𝑚2)  (4)  

 

But until it reaches the Earth’s surface, there are losses in the mean irradiance. Of this 342 W/m2, around 

77 W/m2 are scattered by clouds, aerosols and the atmosphere, with reflection being a special case of 

scattering and 67 W/m2 absorbed by the atmosphere and consequently, the mean solar insolation that 

reaches the Earth’s surface (GES) is a lot less than the GE value [31]. 

 

 𝐺𝐸𝑆 = 342 − 77 − 67 = 198 (𝑊/𝑚2) (5) 

 

This value for the GES represents around 58% of the GE value due to the processes referred above 

(Figure 19). 

 

 

Figure 19. Extinction processes in the atmosphere. [32] 
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 Next, it will be discussed the GES in the chosen locations. The values of GES were provided by the 

Atmospheric Science Data Center (ASDC) of the National Aeronautics and Space Administration 

(NASA). ASDC allows the retrieval of data regarding different parameters of solar energy from January 

1995 until June 2005. The average insolation on horizontal surface per month from 1995 to 2004 in the 

5 locations studied is presented in Figure 20. 

 

 

 

Figure 20. Mean solar insolation (GES) per month from 1995 to 2004 (Kw/m2/day). 

As expected, when studying a location further South, the daily mean insolation increases and as shown 

in Figure 20, the minimum daily GES occurs in location I, that is the most Northern place of study, and 

the maximum is in location V, near the Southeast coast of Portugal. But in location II, near Porto, during 

the Spring and Summer months, unexpectedly GES is bigger than in location III, and also bigger than IV 

in June and July, despite III and IV being further south than II. There is not a clear explanation for this, 

since cloud coverage increases in the North. This anomaly might have occurred due to a problem in 

data retrieval. 

These conclusions, except the GES in location II, are validated by the NASA EARTH observatory as 

shown in Figure 21 and Figure 22. 
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Figure 21. Mean solar insolation January 1984-1993 (kWh/m2/day). [33] 

 

 

Figure 22. Mean solar insolation in April 1984-1993 (kWh/m2/day). [33] 

3.2. Wind Energy 

Wind energy is another renewable type of energy and is a consequence of solar energy [34]. It is caused 

due to the uneven heating of the Earth’s surface by the sun. In reality, wind is simply, air in motion. The 

heat from the sun is absorbed in different rates because Earth’s surface is made of very different types 

of water and land, creating different pressures that initiate air motion. During the day, the air close to the 

land heats up more quickly than the air above the water. This makes the warm air expand and rise while 

the cooler air, which is heavier, will flow to take the warm air’s place creating wind. At night, this process 

is reversed because the air cools faster above land than above water. Topography is also a 

characteristic that affects deeply wind velocities. This is also how the large atmospheric winds are 

generated. The land close to Earth’s equator receives more heat than the land close to the poles, 

generating winds.  
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The power generated by the wind (Pw) depends on three parameters: volume (V), speed (U), density 

(ρair) [35].  

The definition of kinetic energy (KE) is the work to accelerate a body of mass, m, from rest to a stated 

velocity, U. 

 𝐾𝐸 =
1

2
‧ 𝑚‧ 𝑈2 (𝐽) (6) 

m: mass (Kg) 

U: speed (m/s) 

Since power (Pw) is KE per unit time, it can be defined by the following equation: 

 
𝑃𝑊 =

1

2
‧ 

𝛿𝑚

𝛿𝑡
‧ 𝑈2 (𝑊) (7) 

δm/δt: mass flux 

Mass flux: 

 
𝛿𝑚

𝛿𝑡
= 𝜌𝑎𝑖𝑟 ‧ 𝐴𝑤‧ 𝑈 (𝐾𝑔/𝑠)  (8) 

 

ρair: Air density (1,25 Kg/m3) 

Aw: cross section area of the turbine (m2) 

By replacing δm/δt in equation (7): 

𝑃𝑤 =  
1

2
 ‧ 𝜌𝑎𝑖𝑟 ‧ 𝐴𝑤‧ 𝑈

3 (𝑊) 

In a cross section area of 1m2: 

𝑃𝑤 =  
1

2
 ‧ 𝜌𝑎𝑖𝑟 ‧ 𝑈

3 (𝑊) 

In a cross section area of 1m2, the power generated by the wind depends only on the wind speed. 

Therefore, to know the value of U in the 5 locations of study, it was used the wind and wave time series 

from the Streamlining of Ocean Wave Farm Impact Assessment (SOWFIA) website 

(http://sowfia.hidromod.com). SOWFIA is a joint project between European countries that plan to 

develop wave energy farms. “The aim was to facilitate the development of European wide coordinated, 

unified and streamlined environmental and socio-economic Impact Assessment (IA) practice for offshore 

wave energy conversion developments.” 

This time series provides wind direction and speed at 10m height as well as the significant height (Hs), 

period (Te) and peak direction of the waves in the locations of study, and therefore, it will be necessary 

to convert this speed into a speed close to the ocean surface, that is, at 1m height. 

http://sowfia.hidromod.com/
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The mean monthly wind speed at 10m height is shown in Figure 23. 

 

Figure 23. Mean monthly wind speed at 10m height in the five locations studied (m/s). 

By analysing this data, it is possible to conclude that there is a decrease in wind speed between May 

and September that reaches a clear minimum in September. It can also be concluded that the further 

you go North in the Atlantic coast of Portugal, the higher the wind speed. This statement is confirmed 

by the NASA data, retrieved between July 1983 to June 1993 (Figure 24). 

 

Figure 24. Annual 50m wind speed from July 1983 to June 1993. [36]. 

To calculate the wind speed close to the ocean surface (Uz), it is necessary to use equation (9) [37]: 
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 𝑈𝑧 = 𝑈𝑧1‧ 
𝑙𝑛

𝑧
𝑟

𝑙𝑛
𝑧1
𝑟

 (9) 

Uz1: speed at 10m height (m/s) 

z: height with speed unknown (m) 

z1: height with speed known (m) 

r: sea roughness (0,001 m) 

The results of this conversion are presented in Figure 25. 

 

Figure 25. Mean monthly wind speed at 1m height in the five locations studied (m/s). 

This data shows that there is a reduction of 25% in the wind speed when comparing the 10m height 

data with the 1m height data due to the roughness of the sea and with this data, it is already possible to 

determine the power generated by the wind at the ocean’s surface, using equation (8). 

The results are presented in Figure 26. 

 

Figure 26. Mean monthly power generated by the wind (kWh/m2/day). 
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The progress of the power was expected since it only depends on the wind speed. It can be concluded 

that the power generated by the wind is similar to the solar insolation, but with higher values in the 

Autumn and Winter months instead of the Summer months. 

Since ASV’s are a long term project, another parameter that should be evaluated is the trend of the wind 

speed. In an era where global warming is taking its toll on the world clime, and since wind speed is a 

possible indicator of global climate change, an evaluation of its trend can be very important for future 

ASV development [38]. 

According to [39], there was a decrease in wind speed between 1990 and 2005, which covers the period 

of resources assessment, in Northwestern Europe as is possible to verify in Figure 27.  

 

Figure 27. Nominal windiness index in Northwestern Europe from 1990 to 2008. 

 

Figure 28. Average wind speed per year in the five locations of study (m/s). 
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As shown in Figure 28, the trend of wind speed in Northwest Europe does not reflect the trend of wind 

speed in the Portuguese EEZ. There is not a clear trend, with the average wind speed remaining fairly 

constant and ranging from 5,1 to 5,9 m/s.  

Since there is not a decrease in the wind speed trend, it should not be any concern regarding the use 

of wind energy for future ASV development. 

3.3. Wave Energy 

Waves are created when the wind blows over a section of water, transferring some energy into the 

waves, which means that waves are an indirect manifestation of solar radiation [40]. Despite the energy 

transferred from solar radiation to waves is only about 0,01 to 0,1 W/m2, the fact that the oceans are 

colossal, leads to an average energy flux over a year that can reach 100 kW/m, since energy reaches 

the coasts on the concentrated form of waves (Figure 29) [40].  

 

Figure 29. World wave energy resource (kW/m). [40] 

The resonance between turbulent airflow close to the ocean creates rapidly varying shear stress and 

pressure fluctuations. When waves reach a certain size, the wind can exert a stronger force on the 

upwind face of the wave, making it grow even more. Energy is constantly transferred to the waves by 

the wind and the total amount of energy depends on the wind speed, the length of time for which the 

wind blows and the distance over which it blows, the fetch. 

These waves carry energy per unit width that only depends on the significant wave height, Hs, and the 

wave period with the highest energy, Te. The total power per unit width, Pwv, generated by waves can 

be calculated using equation (10) [41]: 

 𝑃𝑤𝑣 =
𝜌𝑔2

64𝜋
‧ 𝐻𝑠

2‧ 𝑇𝑒  (𝑊/𝑚) (10) 

ρ: water density (1025 Kg/m3) 

g: gravity acceleration (9,81 m/s2) 
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Hs: significant wave height (m) 

Te: wave period with the highest energy (s) 

The Hs and Te data in the locations of study, as well as U, was provided by the wind and wave time 

series from the SOWFIA project.  

Figures 30 and 31 show the mean monthly Hs (m) and the mean monthly Te (s), according to that data.  

 

Figure 30. Mean Hs per month in the locations studied (m). 

 

Figure 31. Mean Te per month in the locations of study (s). 
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fairly constant during the Summer, unlike Te, that remains very similar in all locations during the entire 

year, which proves that Hs is the most important parameter in the Pwv generated in each location. 

With this results, the mean Pwv can be determined. Using equation (10), the results presented in Figure 

32 were achieved. 

 

 

Figure 32. Mean Pwv per month (kWh/m/day). 

The analysis of Figure 32 shows that the trend of Pwv is very similar to the trend of Hs, and this occurs 

due to two reasons. The amplitude between locations is much bigger in the Hs parameter when 

compared to Te, as referred above, and also because in equation (10), the parameter Hs is squared 

while Te is a parameter of first degree. 

3.4. Energy Resource Comparison 

When comparing the three different types of energy, it is easy to understand that the energy generated 

by the sun and the wind is similar, but reaching higher values in different seasons. Despite waves being 

generated by the wind, the amount of energy generated by waves is much higher than wind energy. 

This happens due to the density of salt water being roughly 850 times the wind density and it proves 

that there is a huge potential for wave energy and ASV’s development should focus on the exploitation 

of this resource as primary energy source [42].  

This is represented in Figure 33 and 34.  
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Figure 33. Comparison between the mean GES and the mean PW in the five locations (kWh/m2/day). 

 

Figure 34. Mean Pwv in the five locations (kWh/m/day). 
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4. Mission Requirements 

 
Mission requirements are one of the most important steps in order to develop an ASV, since its design 

and performance are dependent on the requirements of the missions it is intended to do. The ASV in 

this study must be able to perform in the open sea so, seakeeping conditions, like yaw, pitch and roll, 

should be known prior to the design development to prevent excessive movement and vibration that can 

damage or cause malfunction in the equipment and to assure good operating conditions. To allow good 

stability and enough payload capacity, the hull chosen for the ASV in study is a monohull. The hull 

material should be light, making composite materials a viable choice and allowing the vessel to be easy 

to deploy and recover [2]. The vessel’s design will be discussed further ahead with more detail.  

The mission requirements also cover the devices needed for scientific missions and the ASV in study 

will carry equipment for data collection and measurements as well as communication and position 

equipment and all the devices needed for the hybrid renewable energy system.  

