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Abstract 

Optimal Onboard Renewable Energy Charging Method to Improve Micro-

Autonomous Underwater Vehicle Deployment Life  

By: Brooklynn Dawn Byford 

Advisor: Stephen L. Wood, Ph.D., P.E. 

 

This study is an investigation of various methods for recharging a micro autonomous 

underwater vehicle (µAUV) onboard using renewable energy sources while 

deployed at sea. The goal of this project is to determine the optimal onboard 

renewable energy design method to be used to prolong the deployment life of a 

µAUV. This project specifically targeted vehicles specifications and designs similar 

to the Riptide Autonomous Solutions’ µAUV [1], which was used for this study. 

Concluding results are based on the following factors: power generation versus time, 

structural integrity, and design complexity.  The three design method categories 

investigated are as follows: solar energy, wind energy, wave energy. In the world of 

underwater exploration, the AUV is at the forefront of the exploration technology. 

AUV’s have a multitude of capabilities and are used for a wide range of missions: 

scientific, educational, military. While these vehicles are modular and range in 

operation time, the need to retrieve these vehicles to charge batteries is a costly and 

time-consuming endeavor. Efforts have been made to prolong a vehicle’s 
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deployment life through various methods, which are discussed. Renewable energy 

charging methods of solar, wind, and wave were investigated and it was found that 

generating energy through capturing and converting wave energy is the most optimal 

design method to be incorporated onboard a micro-autonomous underwater vehicle. 
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Chapter 1: Introduction 

Exploring the ocean’s depths has intrigued human beings from the beginning 

of time. At first, this interest was merely just curiosity of the unknown and was the 

story line for books and movies. In recent years, technology has advanced to a point 

where exploring the unknown is not restricted to the imagination but can be done in 

detail and with precision. Exploring and understanding what lies beneath the water 

has become one of the forefronts to economic advancement. The need to understand, 

control, preserve, and use underwater resources has led to the invention of many 

great technologies. One technology that has aided in countless discoveries and has 

pioneered underwater exploration is the Autonomous Underwater Vehicle (AUV). 

These vehicles “are programmable, robotic vehicles that, depending on their design, 

can drift, drive, or glide through the ocean without real-time control by human 

operators. Some AUVs communicate with operators periodically or continuously 

through satellite signals or underwater acoustic beacons to permit some level of 

control” [2]. These vehicles collect data and conduct experiments while traveling 

through the ocean untethered. This range of freedom allows the vehicles to go places 

and reach depths in conditions that would otherwise be unsafe and unreachable for 

humans. They are modular, they come in numerous shapes and sizes, and they have 

an infinite range of capabilities that can be tailored for specific objectives. Figures 

(1) and (2) below help demonstrate the variability in design of these vehicles: 
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Figure 1: AUV Variable Design Example 1 [4] 

 

Figure 2: AUV Variable Design Example 2 [5] 

“Scientists can use sensors on an AUV to create maps of the ocean floor, record 

environmental information, sense what humans have left behind, identify hazards to 

navigation, explore geologic formations, and more” [3]. AUV’s are also of interest 

for military use and can be used for intelligence, surveillance, mine counter 

measures, anti-submarine warfare, inspection, communication, and many other 

purposes as is demonstrated in Figure (3).  
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Figure 3: AUV Uses & Examples 3 [6] 
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These vehicles also have a wide range of operating times and are able to conduct 

missions anywhere from a few hours to a few days. While many vehicles have a 

significant operating life, the need to retrieve the vehicles once their energy source 

is depleted is a limiting factor that can be costly, time consuming and often times 

complicated largely due to the need for chartering a ship and retrieval crew.  “In other 

cases, the need for ship support makes activities impossible, for example in high sea 

states, or when events cannot be predicted in advance for scheduling ship time” [7]. 

If this need can be eliminated or simply decreased, underwater exploration and 

operating costs of the vehicle will significantly decrease, which helps the AUV 

technology reach higher potentials. This study puts forth that it is possible to recharge 

a micro-autonomous underwater vehicle’s battery using renewable energy and that 

an optimal onboard design method can be determined. Design methods were 

comparatively analyzed based on the following criteria: power generation versus 

time, structural integrity, and design complexity.  
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1.1 Vehicle Specifications 

For this project, all testing, calculations and assumptions were done based on 

a µAUV developed by Riptide Autonomous Solutions, which can be seen in Figures 

(4) and (5) below [1]. Details about the vehicle were obtained through research and 

through direct email contact with Riptide Autonomous Solutions and this 

correspondence can be seen in Appendix [A]. 

 

Figure 4: Riptide uAUV1 [1] 

 

 

Figure 5: Riptide uAUV2 [1] 
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Riptide Autonomous Solutions refer to these vehicles with the acronym Mk2-µUUV, 

which stands for micro unmanned undersea vehicle and it will be referred to by using 

the acronym µAUV throughout this report. A micro-vehicle is typically classified as 

a vehicle that is easily transported, or man-portable, and typically weighs ~22-30 

pounds [49]. The following diagram of Figure (6) created by A.S. Chua outlines 

typical AUV classifications [49]. The vehicle used in this study is modular in 

electronic capabilities and can be designed to complete missions specified by the 

customer or purchasing agencies. Figure (7) lists the various parameters of the 

vehicle.  

 

Figure 6: Underwater Vehicle Classification [49] 
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Figure 7: Riptide uAUV Parameters [1] 
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The vehicle dimensions used in this project are a length of 36 inches, diameter 

of 4.875 inches and a maximum weight of 40 pounds out of water with the vehicle’s 

current weight being 25 pounds. The vehicle can be classified into three sections: 

nose, mid-body, tail. The nose and tail section of the vehicle is made of high-density 

polyethylene (HPDE) and examples of these sections can be seen as the orange 

sections that are in Figure (8).  

 

Figure 8: Riptide uAUV Nose and Tail Section Examined [29] 

 The mid-body section of the vehicle is made with carbon fiber and has an 

inner dimension of 4.5 inches and an outer dimension of 4.875 inches.  The dorsal 

fin of the vehicle is made from 3D printing the shells in Somos WaterClear Ultra 

10122 and is used to house typical mast components such as WiFi, GPS, and strobes. 
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This fin is roughly 15% larger than the 0.42 inch wide lateral fins, which are molded 

of HDPE and do not hold any components. 

Table 1: Vehicle Physical Parameters [29] 

Physical Parameters  

Length:  36 inches 

Outer Diameter: 4.875 inches 

Inner Diameter: 4.5 inches 

Mid-body Length: 20 inches 

Nose & Tail Length: 8 inches 

Standard Weight:  25 pounds 

Max. Weight: 40 pounds 

 

The basic internal architecture is depicted in Figure (9) [29] and is listed in the tables 

that follow [28]: 

 

Figure 9: Riptide uAUV General Architecture [29] 
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 For a standard vehicle that is without a payload, the nose and tail sections are 

full with electronic components that have been listed above. The mid-body section 

of the vehicle typically houses a roughly 10-inch battery stack that has the ability to 

be repositioned and resized for ballasting purposes but is generally positioned in the 

center of the vehicle that is without additional payload. This mid-body section also 

Nose section: 

 Vehicle sensors 

o Pressure 

o Temperature 

o Altitude 

o Internal Measurement Unit (IMU) 

 Mission Processing 

 Power Distribution 

 Organic Light-Emitting Diode (OLED) Display 

 

Table 2: Nose Section Architecture [7] 

Mid-body section: 

 Power 

 Payload 

o Dry or Flooded Volumes 

 

Table 3: Mid-body Section Architecture [7] 

Tail section: 

 Propulsion 

o 350W External Motor (3000 meters rated) 

 Vehicle Control 

 Communications (Wi-Fi Standard) 

 Emergency Systems 

o Drop weight/Light-Emitting Diode (LED) Strobes 

 GPS 

 

Table 4: Tail Section Architecture [7] 
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has the ability of being designed to be a flooded system. The vehicle operates at 3.8W 

with the vehicle’s hotel power, excluding powered payload or propulsion. Figures 

(10) and (11) below show that the water line of the vehicle is roughly around 1-2 

inches from the top of the vehicle and the vehicle is essentially floating right 

underneath the surface of the water. This water line was taken into consideration 

when analyzing the vehicle.  

 

Figure 10: Riptide uAUV Water Testing, Water Line Example [1] 

 

Figure 11: Riptide uAUV Water Testing [42] 
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While this vehicle served many purposes, this study was based on vehicle 

requirements set for a specific mission of being able to be deployed from a sonobuoy 

A-size single launch system. Sonobuoys are electronic and acoustic sensors that are 

typically used by the United States Navy in Anti-Submarine Warfare (ASW) to 

detect and/or track submarines or underwater vehicles of interest [24]. They are also 

able to record environmental information for scientific purposes. These devices are 

deployed/launched in single launch tubes that range in size. All current standard 

sonobuoys are launched using pneumatics through A-size launching tubes that have 

dimensions of 4.875 inches in diameter and 36 inches in length [24]. From there, 

they free fall until a parachute is deployed that slows and stabilizes the buoy’s 

descent [24].  “All are powered by either salt water activated magnesium or silver 

chloride, lithium chemistry, or thermal batteries and are designed to scuttle at some 

point after usable or selected life expires” [24]. Figure (12) shows sonobuoy single-

launch tubes being loaded into an aircraft carrier.  

 

Figure 12: Sonobuoy Being Loaded in Aircraft Launching System [26] 
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1.2 Design & Investigation Parameters  

As it has been stated, this study investigated what design method would be 

most optimal for supplying power to a µAUV using onboard renewable energy that 

harnesses energy while the vehicle is resting on the surface of the ocean. Renewable 

energy in this study is defined as energy that is not depleted when used – solar, wind, 

or wave. An onboard renewable energy system is defined as a system that strictly 

operates and is contained within and/or on the vehicle without the need for separate 

structures or separate appendages. The vehicle is required to fit within an A-sized 

sonobuoy single launch system: 4.875 inches in diameter, 36 inches in length and a 

weight of 40 pounds out of water. The vehicle’s standard weight is ~25 pounds and 

this leaves ~15 pounds that can be added by the renewable systems. If appendages 

are necessary, they will be required to be retractable in order to be loaded in and 

deployed by the A-sized single launch system and to preserve the hydrodynamics of 

the vehicle when actively on underwater missions. Design methods were analyzed 

based on the following criteria: power generation versus time, structural integrity, 

and design complexity.  

1.2.1 Power Generation vs. Time  

This criterion analyzes how much power can be generated in a certain amount 

of time and its variances at different oceanic conditions and sea states. That is, how 

much power is generated by the renewable energy system while it is actively engaged 

at the surface. For this study, power generation was analyzed in terms of wattage 

generated per hour [Wh]. 
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1.2.2 Structural Integrity 

This criterion analyzes the ability of the renewable energy design to survive 

impact forces at the sea surface when deployed and be able to operate the renewable 

energy charging design at the surface in various oceanic conditions. For this study, 

the design will have ‘survived’ if it is still able to generate power at the same design 

rate after being subjected to impact forces and various oceanic conditions.  

1.2.3 Design Complexity 

This criterion assesses design feasibility based on the complexity of the 

design method is and it asks the question of how much modification to the current 

vehicle design is needed and how much additional materials/parts and weight would 

be required by the renewable design. It also assesses how much internal occupied 

volume the design would take up. The design must allow for adequate internal 

volume for required electronic components and the most desired design for this 

criterion would optimally require the smallest amount of internal space. 

1.3 Assumptions & Exclusions 

The topic proposed in this study is considered broad and in order to maintain 

focus on the stated problem, this project does not attempt to address each of the 

parameters for the µAUV design. For the sake of simplicity and relevancy to the 

research, assumptions and exclusions are presented here. 
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Battery technology, power efficiency and battery size was not investigated in 

this research. It was assumed that the vehicle’s pre-existing battery system is 

compatible and capable of being recharged by an onboard renewable energy system. 

Energy management through management systems are widely used in underwater 

vehicles and have potential for prolonging a vehicle’s deployment life. These 

systems are specific to vehicle type and vehicle capabilities; therefore, they are not 

investigated in this research and were assumed to be incorporated through individual 

design necessity. Also, each renewable energy method may require specific battery, 

energy management, and conversion systems that can vary in size and weight, which 

can affect the added weight and internal occupied volume of the specific design. 

These variances were not addressed or considered in this research due to the large 

amount of unknown factors for each design and relevancy to the thesis. It is suggested 

that a further investigation into each design method’s energy conversion 

requirements be done to help determine the most accurate results. 

Vehicle programming and component functions were also not investigated in 

this research. It was assumed that all hardware, software and programming needed 

to successfully operate the vehicle (and all desired vehicle missions) and to 

deploy/retract the renewable energy system were already accounted for or could be 

easily integrated.  
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Due to the chaotic nature of the ocean and the physical size of the vehicle 

being investigated in this study, there exist the possibility that rough oceanic 

conditions could cause the vehicle to overturn. It was assumed that the vehicle 

already had an absolute stability enforcing mechanism that corrects the vehicle’s 

orientation if overturning does occur. However, if a specific energy converting 

design relies on this rolling action, it was assumed that the stabilizer was not 

incorporated. 

The design and investigation parameters state that the vehicle will be made 

to be launched from an A-size buoy launching system that has a diameter of 4.875 

inches, which is the dimeter of the vehicle but does not include the extension length 

of the fins of the vehicle. In order for the vehicle to be able to meet this parameter, it 

was assumed that the fins of the vehicle would be contracted within the vehicle while 

it is in the launching system and extend into position once the vehicle is deployed 

from the launching system. All necessary mechanical and electrical components are 

assumed to be inherently designed within the vehicle.  

All designs and proposed vehicle modifications presented in this report were 

conceived based on theoretical knowledge and understanding. It can be expected that 

designs and modifications may be significantly altered with the generation of 

physical prototypes – thus, possibly altering the outcome for the most optimal design.  
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Chapter 2: Background 

 The largest and most limiting factor of AUV’s is their need for reoccurring 

deployment and retrieval due to the necessity of having to recharge the vehicle or 

replace the energy storage system. To better illustrate the significance of this 

limitation, deployment/retrieval processes are briefly presented and analyzed here. 

Current design solutions for prolonging vehicle deployment life are investigated and 

presented in this section. 

2.1 Deployment/Recovery  

The size and weight of a vehicle will influence how it is deployed and 

recovered – the larger the vehicle, the more costly it can be and the more risk factors 

that are present. All vehicles typically require a team of trained individuals, a surface 

vessel and crew, and support equipment. The first step in vehicle 

deployment/recovery begins with selecting and chartering a vessel of adequate size 

that can properly accommodate the needs of the deployment process. The more 

accommodations that are required for the vehicle, the harder and more costly it is to 

find the right vessel. One major risk factor associated with this initial step is 

scheduling, as it is need to take into account the desired location, vessel availability, 

weather forecasts, and deployment time. Even if the details are planned accordingly, 

there is always an uncertain risk of cancellation or need for last minute rescheduling. 

If the vessel that is chosen is not already out fitted with the proper equipment, steps 

will need to be taken to do so. Smaller vehicles that are classified as ‘man-portable’ 

may only require storage space, launch/recovery location from the vessel, and 
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minimal deployment/recovery equipment. These vehicles are typically hand 

launched from the side of the vessel. Larger vehicles require more complex 

deployment/recovery equipment such as Launch and Recovery Systems (LARS). 

One such system can be seen in Figure (13) and is used to launch and recover the 

AUV known as REMUS 600 [27]. It can be seen that the vessel is equipped with a 

crane system that lifts the vehicle in place. Another example of a launching method 

can be seen in Figure (14) – this system allows the vehicle to ‘slide’ off of a launching 

platform that has been installed on the vessel and when the vehicle is recovered, it is 

guided in place through electronic navigational methods [31]. If these systems are 

not already incorporated on the vessel, installation of the equipment will be needed, 

which will add to the overall cost and time.  

 

Figure 13: REMUS 600 Launch and Recovery System [27] 
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Figure 14: Slide Launching Platform [31] 

 Once a deployed vehicle has depleted its energy source, it will then be 

recovered to recharge the source or replace it entirely. The time it takes the energy 

system to recharge varies depending on the specifications of the system but is 

typically on the range of a few hours. On average, recharging AUV’s is completed 

by removing the vehicle from the water to plug into a power source or battery source 

exchanged [27]. Charging can be slow and is reliant on the battery’s charging rate 

and this time adding into the time it may take to disassemble/reassemble the AUV 

results in a significant amount of time and effort [27]. “…  the turn-around time is 

easily on the order of hours, dramatically limiting the fraction of time the AUV is 

actually in the water performing its intended mission on any given day” [27].  
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During the process of deployment and recovery, the AUV is at its greatest 

risk of system failures due to damage. This process could involve the vehicle being 

suspended from its retaining cable over the water or over the support structure [27]. 

Wave action could cause the AUV to come into contact with the vessel or support 

structure and cause harmful damage to the vehicle or any onboard personnel. The 

risk for damage is dramatically decreased when handling smaller vehicles such as 

the µAUV being used in this study. When accounting for the reoccurring need for 

retrieval and deployment, the risk factors/operation cost/operation time all become a 

significant limitation for use of an AUV.    

