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thesis, and I have thoroughly enjoyed the time I spent designing and construct-
ing theUSV.Nevertheless, thisprojecthasbeenchallengingandstressful at times
and Icouldnothaveaccomplished itwithout theexcellent guidanceandsupport
of my supervisors, Alex Alcocer and Tønnes Nygaard.

I would also like to thank Aksel Johan Frafjord, Alexander Halseth, and Pierre
Boniface for not only creating an amazingworking environment, but also for the
invaluable input and themotivation they have providedme.

Lastly, I would like to thank my family and friends for their unwavering sup-
port and encouragement during this challenging journey.

This thesis aims to contribute to the development of a low-cost and accessi-
blemethod of water qualitymonitoring, and I sincerely hope that it can serve as
a foundation for future research in this field.

Oslo, May 14, 2023

Jan-Philip Radicke



Abstract

This thesispresents anunmannedsurface vessel (USV)whichwasdesignedwith
the goal of providing a low-cost, highly accessible, and autonomous platform
for water quality inspection and monitoring in coastal areas and fjords. Tra-
ditional water quality monitoring methods often require expensive equipment
and highly trained personnel, limiting their accessibility and scalability. Solu-
tions for this present unmanned surface vessels which can be used for water
quality inspection, but are often too expensive and time consuming to deploy.
By contrast, the solar-poweredUSVbased on a stand-up-paddle (SUP) board of-
fers a fast, easy-to-deploy, and highly maneuverable platform for water quality
investigation andmonitoring.

TheUSV isequippedwithsolarpanels to reduce its relianceonexternalpower
sources and various sensors for water quality investigation andmonitoring. The
use of Ardupilot facilitates the operation of the vessel, which can be controlled
remotely from a shore-based station. All hardware is housed in cases mounted
to an aluminum frame, which provides durability.

The USV was tested at 30% and 50% throttle, and it was found to be more
efficient at 30% throttle, providing power for three hours of operation, provided
enough sunlight. However, futurework aims to improve the solidity of the frame,
fine-tune the PID controller of the vessel, andmap the sensor data taken during
missions.

The use of off-the-shelf components with highmarket availabilitymakes the
USV a viable option for mass production, costing around 50.000NOK. The de-
velopment of the USV offers a promising solution for affordable and accessible
water quality monitoring and inspection, which is crucial for maintaining the
health of coastal ecosystems and preserving the livelihoods of coastal commu-
nities.
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Chapter 1

Introduction

Aquatic ecosystems play a crucial role in maintaining the health and balance of
the environment. However, smaller coastal areas and fjords are currently threat-
ened by pollution, climate change, habitat destruction and overfishing. When
these issues becomeunmanageable, they should be taken seriously becausewa-
ter may not be able to completely neutralize contaminants[25]. It is therefore
crucial tomonitor the current state ofwater bodies, such as lakes, streams, rivers
or fjords, in order to identify any threatening longterm changes [23].

Conventional methods for water quality evaluation are often not sufficient
to cover concerns of this degree. They are often costly as well as and time- and
labour intensive. In addition, large parts of water bodies are often hard to reach
ordirectly inaccessible [11]. Thesemethods are also susceptible tohumanerrors
during sample collection, such as sample cross contamination ormisidentifica-
tion, incorrect transportation, and the use of wrong laboratory equipment [2].

Inmoderndays,monitoringcanbeperformedbyreadilyavailableunmanned
surface vessels equippedwith sensors to identify changes inwater quality. These
vessels can cover large areas faster due to somedegree of autonomy, but they are
often too expensive as well as impractical and time consuming to deploy [23].

The above mentioned limitations display the need for vessels with focus on
being low cost, fast to deploy, having higher degree of autonomy, and a generally
higher accessibility. This may be achieved by using more off-the-shelf compo-
nents with higher marked availability, allowing for the mass production of ves-
sels for the use of more effective water quality monitoring [29].
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1.1 Research Objectives and Scope
In lightof thepreviouslymentioned issues, thisproject focuseson thedesignand
productionof a lowcost, solar poweredunmanned surface vessel (USV). The fol-
lowing objectives are included in the design process of this USV:

TheUSVwill be based on a Stand-up-Paddle (SUP) board, which is fast to de-
ploy, easy to transport, and highly maneuverable. The frame carrying the hard-
warewill be simple, fast to construct, andmade of lightweightmaterials that can
withstandmarine environments. The USVwill be equipped with solar panels to
prolong the battery life and reduce reliance on external power sources. It will
also house various sensors for water quality investigation and monitoring. The
USV will have some degree of autonomy alongside GPS (global positioning sys-
tem) tracking.