4.1. Equipment 

The devices for data collection and measurements, communication and system are listed in Table 2 as 

well as their dimensions, weight and energy demands. The energy demands of the equipment (EE), 

were calculated assuming that the devices would collect and transmit data at each 10 seconds and that 

the nominal voltage of the system would be 12V. 

Table 2. Data collection and measurements devices dimensions, weight and energy demand. 

Device Model 
Dimensions (cm) 

Weight 
(kg) 

Energy 
Demands 
(kWh/day) 

Length Width Height 

Radar GMR™ 24 xHD Radome 61 61 24 9,5 0,07 

GPS Raymarine HybridTouch e7 23,3 19 17,7 1,47 0,02 

Camera GoPro Hero 5 Black 6,2 3,4 4,5 0,2 0,12 

Hydrocarbon sensor IRmax with IS 26,1 75 57 2,6 0,01 

Satcom TT-3026D 16,3 16,3 14,62 1,1 0,06 

Weather Station PB200 7,2 7,2 13 0,29 0,01 

CTD Valeport Mini CTD 5,4 5,4 37 1,8 0,01 

ADCP SonTek ADP 13,68 13,68 23,93 1,5 0,01 

MBES Teledyne M900 2D 12,7 12,7 25,9 1,8 0,03 

Side scan sonar Kongsberg PULSAR 30 20 8,5 5 0,08 

CPU Campbell Scientific CR100 23,9 1,02 6,1 1 0,01 

Transmissometer Wet Labs C-Star 47 6,4 9,3 3,6 0,01 

Charge controller 
MorningStar SunSaver 

MPPT 
16,9 6,4 7,3 0,6 0,01 

Hydrophone digitalHyd SR-1 5 5 32,3 0,77 0,02 

Step-Up DC 
Converter 

NewMar 12-24-16 8,9 8,9 4,5 0,64 0,01 

Total 31,86 0,48 
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Table 3 shows the devices chosen for the hybrid renewable energy system. These devices will be 

discussed further ahead on chapter 5. 

Table 3. Hybrid renewable energy system equipment. 

Device Model 
Dimensions (m) 

Weight (kg) 
Length Width Height 

Solar panel Suaoki 100W Flexible Solar Panel 1,1 0,57 0,025 2,2 

Wind turbine Zephyr AirDolphin Z-1000-250 0,95 Φ 1,8 1 15 

Wave Energy 
Converter 

FLEUR 0,23 1 - 30 

 

The devices listed in Table 2 and 3 will be account in the vessel’s pay load capacity as well as the 

thruster and the batteries, which will be discussed further ahead. 

4.2. Preliminary Design 

Here it will be presented a preliminary design for the ASV in study. Since this is just a preliminary design, 

the dimensions were assumed based on previous designs and the environment where the ASV would 

perform its missions. Therefore, a maximum 5m length (L) and 1,5m beam (B) was assumed, in order 

to achieve a bigger L/B that allows better propulsion performance. The total height under the waterline 

(WL), the draft (T), is also a very important parameter since the relation between B and T is very 

important for propulsion. The lower the relation B/T, the better propulsion. The hull material is also very 

important since the ASV should be strong and light, and according to this, the material chosen was E-

Glass polyester woven roving, used in most shipbuilding, with 1,5 cm thickness (e) [43]. Therefore, it 

was assumed the dimensions presented in Table 4.  

Table 4. ASV dimensions. 

L (m) B (m) D (m) e (m) 

4,56 1,3 0,7 0,015 

 

With these dimensions defined, the software Autodesk Fusion 360 was used to design a preliminary hull 

(Figure 35). 
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Figure 35. ASV preliminary hull design. 

With the hull designed, it is necessary to know the E-Glass’s density (ρE) in order to calculate the hull’s 

weight. (Figure 36).  

 

Figure 36. E- Glass Polyester Wove Roving material properties. [2] 

The total weight of the hull (MH) was determined using equation (11): 

 𝑀𝐻 =  𝜌𝐸  ‧  𝑉 (kg) (11) 

And the results of this calculation are presented in Table 5. 

Table 5. ASV volume and weight. 

E-Glass 
 density (kg/m3) 

Volume (m3) Weight (kg) 

1700 0,185 314 

 

The hull has enough space for five solar panels, which means that the total weight of the hybrid 

renewable energy system is 56 kg. 
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With MH and the weight of the equipment (ME) was determined, the total weight of the vessel in study, 

except the batteries and motor weight, can be calculated by simply add to the hull’s weight the total 

weight of equipment which leads to MHE = 401,86 kg. 

4.3. Preliminary propulsion calculation 

This chapter will present a preliminary motor to the ASV. The propulsion depends on the weight of the 

vessel, and the batteries, which have not been calculated yet, might play a major role in the vessels 

weight, and therefore, the propulsion will also be discussed further ahead in this thesis. 

 

Figure 37. General thrust recommendations. (Adapted from [44]). 

Since Figure 37 is in inches and pounds, it is necessary to convert our vessel’s length and weight to 

inches and pounds respectively to determine the propulsion needed. The results of the conversion are 

presented in Table 6 and Table 7. 

Table 6. Conversion from m to ft. 

Meters Feet 

1 3,28 

4,56 14,96 

 

Table 7. Conversion from kg to pounds. 

Kg lbs 

1 2,2 

401,86 886 

With this values, it is easy to understand that the minimum propulsion, according to [44], is 40 lbs.  

This seems a conservative value, but since the batteries may be very heavy, it was decided that the 

vessel would be equipped with a 45 lbs electric motor. The chosen motor is a Minn Kota Riptide Transom 

45 that weighs 9 kg, capable of a maximum thrust of 45 lbs and trolling a vessel up to 2200 lbs (Figure 

38). The weight of the motor only increases the total weight without the batteries (Mhe) to 410,86 kg or 

905 lbs, so the motor choice is still viable. 
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Figure 38. Minn Kota Riptide Transom 45. Adapted from [45]. 

This motor is electric and also designed for salt water, and at maximum speed will draw 42 A. Since the 

vessel will not operate always at full speed, it was decided that it would draw 21 A on average, and with 

this value, it is already possible to know the energy demands of the ASV. The daily energy demand of 

the motor (EM) is calculated with expression (12): 

 𝐸𝑀 = 𝐼 ‧  𝑉 ‧ 𝑇 (𝑘𝑊ℎ/𝑑𝑎𝑦)  (12) 

I: Current intensity (A) 

V: System voltage (V) 

T: Hours in a single day (H) 

Equation (12) leads to a total energy demand of the motor of 6,05 kWh/day and the ASV’s total energy 

demand (ED) can be determined by the sum of EM and EE (Table 8). 

Table 8. ASV’s energy demands (kWh/day). 

Energy Demands (kWh/day) 

Equipment (EE) 0,48 

Motor (EM) 6,05 

Total (Ed) 6,53 

 

The value of 6,53 kWh/day will be the reference value to size the batteries banks,  which will be 

discussed in chapter 5. 
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5. Energy generation 

In this chapter the total amount of energy available into electricity from the three sources of energy 

discussed in chapter 3 – solar, wind and wave energy will be addressed, as well as the energy required 

by all the devices according to the ASV’s assignments. The battery type and capacity will also be 

studied.  

5.1. Solar Energy 

The transformation of Solar radiation reaching Earth’s surface into electricity is possible by using solar 

cells that are capable of converting energy in the form of light into electricity [46].  

Solar cells are made of semiconductor materials. These materials can conduct electricity and are called 

“semi” because they do not conduct electricity as well as metals. This is what makes possible to control 

electric current. The material is usually silicon and on its top and bottom there are metal contacts where 

the current can flow. A simple cell has two layers of silicon, the n-type and the p-type with the p-n junction 

between them. The n-type is silicon doped with phosphorous and the p-type silicon doped with boron 

(Figure 39) [47]. 

 

Figure 39. Basic solar cell. [47] 

The p-n junction creates an atmosphere in which the maximum amount of electrons are freed by the 

sun’s energy and forced to travel through an electric field to create electricity. The electricity is generated 

when the photoelectric effect occurs, that is, when a silicon atom absorbs enough energy from the 

sunlight and consequently releases an electron. This electron will search for a free place to land as 

sketched in Figure 38 and its movement will generate electricity. Electricity is also generated due to the 

fact that this electric field has a positive and negative terminal, forcing electrons freed by protons to 

rapidly move in one direction when seeking places to bind and as a consequence, create a current that 

can generate electricity when connected to an external load (Figure 40).  
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Figure 40. Potential difference created by the electrons movement. Adapted from [46]. 

The amount of energy converted will depend on the area and efficiency of the solar panels. Figure 41 

presents the efficiencies of different types of panel. 

 

Figure 41. Photovoltaic conversion efficiencies for different type of solar panels. [46] 

Despite the efficiencies verified by the National Renewable Energy Laboratory, the best panels in the 

market reach an efficiency up 25% and are made by SunPower®. This panels are residential and for 

that reason it was decided that the panel of the ASV would be the Suaoki 100W Flexible Solar Panel, 

which use SunPower solar cells and have an average efficiency up to 25% [48]. Not only that, but the 

Suaoki panels are designed for marine environments and are prepared for the harsh conditions of the 

sea. In Figures 42 and 43 it is presented the Suaoki 100W Flexible Solar Panel dimensions as well as 

its structure.
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Figure 42. Suaoki 100W Flexible Solar Panel 
dimensions. Adapted from [48]. 

 

 

 

Figure 43. Suaoki 100W Flexible Solar Panel 
structure. Adapted from [48]. 

 

Since not all the panel’s area is covered with solar cells, it was decided that the panel’s solar cells area 

would be the one presented in Table 9. 

Table 9. Suaoki 100W Flexible Solar Panel main dimensions. 

Suaoki 100W Flexible Solar Panel 

Solar cells dimensions 

Length (m) 
Width 
(m) 

Area of 
panel (m2) 

Area of solar 
cells (m2) 

1,06 0,53 0,63 0,56 

 

Since the vessel will be equipped with five panels, the total area (AT) is equal to: 

 𝐴𝑇 = 5‧ 𝐴𝑃 = 5‧ 0,56 = 2,8 (𝑚2) (12) 

AP: Area of a single panel 

Knowing the total area of the panels, the mean solar insolation per month in the panels (GP) can be 

determine by the product between AT and GES (13).  This is only true because the panels will be 

assembled in a horizontal surface. If they were not in the horizontal, it would be necessary to take into 

account the angle. These values are depicted in Appendix 3.  

 𝐺𝑃 = 𝐴𝑇‧  𝐺𝐸𝑆 (𝐾𝑤ℎ/𝑑𝑎𝑦) 
 

(13) 

GP would be the amount of energy generated by the panels if the efficiency was 100%, but since there 

are losses in the process of energy conversion, it is necessary to determine the energy generated 

according to the efficiency of the panels. The mean energy generated by the panels (ES) can be 

achieved with equation (14). 



35 
 

 𝐸𝑆 =  𝜂𝑝 ‧ 𝐺𝑃  (𝐾𝑤ℎ/𝑑𝑎𝑦) (14) 

 

ηp: Panel efficiency 

Equation (14) leads to the values shown in Figure 44. 

 

Figure 44. ES per month (kWh/day). 

These results show that the ASV in study would not be able to perform using only solar energy since 

its energy demands exceed the ES in every month of the year. 