2.2 Current Possible Design Solutions  

The following sections of the Background investigates current design 

solutions for prolonging an AUV’s deployment life and gives the limitations for 

each.  

2.2.1 Larger Energy Storage 

 An initial solution to prolonging an underwater vehicle’s deployment life is 

increasing the amount of available onboard energy storage of the vehicle’s batteries 

or battery system. Increasing the vehicle’s battery storage can be done by either 

increasing the battery size overall or by selecting specific battery system 

technologies that meet the desired standard.  

Increasing a vehicle’s battery size allows the vehicle to carry more available 

power and therefore, prolongs deployment life. However, by doing so, other system 
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aspects are sacrificed. Increasing the battery size means more weight is added to the 

vehicle, which will then have to compensate this extra weight through stronger 

propulsion capabilities and/or added buoyancy control. Incorporating stronger 

propulsion capabilities could mean that the system will draw more energy from the 

battery and therefore decreases the amount of ‘extra’ available energy. In addition, 

increasing battery size means that less internal space is available for internal 

components. 

 At the moment, Riptide Autonomous Solutions offer three different battery 

system options to consumers. Assuming a vehicle with a length of 36 inches running 

at 2 knots with no payload, the following battery systems are available: 

 Alkaline (standard): 44 hours 

 Lithium Ion (Rechargeable): 88 hours 

 Aluminum Seawater Battery: ~400 hours 

The latest technology of Aluminum Seawater battery systems has 

significantly increased the vehicle’s deployment life. This study presents the 

hypothesis that integrating a renewable energy charging system will prolong vehicle 

deployment life more significantly than incorporating larger/more efficient typical 

battery systems such as those listed above. It is hypothesized that the renewable 

system will be able to recharge the vehicle for many cycles, allowing the vehicle to 

stay out at sea for much longer periods. 
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2.2.2 Docking Stations 

One way to help decrease the need for vehicle retrieval that has been well 

demonstrated and is becoming increasingly popular, is by using what is known as a 

‘docking station’. Docking stations come in a wide range of designs and capabilities 

but generally function the same way and serve the same purposes. They are typically 

designed with a cone-shaped entrance that helps to guide the vehicle into a 

specifically designed housing unit where the AUV can then ‘connect’ to the station 

[7]. Once the vehicle is in place, data can be transferred, new mission instructions 

can be downloaded, the vehicle’s batteries can be recharged and the vehicle can stay 

docked until time for the next mission. Figure (15) shows a cross section view of an 

AUV in a docking station that was designed and successfully tested by the Monterey 

Bay Aquarium Research Institute (MBARI) [7].  

 

Figure 15: Underwater AUV Docking Station [7] 
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The docking station connects to a seafloor observatory infrastructure that allows for 

power and communications transfer [7]. Most commonly used seafloor network 

infrastructures are composed of four main modules which are shore stations, 

telecommunication cable, primary node, and subsea instrument interface module 

(SIIM) package [8]. These infrastructures are modular and “can be arranged in 

different topologies, with different features” [8]. This method of recharging an AUV 

using network infrastructures is not considered a renewable energy solution unless 

the power source is generated using a renewable method.  

The vehicle is guided into the docking station using acoustic signaling and 

processing – the docking station sends out an acoustic signal that is picked up by the 

AUV, which then follows the signal all the way into the station’s housing unit. The 

acoustics and navigations system is designed to properly align the vehicle’s 

orientation to allow for dock-to-vehicle connection. Specifically, the vehicle 

transfers power inductively through a contactless/pin-less connection node that 

behaves much like a counter-top charger for an electric toothbrush [8]. This 

eliminates the need for metal-to-metal contacts. “The non-contact connectors do not 

require dynamic seals, tolerate more contamination and bio-fouling at the interface 

and are less sensitive to misalignment during mating” [9]. The internal configuration 

for the contactless connection node for the AUV studied in the paper “The 

Development and Ocean Testing of an AUV Docking Station for a 21" AUV” can be 

seen in Figure (16). 
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Figure 16: Underwater AUV Docking Station Contactless Connector 1 [7] 

 

This contactless connection allows for significant power transfers – this 

specific design was able to transfer 1kW of power at an efficiency of around 88% 

[7]. Another contactless connector with a similar design was able to successfully 

transfer 10W of power with a 75% efficiency [9]. The connector design can be seen 

in Figure (17) below: 
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Figure 17: Underwater AUV Docking Station Contactless Connector 2 [9] 

 

A similar docking station developed by Battelle incorporates much of the 

same features and functions as the one developed and tested by MBARI; however, 

this docking system differs in that the docks can be stacked or joined together to 

allow for multiple AUV’s to be docked at a time [27]. Battelle’s system is also unique 

in that the vehicle and docking station can be deployed together [27]. Figure (18) 

shows the docking station developed by Battelle [27]. In this figure it can also be 

seen that the station uses a charging design that wraps around the internal surface of 

the vehicle and clamps on the docking station wrap around the outside of the vehicle, 

which will then supply power. 
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Figure 18: Battelle Developed Docking Station [27] 

2.2.3 Docking Station Limitations 

Using a docking station to recharge an AUV and transfer data helps to 

significantly prolong the vehicle’s underwater life and decrease the need for vehicle 

retrieval, which in turn decreases operating costs, the need for human intervention, 

and the risks that are associated. It also proves useful to missions and organizations 

using the AUV for military or intelligence operations by allowing the vehicle to 

remain underwater and stay undetected. Docking stations are increasing in function, 

popularity, and capabilities; however, they do have their limitations. One of the most 

significant limitations to using a docking station is the need for the structure to be 

specifically designed for certain AUV’s. While these structures are modular, they 

have not been advanced enough to the point that they can support a wide variety of 

underwater autonomous vehicles. Namely, the contactless connectors are not 

universal; they are outfitted to be compatible and meet the requirements of specific 

vehicles. This can be problematic for organizations or companies wanting to deploy 

multiple vehicles at one time and would require individual stations for each AUV. 

Another considerate limitation to docking stations is the need for the AUV and 
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station to have strong navigational intelligence in order for the AUV to accurately 

enter the dock. Mark Alexander Ewachiw, Jr explains in his thesis, Design of an 

Autonomous Underwater Vehicle (AUV) Charging System for Underway, 

Underwater Recharging, “As sensing algorithms and artificial intelligence of these 

systems increase, their reliability will also increase. At this time, however, coupling 

sensor degradation due to bio-fouling with the need to provide high-precision 

underwater navigational sensing guidance is a challenge that will need to be 

addressed and solved before wide-spread, long-duration deployment of these systems 

can be accomplished” [27]. This navigational limitation leads to the point that the 

AUV is required to return to the station’s location in order to recharge. This prohibits 

the vehicle from traveling outside of its power range capabilities and is limited by 

location. 

2.2.4 Underwater Wireless Charging 

Another recharging method that is being studied in the engineering and scientific 

community is wireless power transfer (WPT). The concept of WPT is that a device 

can be charged without having to be plugged in, hooked up, or attached to a power 

source but instead receives power through proximity. This concept was first invented 

by Nikola Tesla in the late 1800’s with his discovery of alternating current (AC) 

based electricity [11]. This discovery paved the path to the invention of the ‘Tesla 

Coil’, which he dreamed would one day help supply power to the world without the 

use of wires and cables. Although his invention would never see the accomplishment 

of this dream, it did open up the doorway for wireless charging technology. Only 
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until more recently has the interest for wireless charging become mainstream and its 

popularity lies with its application in charging batteries for things such as mobile 

devices and electric vehicles. Even though the concept of wireless charging has been 

around for quite some time, there has been only minimal advancement in its 

capabilities throughout the years. However, advancing WPT’s potential has gained 

the interest of big technical industry leaders and military branches in recent years. 

Specifically, the U.S. Navy has shown a recent interest in advancing WPT’s use for 

underwater wireless charging. In 2017, Aerojet Rocketdyne, Inc. received a $1.6 

million contract from the Navy to “mature the demonstration capabilities of a power 

and energy management system that will allow underwater unmanned vehicles 

(UUVs) to be charged wirelessly undersea” [12].  

These endeavors by the Navy are new and any current findings are either classified 

for military purposes, not published yet or simply do not exist at this stage of their 

research. WPT can be broadly classified into three categories with two types [13]:  

 Near-field (non-radiative)  

 Mid-field (non-radiative)  

 Far-field (radiative)  

Non-radiative WPT consists of transferring energy using an electrical or magnetic 

field [14]. Radiative WPT consists of transferring energy using a radio wave 

(microwave) or laser beam. This is done by using propagating electromagnetic waves 

directed to a single point to deliver focused power over immense distances [14] [15]. 
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Figure (19) shows a categorization of the different WPT methods and their 

approximate energy transfer distances: 

 

Figure 19: Representative Systems of WPT [14] 

A. Near-field (non-radiative)  

The near-field category of WPT consists of using electromagnetic induction, 

which is also known as inductive coupling. This method uses a system consisting of 

“an amplifier unit, power transmission coil, power reception coil, and power 

reception unit. The power transmission coil unit and power reception coil unit are 

similar to a structure in which the transformer core is divided to create an empty 

space, or “air gap”” [14]. In other words, inductive coupling involves using two coils, 

a primary coil and secondary coil, spaced a certain distance apart (this distance is 

determined by size of the coils and is labeled as the coupling coefficient or coupling 

factor) where an oscillating magnetic field is passed through the primary coil and 
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transferred to the secondary coil. This method operates at distances that are less than 

a wavelength of the signal that is being transmitted across the coils. When the 

transmitting and receiving coils are properly aligned, the electromagnetic field 

generates an AC power in the transmitting coil that is transferred to the receiving coil 

that converts the AC power into DC power via a rectifier [13]. The size, distance and 

positioning of the receiver coil, relative to the transmitter coil, determines the 

coupling factor of the two coils [16]. More efficient power transfer results from 

higher coupling factors due to a reduction in power loss/leakage and less heating 

[16]. Figure (20) shows the coil design layout used in inductive coupling. It can also 

be seen from Figure (19) that electromagnetic induction ranges in operating distance 

up to a few centimeters apart [14]. 

 

Figure 20: Inductive Coupling Flow & Schematic Explanation [16] 
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B. Mid-field (non-radiative)  

The mid-field category of WPT uses the magnetic resonance method for power 

transfer and is also known as resonant coupling [13]. This method is similar in 

concept and design to the inductive coupling method and works much the same way. 

While inductive coupling only uses two coils, magnetic resonance coupling makes 

use of four coils:  

 Coil 1 – primary (transmitting) coil  

 Coil 2 – primary resonant coil  

 Coil 3 – secondary resonant coil  

 Coil 4 – secondary (receiving) coil  

Resonant transfer requires that two middle coils be electrically isolated and because 

both of them are RLC circuits, they are tuned to the same resonant frequency [10]. 

The primary coil transfers energy to the closest coil, the resonant coil. All energy not 

captured by the third coil is then recycled into the capacitor and cycles back [10]. 

Figure (21) shows the coil design layout for magnetic resonance coupling. It can also 

be seen from Figure (19) that the magnetic resonance method ranges in operating 

distance up to a few centimeters to 10 centimeters apart [14]. 
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Figure 21: Magnetic Resonance Coupling Flow & Schematic [10] 

C. Far-field (radiative)  

1) Lasers  

Laser wireless charging works “by converting electromagnetic radiation from 

a transmitter coil into a wavelength closer to the visible region of the spectrum and 

focusing it to a point, this is also known as ‘power beaming’,” [13]. The beams are 

captured by a receiver and then turned into current using photovoltaic cells. This type 

of wireless charging has the advantage of being able to transfer large amounts of 

energy over large distances of a few meters [14].  

2) Radio Frequency  

Radio frequency (RF) is a form of wireless power transfer that works by 

transmitting electronic waves at predetermined and specific radio frequencies to a 

compatible receiver that converts the frequency waves into energy that can be used 

[13].  

All WPT methods presented above are widely used for various applications 

in today’s technological world. Each method carries its own advantages and 
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disadvantages, which will be discussed in more detail in the following sections of 

this report. Because new WPT technology is researched and being invented on a wide 

scale, industry-related organizations saw that there was a need for regulations and 

design standards for new products and technologies. Figure (22) shows a list of the 

industry-related organizations that are involved in developing these standards. They 

work together to determine the best safety measures and operating regulations for 

various WPT technologies. “Standards provide for repeated use, guidelines and 

characteristics for systems or devices” [17]. These standards range anywhere from 

power levels, operating frequencies, and communication protocols. [18] 

 

Figure 22: WPT Standards Development Organizations [17] 
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The following sections analyze each method’s ability to transfer power wirelessly 

underwater and presents the advantages and disadvantages for each.  

A. Near-field underwater operation  

Incorporating electromagnetic induction technology for wireless power 

transfer in underwater applications would require the transmitting and receiving coils 

to be positioned at a distance that is equal to the proper coupling factor. The receiving 

coil configuration and components would be placed inside of the AUV housing and 

would need to be incorporated close to the inside ‘walls’ of the AUV so that the 

communications between the receiving and transmitting coils are efficient. The 

transmitting coil would be placed on whatever ‘charging station’ is designed for the 

system where, much like the receiving coil, it would need to be placed close to the 

‘walls’ of the system. Power is generated from this transmitting side of the system 

and is then transferred to the receiving coil.  

i. Advantages:  

 Inductive wireless charging systems have the advantage of being 

relatively high in efficiency. “A carefully designed system can 

transmit 30 to 60 percent of the power (depending on where the 

measurement is made) driving the primary coil to the secondary 

coil” [23]. High efficiency reduces heat buildup and allows for 

significant power to be transferred, which can speed up the 

charging cycles [23].  
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 Inductive coupling is a form of WPT technology that is rapidly 

developing and currently holds the most interest in its uses. It is 

currently more advanced and more products and systems are 

readily available.  

ii. Disadvantages:  

 The primary limitation of using inductive coupling methods for 

underwater wireless charging is the fact that frequencies do not 

propagate well underwater because there is high attenuation due 

to the conductivity of the ocean water, which is typically 4 (S/m) 

[18]. This limitation restricts the power transmission frequency 

and it has been recommended to use the Qi standard operating 

frequency of <250 kHz [18]. Operating at this lower frequency 

range means there is a limiting range of efficiency for power 

energy transfer.  

 Inductive coupling consists of using only two coils (TX and RX) 

and this configuration allows energy leakage to occur between 

coils. While this leakage might not be significant, it is a 

disadvantage that is not present in other methods. This requires 

that the coils be closely coupled with precise alignment form the 

user [23].  

 Inductive coupling has the potential to harm other electrical 

components that are within the AUV. However, the development 
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of the Qi specifications has greatly aided scientists and engineers 

in creating electrical components and inductive WPT technology 

that minimizes the damaging effects this form of WPT can inflict. 

With that being said, it is important for system designers to ensure 

the WPT technology is designed with this possible risk in mind. 

This could mean that the WPT technology need be capsuled or 

segregated from important components that can be effected.  

B. Mid-field underwater operation  

Incorporating magnetic coupling technology for wireless power transfer in 

underwater applications would hold the same distance and coil placement 

requirements as are in the inductive coupling method.  

i. Advantages:  

 Magnetic coupling involves using four coils in the design 

configuration (Figure (21)). An advantage of having this 

configuration is the offset of energy leakage like that can be seen 

in inductive coupling methods.  

 Magnetic coupling is not so reliant on coil orientation and coil 

alignment is not a limiting factor.  

 Several devices can be charged from a singular primary coil [23].  
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ii. Disadvantages:  

 Magnetic coupling also holds the disadvantage of the frequencies 

not propagating well underwater due to the high attenuation that 

is created from the high conductivity of ocean water [18].  

 Magnetic coupling is not as effective if the coils are too closely 

aligned, because the magnetic fields can ‘collapse’, which ceases 

power transfer [23]. This may be an extremely limiting factor 

because exact coil distance cannot be 100% ensured in a dynamic 

ocean environment.  

 Efficiency is not as high in comparison to the inductive method 

due to the occurrence of flux leakage, greater circuit complexity, 

and high operating frequencies [23]. All of which can increase the 

possible negative effects from electromagnetic interference [23]. 

“… even at close range a well-designed system might demonstrate 

an efficiency of 30% at 2 cm, dropping to 15% at 75 cm coil 

separation” [23].  
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 Magnetic coupling also poses a risk of interfering with other 

electrical components. In addition, fewer specifications and 

electrical components have been designed to handle these 

interferences when compared to inductive coupling. Care in 

designing the WPT technology and its placement within the AUV 

is required and could mean that the technology be segregated from 

important components.  

C. Far-field underwater operation  

Using radiative techniques for transferring energy can be done when the 

medium for which it travels through is air. However, these techniques pose potential 

threats to living organisms if not contained properly. This is greatly exasperated 

when trying to transfer energy through water as the medium. All current and relevant 

research strongly suggests that transferring energy through radiative techniques 

underwater is not safely possible due to the high attenuation of seawater. Therefore, 

the advantages and disadvantages for radiative WPT techniques in underwater 

applications are not considered here.  