This project does not aim to develop a finished product but instead to cre-
ate an operational vessel that can prove the suitability of the concepts and ideas
mentioned in this Section. Figure 1.1 visualizes the idea of the design.

Figure 1.1: 3Dmodel of the USV
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1.2 Ethical Contributions and Considerations
With every project, there are different ethics that need to be taken into consid-
eration. The following Sections present what considerations were taken during
the design process and construction of the USV, in addition to the contributions
this project makes to the environment.

1.2.1 United Nations’ Sustainable Development Goals
United Nations has adopted 17 different sustainable development goals, pre-
sented in Figure 1.2, which aim to protect the planet. As some of these goals
specifically refer to water quality, the quality of life under water, and the global
climate[36], this project makes natural contributions to achieving these goals.
The following Sections elaborate on these goals, and how the production of a
low-cost, solar powered, USV plays a part in achieving them. The complete list
of all goals is shown in Figure 1.2

Figure 1.2: United Nations’ global goals [32]

Clean Water and Sanitation This project contributes to UN’s SDG 6, which
aims to"protect andrestorewater-relatedecosystems, includingmountains, forests,
wetlands, rivers, aquifers and lakes" [35]. This project contributes to this goal by
providing a cheap and fastmethod ofmonitoring the quality of thesewater bod-
ies.
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Life Below Water Similar to SDG 6, this project contributes to the quality of
SDG 14: Life below Water. This goal aims to "sustainably manage and protect
marine and coastal ecosystems frompollution, as well as address the impacts of
ocean acidification"[34]. Whilemeasuringwater quality specifically contributes
to SDG 6, it assists SDG 14 indirectly. As elaborated on later, in Section 3.1.2,
water quality indicates the state of the environments at which life below water
exists, and thus provides information on the well-being of aquatic life.

Global Climate While SDGs 6 and 14 are more pivotal in this project, water
quality also plays a role in adjusting SDG 13: climate action. The global climate
does not only impactwater quality, butwater quality does also impact the global
climate [33]. Water bodies host algae, which mitigate rising atmospheric CO2
levels [37]. Similar to SDG 14, water quality monitoring can assist in assuring
growth of algae and other aquatic life.

1.2.2 Considerations and Potential Harms
While a USV can have positive impacts on the environment, there are potential
harms that need to be addressed and taken in to considerationwhen the vehicle
is being designed and operated. The following Sections address some of these
potential risks.

Hazadous Materials The USV might sink, capsize, or lose parts during oper-
ations, which can lead to environmental damage. Plastics, electronic devices,
batteries, andmetals pose threats to aquatic ecosystemswhich are not easily re-
versible. A sinking USV can also damage fragile ecosystems such as coral reefs
and seagrass beds.

NavigationandCollision TheUSVmightbesusceptible tocollisionswithother
vessels, structures, objects, or people in the water. This can result in damage to
theUSV, other vessels, or even injury. These concerns apply toboth the autopilot
andmanual operation.

Environmental Sensitivity The USV can cause disturbances to marine envi-
ronments, habitats, or water quality. During navigation, the USV can also cause
disturbing noise to not onlymarine environments, but other nearby people and
life.

4



1.3 Thesis Layout
The rest of the thesis is structured as follows.

Background explains what a USV is and presents various previous research
that is conducted in regards to low cost.

Theory covers relevant principles that should be known for this thesis. It cov-
ers commonparameters that canbemeasured formonitoringwater quality, hull
types, GPS, power consumption, etc.

The Materials Section of this report presents all major components andma-
terials used for this project.

TheMethodologyexplainshowtheUSV isdesignedandconstructed. Itpresents
some previous prototyping ideas, the current design, and how the frame, hard-
ware, and software is set up. Lastly, it explains theprobe- andRaspberry Pi setup.

TheResults Sectiondemonstrates the viability of the components anddesign
chosen for this project. In addition, the Section presents results from the various
tests that were performed.