5.2. Wind Energy 

 

The conversion of wind energy into electric power is done by wind turbines and based on two steps 

[49]: 

- Conversion of kinetic energy of moving air into mechanical energy using aerodynamic rotor blades. 

- Electromechanical conversion of mechanical energy into electricity through a generator.  

The turbine selected is the Zephyr AirDolphin GTO Z-1000-250. This turbine was selected since it has 

many characteristics important for the ASV under analysis: it is capable of a 360º rotation, which means 

its energy production is not limited by the wind’s direction, unlike sails; its cut-in wind speed, which is 

the speed from which the turbine starts to produce energy, is very low, only 2,5 m/s; the cut-out speed, 

that is the speed from which the turbine stops producing energy, is 20 m/s, which almost does not occur 

in the Portuguese EEZ, but when it occurs, there is no need for a cut-out in the turbine selected, since 

it is capable to continue to deliver output power, but at a slower rotation speed and it is designed for 

harsh environments, even able to resist hurricane wind speeds up to 65 m/s. The turbine is presented 

in Figure 45 as well as its dimensions and weight in Table 10.  
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Figure 45. Zephyr AirDolphin GTO-Z-1000-250. [50] 

Table 10. Zephyr AirDolphin GTO Z-1000-250 dimensions and weight. 

Zephyr AirDolphin GTO Z-1000-250 

Dimensions 

Weight 

(kg) 

Diameter 

(m) 

Tower  

diameter (m) 

Cross section 

area (Aw) (m2) 

1,8 0,486 1,41 19,5 

 

With Aw defined, it is possible to determine the energy that will pass by the turbine using equation (7). 

These values are depicted in Figure 46. 

 

Figure 46. Mean monthly Pw (kWh/day). 
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This would be the amount of kinetic energy converted if the efficiency of the conversion was 100%, but 

according to the Betz Law, discovered in 1919 by the German engineer Albert Betz [51] that is not 

possible. The Betz Law is based on the principles of conservation of mass and energy on a wind stream 

and is analogous to the Carnot cycle efficiency that states that a heat engine cannot absorb all the 

energy from a given source and has to reject part of that energy back to the environment. 

The Betz Law assumes that a wind rotor is an ideal converter which means: 

- It does not possess a hub. 

- It is has an infinite number of rotor blades that leads to no drag resistance to the wind that flows through 

them.  

The reduction of kinetic energy of the air stream from upwind to downwind or the occurrence of a braking 

action in the wind leads to the extraction of mechanical energy which means that: 

𝑉2 < 𝑉1 

 V2: speed downstream 

 V1: speed upstream 

Since the Betz Law is based on the principle of conservation of mass: 

 �̇� = 𝜌‧𝑆1‧𝑉1 = 𝜌‧𝑆‧𝑉 = 𝜌‧𝑆2‧𝑉2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (15) 

 S2: air cross-section downwind from the rotor 

S1: air cross-section upwind from the rotor 

S: cross sectional area swept by the turbine blade 

V: speed passing through the turbine rotor 

This leads to: 

𝑆2 > 𝑆1 

The wind flow in the rotor is represented in Figure 47. 

 

Figure 47. Principle of conservation of mass in the wind flow close to the rotor. Adapted from [51]. 
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Betz discovered that the maximum extractable power of the total kinetic energy passing through the 

turbine is 59,3% and this only happens when V2 is a third of V1, which means that the efficiency depends 

on the wind speed in the rotor [51]. This efficiency was named Power Coefficient (Cp). Since this only 

happens when considering the rotor an ideal converter, and a practical wind turbine has losses in the 

efficiency due to the viscous and pressure drag on the rotor blades, the swirl imparted to the air flow by 

the rotor, and the power losses in the transmission and electrical system, the Cp curve is specific for 

each turbine. 

Figure 48 shows the Cp values for the Zephyr AirDolphin GTO Z-1000-250. 

 

Figure 48. Power coefficient values for the Zephyr AirDolphin GTO Z-1000-250. [52] 

These values are introduced into a MSOffice Excel table in order to achieve the Cp graph and with it, a 

fourth degree polynomial regression was performed to achieve the Cp curve of the wind turbine selected. 

The obtained Cp graph and curve are represented in Figure 49. 

 

Figure 49. Cp graph and curve. 
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 Cp=-5,6‧10-5U4 + 2,5931‧10-3U3 - 0,0474265U2 + 0,39917029U - 0,998915 (16) 

The analysis of this graph shows that the turbine starts to convert kinetic energy when the wind speed 

achieves 4 m/s. This is the cut-in speed according to the graph and it was decided to be conservative 

and work with it, in order to be consistent with the graph, despite the turbine starts producing energy 

from 2,5 m/s. 

With this equation, it is possible to calculate Cp and consequently, the mean energy generated by the 

wind, Ew.  

 𝐸𝑤 =  𝐶𝑝‧ 𝑃𝑤  (𝐾𝑤ℎ/𝑑𝑎𝑦) (17) 

This leads to the results presented in Figure 50. 

 

Figure 50. Ew per month (kWh/day). 

This is the mean kinetic energy that the turbine is capable to convert. As expected, being the month with 

the lower wind speeds, September is the month with the minimum wind energy. 

Like what happened with solar energy, the ASV in study would not be able to perform using only wind 

energy since its energy demands exceed the Ew in every month of the year. 

5.3. Wave Energy 

The wave energy conversion system will be based in the FLEUR, already introduced in chapter 2. This 

is a recent and innovating system, which is not yet stable, but with the continuous evolution in the world 

of science and energy, it is believed that this technology will be ready for use in the near future. 

The FLEUR system is capable of generating thrust and transform wave energy into electricity for future 

use onboard. It is based in the same principles as the WDPS, converting kinetic energy of the waves 

into propulsion by using the heave and pitch motion to make the two foils, that are placed at the stern 

and at the bow, move and also converting a percentage of mechanical energy into electricity [3]. This 
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conversion is only possible by the use of rotary dampers, at the top of the pivot arm, near the hull, to 

simulate the effects of a power take-off device (PTO). The arms are restrained by a damping constant, 

ζ, which will condition the total energy generated. A schematic of the FLEUR’s propulsion principles and 

its experimental setup are presented (Figure 51 and 52).

 

 

 

Figure 51. Schematic of the FLEUR system for ASV 
propulsion and power generation. Adapted from [3] 

 

Figure 52. General arrangement of the experimental 
model. [3]

Since this system is capable of generating thrust and power, the generation of either one or the other 

will depend on the flapping foil kinematics heaving and pitching. When in propulsion mode the foils are 

not allowed to heave independently of the vessel, they can only pitch, and therefore, no power is 

recovered. 

Equation (18) expresses the motion of the foils: 

 𝛴𝑀𝜃 =  
𝑀𝑐

4⁄ − 𝑘𝜃‧ 𝜃 − 𝜁𝜃 ‧ 𝑤𝜃 → 𝑀𝜃 = 𝑘𝜃‧ 𝜃 (Nm) (18) 

Mθ: Angular momentum of the foil. 

Mc/4: Hydrodynamic moment about the hydrodynamic centre of the foil, one quarter of the chord 

from the leading edge. 

kθ: rotational spring stiffness of the foil (Nm/rad). 

ζθ: damping constant of the foil (Nm/rad/s). 

ωθ: angular speed of the foil (rad/s). 

Since the foils have no damping constant, the angular momentum of the foil only depends on θ and kθ. 

The motion of the pivot arm can be expressed with (19): 

 𝛴𝑀𝛷 =  𝐹𝛷‧ 𝑎 − 𝑘𝛷‧ 𝛷 − 𝜉𝛷‧ 𝑤𝛷 → 𝐹𝛷‧ 𝑎 = 𝜉𝛷‧ 𝑤𝛷 (Nm) (19) 

MΦ: Angular momentum of the pivot arm. 

 FΦ: Force applied by the flapping foils to the pivot arm (N).  

 a: length of the pivot arm (m). 

kΦ: rotational spring stiffness of the foil (Nm/rad). 

ζΦ: damping constant of the foil (Nm/rad/s). 

ωΦ: angular speed of the pivot arm (rad/s). 

Unlike the foils, the pivot arm has no rotational spring stiffness and therefore, the momentum of the pivot 

arm depends only on ζ and Φ. 
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The damping constant is what allows the generation of energy. The motion of the pivot arm induces a 

rotational motion in the viscous damper against the fluid inside and as a consequence, a torque in 

resistance to the motion is created. This resistance, which is also mechanical energy, is converted to 

electrical energy, assuming that no energy is lost. The process referred above is explained in (20). 

 𝑃 =  𝜏‧𝜔 = 𝐹𝛷‧𝑎‧𝜔𝛷 = 𝜁𝛷‧ 𝜔𝛷
2 (W) (19) 

P: Power generated by the pivot arm (W) 

τ: Torque generated by the pivot arm 

The majority of the FLEUR tests were carried with Hs constant and equal to 0,08m where a frequency 

of 0,8 Hz was acknowledged as the optimum frequency for thrust generation. Power generation data is 

available only with the optimum frequency so, assumptions will be made based in that frequency.  

Te can be calculated with equation (21): 

 𝑇𝑒 =
1

𝑤
 (𝑠) (21) 

𝑇𝑒 =
1

0,8
= 1,25 (𝑠) 

 w: wave frequency (Hz) 

This is the wave period, which is different from the foil’s encounter frequency (we) that depends on the 

vessel’s speed (22). 

 𝑤𝑒 = 𝑤 + 𝑤2‧
𝑈𝑣

𝑔
 (𝐻𝑧)  (22) 

UV: Vessel’s speed 

With Te and Hs are known, it is possible to determine the total wave power per unit width that crossed 

the foils, using equation (10): 

𝑃𝑤𝑣 =
1025‧ 9,812

64𝜋
‧ 0.082‧ 1.25 = 3,92 (𝑤/𝑚) 

Which means that to calculate Pwv, the only unknown value is the span (s). This value, as well as other 

physical dimensions of the FLEUR used in the ASV in study can be found in Table 11. 

Table 11. FLEUR’s foil’s dimensions. (Adapted from [3]). 

 

This dimensions are the same that were used in [3] and it was decided to use this dimensions for two 

reasons: the span of the foils should not exceed the beam of the vessel and changing the pivot arm 

length and the span of the foils would result in different hydrodynamic performance for which there are 

not any results.  

Since wave energy units are watt per meter of wave front, Pwv (W) is the product between Pwv (W/m) 

and s. Since s is equal to 1, the total Pwv per foil is 3,92 W. 

With this result, the efficiency of the FLEUR can be estimated.  
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Figures 53 and 54 show the average power generated by each foil at different speeds. 

 

Figure 53. Forward foil maximum and average power with varying damping constant in waves of frequency 0,8 Hz 
and height 0,08 m. [3] 

 

Figure 54. Aft foil maximum and average power with varying damping constant in waves of frequency 0,8 Hz and 
height 0,08 m. [3] 

Looking at this results, it can be concluded that, when ζ is in the range of roughly 4,9 to roughly 6,75, 

the generation of power by the forward foil depends on the speed, since at 0 Kt, it is close to 0 watts, 

unlike the aft foil, that was capable of generating a constant power close to 0,5 watts at speeds of 0 and 

0,5 Kt. Clearly, the efficiency of the aft foil is much higher than the forward foil. This occurs because the 

foils are not located equidistant from the longitudinal centre of rotation and consequently, the pitch 

induced heave for the forward foil is significantly less. 