After analyzing the advantages and disadvantages of each WPT method, it 

can be concluded that the inductive coupling method offers efficiency while the 

magnetic coupling method offers convenience [23]. Figure (23) shows the 

comparison of the two methods based on efficiency of power transfer (through air as 

the medium) [23]. It can be seen that the inductive method with the Qi specifications 
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results in better efficiency levels when compared to the magnetic coupling method 

with the Rezence specifications [23]. 

 

Figure 23: Comparison of Inductive vs. Magnetic Coupling Efficiency [23] 

2.2.5 Underwater Wireless Charging Limitations 

While underwater wireless charging would revolutionize the way in which 

AUV’s are utilized, there are disadvantages that limit WPT’s capabilities. The most 

significant limitation of underwater WPT is that it is a less efficient and slower way 

of charging devices when compared to systems that utilize connected power transfer. 

Companies, scientists, engineers and the military want reliable and efficient AUV’s 

that they are confident in performing desired missions. At this stage of technology 

and research available, underwater WPT may not provide the level of confidence and 

assurance that can be guaranteed with connected power transfer. The largest limiting 

factor in underwater WPT’s ability to deliver efficient performance is because the 

conductivity in seawater creates high attenuation and limits the distance energy can 
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be transferred. This limitation in efficiency and distance is also drastically influenced 

by oceanic conditions such as wave motion and currents. The oceanic environment 

can be stochastic in nature and would require that the AUV and underwater WPT 

technology be designed and thoroughly programmed to accommodate for these 

unpredictable possibilities. Aside from the ever-changing oceanic conditions, the 

AUV and underwater WPT system or structure would also be subjected to possible 

biofouling and corrosion. The overall efficiency of the system and the AUV can be 

negatively impacted if heavy biofouling or corrosion occurs. This would need to be 

taken into account considering that the AUV would now be operating for longer 

periods of time underwater. After analyzing how various forms of charging methods 

operate, their ability to transfer power underwater, and where current underwater 

wireless charging technology stands today, it can be concluded that this method for 

recharging an AUV is not recommended and requires further innovation.  

2.3 Current Renewable Designs  

 The following sections present current renewable energy design methods that 

have been incorporated onboard AUV’s. The research conducted here is intended to 

introduce designs that have incorporated solar, wind, or wave renewable technology 

onboard submersible vehicles.  
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2.3.1 Solar  

Using solar radiation to harvest energy in the ocean is an increasingly popular 

venture and is being utilized in a variety of ways – solar powered recreational vessels, 

solar powered tourist vessels, solar powered military vessels, etc. One such purpose 

that has gained attention is the use to supply energy to recharge AUV’s. Vehicles 

that incorporate this technology utilize the energy produced by the sun by using solar 

panels that are able to convert solar radiation into usable electric energy. The vehicles 

will hover at the surface of the ocean or right under the surface where the sun’s solar 

radiation penetrates through the water. Even though the world of underwater vehicles 

is advancing at an impressive rate, extensive research has found that there has not 

been a notable design advancement when pertaining to AUV’s that utilize solar 

harvesting systems. Research has shown that there are currently only two solar 

harvesting AUV designs being investigated at this time. One such current vehicle 

design can be seen in Figure (24) and is the only design that has been extensively 

tested and documented. This vehicle known as the Solar Powered AUV 2 (SAUV 2) 

that was developed and tested at the Falmouth Scientific, Inc. (FSI) was designed for 

“long endurance missions that required monitoring, surveillance, or station keeping 

with real time bi-directional communications to shore” [33]. 



42 

 

 

  

Figure 24: FSI SUAV 2 [32] 

However, this vehicle is the second generation of the solar powered AUV – 

the first generation SUAV 1 was developed and tested by the Autonomous Undersea 

Systems Institute (AUSI) and the Institute of Marine Technology Problems, Russian 

Academy of Sciences in 1998 [39]. The prototype design can be seen in Figure (25) 

below [39].  

 

Figure 25: SUAV 1 [39] 
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The vehicle dimensions are 66.9 inches in length by 27.6 inches in width by 9.5 

inches in height and weighs 198.4 pounds [38]. It is equipped with two Solarex 

(MSX30L) 30 watt solar panels and 32 NiCd cells in an 8 cell-series configuration 

[38]. The creators of this prototype conducted testing to analyze the effects of 

biofouling on solar panel power outputs and changes in solar energy acquisition due 

to sea wave action (which includes due to sea water washing over the panels and 

effects of solar array angle changing in sea states), which was completed near 

Vladivostok, Russia [38].  

 In testing the effects of biofouling on solar panel power outputs, the creators 

submerged the solar panel one foot below the sea surface at low tide to ensure that 

the panel would be exposed to sun throughout the day [38]. A ‘lite’ construction 

panel was also included in these experiments but those results will not be discussed 

due to the lack of relevance to this study. The Figure (26) below shows the results of 

panel being subjected to roughly 40 days of submersion [38]. From these results, it 

can be concluded that the presence of biofouling on the solar panel can decrease the 

amount of power the panel produces.  
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Figure 26: SUAV 1 Panel Bio fouled Area & Power Output vs. Time [38] 

 The effects experienced by the solar panels from wave motion in various sea 

states (states 1, 2, 3) and the effects of water washing over the panel was tested using 

a model of the SUAV prototype and Solarex MSX30L solar panel, a microprocessor, 

a battery gas gauge and charge controller (bq2112), and a NiCad battery stack [38]. 

This system was deployed three miles from the Portsmouth, New Hampshire shore 

while a duplicate control system was stationed on land and both systems were run 

simultaneously. The results of this experiment can be seen in Figure (27). 
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Figure 27: SUAV 1 Wave Interaction Effects [38] 

Two data sets are presented in this figure – the raw data set represents the raw energy 

observed and the temperature corrected data set represents the energy observed once 

the temperature correction was incorporated. This correction is done because 

temperature is known to have effects on charge acquisition on the following manners: 

1) gas gauge compensation factor, 2) battery self-discharge compensation factor, and 

3) solar array temperature effects [38]. “A positive value in the Y axis indicates that 

the sea system acquired more energy than the land system while a negative value 

indicates the opposite” [38]. Once the temperature correction is applied and the 

positive/negative values accounted for, it is evident that the prototype deployed at 

sea was able to collect more solar energy up to sea state 1 and afterwards there is a 

decline in energy collection with the increase in sea states. These results indicate that 

water washing over the panels and motion driven by higher sea states decreases the 

amount of solar energy that can be collected by the system. The largest contributor 

to this decrease in energy collection is the change in solar incidence angle felt by the 

solar panels that is a result of the ever-changing position of the vehicle due to wave 
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motion. Thus, this explains that higher sea states, which means higher vehicle 

motion, results in lower energy collection.  

Solar panels being subjected to solar radiation can experience degradation 

from excessive heat and sun exposure. It has been proven that solar panels submerged 

underneath water at a certain depth can actually increase efficiency [45]. A study was 

conducted at the Center for Energy and Environmental Science and Technology 

(CEESAT) investigating the effects of submerging a photovoltaic solar panel under 

various water depths on efficiency and power of the panel [45]. Figure (28) shows 

the results of this experiment and it can be seen that efficiency and power increased 

and was the highest when the panel was submerged around 4 centimeters underwater.  

 

Figure 28: Variations of Efficiency & Power with Depths of Water [45] 
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High temperatures on solar panels decreases the efficiency and power of the system 

and causes degradation to the system. These results gave the conclusion that the 

water over the panel was decreasing the temperature experienced by the panel and 

thus increased efficiency and power. These results did not account for various water 

quality conditions and it can be expected that water quality conditions may alter the 

results in some fashion but will still see that panel cooling is beneficial to the system. 

Overall, sea state variation can cause a decrease in energy collection and submerged 

panels experience an increase in energy production due to the water cooling the 

panels. 

SUAV 1 has eventually led to the further development of the design and has 

resulted in the production of SUAV 2.  Vehicle specifications can be seen in Figure 

(29) below. 
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Figure 29: FSI SUAV 2 Specifications [32] 

 The SUAV 2 utilizes a lithium ion battery with a 2 kWh capacity and an 

average charging rate between 400 - 700 Wh/Day, which means the battery system 

can be recharged between 5 hours and 3 hours respectively depending on the solar 

conditions.  

 

Figure 30: BP 585 Solar Panel [34] 
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The solar panel used in this renewable charging design is manufactured by 

BP Solar, Inc. and is a monocrystalline photovoltaic module, which can be seen in 

Figure (30) above [34]. The cells of the module are laminated between sheets of 

ethylene vinyl acetate and high-transmissivity low-iron tempered glass that is 3 

millimeters thick [34]. Panel specifications can be seen in Table (5) below. The 

panels are rated to withstand impact of a falling object of 1-inch size traveling at 

terminal velocity and can withstand static loading of 50 pounds per square foot and 

front loading of 113 pounds per square foot [34]. Because this vehicle design does 

not meet the requirements and parameters set for this study, it is not included in 

design comparison and is presented here purely for relevancy and proof of the 

concept of using solar radiation as a power source. 

Table 5: BP585 Solar Panel Specifications [34] 

BP585 Solar Panel Specifications 

Max. Power (Pmax):  85W 

Voltage at Pmax (Vmp): 18V 

Current at Pmax (Imp):  4.72A 

Panel Weight:  13.4 lbs. 

Dimensions: 47.1 in x 20.9 in x 0.7 in 

 

 The second solar powered AUV that has been proposed by scientists and 

engineers can be seen in Figures (31) and (32) below and is known as SEMBIO [35]. 

The mission of this specific AUV is to “explore and monitor the coastal 

environment” [35]. This vehicle differs from the SUAV 2 in size and capability. 
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Figure 31: SEMBIO [35] 

 

Figure 32: SEMBIO Deconstructed [35] 

The parameters of this AUV can be seen in Table (6) below. This vehicle’s smaller 

size allows it to traverse in more confined spaces that are unreachable by larger 

designs. However, this smaller design creates limitations on its depth reaching 

abilities, which is around 10 meters. 
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Table 6: SEMBIO Parameters [35] 

 

This vehicle also differs from the SUAV 2 in that the integration of the solar 

system is not primarily used for complete battery recharging but is instead utilized 

as an emergency energy-providing source. The SEMS-Solar provides the main 

power system for the AUV when it is on the surface. When the power source is 

depleted of there are any system malfunctions, the AUV will float to the surface 

because of its positive buoyancy features [35]. “… the solar panel charges the backup 

battery to supply the GPS system, which sends the location of the robot, so it can be 

retrieved, thus reducing the search time to find the robot” [35]. The focus of the solar 

energy system in this vehicle was geared toward energy management and back up 

energy supply. Because this vehicle design does not meet the requirements and 

parameters set for this study, it will not be included in design comparison and is 

presented here purely for relevancy and proof of the concept of using solar radiation 

as a power source. 
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2.3.2 Wind 

 Vehicles that possess wind-harvesting abilities as a renewable energy method 

are defined in this study as being able to take energy created by wind forces at the 

ocean’s surface and convert this energy to then power or recharge the battery system 

of an AUV that primarily completes missions underwater. Through extensive 

research, it has been concluded that there are no designs that have been proposed or 

made available to the public that fit within this description. Research has found that 

systems that use wind forces will do so as a means of surface navigation. This wind 

driven concept is referred to as unmanned surface vehicle (USV) or sail drone. A 

well-developed design that is increasing in popularity that was created by the 

company Saildrone can be seen in Figure (33) below. 

 

Figure 33: Sail Drone [40] 
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This vehicle travels on the ocean’s surface using techniques similar to sail 

boats: hard wing, longitudinal spar, vertical tail, and trim tab [41]. The vehicle 

consists of a 7 meter long hull, 5 meter long wing and a keel with a draft of 2.5 meters 

and weighs around 1,653 pounds [41]. They have various oceanic condition 

monitoring technologies and can navigate autonomously or through the supervision 

of a human pilot via satellite. They are reported to be able to endure missions of up 

to 12 months with biofouling in the tropic regions and icy conditions in higher 

altitudes as limiting factors [41]. This vehicle strictly operates at the ocean’s surface 

and is not submersible. Other designs incorporate similar concepts but through 

research, submersible AUV’s that have wind energy harvesting capabilities as a 

means to supply power have not been advanced. Because this vehicle design does 

not meet the requirements and parameters set for this study, it will not be included in 

design comparison and is presented here purely for relevancy. 

2.3.3 Wave 

 Using energy produced from wave motion is a well-studied and well-

advanced concept that is used in a variety of diverse applications. This concept 

consists of capturing energy produced by wave motions and converting that energy 

into usable electrical or mechanical energy. In this study, energy produced from wave 

motion is strictly defined as wave motion that is produced at the ocean’s surface. 

This concept has been implemented in a wide variety of applications: powering 

weather buoys, powering onshore/offshore applications and powering individual 

oceanic systems. A literature search has concluded that many wave energy-
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converting designs are incorporated on fixed or moored structures or structures that 

are specifically used for energy production. Much attention has been paid to 

designing a wave energy converting system that can be incorporated onboard 

autonomous vehicles and is the topic being studied and presented here. There are 

also various methods of capturing this energy from wave motion that all offer 

different advantages and disadvantages.  

One such method is known as a linear sliding wave energy converter (LS-

WEC) and acts much like a ‘shaking’ rechargeable flashlight does in that energy is 

derived from linear momentum [50]. A LS-WEC can come in various designs and 

an example of one such design can be seen in Figure (34) that was conceived by 

Donald R. Delbalzo and H. Ming Chen. This concept utilizes a rack and pinion design 

to convert energy from the rolling and pitching motions that are created by ocean 

waves. The design consists of a translator that is supported by wheels on rails with 

low friction bearings and a rotary generator, which is demonstrated in the figure. 

 

Figure 34: Rack and Pinion LS-WEC [50] 
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“The translator linear motion is converted to rotary motion to spin an electric 

generator using rack and pinion gears.  The rack is fixed to a side face of the translator 

and the pinion is coupled to the generator shaft” [50]. The translator weight is set on 

a horizontal sliding rail that utilizes the back and forth motion created by waves to 

drive the translator. An electromagnetic spring is incorporated in the design so that 

the system can vary its natural frequency in accordance with changing wave motions 

and this spring incorporation helps maximize the system’s energy harvesting 

capabilities [50]. “At any instance, a resistance torque must be created inside the 

motor/generator by performing feedback control of an encoder-measured 

pinion/generator shaft angle” [50]. The generator is treated as a brushless DC motor 

and the feedback torque then corresponds an amount of DC phase current [50]. The 

system also consists of a system controller, which performs several functions, 

including [50]: 

1. Estimating the dominant wave period from sensor data. 

2. Performing feedback control of the encoder signal to create torque in the 

generator. 

3. Controlling the generator load to maximize power 
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Figure (35) shows the internal schematic of the rotary generator [50].  

 

Figure 35: Internal Rotary Generator Schematic [50] 

This experiment consisted of using an example generator that is sized for 150 Watts 

at 200 rotations per minute (rpm) with a lamination stack length of 150 millimeters 

and a magnetic rotor outer diameter of 100 millimeters [50]. It can be seen by the 

figure that there are 6 magnet poles that each have 3 coil slots of a 3-phase winding 

[50]. This configuration was determined using a permanent magnet machine-sizing 

program, which also produced the following relevant results [50]: 

 Rated Torque:  RT = 7.12 Nm 

 Phase Current: Iph = 1.66 A 

 Phase Resistance: Rph = 0.56 Ohm 

This configuration was then evaluated on power performance with various sliding 

mass weights and in swell conditions and random sea conditions.  
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 Along with this design, the study also examined a ‘rope and pulley’ design 

concept that can be seen in Figure (36). This design harvests oscillating wave energy 

through the rotary generator, that was previously described, and a sliding mass 

translator. When the translator travels along the rails, the rope will spin the rotary 

generator and creates harvestable energy. This design allows for the stroke distance, 

(D), to be larger than that of the rack and pinion design, which allows for the rope 

and pulley design to be able to potentially harvest 80% more power [50]. However, 

this system is considered more delicate and complicated when compared to the rack 

and pinion design, which can impact the operational life span of the rope and pulley 

design [50]. This design also incorporated an electromagnetic spring like that of the 

rack and pinion design. 

 

Figure 36: Rope and Pulley LS-WEC [50] 
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It was assumed that the translator length of the rack and pinion system was 

1.5 meters which allows a displacement of ± 0.75 meters [50]. The rope and pulley 

system was assumed to have a translator length of 0.2 meters which allows a 

displacement of ± 1.4 meters [50]. Figure (37) shows the net power results of both 

systems when subjected to various swell periods with one sliding mass weight of 15 

kilograms. The solid line represents the rack and pinion power results while the 

dashed line represents the rope and pulley power results. 