TheDiscussion reflects on the results of theUSVand aims to suggest possible
improvements for future attempts.

The Conclusion of this report summarizes the complete thesis.

Lastly, the Appendix contains a link to the Github repository of this project
and shows figures of the 3Dmodels that were created for this thesis.
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Chapter 2

Background

The followingChapterprovidesa literature review,historyandusecases forUSVs,
and previous and related work in the context of this thesis.

For this thesis, most of the sources were obtained from Google Scholar. In
regards to publishing dates, all sources regardingUSVs and their technical spec-
ifications were retreived from 2019 and onwards due to the rapid technological
advancements in recent years. Common searches for this topic included "Un-
mannedSurfaceVessel," "AutonomousSurfaceVessel," "WaterQualityMonitor-
ing," and "Low Cost USV."

Sources related to fundamental aspects of water quality, such as water qual-
itymeasurements and parameterswere not limited to a specific publishing year.
Information on these topics was found on blogs, academic papers, and books.

Figures were sourced from their original location, such as the websites on
which they were purchased or official websites. Information on the parts used
in the Materials Section was retrieved from official documentation or the web-
sites where they were purchased.

The workings of the probes are explained according to the information pro-
vided by their vendor, Atlas Scientific, and are cited in their respective sections.
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2.1 Overview of USVs and Applications
The following Section defines what a USV is and presents an overview of their
historical development and common applications.

2.1.1 Definition of an USV
USVs are ships or boats that do not require operators on board. Instead they get
controlled from afar and thus produce several benefits, such as lower develop-
mentandoperationcosts, improvedpersonnel safetyandsecurity, andextended
operational range [27].

USVs usually have some, although varying, degree of autonomy. Therefore,
they are often called autonomous surface vessels, but the two terms are often
used interchangeably, depending on the context and industry. Generally, USVs
have some level of autonomy or self-navigation capabilities, which can range
from basic waypoint following to more advanced capabilities such as obstacle
detection, obstacle avoidance, decisionmaking, and adaptivemission planning
[39].

2.1.2 History and Usage of USVs
The idea of USVs can be traced back to World War II, when the first remotely-
controlled boats were developed for military purposes. Since then, the technol-
ogyhasevolvedandexpanded tootherareas suchas scientific research, oceanog-
raphy, environmental monitoring, offshore oil and gas, and shipping [59]. USVs
are also used in general robotic research and development to improve their au-
tonomy, navigation, and decision-making capabilities. Lastly, USVs are used for
public purposes such as search and rescue and disaster response [31].

2.2 Previous Work on Low Cost Unmanned Surface
Vessels

Previous researchoncheapandreproducibleunmannedsurfacevehicles (USVs)
has focused on developing low-cost, easy-to-build platforms for a variety of ap-
plications. These applications include oceanography, environmental monitor-
ing, and search and rescue operations.

For instance, researchers at OsloMet have build a low-cost USV operated by
wave and solar energy. The vessel, depicted in Figure 2.1, is composed of a sur-
face unit and a submerged unit, linked together with a tether, both electrically
and mechanically. The hull is a multihull, and is created using fiberglass, and
polyvinyl chloride (PVC)was chosen for the frame due to itsmechanical proper-
ties and low weight. The frame was then manufactured using a 3D CNC router
and assembled using stainless steel bolts and locknuts. A server is created that
allows users to set new waypoints and see the collected data. The vessel takes
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measurements of conductivity, pH (power of hydrogen), dissolved oxygen (DO),
and temperature [12].

Figure 2.1: 3Dmodel of the wave- and solar powered USV[12]

Another solution has focuses on an autonomous raft vehicle (ARV), which
has as its purpose to improve ARVnavigationwith the A-star (A*) pathfinding al-
gorithm over multi-way-point. The ARV is build as a raft-like vessel, containing
two PVC pipes and an aluminium frame to connect the two hulls [13].