The determination of the efficiencies, and bearing in mind that there is no data for speeds bigger than 

0,5 Kt and therefore, no conclusions can be taken regarding the increase or decrease of power 

generated at those speeds, will be made assuming that ζ is equal to the value from which the power 

generated remains fairly constant, 4,9 in this case, and at a speed of 0 Kt. 

 𝜂𝑎𝑓 =
𝑃𝑔𝑎𝑓

𝑃𝑤𝑣

=
0,47

3,92
= 0,12  (23) 

 𝜂𝑓𝑓 =
𝑃𝑔𝑓𝑓

𝑃𝑤𝑣

=
0,15

3,92
= 0,038 (24) 
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 ηaf: efficiency of the aft foil 

 ηff: efficiency of the forward foil 

 Pgaf: Power generated by the aft foil 

 Pgff: Power generated by the forward foil 

Although these efficiencies are low, taking into account that waves carry a massive amount of energy, 

the power generated is still very promising. 

In the determination of the power generated by the FLEUR system in the ASV in study, it was decided 

to test multiple efficiencies, ηwv, because this technology is still in early development, which would 

correspond to 20, 50 and 80% of the efficiency of the FLEUR system in the experiments conducted at 

the Solent University towing tank. This decision was made based on the fact that the ASV under analysisi 

would be bigger and heavier than the one tested and also the conditions in which the ASV would operate 

are very different with significant wave heights higher than 10m and wave periods that can range from 

roughly 5 to 20 s, which leads to different hydrodynamics forces and motions.  

This conducts to the efficiencies presented in Table 12.   

Table 12. Aft foil and forward foil efficiencies assumed in the ASV in study. 

η 

ηaf ηff 

0,024 0,008 

0,06 0,019 

0,096 0,03 

 

The efficiency of the forward foil is negligible when considering 20% of efficiency, so from here forward, 

in this scenario it will be assumed that the efficiency of the system, ηwv, depends only on the aft foil and 

therefore, ηwv will assume the value of 0,024 and the forward foil will be just an auxiliary source of thrust.  

Knowing η, the mean energy generated by the FLEUR system, Ewv, will be determined using equation 

(25): 

 𝐸𝑤𝑣 = 𝑃𝑤𝑣 ‧ 𝜂𝑤𝑣  (𝑘𝑤ℎ/𝑑𝑎𝑦) (25) 

In the 50 and 80% efficiencies, the previous efficiency is the sum of the forward and aft foil efficiencies. 

(25) leads to the values depicted from Table 13 to Table 15.  

Table 13. Mean Ewv per month with 20% efficiency (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 81,2 60,1 42,7 36,4 18,4 13,0 9,2 10,2 19,7 39,6 50,1 65,2 

II 77,3 56,2 40,2 34,5 17,6 12,4 9,2 9,9 18,3 37,5 47,5 62,2 

III 73,3 52,7 38,7 33,7 17,3 12,3 9,4 9,8 17,4 36,2 45,6 61,0 

IV 67,0 48,0 36,8 32,0 16,5 11,6 9,3 9,2 15,8 33,5 42,6 58,6 

V 61,0 43,9 34,0 29,0 15,4 10,8 9,2 8,6 14,2 30,0 38,9 54,0 
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Table 14. Mean Ewv per month with 50% efficiency (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Loccation 

I 267,3 198,0 140,5 119,9 60,6 42,8 30,2 33,5 64,7 130,4 165,6 214,5 

II 254,3 185,1 132,3 113,6 57,9 40,8 30,1 32,5 60,2 123,4 156,8 204,6 

III 241,2 174,0 127,5 111,0 57,0 40,3 30,9 32,1 57,3 119,0 150,6 200,9 

IV 220,5 158,2 121,0 105,2 54,4 38,1 30,5 30,2 52,0 110,2 140,9 192,8 

V 200,7 144,3 111,9 95,6 50,8 35,5 30,3 28,4 46,8 98,7 128,7 177,6 

 

Table 15. Mean Ewv per month with 80% efficiency (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 426,4 315,8 224,1 191,2 96,6 68,3 48,2 53,5 103,2 207,9 264,1 342,2 

II 405,6 295,2 211,1 181,2 92,4 65,0 48,1 51,8 95,9 196,8 250,1 326,4 

III 384,8 277,6 203,4 177,0 90,9 64,3 49,3 51,2 91,4 189,8 240,2 320,4 

IV 351,6 252,4 193,0 167,7 86,8 60,7 48,7 48,1 82,9 175,8 224,7 307,4 

V 320,2 230,2 178,4 152,5 81,1 56,6 48,3 45,4 74,6 157,4 205,3 283,2 

 

The analysis of Tables 13 to 15 prove that it would be possible to have a fully autonomous ASV using 

only wave energy in most days of the year but since those are mean values, there will be days with 

lower energy generated. It can also be concluded that a slightly increase in the efficiency of wave energy 

conversion can generate a massive increase of energy. This happens due to the huge density of the 

water as indicated before. A preliminary analysis might assume that the minimum energy generated per 

day would occur in August, but since these are mean values, a deeper analysis is needed. 

The progress of the results presented from Tables 13 to 15 also shows a similar energy generated in all 

five locations during June, July and August. Since Te does not change much between locations, this 

happens due to a bigger decrease on Hs in the northern locations when compared to the southern 

locations, which leads to similar Hs in those months and consequently, a similar amount of energy is 

generated. 

In the following Tables, values of the minimum Ewv are represented. 

Table 16. Minimum Ewv per month with 20% efficiency (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 2,54 3,55 3,49 3,58 1,20 1,11 1,66 1,01 1,03 1,82 3,17 4,81 

II 1,70 3,22 2,99 3,90 0,84 0,91 1,38 0,83 0,93 2,09 2,69 3,91 

III 1,43 3,39 3,06 3,82 1,07 0,82 1,29 0,93 1,01 3,54 1,82 5,08 

IV 1,80 4,13 3,94 3,33 1,30 0,73 1,23 0,95 1,44 2,85 1,54 4,36 

V 1,91 4,35 2,44 2,49 0,89 0,65 1,14 0,81 1,47 1,85 1,18 3,62 
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Table 17. Minimum Ewv per month with 50% efficiency (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 8,36 11,68 11,48 11,79 3,97 3,65 5,47 3,32 3,37 6,00 10,43 15,85 

II 5,58 10,61 9,84 12,84 2,76 2,99 4,54 2,75 3,06 6,88 8,85 12,86 

III 4,70 11,14 10,08 12,58 3,53 2,70 4,23 3,06 3,33 11,66 6,00 16,73 

IV 5,92 13,59 12,96 10,95 4,26 2,42 4,06 3,13 4,74 9,39 5,08 14,36 

V 6,30 14,33 8,02 8,19 2,93 2,13 3,76 2,67 4,85 6,09 3,88 11,90 

 

Table 18. Minimum Ewv per month with 80% efficiency (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 13,33 18,63 18,31 18,80 6,33 5,82 8,73 5,29 5,38 9,57 16,64 25,28 

II 8,90 16,92 15,69 20,47 4,41 4,77 7,24 4,38 4,88 10,97 14,12 20,51 

III 7,50 17,77 16,08 20,07 5,63 4,31 6,75 4,88 5,31 18,59 9,57 26,69 

IV 9,44 21,67 20,67 17,47 6,80 3,85 6,48 4,99 7,56 14,97 8,10 22,90 

V 10,04 22,85 12,79 13,06 4,68 3,40 5,99 4,26 7,74 9,71 6,19 18,99 

 

These results show that, despite the minimum mean Ewv occurred in August, the minimum absolute 

value occurs in the Summer month of June for location III, IV and V, with location I and II having their 

minimum value in the same month as the minimum mean Ewv, which meets the seasonal character of 

wave energy.  Being the location further south, and as a result of this, the location with the lowest Ewv, 

is V.  

5.4. Hybrid energy system 

In this subchapter, it will be evaluated the total amount of energy generated by the three considered 

sources, as well as the lower values of energy generated.  

It is expected that in most of the year, the energy generated by the hybrid renewable energy system is 

similar to the energy generated by the FLEUR system, with this system being the most important in the 

generation of energy, but in the Summer, the energy generated by the wind and the sun, Ews, 

significantly increases its importance. This importance increases with lower values of efficiency in the 

FLEUR. 

Table 19 shows the mean values of Ews. 

Table 19. Mean Ews per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 5,7 4,9 6,1 7,0 6,4 6,9 6,7 6,2 5,4 5,3 5,4 5,2 

II 5,3 4,4 5,7 6,9 6,5 7,0 7,3 6,5 5,1 5,1 5,1 4,9 

III 5,1 4,2 5,5 6,6 6,2 6,5 6,9 6,1 4,7 5,1 4,9 4,9 

IV 4,7 4,1 5,5 6,4 6,1 6,2 6,7 5,9 4,6 5,0 4,7 4,9 

V 4,4 4,2 5,4 6,2 6,3 6,5 7,1 6,1 4,7 4,8 4,4 4,6 
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The analysis of Table 19 clarifies the importance of the sun and wind energy in the summer, since its 

values do not differ that much from the energy generated by the FLEUR with 20% efficiency in July and 

August, as is possible to understand by comparing the values of Table 19 with Table 13. This statement 

is corroborated by Figure 55 and 56.  

It is clear that with 20% efficiency, Ewv and Ews are very similar, which means that in a lot of days, the 

decrease of Ewv can be compensated by Ews. When evaluating the 50 and 80% FLEUR efficiency 

scenario, Ews is not so important since the mean values of Ewv are much higher which will lead to a big 

decrease in the number of days where the energy demand will exceed the energy supply. 

 

Figure 55. Mean Ews per month. 

 

Figure 56. Comparison between the mean Ews and Ewv in the five locations with different efficiencies in the FLEUR 
system from June to August. 

Figure 56 shows that the combination of Ew and Es, reaches an absolute minimum in February, due to 

low wind speeds and low solar radiation, but also has a minimum in September, which occurs due to 

very low wind speeds as presented in Figure 26. 
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Having the information of the energy generated by all three sources individually, the energy generated 

by the hybrid renewable energy system can be achieved by simply sum the three energies.  

 𝐸𝑇 = 𝐸𝑠 + 𝐸𝑤 + 𝐸𝑤𝑣  (𝐾𝑤ℎ/𝑑𝑎𝑦) (26) 

The values determined are presented from Table 20 to 22. 

Table 20. Mean ET20 per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 87 65 47 41 22 17 12 13 23 44 56 71 

II 83 60 44 39 21 16 13 13 21 42 53 67 

III 78 57 42 38 21 15 13 13 20 40 51 66 

IV 71 51 40 36 20 14 12 12 18 37 47 63 

V 65 47 37 32 18 14 13 11 17 33 43 58 

 

Table 21. Mean ET50 per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 273 202 145 124 64 46 34 37 68 135 171 220 

II 260 189 136 118 61 44 34 36 63 128 162 210 

III 246 178 131 115 60 44 34 35 60 123 155 206 

IV 225 162 125 109 57 41 34 33 54 114 145 198 

V 205 148 115 99 54 38 34 31 49 102 133 182 

 

Table 22. Mean ET80 per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 432 320 228 196 100 72 52 57 107 212 269 348 

II 411 299 215 186 96 69 52 55 99 201 255 331 

III 390 281 207 181 94 68 53 54 94 194 245 325 

IV 356 256 197 171 90 64 52 51 85 180 229 312 

V 324 234 182 156 84 60 52 48 77 161 209 288 

 

The values of Table 20 follow the same tendency as the ones from Table 13, proving that Ews, despite 

being significant during the Summer, never reaches a value capable of changing the trend of ET. In 

Table 21 and 22 this trend was already expectable due to the higher wave energy converted.  Table 20 

also proves that it would be possible to fulfil the objective of having a long endurance ASV by having 

these energy levels on a daily bases, but for a more complete detail, it is necessary to know the minimum 

value of ET, and also the number of days in a row where the energy demands exceed the energy supply. 