 

Figure 37: Power of Rack/Pinion System & Rope/Pulley System in Swell with 15kg LS-WEC [50] 

Figure (37) Legend: 

Power of Rack/Pinion – solid lines 

Power of Rope/Pulley – dashed lines 

Wave Heights (H) – 1 meter = blue, 2 meter = red, 3 meter = yellow, 4 meter = green  

It can be seen from the figure that higher swell periods results in lower amounts of 

power produced by each system. It can also be seen that the rope and pulley design 

produces slightly more power than the rack and pinion design. It was assumed that 



59 

 

the artificial spring for each system was auto tuned to the peak energy wave 

frequency where the power would be directly proportional to the wind speed [50]. 

Figure (38) shows the net power results of both LS-WEC systems when subjected to 

random seas of a Pierson-Moskowitz spectra and various wind speeds with various 

sliding mass weights. The solid line represents the rack and pinion power results 

while the dashed line represents the rope and pulley power results. 

 

Figure 38: Power of Rack/Pinion System & Rope/Pinion System in Random Seas [50] 

Figure (38) Legend: 

Power of Rack/Pinion – solid lines 

Power of Rope/Pinion – dashed lines 

Weights – 5 kg = yellow, 15 kg = red, 50 kg = blue 

It can be seen from the figure that the higher the wind speeds, the more net power is 

produced by each system. It can also be seen that the rope and pulley design produces 

slightly more power than the rack and pinion design. 
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There also exists a wave energy-converting concept that is able to harvest 

energy by the use of an inertial pendulum. Figure (39) shows a basic schematic and 

demonstrates this design concept. From this figure, it is demonstrated that an inertial 

pendulum with a mass is positioned in the center of the supposed vehicle, which rests 

at the surface of the water [51]. The pendulum is subjected to the downward force of 

gravity therefore will stay with this line of gravity as the rest of the vehicle, which is 

referred to as ‘load’ in the following diagram, rotates with the oscillatory motion that 

is created by the presence of waves.  

  

Figure 39: Inertial Pendulum System Design [51] 
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Figure (40) below demonstrates a more in depth study of a system that incorporates 

this design and is referred to as a rocking WEC [52].   

 

Figure 40: Rocking WEC System Design [52] 

This design converts wave motion into usable, electric energy when a swell wave 

passes by the vehicle at a perpendicular axis and causes the vehicle to rotate with the 

wave slope. Fixed magnets are at the center of the vehicle and coils that are attached 

to the swinging mass rotate around the magnets with the rotation of the vehicle due 

to wave excitation, which creates electromagnetic induction through the coils. This 

design makes use of floatation devices on the side of the vehicle to increase the 

vehicle’s ability to be influenced by wave motion [52]. To determine the weight of 

the mass that would be required to generate a desired amount of energy for this 
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system, the power formula for a circular sliding WEC was used with a desired power 

output of 1 Watt [52]. The following equation process was used. The wave used in 

the calculations has a wave height (H) of 2 meters and a period (T) of 10 seconds 

[52]. 

Power Output [52]: 

𝑃 = (
1

2
) 𝑀𝑔𝑅𝜃0𝜔𝜂 = 1 𝑊𝑎𝑡𝑡                                 [Eq. 1] 

Where [52]: 

𝑀= weight of mass (kg) 

𝑔= acceleration due to gravity, 9.81 (m/s2) 

𝑅= radius of circular slide (m) 

𝜃0= 0.04 (rad) 

𝜔= 0.628 (rad/s) 

𝜂= 75% efficiency 

 

Plugging in the known values will result in the following equation [52]: 

𝑃 = 0.0924𝑀𝑅 = 1 𝑊𝑎𝑡𝑡                                                               [Eq. 2] 

For relevancy to this study, a radius of 2 inches can be inserted for the radius (R) 

which results in requiring the mass (M) of the pendulum to be around 212 kg or 467 

lbs. This mass is extremely implausible for the µAUV being investigated in this 

study. The authors of the rocking WEC study concluded that the rocking motion is 

too small to generate a significant amount of power for the vehicle [52]. Because this 
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vehicle design does not meet the requirements and parameters set for this study, it 

will not be included in design comparison and is presented here purely for relevancy 

of wave energy convertors.  

Chapter 3: Methodology & Results 

 This section of the report includes an investigation into impact forces felt by 

the vehicle, behavior of the vehicle while resting on the ocean’s surface, and possible 

design solutions for solar, wind, and wave energy harvesting methods. 

3.1 Impact Forces  

 A requirement set for the vehicle and the design(s) that will be presented in 

the following sections of this report is to be able to withstand forces that could 

possibly be felt upon impact with the ocean’s surface. As was previously defined, 

the vehicle will be made to have the ability of being launched from an aircraft 

carrying an A-sized single launching system.   

Once the vehicle is released from the single launching system of the aircraft, 

it is assumed to be free falling vertically with the nose pointing towards the earth’s 

surface and the tail pointing away. Terminal velocity was calculated in order to 

determine the maximum possible speed at which the vehicle can travel when falling 

to the ocean’s surface. The equation for terminal velocity can be seen below [32]: 
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Terminal Velocity: 

𝑣𝑡 = √
2𝑚𝑔

𝐶𝑑𝜌𝐴
     [Eq. 3] 

𝒗𝒕 = 𝟐𝟓𝟓. 𝟑𝟖
𝒎

𝒔
                                                                            

Where: 

𝑚= mass, 18.14 kg (40 lbs)  

𝑔= acceleration due to gravity, 9.81 (m/s2) 

𝐶𝑑= drag coefficient, 0.37 

𝜌= density of air, 1.225 kg/m3 

𝐴= cross sectional area, 𝜋𝑟2, 0.01204 m2 

The mass of the vehicle was taken as the maximum allowed weight of 40 pounds that 

was set forth in the design parameters of this report. The drag coefficient was 

determined from deriving an equation from experimental data that was completed by 

S. F. Hoerner and of which is illustrated in his work titled “Fluid-Dynamic Drag”. 

Hoerner’s experimental data on the drag coefficients of wedges and cones resulted 

in a graph that plots the drag coefficient (Cd) versus the half-vertex angle (ε), which 

can be used to derive the following equation [53].  
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Drag Coefficient of Wedges/Cones [53]: 

𝐶𝑑 = 0.0112𝜀 + 0.162                                                       [Eq. 4] 

𝑪𝒅 = 𝟎. 𝟑𝟕 

Where: 

ε= half-vertex angle of nose cone, 18.4˚  

This half-vertex angle was determined using basic geometrical calculations of the 

nose of the µAUV. After plugging in the appropriate values for the terminal 

velocity equation, a terminal velocity of 255.38 m/s was found. This speed is the 

maximum possible speed that the vehicle can reach when falling through air to 

earth from starting at a certain distance above the earth’s surface. This distance was 

calculated using the following calculation process [54]. 

Velocity of falling object [54]: 

𝑣 = √2𝑑𝑔                                       [Eq. 5] 

  Where: 

𝑑= distance/height of object from earth’s surface, (m) 

𝑔= acceleration due to gravity, 9.81 (m/s2) 

The above [Eq. 5] can be rearranged in order to solve for the distance (d):  
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Distance of object from earth’s surface: 

𝑑 =
𝑣2

2𝑔
                                            [Eq. 6] 

𝒅 = 𝟑𝟑𝟐𝟒. 𝟏𝟏 (𝒎) 𝒐𝒓 𝟏𝟎, 𝟗𝟎𝟔 (𝒇𝒕) 

This resulting distance is the height at which when deployed, the vehicle will reach 

its maximum possible velocity before hitting the water’s surface. In order to 

determine the force of impact on the surface of the ocean felt by the vehicle when 

traveling at its terminal velocity, a computational fluid dynamics simulation is 

needed to be performed due to the complexity of the vehicle shape. This simulation 

was done using Star CCM+ [56] software. Using this software, a model of the vehicle 

was created and was simulated impacting the water’s surface at a terminal velocity 

of 255.38 m/s or 837.86 ft/s. After multiple simulation trials were performed to 

ensure accuracy, it was found that the vehicle traveling at terminal velocity will 

experience a maximum impact force of around 1.6819e+07 Pa (or 16,819.0 kPa) at 

0.0075 seconds upon impact. This impact force resulting from the simulation can be 

seen in Figure (41) where the pressure distribution along the vehicle is illustrated. It 

was found that the vehicle will experience the largest amount of impact pressure on 

the nose section of the vehicle and a zoomed in view of the vehicle with pressure 

distribution at 0.015 seconds is imaged in Figure (42). Along with impact pressure, 

the overall force felt on the vehicle was simulated and found that the maximum force 

felt came to be around 80,000 N. The simulated results can be seen plotted in Figure 

(43). 
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Figure 41: Impact Force Simulation Result - Maximum Pressure 

Water 

Surface 
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Figure 42: Zoomed In View of Pressure Distribution 
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Figure 43: Body Force Simulation Results 
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Based on the vehicle specifications, the vehicle can withstand pressures felt 

underwater at around 300 meters, which equates to around 3013.63 kPa of pressure 

felt by the vehicle. It is of worth to note that this pressure felt by the vehicle is not 

centralized to one location and is a gradual increase from atmospheric pressure. The 

pressure that would be experienced upon impact far exceeds the allowable design 

pressure of the vehicle and would be felt instantaneously at centralized locations on 

the vehicle, specifically on the nose section. This projected impact force of 16,819.0 

kPa can be significantly decreased to ensure that the vehicle and all components are 

not damaged during impact by using a decelerating parachute system that is used by 

single launch sonobuoys. This parachute system deploys from the sonobuoy once it 

has been deployed from the launching system onboard the carrying aircraft. Once 

deployed, the parachute system slows the device’s falling speed to a level that allows 

the device to safely impact the ocean’s surface and minimize the risk of damage upon 

impact. These parachutes are designed to detach from the device once it hits the water 

and can be later retrieved or the parachutes are designed with materials that 

disintegrate in ocean water [57]. Figure (44) below shows an example of a sonobuoy 

with the decelerating parachute.  
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Figure 44: Sonobuoy with Decelerating Parachute [58] 

It is highly recommended that the µAUV in this study be outfitted with this 

decelerating parachute design to lower the possible risk of damage from impact 

forces.  

3.2 Vehicle Surface Behavior  

 As is stated in the design and investigation parameters, the vehicle being 

investigated in this study will harness energy from a renewable energy harnessing 

method while resting on the surface of the ocean. Therefore, it is important to 

understand the behavior of the vehicle while at the surface and in various oceanic 

conditions. Simulations to examine this behavior were attempted by using Star 

CCM+ [56] computational fluid dynamics modeling software, which was also used 

to simulate impact forces. It was desired to create a model of the vehicle simulated 

resting on the surface of the ocean at various oceanic conditions to record the 

vehicle’s behavior. However, the simulation software was unable to perform the 
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desired simulations due to either software limitations or lack of software expertise 

by the programmer. Vehicle surface behavior will not be thoroughly investigated in 

this study due to these complications. Instead, other methods of obtaining the desired 

results will be done and is further explained in sections that it is involved in. It is 

highly recommended that another study take on the goal of simulating an AUV’s 

surface behavior at the ocean’s surface – a more in depth look into vehicle surface 

behavior can benefit this investigation and can be useful for other applications.  

3.3 Solar 

 Due to the limited amount of solar harvesting designs available that meet the 

requirements and parameters that have been set for this study, designs that do meet 

these requirements are presented here. The concept basis for these designs is using 

solar panel arrays to capture solar radiation and convert this into usable energy for 

the vehicle. To determine the area needed to supply a desired amount of power 

generation from solar panels, the following equations are used: 

Power Output per Area [67]:  

𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑒𝑟 𝐴𝑟𝑒𝑎 = (
𝐴𝑚𝑝𝑒𝑟𝑎𝑔𝑒

𝐴𝑟𝑒𝑎
) ∗ 𝑉𝑜𝑙𝑡𝑎𝑔𝑒        [

𝑊𝑎𝑡𝑡𝑎𝑔𝑒

𝐴𝑟𝑒𝑎
]                                   

[Eq. 7] 

Power Output per Cell [67]: 

𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑒𝑟 𝐶𝑒𝑙𝑙 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑒𝑙𝑙 ∗ 𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑒𝑟 𝐴𝑟𝑒𝑎        [
𝑊𝑎𝑡𝑡𝑎𝑔𝑒

𝐶𝑒𝑙𝑙
]           

[Eq. 8] 
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Cells Required [67]: 

𝐶𝑒𝑙𝑙𝑠 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡

𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑒𝑟 𝐶𝑒𝑙𝑙
          [# 𝑜𝑓 𝐶𝑒𝑙𝑙𝑠]                                                 

[Eq. 9] 

The results of these equations will also be effected by the efficiency of the solar panel 

itself. It has been found that conversion efficiencies for commercially available 

photovoltaic arrays are in a 15% to 17% efficiency rating range with the highest 

efficiency being 22.2% arrays made by SunPower [43]. The intensity of solar 

radiation near the surface of the ocean experiences large seasonal and daily 

fluctuations that influence the amount of power that can be generated from solar 

radiation. The annual mean daily total horizontal solar radiation varies from 1 to 

around 12 kWh/m2/day [43]. Boundaries related to the range that can be expected 

from a solar powered vehicle are determined by considering the two following levels 

of solar insolation; “… (1) data representing a high level of solar energy off the 

Hawaiian Islands in June; 6 kWh/m2 /day, and (2) data representing a low level of 

solar energy available near Vladivostok and Boston, MA in December; 1.5 kWh/m2 

/day” [43]. These two levels of solar insolation will be used when looking at ‘worst’ 

and ‘best’ cases for power generation by solar panels.  

 With the advancement of today’s available technology, custom solar panel 

designs can be easily manufactured to meet desired parameters which helps avoid 

any limitations on availability. For this reason, the designs that will be presented in 

this section will assume specific, commercially offered solar panel configurations 
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and standards. In addition, since solar panels can be made to desired parameters, the 

criterion of power generation versus time should be less weighted in comparison with 

the other two criterion and power generation will quantify more as a proof concept. 

For this study, a thin-film, flexible solar panel with the following properties was 

selected for proof of concept: 

Table 7: Flexible Solar Panel Properties [44] 

Thin-Film, Flexible Solar Panel 

Power Output: ~6V(DC), 1Wh, 160mA 

Dimensions: 7.81 in (L) x 3.94 in (W) x 0.03 in (H) 

Operating Temperature Range: +32˚F  to  +158˚F 

Weight: 28 grams 

 

This solar panel was chosen because of its extreme flexibility, lightweight design, 

and weather/water proof properties [44]. These panels are easily chained together in 

series and/or parallel to increase voltage and current. The flexibility of these panels 

allows them to be easily ‘wrapped’ around an object. The lightweight design 

minimizes added weight and the small dimensions do not take up a large amount of 

space. They are bonded between two plastic sheets that protect the solar capturing 

components from the elements and they can be epoxied for added protection. 

Because they do not contain any glass components, the panels will not break or 

fracture but possibly be dented when subjected to impact forces. The Figures (45) 

and (46) and (47) show the panel size and example of its flexibility. 
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Figure 45: Flexible Solar Panel - flexibility example [44] 

 

Figure 46: Flexible Solar Panel - dimension example 1 [44] 

 

Figure 47: Flexible Solar Panel - dimension example 2 [44] 
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One solar harvesting design can be seen in Figure (48) below and will be 

referred to as Solar Design 1 in this report. It can be seen that a solar panel array is 

wrapped around the mid-body of the vehicle in order to capture solar energy from all 

angles. The panels can be attached to the vehicle by adhesive or through fasteners 

that can be placed on the outer, white border of the panel that does not contain any 

components. Each panel has two wire connection points that connect to the 

battery/battery system or can be connected to other panels for series/parallel 

configurations. These wires will need to be fed through the vehicle to be hooked up 

to the battery/battery system. Where these wires are fed through the vehicle will need 

to be waterproof to ensure internal water damage does not occur. 

  

Figure 48: Solar Design 1 

The mid-body section of the vehicle is assumed to be 20 inches in length with a 

surface area of 343.64 square inches. This area allows ~11 flexible solar panels to be 

incorporated on the vehicle. The panels will be configured in parallel which means 

that the greatest possible power output of the solar system when subjected to direct 

sunlight in a best-case scenario (100% solar radiation available) will be 6 Volts at 

1.76 Amps and in a worst-case scenario (25% solar radiation available) will be 1.5 

volts at 0.45 Amps. However, this value represents the power output that would be 
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experienced by the panels if they were all individually being subjected to direct 

sunlight and this design requires that some panels will be wrapped around the sides 

and underneath of the vehicle, therefore, not every panel will experience direct 

sunlight and the solar incidence angle will vary depending on position. Figure (49) 

depicts a side view of the vehicle at the surface of the water.  