Researchersat the InstituteofMarineResearchpresentaprototypeUSV,named
the Kayak Drone, which was built to fulfill experimental and operational needs
such as:

• inshore and shallow water acoustic monitoring

• offshore comparison of echo sounder recordings

• monitoring natural fish schooling behavior

• monitoring seabird-fish behavioral interactions

The Kayak Drone shown belowwas built using off-the-shelf hardware and exist-
ing open-source software, resulting in amodular and low-cost USV based on an
expedition double kayak hull. In situ experiments demonstrate that the Kayak
Drone produces very little noise and can record echo sounder data of fish near
the surface without disturbing their natural distribution and behavior. This was
achieved by silent propulsion and a slim hull as to minimize the pressure field.
TheKayakDronewas also able to navigatewithin a couple ofmeters from swim-
ming seabirds without triggering escape, making it a useful tool for observing
predation by seabirds on fish schools without interfering with their natural be-
havior. Overall, the authors foresee that theKayakDrone canbeutilized inmany
different experiments where a silent platform is needed [58].
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Figure 2.2: Kayak drone [58]

[23] provided work done on a SUP board-based USV that proved itself to be
portable and capable of performing surveys at several sites in Rhode Island. A
frame made of carbon fiber tubes was mounted to the SUP board. The frame
can be folded such that transport is made easier, and may be attached to the
board by fastening strips. For the hardware, the vesselmakes use of off-the-shelf
components like theOrangeCubeautopilot andT200 thrusters. The totalweight
of the USV is 21kg. An isometric overview of this design is depicted in Figure 2.4.

Figure 2.3: Isometric overview of the paddleboard USV[23]
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Another solution that has focus on
cost-effectiveness and reproducibility
is the water environmental mobile ob-
server (WeMo). The vehicle has been
realized exploiting off-the-shelf com-
ponents and is provided with an ar-
ray of sensors tomeasure chemical and
physical parameters. With the vessel
being more reproducable, it aims to
create an eco-system of USVs for lo-
cal communities and administrations,
with thepurposeofmonitoringecolog-
ical statuses.

Figure 2.4: Water environmental mo-
bile observer (WeMo) [29]

The vessel is build by the use of an ABS plastic box and two lateral rescue
cans. Using various sensors, it measures pH, ORP (Oxidation-Reduction Poten-
tial), salinity, DO, flow rate, and water depth [29].

[62] discusses the challenges ofwater sampling andproposes the use ofUSVs
to collect water samples and analyze them. This USV focuses on shallow water
bathymetrymapping, which is theprocess ofmeasuring andmapping thedepth
and topography of underwater environments. The USV was equipped with two
BlueRobotics T200 thrusters, a 1D sonar sensor, a 14.8V 7200mAh 4S LiPo bat-
tery, a microcontroller, ESCs, and other sensors. All electronics were placed in
waterproof containers, with wires entering through water-tight cable penetra-
tors andwaterproof epoxy. The compass was placed in a separate container and
shieldedwith aluminum foil to prevent false readings. A plastic cover and a rope
framewere added to prevent water from entering the upper cavity and provide a
quick connection point for the retrieval rope. The prototypeUSVweighs 6.44kg.

Figure 2.5: USV prototype [62]
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Chapter 3

Theory

ThisChapterpresents informationon relevantprinciples and theory suchashull
design, GPS, probes, power consumption, and the use of metals inmarine envi-
ronments.

3.1 Aquatic Data Collection and Sensors
The following Sections provide information on aquatic ecosystems and present
different parameters that can bemeasured whenmonitoring water quality. Sec-
tion 3.1.3 provides an overview of ideal parameters for fresh- and saltwater.

3.1.1 Definition and Importance of Aquatic Ecosystems
Aquatic ecosystems are water-based environments, such as lakes, rivers, and
oceans, where living organisms interact with both physical and chemical fea-
tures of the environment. Aquatic ecosystems and life perform several valuable
functions for the environment. Among others, the ecosystem recycles nutrients,
maintains streamflow, recharges ground water, produces food, and purifies wa-
ter. On a larger scale, aquatic ecosystems contribute by regulating the global
climate, through the exchange of carbon dioxide between the atmosphere and
the ocean. The ocean absorbs about 30% of the carbon dioxide released into the
atmosphere by human activities, which helps to mitigate the effects of climate
change.[25].