Next, it will be depicted the values of the minimum ET in the time period considered and assessed if that 

value occurs when Ewv reaches its minimum. 
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Table 23. Minimum ET20 per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 4,0 4,9 5,9 7,7 5,4 3,0 5,3 4,2 3,6 4,5 5,2 6,1 

II 3,5 5,1 5,5 7,4 4,4 3,8 4,8 4,1 4,0 5,4 4,4 5,1 

III 3,7 5,0 5,2 7,1 4,7 3,6 5,2 4,5 4,0 5,2 3,6 6,1 

IV 4,0 3,0 6,4 6,3 4,7 4,3 6,0 4,3 4,1 4,0 3,4 5,0 

V 4,3 6,3 6,5 5,7 4,3 4,8 5,5 4,8 4,3 3,5 3,7 4,7 

 

Table 24. Minimum ET50 per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 9,8 13,0 13,9 15,9 8,1 5,5 9,8 7,7 7,3 8,6 13,0 17,2 

II 7,3 12,5 12,4 16,7 8,1 6,9 9,2 7,7 7,1 10,2 10,6 14,0 

III 6,4 12,3 12,2 15,8 7,8 7,0 9,4 7,8 7,5 15,1 7,7 17,9 

IV 8,2 15,2 15,5 14,0 7,6 8,2 9,3 7,4 7,9 10,5 7,5 15,0 

V 8,7 16,3 12,3 12,8 6,3 8,2 9,1 6,6 8,6 9,1 6,4 13,0 

 

Table 25. Minimum ET80 per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 14,8 20,0 20,7 22,9 10,5 7,7 13,0 10,1 9,3 12,2 19,4 26,6 

II 10,7 18,8 18,2 24,7 9,9 9,6 12,1 9,3 8,9 14,3 15,9 21,7 

III 9,2 19,0 18,2 23,3 9,9 9,8 11,9 9,8 9,4 22,0 11,3 28,1 

IV 11,7 23,3 23,3 20,5 10,2 9,7 11,7 9,3 10,7 16,1 10,5 23,6 

V 12,4 24,8 17,1 17,9 8,1 9,4 11,4 8,2 12,1 12,8 8,7 20,0 

 

The analysis of the previous Tables show that the minimum ET occurs in different months among all five 

locations and as a consequence, it can not be established a direct relation between the minimum Ewv 

and the minimum ET.  It can also be concluded that the significance of Ews for the minimum ET increases 

the further you go South, with location I having the minimum ET in seven of the twelve months of the 

year with 20% FLEUR efficiency, despite being the location with the higher value of mean Ewv. This does 

not occur with 50 and 80% FLEUR efficiency due to the increase in the energy generated by the waves. 

With the values of Table 23, it would be impossible for the ASV in study to be fully autonomous and the 

use of batteries for energy storage is a demand and it will be discussed in subchapter 5.4, but the values 

of Table 24 and mainly 25 would fulfil the goal of having a fully autonomous ASV, by using a very small 

battery with 50% FLEUR efficiency and needing no battery with 80% FLEUR efficiency. 

5.5. Energy Storage 

 “A battery is a device that is able to store electrical energy in the form of chemical energy, and convert 

that energy into electricity.” [53] This is the basic principle of operation for all kinds of batteries. 
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Batteries consist in three key components: two terminals of different chemicals, usually metals; the 

anode and the cathode; and an electrolyte that separates the terminals.  The electrolyte is simply a 

chemical medium to allow the flow of electric charge between the anode and the cathode. 

With battery operation, an oxidation reaction will occur, which leads to the release of electrons to the 

negative terminal and ions in the electrolyte by the chemical on the anode. Electrons are accepted by 

the cathode in the positive terminal and the circuit for the flow of electrons is completed. Meanwhile, the 

electrolyte makes the chemicals of the anode and the cathode contact with each other so that chemical 

potential is in equilibrium from one terminal to another, converting stored chemical energy into electrical 

energy. 

By connecting an electric device to the system, it is possible to power it, as shown in Figure 57. 

“The ions transport current through the electrolyte while the electrons flow in the external circuit, and 

that is what generates an electric current.” [53] 

When using a rechargeable battery, this process can be reversed by providing electrical energy from an 

outside source into the chemical system, restoring the battery’s charge. 

 

Figure 57. Electric circuit of a battery. [54] 

This chapter will consider four scenarios. In two of them, the ASV will perform using the hybrid renewable 

energy system and these scenarios were labelled H20 and H50, since they consider the 20 and 50% 

FLEUR efficiency respectively. The other two scenarios, that consider a FLEUR efficiency of 50 and 

80%, were labelled W50 and W80 and the ASV only performs using wave energy, and therefore will not 

be equipped with solar panels and wind turbine.  

To calculate the battery capacity, the first step is to know the load the batteries will have to store [55].  

In order to do that, it is necessary to know the total energy demand of the ASV, taking into account the 

energy demand of the electronic devices as well as the propeller. 

Energy demands are known with the value presented in Table 8. With this value, it is possible to 

calculate the lowest value of energy deficit (Edf) using equation (27). 
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 𝐸𝑑𝑓 = 𝐸𝑔 − 𝐸𝑑  (𝐾𝑤ℎ) (27) 

  Eg: Energy generated (kWh) 

  Ed: Energy demand (kWh) 

This equation led to a sequence of days with energy loss whose minimum values per location in each 

of the four scenarios considered are presented in Table 26. The scenario “H80”, where the FLEUR 

efficiency is 80%, was not considered because the energy supply is never lower than the energy 

demands and therefore, there is no need for a battery.  

Table 26. Maximum energy deficit per location and scenario (kWh). 

Lowest energy deficit per location 
and scenario (kWh) 

Location 
Scenario 

H50 W50 

I -1,02 -5,74 

II 0,00 -7,20 

III -0,15 -6,73 

IV -0,40 -6,32 

IV -0,22 -9,51 

 

By analysing Table 26, it can be concluded that when considering the hybrid renewable energy system, 

the biggest limitation is the location further north, in this case, location I. It can also be concluded that 

at further south, the energy required from the batteries would be smaller. 

When developing the ASV by using only wave energy, the results are the opposite. Location I needs 

less energy from the batteries with location V being the one with the lowest energy deficit. This was 

expected due to the higher Hs in the North of Portugal, and reinforces the importance of solar and wind 

energy.  

Next it will be studied the total number of days where the energy deficit exceeds a value between -1 to 

-10 kWh and evaluate if the locations where it was determined the lowest energy deficit are also the 

locations with the most number of days with the use of battery. 

This will be presented from Table 27 to 30. 

Table 27. Number of days where Edf was lower than [-1;-10] (kWh) in the H20. 

Total El lower than: -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 

Location 

I 58 23 12 7 7 6 5 4 4 1 

II 81 42 15 9 6 4 1 1 0 0 

III 52 21 9 5 2 1 1 1 0 0 

IV 31 18 6 3 2 0 0 0 0 0 

V 33 16 6 1 1 0 0 0 0 0 
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Table 28. Number of days where Edf was lower than [-1;-10] (kWh) in the H50. 

Total El lower than: -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 

Location 

I 1 0 0 0 0 0 0 0 0 0 

II 0 0 0 0 0 0 0 0 0 0 

III 0 0 0 0 0 0 0 0 0 0 

IV 0 0 0 0 0 0 0 0 0 0 

V 0 0 0 0 0 0 0 0 0 0 

 

Table 29. Number of days where Edf was lower than [-1;-10] (kWh) in the W50. 

Total El lower than: -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 

Location 

I 25 12 7 4 0 0 0 0 0 0 

II 36 20 16 10 6 2 2 0 0 0 

III 28 20 12 8 2 1 0 0 0 0 

IV 26 8 5 4 1 1 0 0 0 0 

V 44 24 15 11 8 3 1 1 1 0 

 

Table 30. Number of days where Edf was lower than [-1;-10] (kWh) in the W80. 

Total El lower than: -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 

Location 

I 3 0 0 0 0 0 0 0 0 0 

II 6 2 0 0 0 0 0 0 0 0 

III 3 1 0 0 0 0 0 0 0 0 

IV 2 1 0 0 0 0 0 0 0 0 

V 7 4 2 0 0 0 0 0 0 0 

 

Table 27 clearly shows that in the H20 scenario, values lower than -9 kWh only occurred in location I 

and 4 days in the 10 years of data analysed. This represents an irrelevant 0,11% of the total days of 

investigation. It also shows that values lower than -6 kWh happened 11 times between location I, II and 

III and this is the first value that is not common to all five locations. As a result, to determine the battery 

capacity it will be considered two different values of energy storage: the lowest value achieved, -10,84 

kWh, and -6 kWh. The same analogy will be conducted with the W50 scenario with the values considered 

to the energy storage changing to -9,51 kWh and -5 kWh. If the lowest values achieved lead to a battery 

with a weight not suitable for the ASV in study, it will be only considered the reference values of -6 and 

-5 kWh as stated above, which means that in the days where the energy deficit exceeds those values, 

the ASV will propel itself with a lower speed or using only the FLEUR. 

For the H50 and W80 scenario, it will only be considered the lowest value achieved, that are -1.02 kWh 

and -3.51 kWh respectively, since these values are small when compared to the lowest value of the H20 

and W50 scenario. 

The second step to calculate the battery capacity is to know the depth of discharge, DOD. This is a very 

important parameter since it measures how low a battery is discharged and is directly related with the 
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battery lifespan. Those periods are called cycles [56]. Figure 58 shows an example of the relation 

between the number of cycles and the DOD that will be used for our battery bank calculation. 

 

Figure 58. Relation between DOD and the total number of cycles during a battery’s life. [55] 

As Figure 58 shows, the deeper a battery is discharged, that is, the higher the DOD, the less will be the 

number of cycles, and as a consequence, the shorter a battery’s life. 

By reviewing Table 27 to Table 30, it is easy to understand that the number of cycles in this case study 

is not important because the number of times that the batteries will function is not relevant in the time 

period considerer and therefore, a DOD of 60% was considered. 

Next, it is necessary to know the average minimum temperature that the battery will be exposed. This 

is important because the performance is better at room temperature. Exposure to low temperatures will 

lead the battery to provide less capacity than the one it is capable while higher temperatures will make 

the battery perform better but will shorten its life. [57] 

Depending on the environment temperature, a factor must be considered as presented in Figure 59. 

 

Figure 59. Temperature factor of a battery. (Adapted from [54]). 

Since the values of temperature are in degrees Fahrenheit (⁰F), it is necessary to convert them to 

degrees Celsius (⁰C).  

This conversion is simple and can be calculated using equation (28): 

 𝑇𝐶 = (𝑇𝐹 − 32)‧ 
9

5
  (⁰𝐶) (28) 

TC: Temperature in degrees Celsius 

TF: Temperature in degrees Fahrenheit 

This equation leads to the values of Table 31. 
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Table 31. Conversion of degrees Fahrenheit to Celsius and respective temperature factor. 