 

Figure 49: Solar Design 1 Submerged 

The solar energy absorption at certain depths in the water can be calculated using 

Lambert’s Law of Absorption equations that can be seen below [36]: 

Solar Radiation Intensity [36]: 

                                                
𝑑𝐼(𝑦)

𝑑𝑦
= 𝜇𝐼                                             [Eq. 10] 

                                              𝐼(𝑦) = 𝐼0𝑒−𝜇𝑦                                         [Eq. 11] 

 

Where: 

𝐼0 = intensity of solar radiation at the surface (y=0) 

𝐼(𝑦) = intensity of solar radiation at distance (y) below the surface 

𝜇 = extinction coefficient (absorption coefficient) has the unit length-1 

            𝜇 = 0.50 meters-1 for salt water 
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Solving Equation 11 goes as follows: 

∫ 𝐼(𝑦) 𝑑𝑦
𝑌 𝑑𝑒𝑝𝑡ℎ

0

= 𝐼0 ∫ 𝑒−𝜇𝑦 𝑑𝑦
𝑌 𝑑𝑒𝑝𝑡ℎ

0

 

= 𝐼0(− (
1

𝜇
) 𝑒−𝜇𝑦 |  0

𝑌 𝑑𝑒𝑝𝑡ℎ     

= 𝐼0 (− (
1

𝜇
) 𝑒−𝜇∗𝑌 𝑑𝑒𝑝𝑡ℎ + (

1

𝜇
)) 

Table 8: Absorption Calculation Results 

Solar Energy Absorption Calculation Results 

 Best Case Worst Case 

Intensity @ Surface (Io): 6000 Wh/m2/day 1500 Wh/m2/day 

Extinction Coefficient (µ): 0.5 m-1 0.5 m-1 

Depth (y): 0.3048 m 0.3048 m 

Intensity @ Depth: 1696.26 Wh/m2/day 424.07 Wh/m2/day 

 

A water depth of 0.3048 meters or 1 foot below the surface was chosen for these 

calculations because the µAUV is expected to hover at or just below the surface of 

the water. As it can be seen in Table (8), 1 foot below the surface of the water will 

experience 1.7 kWh/m2/day for the best-case scenario and 424.07 Wh/m2/day for the 

worst-case scenario.   
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As was stated in the Background of this report, wave motion due to various 

sea states, weather and cloud conditions, presence of biofouling, and water-cooling 

can all impact the amount of solar energy that is collected and produced by the solar 

panel system. Due to the chaotic nature of the ocean, it is unlikely that all parameters 

effecting the collection and production of energy by the solar panel system can be 

accurately accounted for. However, it is expected that the most impactful parameters 

are changing weather/cloud conditions that limit the amount of solar radiation felt on 

the surface of the ocean and the presence of biofouling that can accumulate over the 

panels. Estimations for energy production by Solar Design 1 can be seen in the 

following Tables. Table (9) and (10) shows parameters and results for the area of the 

mid-body section of the vehicle that is directed at the surface of the water. Table (11) 

and (12) shows the parameters and results for the areas of the mid-body section that 

are not directed toward the surface and are referred to as the side and bottom of the 

vehicle. The total added weight from the addition of the solar panels for Solar Design 

1 can be seen in Table (13). 
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Table 9: Solar Design 1 Top Area Parameters 

Parameters of Solar Design 1 -  

Top Surface 

 Inches Meters 

Mid-body Length: 20 0.51 

Outer Diameter: 4.875 0.12 

Solar Panel Area (x2): 30.771 0.02 

Top Surface Area (x2): 97.5 0.06 

# of Cells: 3.17 

Parallel Configuration (Amps): 0.51 

 

 

Table 10: Solar Design 1 Top Area Energy Production 

Energy Production of Solar Design 1 -  

Top Surface 

  

Best Case  

(6000 Wh/m2/Day) 

100% 

Worst Case 

(1500 Wh/m2/Day)  

25% 

Top Surface Area Energy 

Production: 

~6V ~1.5V 

0.51A 0.1275A 

~3.1 Wh ~0.19 Wh 

 

 

Table 11: Solar Design 1 Side/Bottom Area Parameters (1 Foot Below Surface) 

Parameters of Solar Design 1 -  

Side/Bottom Surface  

(1 Foot Below Surface) 

 Inches Meters 

Mid-body Length: 20 0.51 

Outer Diameter: 4.875 0.12 

Solar Panel Area (x2): 30.771 0.02 

Side/Bottom Surface Area (x2): 246.14 6.25 

# of Cells: 8.00 

Parallel Configuration (Amps): 1.28 
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Table 12: Solar Design 1 Side/Bottom Area Energy Production (1 Foot Below Surface) 

Energy Production of Solar Design 1 -  

Side/Bottom Surface  

(1 Foot Below Surface) 

  

Best Case  

(1696.26 Wh/m2/Day) 

28.3% 

Worst Case  

(424.07 Wh/m2/Day) 

7.07% 

Side/Bottom Surface Area Energy 

Production: 

~1.7V ~0.42V 

0.36A 0.091A 

~0.6 Wh ~0.04 Wh 
 

 

Table 13: Total System Added Weight of Solar Design 1 

Total Added Weight 

(grams): 

3.17 cells + 8 cells =  

11.17 cells 

11.17 cells x 28 grams = 

312.76 grams  

~ 0.689 pounds 

  

This design does not require a significant amount of internal volume to support the 

design. The only internal space that is required of this design is the wiring from the 

solar panels that are connected to the internal cavity of the vehicle through a 

waterproof connection cable. This required space is insignificant and is therefore not 

presented.  

Another solar harvesting design can be seen in Figures (50) and (51) and will 

be referred to as Solar Design 2 in this report. This design consists of having the top 

surface area of the vehicle covered in solar panels, similar to Solar Design 1. The rest 

of the mid-body section of the vehicle, the sides/underneath, are also covered with 
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solar panels and extended outward to be parallel with the ocean’s surface and to 

increase horizontal surface area that can experience surface solar radiation. This 

outward extension will be referred to as ‘solar panel wings’ for this design.  

 

Figure 50: Solar Design 2 Top View 

 

 

Figure 51: Solar Design 2 Bottom View 

The top area solar panels can be attached in the same manner as Solar Design 

1 – through adhesive or fasteners. The solar panel wings are attached to the vehicle 

and are extended/retracted through controlled underwater actuator hinges that can 

receive commands from the vehicle’s programming system. The channel that the 

actuator connection cable runs to the internal components of the vehicle will need to 
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be made waterproof to ensure there is no internal water damage. The solar panel 

wings will need to be reinforced through a frame structure or reinforcing substance 

(i.e. epoxy) to ensure that the panels are rigid when extended outward. This design 

concept ensures that all available solar panel surface area experiences the full 

intensity of solar radiation at the ocean’s surface. However, this design will also be 

effected by the same chaotic and unpredictable oceanic conditions that Solar Design 

1 experiences: wave motion due to various sea states, weather and cloud conditions, 

presence of biofouling, and water-cooling. It is expected that the largest impacting 

parameters would be wave motion due to sea states, weather/cloud conditions, and 

the possibility of biofouling. Parameters and estimations for solar energy production 

for Solar Design 2 can be seen in the following Table (14) and Table (15) 

respectively. The total added weight from the addition of the solar panels for Solar 

Design 2 can be seen in Table (16). It is estimated that the additional reinforcement 

needed to support the solar panel wings and the installation of the actuator hinges 

will add around 1 more pound to the design. This estimation is greatly dependent on 

material selection. 

Table 14: Solar Design 2 Parameters 

Parameters of Solar Design 2 

 Inches Meters 

Mid-body Length: 20 0.51 

Outer Diameter: 4.875 0.12 

Solar Panel Area (x2): 30.771 0.02 

Surface Area (x2): 343.64 0.22 

# of Cells: 11.168 

Parallel Configuration (Amps): 1.76 
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Table 15: Energy Production of Solar Design 2 

Energy Production of Solar Design 2 

 

Best Case  

(6000 Wh/m2/Day) 

100% 

Worst Case  

(1500 Wh/m2/Day) 

25% 

Total Area Energy 

Production: 

~6V ~1.5V 

1.76A 0.44A 

~10.56 Wh ~0.66 Wh 

 

Table 16: Total System Added Weight of Solar Design 2 

Total Added Weight  

(grams): 

11.17 cells 
11.17 cells x 28 grams = 312.76 grams  

~ 0.689 pounds 

4 hinges & wing 

reinforcement 

0.689 pounds + 1 pound =  

~1.689 pounds 

 

This design does not require a significant amount of internal volume to support the 

design. The only internal space that is required of this design is the wiring from the 

solar panels and wiring from the actuator hinges that are connected to the internal 

cavity of the vehicle through waterproof connection cables. This required space is 

insignificant and is therefore not presented.  

 Failure for these solar designs is defined as the design’s inability to produce 

power to charge the vehicle. For these designs, failure is present if a majority of the 

panels are significantly damaged, connection between panels and battery system is 

broken, and/or panels detach from the vehicle. Possible disadvantages associated 

with design failure are discussed later in this report. 
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3.4 Wind 

 An investigation into wind harvesting autonomous oceanic vehicles was 

completed in the Background of this report and it was concluded that there are 

currently no design proposals or designs available to the public that meet wind-

harvesting qualifications that are described in this study. Due to the lack of these 

designs, a generalized design concept that does meet qualifications is presented here. 

The concept consists of having a system onboard the vehicle that extends upward 

from the vehicle and takes energy created by wind that is present at the surface of the 

ocean and converts this into usable, electric energy for the vehicle. The proposed 

design can be seen in Figure (52) with the design extended in Figure (53). This design 

will be referred to as Wind Design 1 in this report.  

 

Figure 52: Wind Design 1 
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Figure 53: Wind Design 1 Extended 

 This design utilizes a Savonius rotor blade that was chosen due to simplicity 

and effectiveness in capturing wind energy. This turbine design is a low speed and 

high torque turbine that is known as a vertical axis wind turbine [48]. This blade 

design is perpendicular to wind direction and utilizes drag as its means for propulsion 

while typically having a peak efficiency of around 16% [47]. Experiments have been 

conducted by J. Sargolzaei and A. Kianifar to determine what Savonius blade design 

is most efficient [48]. A general schematic of Savonius blade design can be seen in 

Figure (54) where (H) is the blade height, (D) is the diameter of the rotor and (s) is 

the gap between blades [48]. The semi-circle blade diameter will be referred to by 

the nomenclature (d) or can be referred to by the radius of the individual blades (r). 

Figure (55) shows a generic drawing that includes all of the dimensions that will be 

referred to in this study regarding the Savonius rotor.  
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Figure 54: Savonius Rotor Blade Schematic [48] 

 

Figure 55: Further Explained Savonius Rotor Blade Schematic 

Their investigation included looking at various blade configurations to determine 

which configuration resulted in the greatest power output. Figure (56) depicts the 

various blade configurations that were investigated in their research.  

 

Figure 56: Savonius Blade Configurations Investigated [48] 
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Through experimentation and calculations, their investigation showed that Rotor II 

has the best results. Rotor II had the following design parameters [48]: 

D = 16 cm  s = 3.2 cm H = 30 cm Blade Thickness = 1 mm 

Figures (57) and (58) show the results from the comparison between the various 

designs. From these results, it can be seen that Rotor II produced the largest power 

factor when compared to the other rotor designs. 

 

Figure 57: Savonius Rotor Comparison of Power Factor (Cp) [48] 

 

 

 

Figure 58: Savonius Rotor Comparison of Power Factor (Cp) 2 [48] 
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 For Wind Design 1, the Savonius rotor will lay horizontally in a cavity that 

is located in the mid-body section of the vehicle. This cavity will be made to take in 

water and is covered with ‘flaps’ or ‘doors’ that are of flexible material that will 

ensure the vehicle retains its hydrodynamic properties while on missions underwater 

and also allows the rotor to extend and retract to position when needed. The rotor 

design will utilize actuators, gearboxes and universal joints to extend and retract into 

position. Gearboxes and actuator controls will be installed internally and connection 

points between the internal components and the floodable cavity will be made 

waterproof to ensure no component damage occurs. The blades of the rotor should 

be made with a strong, non-metal material such as carbon fiber, fiberglass, or epoxy. 

Figures (59) and (60) demonstrate the vehicle and design at the surface of the water. 

 

Figure 59: Wind Design 1 at Ocean's Surface 
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Figure 60: Wind Design 1 Extended at Ocean's Surface 

 This design can be made to various blade heights (H) with the only limitation 

being the length of available internal volume of the vehicle. The rotor diameter 

cannot exceed the available internal diameter of the vehicle, which is 4.5 inches, and 

thus is limited to being 4 inches in diameter (D) and leaving 0.1875 inches of 

unoccupied internal space on either side of the rotor as a factor of safety. The semi-

circle blade diameter (d) will also be limited to the internal diameters and will be 4 

inches or have individual blade, semi-circle radius (r) of 2 inches. This leaves 0.4375 

inches from the outer surface of the vehicle to the blade of the rotor, where the wall 

thickness of the vehicle is 0.25 inches. Figure (61) shows a generic sketch of the 

dimensions described.  
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Figure 61: Dimensions Described of Rotor Design 

Where: 

D    = 4 inches (rotor diameter)  

1 = 0.25 inches (vehicle wall thickness) 

2 = 0.1875 inches (blade to inner vehicle wall) 

3 = 0.4375 inches (blade to outer vehicle wall) 

In order to determine the appropriate distance between the blades (s), the 4-inch 

rotor design was scaled with the dimensions of Rotor II and it was determined that 

this distance (s) for this design is 0.8 inches. It is of worth to note that the distance 

(s) is also the diameter of the rotor rod. A complete list of the Wind Design 1 

parameters can be seen in Table (17) below. 

Table 17: Wind Design 1 Rotor Parameters 

Rotor Parameters 

Blade Thickness (in): 0.39 

Rotor Diameter, D (in): 4 

Blade Radius, r (in): 2 

Blade Gap/Rotor Rod Diameter, s (in): 0.8 
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Calculations were performed to determine estimates of wind power output, 

turbine power output and occupied volume of the design and can be seen below. 

Calculations were performed for different rotor heights (H) to determine which 

height performs the best: 5 inches, 10 inches, 15 inches, and 20 inches. Wind speeds 

on the surface of the ocean are ever changing and because of this, different wind 

speeds were used in calculations: 1 meter/second, 5 meter/second, 10 meter/second, 

15 meter/second, and 20 meter/second.  

Wind Power Output [Watts] [48]: 

𝑃𝑤𝑖𝑛𝑑 =
1

2
𝜌𝑎𝑖𝑟𝑣3𝐴   [Eq. 12] 

Where:  

𝜌𝑎𝑖𝑟 = 1.225 (𝑘𝑔/𝑚3) 

𝐴𝑟𝑒𝑎 (𝐴) =  𝐻 𝑥 𝐷 (𝑚2) 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑣) =  𝑎𝑖𝑟 𝑠𝑝𝑒𝑒𝑑 (𝑚/𝑠) 

 

Equation 12 found above is used to determine the power available in moving air and 

these results are found in Table (18). 

Table 18: Wind Power Output for Wind Design 1 

Wind Power Output [Watts] 
  Rotor Height (m): 

  5 in 10 in 15 in 20 in 

  0.127 0.254 0.381 0.508 

Wind 

Speed 

(m/s): 

1 0.008 0.016 0.024 0.032 

5 0.99 1.98 2.96 3.95 

10 7.90 15.81 23.71 31.61 

15 26.67 53.35 80.02 106.69 

20 63.23 126.45 189.68 252.90 
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Turbine Power Output [Watts] [48]: 

𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒 = 𝑃𝑤𝑖𝑛𝑑  ∗ 𝐶𝑝   [Eq. 13] 

Where: 

𝑃𝑜𝑤𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝐶𝑝) = 𝑃𝑡/𝑃𝑤    𝑜𝑟 0.59 𝑎𝑡 𝐵𝑒𝑡𝑧 𝑙𝑖𝑚𝑖𝑡 

 

Equation 13 found above is used to determine the amount of power that the wind 

turbine can produce given the power available from the moving air. Using these 

equations, wind power and turbine power output for various wind speeds, rotor 

heights (H), and internal occupied volumes of the rotor cavity were determine and 

can be seen in Tables (18), (19), and (20). Betz limit of 0.59 was used for the power 

coefficient as it is the theoretical maximum efficiency of a wind turbine. Using this 

limit means that the results are the maximum amount of power that can be generated 

with the turbine. These results are strictly theoretical and it is understood that the 

turbine is not likely to ever reach this maximum efficiency but is used for a baseline. 

Also, the unknown factors of this purposed design doesn’t allow for a calculation of 

a more realistic power coefficient. Power Coefficient (Cp) is a measure of wind 

turbine efficiency and is typically used in the wind power industry [68]. Cp is defined 

as the ratio of actual electric power produced by a wind turbine divided by the total 

wind power that flows into the turbine blades at a specific wind speed [68]. “When 

defined in this way, the power coefficient represents the combined efficiency of the 

various wind power system components which include the turbine blades, the shaft 

bearings and gear train, the generator and power electronics” [68]. This shows that 

the coefficient is dependent on factors that cannot be determined within the scope of 
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this project and is why the Betz limit is used. It is suggested that a more proper 

coefficient be determined in future works. It is of worth to note that the internal 

occupied volume accounts for the cavity in which the Savonius rotor will alone 

occupy and does not account for gearboxes, shaft controls or power integration 

equipment due to the vast range in equipment options and sizes. 

Table 19: Turbine Power Output for Wind Design 1 

Turbine Power Output [Watts] 
  Rotor Height (m): 

  5 in 10 in 15 in 20 in 

  0.127 0.254 0.381 0.508 

Wind Speed 

(m/s): 

1 0.005 0.009 0.014 0.019 

5 0.58 1.17 1.75 2.33 

10 4.66 9.33 13.99 18.65 

15 15.74 31.47 47.21 62.95 

20 37.30 74.61 111.91 149.21 
 

 

Table 20: Turbine Power Output for Solar Design 1  in Wh/Day 

Turbine Power Output [Wh/Day] 

  Rotor Height (m): 
  5 in 10 in 15 in 20 in 
  0.127m 0.254m 0.381m 0.508m 

Wind Speed 

(m/s): 

1 0.11 0.22 0.34 0.45 

5 13.99 27.98 41.97 55.95 

10 111.91 223.82 335.73 447.64 

15 377.69 755.39 1133.08 1510.78 

20 895.28 1790.55 2685.83 3581.10 
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Table 21: Internal Occupied Volume of Rotor Cavity for Wind Design 1 

Internal Occupied Volume of Cavity [Inches3] 

 Rotor Height (in): 

Cavity Area (in2):  
(𝐼𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗ 𝐼𝑛𝑛𝑒𝑟 𝑤𝑎𝑙𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)

= 21.4 
5 10 15 20 

Occupied Volume (in3): 107 214 321 428 

 

When designing the Savonius rotor for this specific vehicle and system 

parameters, preserving the amount of additional weight being subjected to the vehicle 

is of importance. Material used in the rotor design will determine the amount of 

weight that is added. In addition, different materials possess various properties that 

can be important in design. Engineers and scientists tabulated a comparison between 

various materials to be used in Savonius rotor blade manufacturing and the results 

can be seen in Table (22) [55]. 
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Table 22: Various Materials & Their Properties for use in Savonius Blade Design [55] 

 

Aluminum 7020 alloy, mild steel grade 55, stainless steel A580 and polycarbonate 

sheet was examined and compared in this study [55]. From these results, 

polycarbonate stands out to be the ideal material for the design of the Savonius rotor 

for Wind Design 1 due to its low density and low corrosion rate. It would also be 

beneficial to manufacture the rod of the rotor out of the same polycarbonate material 

to ensure there are limited to no negative or corrosive reactions between materials. 

Knowing the density of the material allows for calculating the amount of added 

weight the design subjects on the vehicle. Table (23) shows the results for the added 

weight for each rotor height which were obtained using the rotor parameters 

described previously and the polycarbonate density of 1.2 g/cm3 or 19.67 g/in3 [55].  



97 

 

Table 23: Wind Design 1 Added Weight 

 

Failure for this wind design is defined as the design’s inability to produce 

power to charge the vehicle. For this design, failure is present if the rotor blades, 

rotor shaft, and/or rotor extension system is damaged and unable to rotate at 

minimum wind speeds. Possible disadvantages associated with design failure are 

discussed later in this report. 

3.5 Wave  

 Upon research into wave energy harvesting devices, it was found that there 

are a multitude of design options that satisfy various harvesting needs and these 

options utilize the concepts of linear sliding or inertial WEC. Due to the limitations 

of the designs presented in the Background section, it was concluded that the designs 

did not meet the wave-harvesting qualifications set in this study. Because of this, a 

generalized design concept is presented here that utilizes the energy producing 

capabilities of magnetic induction. As previously discussed in earlier sections of this 

report, magnetic induction is the process of creating a voltage as a result of a change 

 Rotor Height (in): 

 5 10 15 20 

Blade Volume (in3): 22.3 44.6 66.9 89.2 

Added Weight (g): 438.64 877.28 1315.92 1754.56 

Rod Volume (in3): 12.57 25.13 37.70 50.27 

Added Weight (g): 247.18 494.36 741.54 988.72 

Overall Added Weight (g): 685.82 1371.64 2057.46 2743.29 

Weight in lbs.: 1.51 3.02 4.54 6.05 
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in a magnetic field. It can also be otherwise explained as the process of inducing an 

electrical current in a conductor by moving that conductor through a magnetic field. 

This can be achieved when a ferromagnetic material is passed through a tube of 

tightly wound conductive copper wire and is what is being proposed for this design.  

 The proposed design can be seen in Figure (62) below and will be referred to as 

Wave Design 1 in this report.  

 

Figure 62: Wave Design 1 

This design includes a single copper wire of certain gauge that is wound tightly 

around a plastic tube of certain length and is mounted in the center of the mid-body 

section and oriented parallel with the vehicle. Energy is derived when the vehicle 

encounters wave motion that changes the vehicle’s pitch and thus causes the magnet 

to travel up and down through the coil winding. The larger and faster the change in 

vehicle pitch is, the more energy is produced by the movement of the magnet. This 

design will be activated while the vehicle is resting on the surface of the ocean and 

while it is expected that the vehicle will experience wave motion from all directions, 

the wave motion that is perpendicular to the vehicle’s nose is the direction that causes 
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the greatest magnet displacement. Rubber dampeners will be placed at each end of 

the tube to soften the impact of the magnet as it slides through the tube. When the 

vehicle is not utilizing the design and is underway, a program-operated mechanical 

‘wedge’ will pop up within the tube that allows the magnet to pass over it but 

prevents it from going back the other way. This ensures that the magnet is in one 

place when the vehicle operating. When the wedge is not needed, it will lay flat along 

the inner tube wall and will allow the magnet to slide over it. Figure (63) shows a 

generic configuration explaining the wedge.  

 

Figure 63: Mechanical Wedge 
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Figure (64) below is a generalized sketch of the magnet and coil pipe configuration 

and depicts the design within the vehicle and design dimensions. 

 

 

Figure 64: Wave Design 1 Depiction 
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Where:  

A = 19.05 mm (inner tube diameter, 0.75”) 

B = 26.67 mm (outer tube diameter, 1.05”) 

C = 25.4 mm (dampener, 1”) 

D = 25.4 mm (magnet space, 1”) 

E = 203.2 mm (copper wire length on tube, 8”) 

F = 17.76 mm (overall radius of device, 0.7”) 

G = 30.48 mm (center to inner wall of vehicle, 1.2”) 

H = 4.7625 mm (vehicle wall thickness, 0.1875”) 

I = 330.2 mm (tube length, 13”) 

J = 25.4 mm (mechanical wedge stopper, 1”) 

The copper wire gauge and length determines the amount of current that can be 

produced and harnessed by this system. The wire gauge used in this prototype was 

chosen on the general understood knowledge that it is a size typically used in systems 

of similar expected outputs. The following is the characteristics of the coil wire based 

on the American Wire Gauge system [61]: 

 Gauge = 28 

 Wire Diameter (DW) = 0.32 mm [0.0126”]   

 Resistance = 0.0649 
Ω

𝑚
  



102 

 

The prototype of the energy device was fabricated using the design specifications 

previously listed in this section. The copper wire was wound tightly and uniformly 

around the tube by using a student designed and fabricated winding machine. This 

machine was made and provided to this thesis by Brandyn Watterson and was 

initially used in the senior design project “AUV Docking Station”. Figure (65) below 

shows this machine being used for the energy device.  

 

Figure 65: Copper Wire Winding Machine 

The copper wire was wound around the tube for 8 inches where it changed direction 

to then wind a layer on top of the first, back down the 8 inches. This layering was 

completed a total of 12 times. The overall width of the device can be determined by 

adding the wire diameters and tube diameters together giving 1.35 inches. The design 

is located internally in the center of the mid-body section and has 1.041inches of free 

space from the coil winding to the inner wall of the vehicle. Two rubber dampeners 
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at either end of the tube are 1 inch in height and at one end, there is a 1-inch long 

mechanical wedge stopper. The coil winding has a length of 8 inches along the length 

of the tube. Supplementing the radius and height of the cylindrical space that the 

device requires into the following equation that solves for volume: 

𝑉 = 𝜋𝑟2ℎ      [Eq. 14]   

𝑊ℎ𝑒𝑟𝑒:  

𝑟 = 𝐺 = 30.48 𝑚𝑚 [1.2"]  

ℎ = 𝐼 = 330.2 𝑚𝑚 [13"]  

𝑽 = 𝟗. 𝟔𝟒 ∗ 𝟏𝟎𝟓 𝒎𝒎𝟑 [58.81 𝑖𝑛𝑐ℎ𝑒𝑠3]  

This volume is the internal occupied volume that is required by the Wave Design 1.  

The energy-converting device was weighed to be 1.7 pounds. The Table (24) states 

the internal occupied volume and the added weight of this design. 

Table 24: Wave Design 1 Internal Occupied Volume and Added Weight 

Internal Occupied Volume (in 3): 58.81 

Added Weight (lbs.): 1.7 

 

 

 



104 

 

Considering the length and diameter of the tube that the coil wire will be 

wrapped around and the parameters listed above, the wire length, number of turns 

and resistance of the wire can be determined in the following manner. 

Calculating Turns:  

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑖𝑙 𝑤𝑖𝑛𝑑𝑖𝑛𝑔

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑤𝑖𝑟𝑒
=

203.2𝑚𝑚

0.32𝑚𝑚
= 634.9 𝑇𝑢𝑟𝑛𝑠 ∗ 12 𝑊𝑖𝑛𝑑𝑖𝑛𝑔𝑠

= 𝟕𝟔𝟏𝟗. 𝟎𝟒𝟖 𝑻𝒖𝒓𝒏𝒔  

Calculating Length of Wire: 

𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑊𝑖𝑟𝑒 + 𝑇𝑢𝑏𝑒 = 2𝜋 (
𝑑

2
) = 84.75𝑚𝑚 

𝑇𝑢𝑟𝑛𝑠 ∗ 𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 645703 𝑚𝑚 , 𝟔𝟒𝟓. 𝟕 𝒎 

 

Calculating Resistance: 

𝑅 =
0.0649Ω

𝑚
∗ 645.7𝑚 = 𝟒𝟏. 𝟗𝛀 

The magnet used in this design was a Neodymium-Iron-Boron Rare-Earth magnet 

with a length of 1 inch and width of ½ inch and is magnetized through the length of 

the magnet. Magnet specifications can be found in the following Figure (66). 
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Figure 66: Magnet Specifications [62] 

This magnet was chosen due to its easy ability to be obtained and it meets the 

physical size requirements. The size of the magnet used can cause specific results 

depending on the magnet specifications. Therefore, the results can be altered as 

desired by changing the size and strength of the magnet. 
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In order to find power results of this design, the behavior of the vehicle while 

it is at the surface is needed. This can be done through simulation software or by 

using a prototype in controlled lab experiments or ocean-tested experiments. It was 

first attempted to create realistic oceanic conditions through the Star CCM+ software 

but due to the lack of expertise and limitations within the software, the results were 

not properly generated. To obtain the results, a prototype of the vehicle and energy 

design was built for testing in a wave tank. The vehicle was modeled from the full-

scale dimensions of the µAUV in this study and 3-D printed using services offered 

by Florida Institute of Technology’s fabrication lab, the MakerSpace. The Figure 

(67) below shows the vehicle prototype assembled and resting in the Florida Institute 

of Technology’s Surf Mechanic wave tank. It can be seen that the vehicle rest on top 

of the water with a draft of around 2 - 3 inches. 

 

Figure 67: Completed Prototype in Wave Tank 1 
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Figure 68: Completed Prototype in Wave Tank 2 

The prototype has a hollow inside to allow the prototype of the energy device to be 

mounted. It was sealed to prevent water from entering the vehicle and causing 

damage to the energy device. The prototype energy device was tested to ensure that 

it was done correctly by using an oscilloscope to measure the voltage across the 

copper wires when the magnet passes through the tube quickly. It was found that 

when the magnet travels at its fastest through the tube, it averaged between 3 to 4 

volts. When the magnet traveled at an average speed, it generated an average of 

around 1 to 2 volts.  
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Once the device was positively tested, it was mounted on the inside of the 

prototype vehicle. The two ends of the copper coil were insulated, extended by 3 feet 

and made to be water resistant and then lead out of the vehicle’s hull to be used when 

measuring the results. In order to measure and record the waveform data, an Arduino 

Mega 2560 was used to read in the analog signal, convert it to voltage readings and 

then write the data to a laptop computer file through USB [64]. The Arduino software 

was used to program the microcomputer and read in the voltage data [64]. The code 

used can be found in Appendix [B]. 

 The completed prototype was to be tested in the Florida Institute of 

Technology’s Surf Mechanics wave tank. The wave tank is a 27 foot long by 22 

inches wide and 3 feet deep capable of generating variable waves. The various 

waveforms can be generated by changing the wave frequency, water depth and water 

paddle used to move the water. When the prototype vehicle was tested in the wave 

tank at various, increasing wave heights and periods, it was found that the tank was 

unable to support waves large enough to cause the vehicle to reach an inclination that 

makes the magnet travel down the tube.  
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 The prototype was then taken to the coast of Cape Canaveral, Florida to be 

deployed in the nearshore surf of Peacock Beach on Saturday, April 25th around 5 

p.m. Figure (69) below shows Google Maps of the deployment location.  

 

Figure 69: Peacock Beach, FL Testing Site [63] 
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The wave data at this location and deployment time can be seen in the 

following Figure (70) [65]. At the time of deployment, the wave height at the 

deployment location was averaged at 1.7 – 2 feet with an average wave period of 7 

seconds and a secondary swell period of 4 seconds [65].  

 

Figure 70: Peacock Beach, FL Wave Data for April 25th 2020 [65] 
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The vehicle was deployed in the water right before the waves were breaking 

and where the wave height felt on the vehicle was the most significant. Once the 

vehicle was in place, the program was started and data started being recorded. In 

order to ensure that all systems were running as intended and data was being properly 

recorded, two separate trials were performed. The second trial was also performed 

so that it could be compared against the first trial as reference. The first trial was 

recorded for approximately 3 minutes and the results of this trial can be seen in the 

following Figure (71). 

 

Figure 71: Wave Design 1 Ocean Trial 1 Results 
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The second, comparison trial was recorded for approximately 3 minutes and the 

results can be seen in the following Figure (72). 

 

Figure 72: Wave Design 1 Ocean Trial 2 

 In order to determine how much voltage is being generated within this period, 

the alternating current (AC) signal that was recorded needs to be put through a full 

wave bridge rectifier to convert it to a direct current (DC) signal. This was done 

through the software, Simulink [66]. The AC signal for each trial was passed through 

a signal generator after being read from an excel file and then is sent through the 

rectifier and output onto a graph. The code that was generated using Simulink can be 

found in Appendix (C). Figure (73) and Figure (74) show these results for each of 

the trials.  
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Figure 73: Trial 1 Rectified Results 



114 

 

 

Figure 74: Trial 2 Rectified Results 

Based on the results that were recorded for the two trials, this energy-converting 

device was able to generate an average of 2.5 volts per 3 minutes given the conditions 

it was tested in. This means that this system is possible of generating around 50 volts 

per Watt-hour. The average power and voltage outputs for this system can be seen in 

the following Table (25). 

Table 25: Wave Design 1 Power Output 

Trial 1 (V) 2.3 

Trial 2 (V) 2.7 

Average (V) 2.5 

Watt-hour (Wh) 1.21 
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Due to the broad scope of this investigation and limitations of resources, this 

design was only able to be tested in conditions that are categorized as being of Sea 

State 1. It is assumed that with an increase in Sea State, the energy generated can be 

proportionally increased also. It is hypothesized that the results can be extrapolated 

for higher Sea States but further and more in depth testing is needed to verify 

accuracy.  

Failure for this wave design is defined as the design’s inability to produce 

power to charge the vehicle. For this design, failure is present if the magnet is unable 

to slide back and forth through the tube, connections between battery system and 

design are broken, and/or the coil winding is broken or damaged. Possible 

disadvantages associated with design failure are discussed later in this report. 

Chapter 4: Discussion & Comparison 

This section of the report discusses the results found in the earlier 

Methodology & Results section. Comparisons were made in each investigation 

parameter and between the various renewable energy harvesting designs to analyze 

which possible design out performs the others. All values obtained for each 

renewable charging method were estimated based on various assumptions and these 

values can be affected by factors that were not able to be accounted for in this study. 

More descriptive and accurate results require a greater in depth investigation into 

each design method. 
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In each category section and at the end of this section is a comparison chart 

that can be seen with the chart legend below. This comparison chart is a generalized 

format of presenting the comparison results that are discussed throughout this section 

of the report and takes into account the advantages/disadvantages of each design 

method. 

Table 26: Comparison Chart Legend 

 

 

 

 

Agrees

Neutral

Disagrees

Legend

Wind Wave

Design 1 Design 1

Withstand Impact Forces:

Withstand Surface Conditions:

Internal Occupied Volume:

Not Delicate/Intricate:

Not Significant Amount of Modifications:

Added Weight:

Design 

Complexity

Structural 

Integrity

Power Generation:
Best Case: Worst Case: Best Case: Worst Case:

Solar 

Design 1 Design 2

Table 27: Example of Comparison Chart 
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4.1 Power Generation vs. Time 

This investigation parameter was earlier defined as the investigation into how 

much power can be produced by a design method. In the following sections, each 

design category and energy production method results are presented and discussed 

upon in terms of power generation. In addition, an overall comparison between the 

design methods is made to determine which method is the most ideal in terms of 

power generation. 