TF (⁰F) TC (⁰C) Factor 

80 -22 1,59 

70 -4 1,40 

60 14 1,30 

50 32 1,19 

40 50 1,11 

30 68 1,04 

20 86 1,00 

 

With these values, it was possible to perform a quadratic regression in Microsoft Excel as depicted in 

Figure 60. 

 

Figure 60. Temperature factor curve and respective quadratic regression equation. 

Knowing the temperature factor curve, it is presented the minimum average temperature in the locations 

of study as well as their respective temperature factor in Table 32. 

Table 32. Minimum average temperature in the five locations considered and respective temperature factor. 

Location Minimum average temperature (⁰C) Factor (f) 

I 12,3 1,30 

II 12,1 1,30 

II 12,4 1,30 

IV 13,7 1,29 

V 14,3 1,29 

 

The study of Table 32 shows that the minimum average temperature occurred in location II and since 

the ASV in study must be able to operate across all Portuguese EEZ, the temperature factor will assume 

the value of location II despite location I and V having lower energy deficits in the scenarios considered. 

The fifth step is to know the system’s voltage, which is 12V as presented in subchapter 4.1. 

The final step is the determination of the battery bank capacity using the information retrieved in the 

former steps (29): 

y = 3E-05x2 - 0,0076x + 1,3938
1

1,2

1,4

1,6

-30 -10 10 30 50 70 90

Temperature (⁰C)

Temperature factor (f)



54 
 

 𝐶 =
𝐸𝑔𝑙

𝐷𝑂𝐷
‧ 

𝑓

𝑉
 (𝐴ℎ)    (29) 

C: Battery capacity (Ah) 

V: System voltage (V) 

In the case in study, C takes the values presented in Table 33. 

Table 33. Battery capacity per scenario. 

Scenario H20 H50 W50 W80 

Energy deficit (kWh) -10,84 -6 -1,02 -9,51 -5 -3,51 

Battery capacity needed (Ah) 1957 1083 184 1717 903 634 

 

Knowing the battery capacity, it is necessary to define a battery and calculate the weight of the battery 

bank. The batteries chosen are the Smart Battery SB300 12V 300AH and the Smart Battery SB260 12V 

260AH. Their characteristics are presented in Table 34 and 35 respectively. 

Table 34. SB300 characteristics. 

Battery SB300 

Capacity 
(Ah) 

300 

Length (m) 0,49 

Width (m) 0,26 

Height (m) 0,23 

Weight (kg) 43,1 

  

Table 35. SB260 characteristics. 

Battery SB260 

Capacity 
(Ah) 

260 

Length (m) 0,51 

Width (m) 0,26 

Height (m) 0,22 

Weight (kg) 36,3 

  

With the battery defined, it is necessary to calculate the number of batteries needed to fulfil the energy 

demands presented in Table 33. The batteries will be connected in parallel, so that the voltage remains 

constant in 12V and the capacity is the sum of each battery’s capacity. The SB260 battery will only be 

used in the W80 to avoid unnecessary weight (Table 36). The Mhe in the W50 and W80 is lower due to the 

ASV not being equipped with solar panels and wind turbine. 

 

 

Table 36. Battery bank capacity and respective influence on the ASV’s weight. 

Scenario H20 H50 W50 W80 

Number of batteries 7 4 1 6 3 3 

Battery bank capacity (Ah) 2100 1200 300 1800 900 780 

Battery bank weight (kg) 301,7 172,4 43,1 258,6 129,3 108,9 

Mhe (kg) 410,86 365,86 

M (kg) 712,56 583,26 453,96 624,46 495,16 474,76 
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Since the lowest values of energy deficit in the H20 and W50 need a number of batteries that increases 

by roughly 70% the total weight of the ASV, it was decided that the ASV will only be equipped with a 

battery bank, in the H20 and W50, able to surpass an energy deficit of -6 and -5 kWh respectively, 

performing at a lower speed or using only the FLEUR system when a lower energy deficit occurs, as 

already referenced in Chapter 5.5. 

With the full weight of the ASV determined in each scenario, it is possible to calculate the propulsion of 

the vessel, which will be discussed in Chapter 6. 

Another important parameter to evaluate is the total number of hours, N, that the ASV would be able to 

perform at full speed in an emergency mission, with the motor being the only device used and in the 

worst energy scenario. This corresponds to an energy demand of 12,1 kWh/day and is determined with 

equation (30): 

 𝑁‧ |(𝐸𝑔𝑚𝑖𝑛 − 𝐸𝑀𝑚𝑎𝑥)|/24 < 𝐶𝑏‧ 𝑉/1000 (h) (30) 

 

 Cb: Battery bank capacity (Ah) 

 Egmin: Minimum energy generated (kWh/day) 

 EMmax: Motor energy demand at maximum amp draw (12,1 kWh/day) 

This leads to the results of Table 37: 

Table 37: ASV’s maximum number of hours operating at top speed. 

Scenario H20 H50 W50 W80 

N 38 13 26 26 
 

The analysis of Table 37 reveals the importance of a good battery bank. Despite the increased weight 

which consequently leads to a lower top speed, the ASV in the H20 is the one with higher autonomy in 

the worst energy scenario, due to a higher battery capacity. The ASV in the H80 was not evaluated 

because in the worst energy scenario, it would not be able to perform at maximum amp draw. Since it 

has no batteries, it is able only to perform at 26,7 A that correspond to a minimum energy generated of 

7,7 kWh/day. 
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6. Resistance and Propulsion 

This chapter will evaluate the propulsion of the ASV in study and was determined using the “Basic 

Principles of Ship Propulsion” [58]. 

To determine the propulsion, it is necessary to know the hull’s main dimensions first as well as its hull 

coefficients (Figures 61 and 62). 

 

Figure 61. Hull dimensions. [58] 

 

Figure 62. Hull coefficients of a ship. [58] 
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The volume of displacement (∇), is the total volume of water (∇w) needed so that the buoyancy (B) is 

equal to the ASV weight (M=B).  

The hull’s dimensions were determined in Autodesk Fusion 360, with the aid of the “Boundary Fill” 

command and are presented in Table 38. 

Table 38. Hull’s dimensions in each scenario. 

Scenario M (kg) ∇ (m3) T (m) LWL (m) Lpp (m) BWL (m) 

H20 582,62 0,57 0,27 4,37 4,24 1,02 

H50 453,32 0,44 0,23 4,33 4,20 0,94 

H80 410,22 0,4 0,21 4,32 4,19 0,95 

W50 494,52 0,48 0,24 4,34 4,21 0,98 

W80 474,12 0,46 0,235 4,34 4,20 0,95 

 

The hull’s coefficients and areas were determined according to Figure 61 as well as the hull’s wetted 

area (AS) (Table 39). 

Table 39. Hull’s coefficients and areas. 

Scenario CB,WL AWL CWL AM CM CP AS 

H20 0,47 3,68 0,82 0,174 0,63 0,75 4,54 

H50 0,47 3,34 0,82 0,12 0,55 0,85 4,05 

H80 0,48 3,31 0,84 0,105 0,55 0,88 3,96 

W50 0,47 3,44 0,81 0,144 0,61 0,77 4,15 

W80 0,48 3,35 0,81 0,132 0,59 0,81 4,10 

 

With the hull’s dimensions and coefficients determined, the ASV’s total resistance (RT) was calculated. 

This value is mainly influenced by the vessel’s speed, displacement and hull design and can be 

separated into three parameters: air resistance (RA), frictional resistance (RF) and residual resistance 

(RR). 

The air resistance depends on the vessel’s speed (V) and cross-sectional area above the water (Aair) 

and is determined according to equation (30): 

 𝑅𝐴 = 0,9 ‧ 1
2⁄ ‧ 𝜌𝑎𝑖𝑟 ‧ 𝑉

2‧ 𝐴𝑎𝑖𝑟  (𝑁)    (30) 

RF and RR depend on how much of the hull is below the water, since the water is being stopped by the 

ASV and reacts on the ASV with a dynamic pressure and consequently, a dynamic force [58].  

RF, as the name indicates, occurs due to the friction between the hull and the water and increases with 

AS and fouling. RR comprises wave resistance (RW), that is the energy loss due to the waves created by 

the ASV in its propulsion, and also eddy resistance (RE), which is the energy loss due to flow separation 

that creates eddies, mainly at the aft end of the vessel (Figure 63).  
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Figure 63. Total ship towing resistance. [58] 

The source resistances (R), either frictional or residual, can be calculated using equation (31). 

 𝑅 = 𝐶‧ 𝐾 (𝑁) (31) 

C: Dimensionless resistance coefficients. 

K: Reference force – Force which the dynamic pressure of water with the vessel’s speed exerts 

on the hull’s wetted area (N). 

 𝐾 =  1
2⁄ ‧ 𝜌 ‧ 𝑉2‧ 𝐴𝑠 (𝑁)  (32) 

The coefficient can be the frictional coefficient (CF) or the residual coefficient (CR), depending on which 

resistance must be calculated. 

CF can be determined with equation (33): 

 𝐶𝐹 =
0,075

(log10 𝑅𝑛 − 2)2
 (33) 

 

Rn: Reynolds number. 

Rn is calculated with (34): 

 𝑅𝑛 =
𝑉‧𝐿

𝜈
 (34) 

 

ν: Kinematic viscosity of salt water at 15 ⁰C (1,1892‧10−6 𝑚2/s). 

CR depends on the Froude number (Fn), CP, and 𝐿
∇

1
3⁄⁄ , as presented in Appendix 4. [59] 

The coefficients and resistances per speed, in each of the five scenarios considered are also presented 

in Appendix 4. 
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The resistances curves in each scenario are depicted in Figure 64. 

 

Figure 64. Resistance curve in each scenario. 

The resistance curves follow the trend expected with the higher resistance associated to the scenario 

with the heaviest vessel, since the resistance with more influence is the friction resistance, that depends 

on the vessel’s wetted area and consequently on the vessel’s weight. 

The total resistance is determined and with it, it is possible to calculate the total power per speed that 

the ASV needs with the formulas presented in Figure 65. 

 

Figure 65. The propulsion of a ship – theory. [58] 
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The first step is to calculate the effective power (PE). This is achieved by equation (35): 

 𝑃𝐸 = 𝑅𝑇 ‧ 𝑉 (𝑊) (35) 

With the result of PE, the thrust power delivered by the propeller to the water (PT) is determined (36): 

 𝑃𝑇 =  𝑃𝐸/𝜂𝐻 (𝑊)  (36) 

ηH: Hull efficiency  

 𝜂𝐻 =
1 − 𝑡

1 − 𝑤
 (37) 

The hull efficiency is given by equation (37) and varies between 1,1 to 1,4, with the higher value for 

ships with high CB,WL. Since there is not enough information to determine t and w, a conservative value 

of 1,1 was assumed. 

The third step is to determine the power delivered to the propeller (PD), with equation (35): 

 𝑃𝐷 = 𝑃𝑇/𝜂𝐵 (𝑊)  (38) 

ηB: Propeller efficiency behind hull. 

ηB is given by equation (39): 

 𝜂𝐵 = 𝜂𝑂‧ 𝜂𝑅 (39) 

ηO: Propeller efficiency in open water. 

ηR: Relative rotative efficiency. 