The motion of the ocean’s surface created by wind and wave action creates 

dynamic movement of the vehicle when it is resting at the surface and therefore, 

energy production (of any of the proposed methods) will not be consistent. When 

energy production is inconsistent in a system, power management strategies are 

incorporated to account for the variability that can be experienced. Power 

management systems strategically adjust the utilization of the available energy so 

that energy is not wasted and only used when necessary [43]. These systems monitor 

the real time power distribution throughout all of the vehicle’s control components 

and make power distribution adjustments so that pre-determined vital components 

are assured to receive appropriate power levels. It is highly recommended that 

autonomous underwater vehicles of any kind incorporate a power management 

strategy. Power management systems are unique to each system they are 

incorporated into and is why further investigation is not being done in this report.  
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4.1.1 Solar  

Solar Design 1 results found that the design would produce ~3.7 Wh in a best 

case scenario and ~0.23 Wh in a worst case scenario using the solar panels that were 

selected.  

Solar Design 1 

Best Case: Worst Case: 

~3.7 Wh ~0.23 Wh 

 

Below are the advantages and disadvantages in terms of power generation for Solar 

Design 1: 

Advantages: 

 The design of solar panels has significantly advanced over time and means 

that flexible, weather/water resistant solar panels with various power outputs 

are readily available. Panels can be customized to meet design requirements 

and the panels selected for Solar Design 1 were selected as proof of this 

concept.  

 The wrap around design allows solar energy to be captured from all angles 

while resting on the surface of the ocean. Using Lambert’s Law of 

Absorption equations, the intensity of solar radiation below the ocean’s 

surface was calculated to determine how much energy can be extracted from 

panels at that depth. 
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 While solar panels can experience degradation from excessive heat and sun 

exposure, the constant presence of ocean water washing over the panels in 

Solar Design 1 helps keep the panels cool and therefore decreases the 

negative effects of sun exposure. This was proven in experiments done in 

reference [45] that found efficiency was improved when panels were placed 

under water up to around 5 centimeters in depth. 

Disadvantages:  

 The power generation results do not factor in the constantly changing motion 

due to waves and wind forces, which changes the angle that solar radiation 

is felt by the solar panels and therefore does not allow for consistent energy 

production. It has been proven in studies of reference [38] that an increase 

in sea state from sea state 1 to sea state 2 resulted in a decrease in energy 

production of around 15% and between sea state 2 and sea state 3 there was 

a decrease of around 10%. This means that the Solar Design 1 can be 

expected to experience these negative effects.   
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 As it was previously discussed in earlier sections and shown through the 

results of experimentation, the formation of biofouling can decrease the 

system’s ability to collect and produce energy. It was shown in the 

experiment done in reference [38] that within roughly 30 days, the panels 

used in the experiment experienced around 70% biofouling coverage which 

decreased panel power output by about 50%. To reduce the negative impacts 

of biofouling, the vehicle would need to be retrieved and receive regular 

cleaning services.  

 The unpredictable nature of ocean weather means that energy production 

will not be consistent and the vehicle may not be able to account for a lack 

of available solar radiation when weather/cloud conditions are unfavorable. 

In addition, available solar radiation can be significantly affected by the 

location the vehicle is operating in – some locations experience more or less 

solar energy when compared to other locations. Solar energy is a weather 

condition that could be absent for significant amounts of time, thus hindering 

the vehicle’s ability to recharge. 

Solar Design 2 results found that the design would produce ~10.56 Wh in a 

best case scenario and ~0.66 Wh in a worst case scenario using the solar panels that 

were selected. 

Solar Design 2 

Best Case: Worst Case: 

~10.56 Wh ~0.66 Wh 
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Below are the advantages and disadvantages in terms of power generation for Solar 

Design 2. 

Advantages: 

 As has been previously expressed, the advancement of solar panels allows 

customizable panels to be made to fit desired energy production 

requirements.  

 The extension of the solar wings in this design allows a larger surface area to 

experience direct solar radiation and results in higher energy production. 

 While the extended solar panels would be expected to be parallel with the 

ocean’s surface, there will still be water constantly washing over the panels 

which, as has been discussed, decrease degradation of the solar panels. 

Disadvantages: 

 Since Solar Design 2 will also be subjected to the ocean environment, it will 

also experience the same decrease in energy production due to the presence 

of biofouling that was seen in Solar Design 1. This also means that the vehicle 

will have to be receive cleaning services to maintain energy production.  

 While the extension of the solar panel wings adds some stability, the vehicle 

is expected to still experience significant motion due to wave and wind action 

as is expected to be experienced by Solar Design 1. As was previously stated, 

with the increase in sea states there is a decrease in the amount of solar 

radiation that is captured by the panels.  
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 This design is also greatly dependent on the ocean’s weather/cloud conditions 

like Solar Design 1 is and energy production is only viable when conditions 

are permitting. Solar energy is a weather condition that could be absent for 

significant amounts of time, thus hindering the vehicle’s ability to recharge. 

 The actuators that act as the extending mechanisms of the solar panel wings 

require energy to be activated and this takes away available energy that could 

be utilized by the vehicle otherwise. While this energy may be of a small 

amount, it is of worth to note when making design comparisons.  

4.1.2 Wind 

Wind Design 1 was found to produce the following watt-hours when subjected 

to various wind speeds: 

Turbine Power Output [Wh/Day] 

  Rotor Height (m): 
  5 in 10 in 15 in 20 in 
  0.127 0.254 0.381 0.508 

Wind Speed 

(m/s): 

1 0.11 0.22 0.34 0.45 

5 13.99 27.98 41.97 55.95 

10 111.91 223.82 335.73 447.64 

15 377.69 755.39 1133.08 1510.78 

20 895.28 1790.55 2685.83 3581.10 
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Although it was calculated that the highest power production was 3581.1 Wh/Day 

with a 20 m/s wind speed, it is reasoned that the rotor device will not experience this 

level of constant wind speed due to the chaotic and turbulent nature of the wind at 

the ocean’s surface. 

Below are advantages and disadvantages in terms of power generation for Wind 

Design 1: 

Advantages: 

 The success of energy harvesting done by a Savonius rotor can be 

significantly influenced by the efficiency of the generator that is used. 

Generators come in wide varieties with various parameters and this allows 

for many customizable options that can fit design requirements.  

Disadvantages: 

 Even with incorporating an absolute stability reinforcing mechanism to limit 

overturning of the vehicle, it can still be expected that the vehicle will be 

affected by wave motion and therefore the extended rotor will move with the 

vehicle. This changing movement of the rotor means that the impacting angle 

of the winds will not remain perpendicular on the rotor blades and will not be 

able to produce consistent energy. 

 Winds on the very surface of the ocean can often be sporadic and the more 

presence of wind action on the ocean’s surface creates more wind driven 

waves. As was just explained in the previous bullet, higher wave motion 
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limits the amount of energy that can be produced by the system. This factor 

can limit where the vehicle can travel because some locations experience high 

winds and high wave motions.  

 This design is also dependent on the weather in that there can be times when 

there is not significant wind present and the vehicle would have to be able to 

account for a lack of wind energy much like would need to be done with the 

solar designs. However, wind is a more present weather condition that rarely 

ever absent for long periods of time. 

 There is a risk of biofouling forming on the rotor blades and rotor shaft 

because the cavity that houses the rotor is flooded for most of its life span. If 

too much forms, it can prevent the design from operating at optimum 

efficiency and would need to be routinely cleaned.  
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4.1.3 Wave 

Through prototype testing, it was found that an average of 2.5 volts per 3 

minutes was generated. These results were gathered experimentally in conditions that 

were not easily controlled and therefore not fully representative of the complete 

capabilities of the design. These results give a generalized prediction of the possible 

output.  

Trial 1 (V) 2.3 

Trial 2 (V) 2.7 

Average (V) 2.5 

Watt-hour (Wh) 1.21 

 

Below are advantages and disadvantages in terms of power generation for Wave 

Design 1: 

Advantages: 

 There are multitudes of combinations that result in a multitude of voltage 

outputs – the amount of copper coil and the size of the magnet used is what 

determines the voltage output. This allows for extremely customizable 

designs that can be made to fit desired specifications.  

 The small size of the vehicle makes it more easily affected by the wave 

motions and can capture wave energy of smaller proportions. The smaller 

vehicle allows for more influence from wave motion. 
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 Due to the chaotic nature of the ocean, there will more often than not be wave 

motion that the vehicle can derive energy from. 

Disadvantages: 

 The amount of available energy is dependent on the current wave 

conditions. If the wave conditions are not adequate enough to engage the 

magnet in the energy conversion device, energy can’t be generated to 

charge the vehicle.   

4.1.4 Power Generation Comparison 

Table (28) shows the overall power generation comparison between the 

different designs. Based on power generation alone, Wind Design 1 proves to be the 

top choice; however, after considering the advantages and disadvantages of each 

design, Solar Design 1 and Wave Design 1 are more fittingly the top choice and are 

highlighted in green. This was mainly because the Wind Design 1 cannot be reliable 

or consistent in power generation. The Wave Design 1 tops the Solar Design 1 

because Solar Design’s power generation can be negatively affected by corrosion 

and biofouling. The Wave Design 1 is not affected by corrosion and biofouling and 

is therefore the superior design for this category. 

Table 28: Power Generation Comparison Chart 

 

Wind Wave
Design 1 Design 1

~3.7 Wh ~0.23 Wh ~10.56 Wh ~0.66 Wh

Solar 
Design 1 Design 2

Worst Case:
~0.11 - 3581 Wh ~1.2 WhPower Generation:

Best Case: Worst Case: Best Case:
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4.2 Structural Integrity 

 This investigation parameter was earlier defined as the investigation into each 

renewable energy charging method’s ability to operate at the ocean’s surface in 

various oceanic conditions and after being subjected to impact forces experienced 

when the vehicle is launched from an aircraft. In the following sections, each design 

category and energy producing method results are presented and discussed upon in 

terms of structural integrity. In addition, an overall comparison between the design 

methods is made to determine which method is the most ideal in terms of structural 

integrity. 

4.2.1 Impact Forces 

Basic calculations and simulation results show that the vehicle and onboard 

charging designs would experience significant impact forces when deployed from 

the sonobuoy launching system onboard the carrying aircraft ranging around 16,000 

kPa. These impact forces are also expected to be felt by typical A-size sonobuoys 

and is why these devices are equipped with parachutes that deploy when the 

sonobuoy is released from the launching system. Once the parachute is deployed, it 

slows the decent of the device to an acceptable and non-threatening speed to ensure 

the device is not damaged upon impact. Once the sonobuoy reaches the surface of 

the ocean, the parachute detaches from the device to be retrieved later or is 

manufactured with materials that disintegrate in water without posing any 

environmental threats. As it was previously stated in earlier sections of this study, it 

is highly recommended that this same parachute system be incorporated with the 
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µAUV in this investigation to eliminate the risk of being damaged on impact. 

Therefore, in the comparison of each design’s structural integrity, the ability to 

withstand impact forces without a decelerating parachute system will not be 

considered. 

4.2.2 Solar 

 A critical factor in the success of either of the solar designs presented in this 

report in terms of structural integrity is the ability of the solar panels to be able to 

withstand impact forces and rough wave motion. The selected solar panels used in 

this study are proof that flexible and force resistant options are readily available. 

These panels do not contain any glass or glass composite material and therefore will 

not fracture when impacted.  

Below are advantages and disadvantages in terms of structural integrity for Solar 

Design 1: 

Advantages: 

 The flexible and water resistant solar panels used in this investigation are 

made with composite material that will not fracture (such as would happen 

with glass material) upon impact with the ocean’s surface.  
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 This design’s 360-degree coverage guarantees that available solar radiation 

will be captured from all angles and therefore this design has an advantage of 

being able to operate at the ocean’s surface in various oceanic conditions. It 

is of worth to note that the power generation that can be expected at various 

oceanic conditions differs from this point of being operable at the ocean’s 

surface and was also discussed in section 4.1.1 Solar. 

Disadvantages: 

 The solar panels are suggested to be attached to the vehicle through adhesive 

or mechanical fasteners and then covered with a protectant seal. There is a 

possibility that the seal and adhesive/fasteners are damaged or weakened 

when subjected to oceanic conditions. Corrosion of fasteners and degradation 

of the seal and adhesive can cause the solar panels to detach from the vehicle 

or become damaged.   

 The wires that connect the solar panels to the power system within the vehicle 

will be fed to the internal portion of the vehicle through entry points that will 

be drilled or cut into the side of the vehicle. While these connection points 

will be minimal and made to keep water from leaking into the vehicle, there 

does exist the possibility that if these entry points are compromised, a water 

leak could occur and could damage internal components.  
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Below are advantages and disadvantages in terms of structural integrity for Solar 

Design 2: 

Advantages: 

 This design is similar to Solar Design 1 in that when the vehicle impacts the 

surface of the ocean, the solar panel wings will not be extended and the solar 

panels will have the same advantage of being able to withstand impact forces 

and maintain operable structural integrity. 

Disadvantages: 

 This design incorporates several moving components that extend the solar 

panel wings when they are needed to collect solar energy at the ocean’s 

surface. Higher sea states and wind speeds creates greater wave action; this 

wave action can make it difficult for the solar panel wings to extend outwards 

and can be hazardous to their structural integrity once they are extended. 

There is a risk that they could be damaged when extended.  

 The moving components that are used for the extension and retraction of the 

solar panel wings are exposed to oceanic conditions. This exposure can lead 

to corrosion or degradation of these moving components and thus comprises 

the structural integrity of the design.  
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4.2.3 Wind 

The success of this design when measured based upon structural integrity is 

satisfied if Wind Design 1 can operate at the ocean’s surface during various 

environmental conditions. 

Below are advantages and disadvantages in terms of structural integrity for Wind 

Design 1: 

Advantages: 

 Because the rotor will be retracted and located within the vehicle in a 

floodable cavity during vehicle deployment from the aircraft, it will be 

protected from impact forces and is expected to survive landing.  

Disadvantages: 

 Even though it is assumed that an absolute stability enforcing mechanism will 

be incorporated on the vehicle, there is still a possibility that the rotor will be 

impacted by waves when deployed. The ability of the rotor blades and rotor 

shaft to withstand possible impact from waves depends on the strength of the 

material that is used. The material that was suggested in this investigation has 

a tensile strength of 75 MPa [55]. The rotor shaft has the highest possibility 

of being damaged by heavy wave forces. 

 It was previously noted that the presence of biofouling and corrosion can have 

negative impacts on power generation. It is also true that biofouling and 

corrosion of the rotor blades, rotor shaft, and shaft connection points can 
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cause negative structural impacts. The design is made to be housed when not 

deployed in a floodable cavity in the vehicle and because the design will be 

subjected to ocean water it has the risk of developing biofouling or corrosion. 

If an abundance of biofouling forms on the rotor blades, shaft or shaft 

connections, the systems will not be able to perform at peak efficiency. In 

order to mitigate the possible risks of biofouling and corrosion, the vehicle 

will need to receive regular service cleaning.   

4.2.4 Wave 

 Success of Wave Design 1 in terms of structural integrity is determined by 

the ability of the design to generate power while at the surface of the ocean. 

Below are advantages and disadvantages in terms of structural integrity for Wave 

Design 1. 

Advantages: 

 The possibility of biofouling and corrosion are eliminated because the 

energy-converting device is located internally and not exposed to ocean water 

and environmental elements.  

 Because the device is located internally and protected by the hull of the 

vehicle, it is less likely to be negatively affected by extreme oceanic 

conditions and impacts. This design is robust thanks to its need to be installed 

internally. 
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Disadvantages: 

 This design involves several windings of copper wire and a moving magnet 

configuration that will need to be reinforced to ensure all of the components 

are secured and don’t hit the inner walls of the vehicle or shake wires loose. 

If not properly secured and reinforced, the components can possibly become 

damaged. 

4.2.5 Structural Integrity Comparison 

Table (29) shows the overall structural integrity comparison between the 

different designs. The structural integrity comparison found that the design that has 

the best ability to operate at various sea states would most likely be Wave Design 1 

and is highlighted in green. Unlike its components, this design performs better at 

higher sea states. It benefits from being mounted within the vehicle, protected from 

harsh oceanic conditions. Wave Design 1 is the only design that is not effected by 

corrosion or biofouling assuming that there are no failures to the vehicle. 

Table 29: Structural Integrity Comparison Chart 
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Disagrees

Legend
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Design 1 Design 1
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4.3 Design Complexity  

 This investigation parameter was earlier defined as the investigation into how 

complex/intricate a design method is. It is an investigation into how much vehicle 

modification, extra materials/weight, and internal occupied volume is needed for 

each design.  In the following sections, each design category and energy producing 

method results are presented and discussed upon in terms of design complexity as 

has been stated. In addition, an overall comparison between the design methods is 

made to determine which method is the most ideal in terms of design complexity. 

4.3.1 Solar 

As was shown previously, Solar Design 1 involves wrapping flexible solar panels 

around the main body of the vehicle to capture solar energy from all angles. The 

dimensions of the panels that were chosen allowed for ~11 solar panels to be wrapped 

around. This design is simple in vehicle modification:  

 The solar panels can be attached to the outside of the vehicle through 

adhesives or mechanical fasteners. Both methods are non-expensive, have 

low manufacturing time, and does not require significant permanent 

altercations to vehicle design. 

 Connection wires of the panels can be fed into the vehicle and to the battery 

system through an underwater mateable connector implanted in the vehicle 

hull. 
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The following table that was presented earlier gives the amount of added weight 

Solar Design 1 adds to the vehicle: 

Total Added Weight 

(grams): 

3.17 cells + 8 cells =  

11.17 cells 

11.17 cells x 28 grams = 

312.76 grams  

~ 0.689 pounds 

 

As was stated in earlier sections of this report, the amount of internal volume that 

would be required of this design is insignificant and is therefore classified as 

requiring no internal volume.  

Below are advantages and disadvantages in terms of design complexity for Solar 

Design 1: 

Advantages: 

 The solar panels used in this investigation are lightweight and do not add 

significant weight to the vehicle. Roughly ~0.6 pounds is added to the overall 

weight of the vehicle.  

 Vehicle modification is minimal and largely involves semi-permanent 

modifications to the outside of the vehicle. The only invasive requirement of 

this design is connecting the solar panel wires to the internal components of 

the vehicle, which was previously described above.  
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 This design does not occupy any internal volume, which leaves space for 

vehicle components and devices.  

 No additional vehicle programming is needed to support this design. 

Disadvantages: 

 After thoroughly analyzing Solar Design 1, it is concluded that this design 

presents no disadvantages in terms of design complexity.  

 Solar Design 2 involves wrapping the top portion of the main body of the 

vehicle with the flexible solar panels used in this study while the remaining 

sides/underneath section of the vehicle extends outward so that the panels are 

horizontal to the ocean’s surface and can experience more direct solar radiation. This 

design also allows for ~11 solar panels to be used. This design is not simple in vehicle 

modification due to the extension of the solar panel wings. 

 The solar panels that are located on the top surface of the vehicle can be 

attached in one of the same manners as was described in Solar Design 1; 

through adhesives or fasteners.  

 It was proposed in this investigation that the solar panel wings are extended 

outwardly/upwardly through the use of electronically controlled actuator 

hinges that will need to be mounted or fastened permanently to the vehicle 

and made waterproof if the hinges aren’t already.  



137 

 

 The solar panel wings themselves will need to be reinforced through a frame 

design or layering the solar panels within protective, sturdy composite 

material (i.e. epoxy).  

 The connections of the solar panels and actuator hinges can be fed into the 

vehicle and to the battery system through an underwater mateable connector 

implanted in the vehicle hull. 

The following table that was presented earlier gives the amount of added weight 

Solar Design 2 adds to the vehicle: 

 

Total Added Weight (grams): 

11.17 cells 

11.17 cells x 28 grams = 

312.76 grams  

~ 0.689 pounds 

4 hinges & wing 

reinforcement 

0.689 pounds + 1 pound =  

~1.689 pounds 
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Below are advantages and disadvantages in terms of structural integrity for Solar 

Design 2: 

Advantages: 

 Similar to Solar Design 1, Design 2 does not require a significant amount of 

additional weight to be added to the vehicle. This design requires the same 

~11 solar panel cells, which comes to ~0.7 additional pounds. The hinges 

needed to extend/retract the solar panel wings and the reinforcement of the 

wings is an additional ~1 pound. Overall, this design requires ~1.7 additional 

pounds and this weight is not considered significant.  

 This design also does not require significant vehicle modifications – much 

like Solar Design 1, Design 2 will require the solar panels to be attached to 

the vehicle through adhesives or mechanical fasteners and is not considered 

a significant modification. The installation of the hinges used in 

extension/retraction and connection points for the solar panel wires are the 

only invasive modifications needed. 

 This design does not require any internal volume of the vehicle and leaves 

open space for internal components. 
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Disadvantages: 

 The hinges used in extending/retracting the solar panel wings will need to be 

made water and corrosion resistant if they are not already manufactured to 

those standards. These hinges are expected to be subjected to oceanic 

conditions at all times and if they are not protected properly, corrosion can 

be detrimental to their functionality.  

 The solar panel wings of this design will need to be shaped to match that of 

the vehicle hull so that they are flush with the vehicle when not deployed as 

to maintain proper hydrodynamics of the vehicle underway.  

 Power and communication lines will need to be connected to the hinges so 

that the vehicle can control the extension/retraction of the solar panel wings. 

This requires that the controls of the vehicle be programmed to complete 

these actions. 

4.3.2 Wind 

Wind Design 1 utilizes the wind harvesting capabilities of a Savonius rotor 

that is located in a floodable cavity within the mid-body section of the vehicle. When 

needed, the rotor will extend upward to harness wind energy and will retract into the 

cavity when completed. Multiple rotor lengths were examined in calculations 

performed in the Methodology section of this report. The following are vehicle 

modifications needed for this design: 
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 The Savonius rotor system will be placed within the mid-body section of the 

vehicle where there is the most available internal space. The cavity that 

houses the rotor when it is not deployed will be a floodable cavity that is 

separated from the internal components of the vehicle. The material of the 

cavity should be of the same material used as the external wall of the vehicle 

as it will also be subjected to oceanic conditions when flooded.  

 The cavity will be covered with flexible ‘flaps’ that allow the rotor to extend 

and retract while also helping to maintain the vehicle’s hydrodynamics.  

 The rotor will be extended/retracted using a hydraulic actuator arm mounted 

within the floodable cavity and will be controlled by the vehicle’s 

communication and power system. The actuator mounting points will need to 

be made water resistant to ensure that water does not leak to the internal 

sections of the vehicle. Figure (75) below shows an enlarged photo of the 

generalized actuator arm proposed for this design. 

 

Figure 75: Actuator Arm for Wind Design 1 
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The following table was seen earlier in this report and lists the occupied 

volume that the various rotor dimensions take up within the vehicle.  

 

 Rotor Height (in): 

Cavity Area (in2):  

(Inner wall dia * Inner wall dia) = 21.4 
5 10 15 20 

Occupied Volume (in3): 107 214 321 428 

 

 

The following table that was also presented earlier in this report lists the 

additional weight that the various rotor dimensions adds to the overall vehicle 

weight.  

 

 

 

 Rotor Height (in): 

 5 10 15 20 

Blade Volume (in3): 22.3 44.6 66.9 89.2 

Added Weight (g): 438.64 877.28 1315.92 1754.56 

Rod Volume (in3): 12.57 25.13 37.70 50.27 

Added Weight (g): 247.18 494.36 741.54 988.72 

Overall Added Weight (g): 685.82 1371.64 2057.46 2743.29 

Weight in lbs.: 1.51 3.02 4.54 6.05 
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Below are advantages and disadvantages in terms of design complexity for Wind 

Design 1: 

Advantages: 

 The weight that is added by any of the rotor dimensions does not exceed the 

overall weight limit of 15 pounds. It can be seen from the table that the 

highest additional weight is around 6 pounds.  

Disadvantages: 

 This design is considered complex because it involves various moving parts 

that can be sensitive to corrosion, biofouling and miscellaneous damage – the 

operation of the design is dependent on the functionality of the system. This 

design requires significant vehicle modifications that are precise and 

permanent - there is little room for mechanical and modification errors. It also 

requires more materials that are of a different variety than what is already 

needed for the vehicle.  

 For this design, four different rotor dimensions were used in calculating 

occupied volume and a range between ~100 in3 and ~430 in3 was found. The 

longer the rotor length is, the more internal occupied volume is required.  The 

rotor is designed to be placed in the mid-body section of the vehicle – the 

higher the amount of occupied volume is needed for the design means that 

the current internal component layout will need to be altered to fit the rotor 

design.  
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 This design requires a floodable cavity to house the Savonius rotor and this 

means that the housing unit will have to be made water resistant so that 

internal components are not damage. To ensure water damage does not occur, 

the actuator mounting points have to be reinforced with special water 

resistant mechanical gaskets, also known as O-rings. This requirement is 

significant and if not done properly can be detrimental to the operation of the 

vehicle.  

 The floodable cavity also brings the risk of corrosion and biofouling because 

it is subjected to the oceanic conditions. The possible damages that can occur 

due to corrosion and biofouling was previously mentioned in detail in the 

Structural Integrity section of this report. To help prevent these damages from 

occurring, biofouling coatings and materials can be used along with frequent 

cleaning of the cavity area. To help prevent corrosion from negatively 

impacting the design, all materials used within the floodable cavity will need 

to be of the same materials or include sacrificial anodes to be placed within 

the cavity to redirect the possible corrosion.  

 The extension/retraction mechanism needed by the rotor design has to be 

controlled by the vehicle’s onboard computer and communication systems 

and therefore requires programming to be implemented within the system.  
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4.3.3 Wave  

As previously discussed in this report, this design involves generating power 

with an electromagnetic induction system. This consists of passing a magnet through 

a tube that is wound by copper wire. The system is needed to be embedded within 

the mid-body section of the vehicle and the magnet will be engaged when the vehicle 

is resting on the ocean’s surface. The following are vehicle modifications needed for 

this design: 

 The energy-converting device will need to be mounted on vertical stands or 

brackets in order to position it in the center of the vehicle. Nothing can be 

touching or in close proximity of the copper coil of the device or risk damage 

to components and interference with the system.  

 The two ends of the copper coil are to be connected through soldering to the 

desired data recording and analyzing software. 

 It is important that the copper wire winding is precisely wound, with minimal 

to no flaws to ensure the design can perform at peak efficiency. 

Internal Occupied Volume (in 3): 58.81 

Added Weight (lbs.): 1.7 
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Below are advantages and disadvantages in terms of design complexity for Wave 

Design 1: 

Advantages: 

 The Water Design 1 is located internally and does not need any preventative 

measures against corrosion or biofouling. 

 The size of the device can be customized to fit desired requirements and was 

proven in this study to not require a significant amount of internal occupied 

volume. 

 The design does not have any external moving parts and does not need the 

vehicle to be taken apart, which can lead to leaks, corrosion, and need for 

maintenance. This design benefits from not being disturbed once it has been 

assembled. It means it does not require dissembling unless suspected damage. 

Disadvantages: 

 Any other electrical devices that need to be placed near the copper wire tube 

and magnet will need to be protected from nearby electric current. Spikes in 

current through the copper coil and the proximity of the magnet can damage 

nearby components. 
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 Long term oscillations of the magnet through the tube will cause erosion to 

the tubing due to friction. The magnet will need to be paired with a material 

that has low roughness factor. Complete long term success would require a 

configuration that moves the coils past the magnet rather than the magnet 

slide through the tube.   

4.3.4 Design Complexity Comparison 

Table (30) shows the overall design complexity comparison between the 

different designs. Solar Design 1 is the obvious top choice for this category – it far 

exceeds the others in each subcategory. It is a lightweight, flexible and not complex 

design that requires minimal vehicle modifications.  

Table 30: Design Complexity Comparison Chart 

 

 

 

 

 

 

 

 

 

Wind Wave
Design 1 Design 1

Internal Occupied Volume: ~107 - 428 in^3 ~58 in^3

Not Delicate/Intricate:

Not Significant Amount of Modifications:

Added Weight: ~1.51 - 6.05 lbs ~1 lbs

Design 

Complexity
~0.6 lbs ~1.689 lbs

Solar 
Design 1 Design 2

0 ~1 in^3
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4.4 Overall Comparison  

 Table (31) shows the completed design comparison chart. The top design for 

each category is highlighted in green. Wave Design 1 was the top choice for two 

categories being power generation and structural integrity while Solar Design 1 was 

top choice in design complexity. The highest-ranking categories, in terms of 

importance to success, are power generation and structural integrity – these 

categories are primal to the success of the vehicle recharging its battery. Overall, 

Wave Design 1 has proven to be the most reliable, consistent, and robust design. It 

is of worth to note that Solar Design 1 is also a worthy design that would performs 

well. 

Table 31: Design Comparison Chart 

 

 

 

 

Wind Wave
Design 1 Design 1

~3.7 Wh ~0.23 Wh ~10.56 Wh ~0.66 Wh

Withstand Impact Forces:

Withstand Surface Conditions:

Internal Occupied Volume: ~107 - 428 in^3 ~58 in^3

Not Delicate/Intricate:

Not Significant Amount of Modifications:

Added Weight: ~1.51 - 6.05 lbs ~1 lbs

~0.11 - 3581 Wh ~1.2 Wh

Design 

Complexity

~0.6 lbs ~1.689 lbs

Structural 

Integrity

0 ~1 in^3

Design 1 Design 2

Power Generation:
Best Case: Worst Case: Best Case: Worst Case:

Solar 
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Chapter 5: Summary & Conclusions 

This thesis investigated the most optimal renewable energy design methods 

to be incorporated onboard a micro-autonomous vehicle that increases the 

deployment life of the vehicle. The results of this investigation opens the door for 

dramatically improving the abilities of underwater technology as a whole and brings 

into light the need for renewable energy design solutions. This topic of incorporating 

renewable energy methods on underwater vehicles is becoming a polarizing topic 

that has the potential of revolutionizing the way underwater technology interacts with 

the environment. A large and defining benefit of incorporating renewable charging 

systems onboard autonomous underwater vehicles is that in doing so, vehicle 

location is no longer constrained. If the vehicle carries its charging method with it 

wherever it goes, it does not have to travel back to a specific location to be charged 

nor does it have to be retrieved to charge or exchange batteries. Therefore, the vehicle 

can complete missions for longer periods with little to no intervention. By decreasing 

the need for intervention, the vehicle is less likely to be obviously detected and this 

greatly increases the potential of using autonomous underwater vehicles. It also 

significantly decreases the potential hazards of retrieval crew members and to the 

vehicle, reduces retrieval and operation costs, and saves time all associated with 

vehicle retrieval. Another beneficial factor is that using renewable charging methods 

eliminates negative environmental impacts of using non-renewable charging 

methods and is less costly.  
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Through calculations, software programming and experimental testing, 

various renewable energy charging methods were analyzed and compared against 

each other based on the following: power generation versus time, structural integrity, 

and design complexity. Each design was also investigated for advantages and 

disadvantages for each category. With the results of each investigation parameter and 

taking into account the advantages/disadvantages of each design, it was concluded 

that Wave Design 1 is the optimal onboard renewable charging method to improve a 

µAUV’s deployment life. It leads the way in versatility and can be customized to fit 

a wide array of desired parameters. It is light weight in design and is located 

internally, giving the design added protection from the outside environment. Its 

ability to harness energy from wave motion means that power generation is more 

readily available because wave motion has a more consistent presence.  

The vehicle studied in this investigation had specific dimensions and 

requirements with certain performance goals. A renewable energy power generating 

design that best answered these requirements was found for this vehicle. While this 

design was intended for this certain vehicle, it is important to note that each of the 

designs presented can be applied to a much larger requirement audience. The idea of 

implementing a renewable energy device can be extrapolated to vehicles of larger 

size, various operating missions and various purposes. There is also room for further 

vehicle capabilities and design option possibilities with the increase in size of 

autonomous underwater vehicles. Implementing renewable charging designs in 

underwater technologies can have a profound impact on the potential of these 
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technologies, helping to advance technological abilities. This advancement is 

something that could be utilized by a multitude of organizations or projects such as 

military use, marine research, search and rescue, and educational purposes.  

As was previously stated, this study is a broad investigation looking at 

various energy designs and design methods. Each design was analyzed only in detail 

that is relevant to the spectrum of detail in this report and with resources that were 

readily available. In other words, to determine the absolute optimal design, thorough 

investigations and experiments are suggested to be conducted of each design. It is 

recommended that future work include each proposed design be built a prototype and 

be tested both in controlled and natural environments. This investigation 

demonstrates the importance of the topic and the need for building prototypes for 

experimentation. Specifically, building a prototype of Wind Design 1 can help 

determine a more accurate power coefficient, which was previously suggested earlier 

in this report to be done in future works. It is also of great interest for future work to 

be done on creating simulations that analyze how the vehicle behaves while resting 

on the surface of the ocean in various oceanic conditions using software that utilizes 

computational fluid dynamics. Results from such simulations can greatly aid in 

determining the success of a design. As was previously stated, it is suggested that a 

more thorough investigation be done on each design method’s required energy 

conversion needs in order to determine the most accurate results for added weight or 

internal occupied volume. 
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This investigation has brought forth a look into possible engineering solutions 

that help to solve autonomous underwater vehicle energy limitations. Not only was 

this accomplished but it can be concluded that these solutions can be applied to 

underwater energy limitations in general. The question of what energy producing 

method between solar, wind, and wave would best be able to supply energy to a 

micro-autonomous vehicle while resting on the ocean’s surface was answered based 

on parameters that were set forth.  
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Appendices 

Appendix A: Riptide Autonomous Solutions, LLC Help Through E-mail [29] 

 

Appendix B: Arduino Source Code [64] 
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Appendix C: Simulink Full Wave Bridge Rectifier Code [66] 
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