ηO values vary between 0,35 and 0,75 but typically, the value is 0,65 and therefore, this will be the value 

used [58]. ηR is normally around 1,0 to 1,07 on vessels with a single propeller, meaning that the rotation 

of the water has a beneficial effect, and it will be assumed a value of 1,0 in order to be conservative 

[58].  

The final step is to calculate the total power installed or brake power of main engine (PB). This value 

takes into account the transmission losses (ηS) between the engine and the propeller and its value is 

usually 0,99 [58].  

 𝑃𝐵 = 𝑃𝐷/𝜂𝑆 (𝑊)  (40) 

The values of PB per speed and coefficients in each of the five scenarios considered are presented in 

Appendix 4 and the propulsion curves in each scenario are presented in Figure 66.  
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Figure 66. Propulsion curve in each scenario. 

As expected, the propulsion curves follow the same path as the resistance curves, since the propulsion 

depends on the resistance. Table 40 presents the maximum and average speed in each scenario. This 

results were determined by performing a linear regression in the interval [3, 4] Kt and [4, 5] Kt 

respectively and calculating the value that would correspond to the average and maximum amp draw of 

the motor.  

Table 40. ASV’s maximum and average speed in each scenario (Kt). 

Scenario H20 H50 H80 W50 W80 

Maximum Speed (Kt) 4,54 4,70 4,73 4,66 4,67 

Average Speed (Kt) 3,72 3,86 3,89 3,89 3,79 

 

With the present hull and propulsion design, the ASV in study is able to perform to speeds up to 4,73 

Kt, depending on the scenario. This speed will probably increase due to the FLEUR being able to 

generate thrust. Table 40 also presents the speed considered when the energy demands of the motor 

were calculated and shows that despite the weight differences, the speed generated by the ASV is very 

similar in every scenario. 
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7. ASV Design 

This chapter will present a possible design of the ASV, combining all the information studied from 

chapter 4 to 6. In this design, the devices for energy generation are already implemented in the ASV, 

as well as the electric motor. The wind turbine and the motor were placed near the stern and the solar 

panels placed on top of the ASV. The FLEUR system hydrofoils were fixed to the hull abaft and beneath 

the bow through a rigid pivot arm. Figures 67 to 70 are the views of a possible design of the ASV. 

Measures and more details can be consulted in Appendix 6. 

 

Figure 67. ASV possible design. 

 

 

Figure 68. ASV top view.
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Figure 69. ASV rear view. 

 

 

Figure 70. ASV side view.
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8. Conclusions and further work 

The main goal of this thesis is to study the development of an ASV, able to perform standard scientific 

missions, with almost limitless endurance. This is achieved using energy generation by solar radiation, 

wind and waves and by adopting devices capable of converting the energy from these resources. During 

the ten years of data studied in the simulation, the designed ASV only needed to stop performing its 

missions to charge the batteries five days, which is irrelevant in this time period. The combined use of 

three energies, alongside with a low consumption electric motor can be a step to turn this theoretical 

work performing ASV prototype. 

This thesis strongly suggest that an ASV capable of sailing for long periods of time without stopping is 

no longer an ambition, but something attainable due to the FLEUR system, which converts wave energy 

into electricity for later use on board. As found during this dissertation, the best source of energy in the 

sea are waves and with an improved technology in wave energy conversion and propulsion, ASVs can 

get bigger, faster and have limitless autonomy. This technology is essential for the development of long 

endurance ASVs and the improvement of it should be an objective not only for ASVs, but also for the 

naval industry. The potential of wave energy is huge, and having a technology with high energy 

conversion could prove to be a contribution into a future sustainable world, and in particular, a 

sustainable country, since Portugal has one of the biggest EEZs of the world with great energetic 

potential. 

In this thesis, only a conceptual hull design is studied and this should be an object of serious 

investigation for further ASV development since it is a very important constrain for speed and energy 

consumption. The resistance forces generated by the wind turbine should also be studied in the future 

as well as the interaction between the propeller and the aft foil, since they are close positioned and there 

is no conclusion regarding their interference as it can benefit or hindrance the propulsion. Also other 

subject for further work, is the account of the shade produced by the wind turbine on the solar panels, 

as it reduces the total area that is exposed to solar radiation. 

The control system for navigation and for device operation is not studied in this dissertation, and this is 

opens a large field of study and development. Since ASVs are autonomous, and as they get bigger and 

faster, navigation control becomes more and more important to avoid collisions and accidents as well 

as the system to control the equipment operation, in order to manage the energy available in the best 

way possible. 

As highlighted during this dissertation, weight, propulsion, endurance and equipment energy demand 

are all connected and achieve the optimum point between them is of extreme importance to bring the 

ASV into a prototype. In the H80, the ASV achieved energy levels that would allow it to perform without 

batteries and with lighter weight but this had its consequences in the top speed achieved in a low energy 

day. As explained in subchapter 5.5, in an energy crisis period, the energy available would only allow 

the ASV to perform at a maximum amp draw of 26,7 A, since at full speed, the energy demand is higher 

than the energy generated. 
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This optimum point must take into account not only the parameters referred former, but also the relation 

cost/benefit. 
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Table A.41. Specifications of some studied ASVs. 

ASV Year Designer 
Operation 

 Environment 
Hull  

Length 
(m) 

Beam 
(m) 

Draft 
(m) 

Weight 
(Kg) 

Propulsion 
Top 

 Speed (Kt) 
Endurance  

(hours) 

ARTEMIS 1993 MIT Calm Waters Monohull 1,37 0,38 0,2 29 Diesel 2,25 4 

ACES 1997 MIT Calm Waters Catamaran 1,9 1,3 0,45 158 Gasoline 10 18 

AutoCat 2000 MIT Calm Waters Catamaran 1,8 1 0,3 100 Electric 8 > 4 

Measuring  
Dolphin 

2000 
German Federal 

 Ministry of 
Education 

Calm Waters Catamaran 3,3 1,8 0,4 250 Electric 4 13 

DELFIM 2000 IST Rough Waters Catamaran 3,5 2 - 320 Electric 5   

Kan-Chan 2000 Yamaha Rough Waters Monohull 8 2,8 - 3500 Diesel 4 700 

SCOUT 2004 MIT Rough Waters Monohull 3,05 - - 80 Electric 5 8 

OASIS 2005 NOAA/NASA Rough Waters Monohull 5,5 1,52 0,65 1360 Electric 2,5 1728 

Omni-
camera  
Vessel 

2006 Virginia Tech Calm Waters Catamaran 2,7 1,5 0,5 125 Gasoline 4 96 

ROAZ 2006 ISEP Calm Waters Catamaran 1,5 1 - - - 2 - 

Swordfish 2007 ISEP Rough Waters Catamaran 4,5 2,2 - 200 Electric 4 - 

CatOne 2012 aerRobotix Calm Waters Catamaran 1,6-1,9 1-1,2 - 12-20 Electric 2,7 - 

C-Enduro 2013 
ASV unmmaned 
marine systems 

Rough waters Catamaran 4,2 2,4 0,4 350 Eletric 7 2160 

Autonaut 1895 Herman Linden Calm Waters Monohull 4 - - - 
Wave 

Energy 
3,5 Limitless 

"WDPS" 1989 Isshiki & Terao Rough Waters Monohull 15,7 - - 20000 
Wave 

Energy 
- Limitless 

WaveGlider 2007 Liquid Robotics Rough Waters Monohull 2,1-3,05 - - 122-155 
Wave 

Energy 
3 Limitless 

Suntory  
Mermaid II 

2008 Hiroshi Terao Rough Waters Catamaran 9,5 - - 3000 
Wave 

Energy 
- Limitless 

AutoNaut 2012 
MOST 

(Autonomous 
Vessels) 

Rough Waters Monohull 2-7 
0,5-
0,9 

0,3-1 60-400 
Wave 

Energy 
2-5 Limitless 
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Table A.42. Mean GSE per month in the five locations from 1995 to 2004 (Kw/m2/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 1,8 2,5 4,2 5,3 5,9 6,6 6,7 6,0 4,5 3,1 2,0 1,5 

II 1,8 2,5 4,3 5,5 6,1 6,8 7,0 6,2 4,7 3,2 2,0 1,6 

III 1,9 2,6 4,4 5,4 6,0 6,6 6,8 6,2 4,6 3,3 2,1 1,6 

IV 2,2 2,9 4,7 5,7 6,3 6,7 6,9 6,4 4,9 3,7 2,3 1,8 

V 2,4 3,1 4,8 5,9 6,7 7,0 7,2 6,6 5,2 3,8 2,6 2,0 

 

Table A.43. Mean monthly wind speed at 10m height (m/s). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 8,8 8,1 8,1 8,2 7,4 7,1 7,3 7,0 4,9 8,0 8,8 8,9 

II 8,6 7,7 7,6 8,0 7,3 7,1 7,6 7,1 4,7 7,8 8,5 8,7 

III 8,4 7,5 7,4 7,9 7,1 6,9 7,6 6,9 4,5 7,7 8,4 8,7 

IV 8,1 7,3 7,3 7,7 7,0 6,7 7,5 6,6 4,3 7,5 8,3 8,6 

V 7,6 7,3 7,1 7,4 6,9 7,0 7,7 6,7 4,1 7,2 7,8 8,2 

 

Table A.44. Mean monthly wind speed at 1m height (m/s). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 6,6 6,1 6,1 6,2 5,6 5,3 5,4 5,3 3,7 6,0 6,6 6,7 

II 6,4 5,8 5,7 6,0 5,5 5,3 5,7 5,3 3,5 5,9 6,4 6,5 

III 6,3 5,6 5,6 5,9 5,3 5,2 5,7 5,2 3,3 5,8 6,3 6,5 

IV 6,1 5,5 5,5 5,7 5,2 5,0 5,6 5,0 3,2 5,6 6,2 6,4 

V 5,7 5,5 5,3 5,5 5,2 5,2 5,8 5,0 3,1 5,4 5,9 6,2 

 

Table A.45. Mean monthly power generated by the wind (Pw) (Kw/m2). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 4,3 3,3 3,4 3,6 2,6 2,2 2,4 2,2 0,8 3,3 4,3 4,5 

II 4,0 2,9 2,8 3,2 2,5 2,2 2,8 2,2 0,6 3,0 3,9 4,1 

III 3,8 2,7 2,6 3,1 2,3 2,1 2,8 2,1 0,6 3,0 3,8 4,1 

IV 3,3 2,5 2,5 2,8 2,1 1,9 2,7 1,8 0,5 2,7 3,6 3,9 

V 2,8 2,5 2,2 2,5 2,1 2,1 2,9 1,8 0,4 2,3 3,0 3,5 
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Table A.46. Mean Hs per month in the five locations of study (m). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 4,2 3,8 3,3 3,1 2,4 2,1 1,9 1,9 2,3 3,1 3,5 3,9 

II 4,1 3,6 3,1 3,0 2,3 2,0 1,9 1,9 2,2 3,0 3,4 3,8 

III 4,0 3,5 3,1 3,0 2,3 2,0 1,9 1,9 2,2 3,0 3,3 3,8 

IV 3,8 3,3 3,0 2,9 2,3 2,0 1,9 1,8 2,1 2,9 3,2 3,7 

V 3,6 3,2 2,9 2,8 2,2 1,9 1,9 1,8 2,0 2,7 3,0 3,5 

 

Table A.47. Mean Te per month (s). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 12,6 12,3 11,5 10,7 9,5 9,0 8,2 8,5 9,8 10,9 11,1 12,1 

II 12,7 12,4 11,7 10,8 9,6 8,9 8,1 8,4 9,9 10,9 11,2 12,2 

III 12,7 12,4 11,7 10,9 9,6 9,0 8,1 8,5 9,9 10,9 11,2 12,2 

IV 12,7 12,5 11,8 10,9 9,7 9,1 8,2 8,5 9,9 11,0 11,3 12,2 

V 12,8 12,5 11,9 11,0 9,7 9,0 8,2 8,5 10,0 11,0 11,4 12,3 

 

Table A.48. Mean Pwv per month (kWh/m/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 2610 2042 1456 1241 633 461 335 356 631 1238 1591 2169 

II 2477 1898 1352 1175 606 440 339 348 581 1169 1497 2058 

III 2368 1792 1311 1153 600 437 350 347 560 1136 1449 2032 

IV 2182 1645 1255 1090 579 414 347 331 517 1064 1358 1959 

V 1990 1494 1154 986 540 388 345 313 467 956 1229 1801 
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Table A.49. Mean solar insolation per month in the panels (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 6,0 8,0 13,6 17,4 19,2 21,5 21,7 19,6 14,7 10,1 6,4 5,0 

II 6,0 8,2 14,1 17,9 20,0 22,2 22,7 20,3 15,2 10,3 6,5 5,1 

III 6,3 8,4 14,3 17,6 19,5 21,4 22,1 20,1 15,1 10,6 6,8 5,4 

IV 7,1 9,3 15,2 18,6 20,4 21,7 22,5 21,0 16,0 12,0 7,7 6,0 

V 7,8 10,0 15,6 19,1 21,9 22,7 23,4 21,6 17,0 12,5 8,4 6,6 

 

Table A.50. ES per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 1,3 1,7 2,9 3,7 4,1 4,6 4,7 4,2 3,2 2,2 1,4 1,1 

II 1,3 1,8 3,0 3,8 4,3 4,8 4,9 4,4 3,3 2,2 1,4 1,1 

III 1,3 1,8 3,1 3,8 4,2 4,6 4,7 4,3 3,2 2,3 1,5 1,2 

IV 1,5 2,0 3,3 4,0 4,4 4,7 4,8 4,5 3,4 2,6 1,6 1,3 

V 1,7 2,1 3,4 4,1 4,7 4,9 5,0 4,6 3,7 2,7 1,8 1,4 

 

Table A.51. Mean Ew per month (kWh/day). 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

Location 

I 4,4 3,1 3,1 3,2 2,3 2,2 2,0 2,0 1,2 3,1 3,9 4,1 

II 4,0 2,7 2,7 2,9 2,3 2,2 2,4 2,1 1,0 2,9 3,6 3,8 

III 3,8 2,4 2,5 2,7 2,0 1,8 2,2 1,8 0,7 2,8 3,4 3,8 

IV 3,2 2,1 2,3 2,3 1,7 1,5 1,9 1,4 0,5 2,4 3,0 3,6 

V 2,7 2,0 2,0 2,0 1,6 1,6 2,1 1,4 0,5 2,1 2,5 3,2 
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Figure  A.71. Residuary resistance coefficients versus speed-length ratio for different values of longitudinal 

prismatic coefficients. L/𝛻1/3=5. [59] 
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Figure A.72. Residuary resistance coefficients versus speed-length ratio for different values of longitudinal 

prismatic coefficients. L/𝛻1/3=5,5. [59] 
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Figure A.73 Residuary resistance coefficients versus speed-length ratio for different values of longitudinal 

prismatic coefficients. L/𝛻1/3=6. [59] 
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Table A.52. Resistance of the ASV in H20. 

V 
(kt) 

V 
(m/S) 

K (N) 
ρAir 

(kg/m3) 
Aair 

(m2) 
RA 
(N) 

L/𝛻1/3 Fn CR 
RR 
(N) 

Rn CF 
RF 
(N) 

RT 
(N) 

1 0,51 605 

1,250 0,126 

0,0 5,3 0,084 0,0007 0,4 1874117 0,004 2,5 3 

2 1,02 2419 0,1 5,3 0,169 0,0007 1,7 3748234 0,004 8,7 10 

3 1,53 5442 0,1 5,3 0,253 0,0018 9,8 5622351 0,003 18,1 28 

4 2,04 9675 0,1 5,3 0,337 0,0070 67,8 7496468 0,003 30,5 98 

5 2,55 15117 0,2 5,3 0,422 0,0108 163,3 9370585 0,003 45,9 209 

6 3,06 21768 0,2 5,3 0,506 0,0120 261,2 11244702 0,003 64,0 325 

 

Table A.53. Resistance of the ASV in H50. 

V 
(kt) 

V 
(m/S) 

K (N) 
ρAir 

(kg/m3) 
Aair 
(m2) 

RA 
(N) 

L/𝛻1/3 Fn CR 
RR 
(N) 

Rn CF 
RF 
(N) 

RT 
(N) 

1 0,51 539 

1,250 0,180 

0,1 5,7 0,085 0,001 0,6 1856963 0,004 2,2 3 

2 1,02 2158 0,1 5,7 0,169 0,001 2,3 3713925 0,004 7,7 10 

3 1,53 4855 0,2 5,7 0,254 0,004 19,7 5570888 0,003 16,2 36 

4 2,04 8632 0,2 5,7 0,339 0,008 69,5 7427851 0,003 27,3 97 

5 2,55 13487 0,3 5,7 0,424 0,009 124,8 9284813 0,003 41,0 166 

6 3,06 19421 0,3 5,7 0,508 0,012 233,1 11141776 0,003 57,2 291 

 

Table A.54. Resistance of the ASV in the H80. 

V 
(kt) 

V 
(m/S) 

K (N) 
ρAir 

(kg/m3) 
Aair 

(m2) 
RA 
(N) 

L/𝛻1/3 Fn CR 
RR 
(N) 

Rn CF 
RF 
(N) 

RT 
(N) 

1 0,51 528 

1,250 0,161 

0,1 5,9 0,085 0,001 0,6 1850523 0,004 2,2 3 

2 1,02 2113 0,1 5,9 0,170 0,001 2,3 3701060 0,004 7,6 10 

3 1,53 4753 0,1 5,9 0,255 0,004 19,5 5551589 0,003 15,8 35 

4 2,04 8450 0,2 5,9 0,339 0,008 68,4 7402119 0,003 26,7 95 

5 2,55 13204 0,2 5,9 0,424 0,009 122,7 9252649 0,003 40,2 163 

6 3,06 19013 0,3 5,9 0,509 0,0120 228,2 11103179 0,003 56,0 285 
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Table A.55. Resistance of the ASV in the W50. 

V 
(kt) 

V 
(m/S) 

K (N) 
ρAir 

(kg/m3) 
Aair 
(m2) 

RA 
(N) 

L/𝛻1/3 Fn CR 
RR 
(N) 

Rn CF 
RF 
(N) 

RT 
(N) 

1 0,51 553 

1,250 0,156 

0,0 5,5 0,085 0,0009 0,5 1861251 0,004 2,3 3 

2 1,02 2210 0,1 5,5 0,169 0,0009 1,9 3722503 0,004 7,9 10 

3 1,53 4973 0,1 5,5 0,254 0,0029 14,2 5583754 0,003 16,6 31 

4 2,04 8841 0,2 5,5 0,338 0,0077 67,7 7445005 0,003 27,9 96 

5 2,55 13813 0,2 5,5 0,423 0,0095 130,6 9306256 0,003 42,0 173 

6 3,06 19891 0,3 5,5 0,508 0,0120 238,7 11167508 0,003 58,5 298 

 

 

Table A.56. Resistance of the ASV in the W80. 

V 
(kt) 

V 
(m/S) 

K (N) 
ρAir 

(kg/m3) 
Aair 
(m2) 

RA 
(N) 

L/𝛻1/3 Fn CR 
RR 
(N) 

Rn CF 
RF 
(N) 

RT 
(N) 

1 0,51 547 

1,250 0,170 

0,0 5,6 0,085 0,0008 0,5 1859107 0,004 2,3 3 

2 1,02 2188 0,1 5,6 0,169 0,0008 1,9 3718214 0,004 7,9 10 

3 1,53 4922 0,1 5,6 0,254 0,0036 18,0 5577321 0,003 16,4 34 

4 2,04 8751 0,2 5,6 0,339 0,0086 75,7 7436428 0,003 27,7 104 

5 2,55 13673 0,2 5,6 0,423 0,0092 126,4 9295535 0,003 41,5 168 

6 3,06 19690 0,3 5,6 0,508 0,0120 236,3 11154642 0,003 58,0 295 
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Table A.57. Propulsion of the ASV in the H20. 

V 
(Kt) 

V 
(m/s) 

PE 
(W) 

ηH 
PT 
(W) 

ηO ηR ηB 
PD 
(W) 

ηS 
PB 
(W) 

1 0,51 2 

1,1 

1 

0,65 1 0,65 

2 

0,99 

2 

2 1,02 10 9 14 15 

3 1,53 48 44 67 68 

4 2,04 228 208 319 323 

5 2,55 464 422 649 656 

6 3,06 996 905 1393 1407 

 

Table A.58. Propulsion of the ASV in the H50. 

V 
(Kt) 

V 
(m/s) 

PE 
(W) 

ηH 
PT 
(W) 

ηO ηR ηB 
PD 
(W) 

ηS 
PB 
(W) 

1 0,51 2 

1,1 

1 

0,65 1 0,65 

2 

0,99 

2 

2 1,02 10 9 14 15 

3 1,53 48 43 67 68 

4 2,04 228 208 319 323 

5 2,55 464 422 649 656 

6 3,06 996 905 1393 1407 

 

Table A.59. Propulsion of the ASV in the H80. 

V 
(Kt) 

V 
(m/s) 

PE 
(W) 

ηH 
PT 
(W) 

ηO ηR ηB 
PD 
(W) 

ηS 
PB 
(W) 

1 0,51 1 

1,1 

1 

0,65 1 0,65 

2 

0,99 

2 

2 1,02 10 9 14 14 

3 1,53 54 49 76 77 

4 2,04 194 177 272 275 

5 2,55 416 378 582 588 

6 3,06 870 791 1217 1230 

 

Table A.60. Propulsion of the ASV in the W50. 

V 
(Kt) 

V 
(m/s) 

PE 
(W) 

ηH 
PT 
(W) 

ηO ηR ηB 
PD 
(W) 

ηS 
PB 
(W) 

1 0,51 1 

1,1 

1 

0,65 1 0,65 

2 

0,99 

2 

2 1,02 10 9 14 14 

3 1,53 47 43 66 67 

4 2,04 195 178 273 276 

5 2,55 441 401 616 622 

6 3,06 910 828 1273 1286 
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Table A.61. Propulsion of the ASV in the W80. 

V 
(Kt) 

V 
(m/s) 

PE 
(W) 

ηH 
PT 
(W) 

ηO ηR ηB 
PD 
(W) 

ηS 
PB 
(W) 

1 0,51 1 

1,1 

1 

0,65 1 0,65 

2 

0,99 

2 

2 1,02 10 9 14 14 

3 1,53 53 48 74 75 

4 2,04 211 192 295 298 

5 2,55 429 390 600 606 

6 3,06 901 819 1261 1273 
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Figure A.74. Side view of the ASV FLEUR system. 

 

 

Figure A.75. Rear view of the ASV FLEUR system. 

 