However, aquatic ecosystems are facing numerous threats, including pollu-
tion, climatechange, overfishing, andhabitatdestruction. Monitoring thehealth
of aquatic ecosystems is important for understanding their current state. Water
has the ability to neutralize contamination, but if the contamination becomes
uncontrolled, the self-generating capacity can be lost. Therefore, it is important
to identify any changes that could threaten their long-term sustainability [5].
USVshaveprovenas a valuable tool in regards tomonitoring aquatic ecosystems
by the help of sensors, which provides information about the health of aquatic
ecosystems and the impacts of human activities on these systems [12].
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3.1.2 Measurements of Water Quality
There are several parameters that can bemeasured tomonitor the water quality
of aquatic ecosystems. Some of themost commonmeasurements that are taken
are as follows.

pH level The pH level of water (Power of Hydrogen) can affect the survival and
growth of aquatic organisms. It measures the the acidity or alkalinity of water,
with a pHof 1 being strongly acidic, a pHof 7 being neutral, and a pHof 14 being
strongly basic (also called alkaline). ThepHscale is logarithmic. Thismeans that
each number below 7 is 10 times more acidic than the previous number when
counting down, and vise versa, as demonstrated in Figure 3.1. Different species
of aquatic life have different pH tolerances [18].

1 2 3 40 5 6 7 1211 1413
ACIDIC NEUTRAL BASIC

1

8 9 10

Figure 3.1: pH scale

Dissolved Oxygen (DO) DO is a measure of the level of free, non-compound
oxygen present in water and explains how much oxygen is dissolved in the wa-
ter. It ismeasured in units ofmilligrams of oxygen gas (𝑂2) dissolved in each litre
of water (mg/L). Similar to organisms on land, DO is necessary for aquatic life
including fish, invertebrates, bacteria and plants. The concentration of DO is
heavily dependant on a number of factors, such as diffusion and aeration, pho-
tosynthesis, respiration and decomposition. In freshwater systems it also varies
by season, locationandwaterdepth. Different aquatic life requiresdifferent con-
centration. Forexample, shallowwaterfishneedhigher levelsofDO(4-15mg/L),
while bottom feeders such as crabs and worms need minimal amounts of oxy-
gen (1-6mg/L) [44][17].

Turbidity,WaterClarity, andTotal SuspendedSolids Turbidity is ameasureof
how cloudy the water is. It can affect the amount of light that reaches underwa-
ter plants and can impact the feeding andbehavior of aquatic animals. Turbidity
is measured in nephelometric turbidity units (NTU) [19].

Water clarity is defined by how clear or transparent water is. It is measured
by how deep the sun light reaches, which is also known as the photic zone. The
deeper the photic zone reaches, the higher the chances are for photosynthetic
production. The photic zone can reach depths up to 200m and is limited as a
result of the light absorption properties of water. Water clarity is measured in
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meters by lowering ameasuring device into thewater until it is no longer visible.
Turbidity andwater clarity are inversely correlated,meaning that as turbidity in-
creases, water clarity decreases [19].

Total suspended solids (TSS) are particles that are larger than 2`𝑚 found in
thewater column, and includes anything drifting or floating in thewater. Exam-
ples of TTS may be sediment, silt, and sand and even plankton and algae [19].
When the concentration of total solids is too low, theremight not be enough nu-
trients in the environment to support aquatic life. On the other hand, too high
TTS can indicate high turbidity or pollution [56].

Conductivity and Salinity Conductivity is a measurement of how effectively
water can conduct an electrical current and is usually measured in micro- or
millisiemens per centimeter (`S/cm or mS/cm). It is related to the amount of
dissolved ions and minerals in the water and can help researchers understand
the salinity of the water [16].

Salinity refers to the total concentration of all dissolved salts in water and is
measured in parts per thousand (ppt). In practice, high salt levels can disrupt
the natural balance of the ecosystem and harm fish, plants, and other aquatic
organisms. Aquatic organisms have varying levels of tolerance for salinity, and
salinity levels can differ among different aquatic environments [16].

Water Temperature Water temperature is a physical property and expresses
how hot or cold the water is, which is defined as the average kinetic energy of
the atoms andmolecules. The temperature changes due to heat transfer, which
can come from sun light, other water sources, thermal pollution, and air. Alone,
water temperature affects the metabolic rates and biological activity of aquatic
organisms and the habitats that come with them. On a larger scale, water tem-
perature affects almost all other parameters used formeasuringwater quality as
it alters the physical and chemical properties of water [20]. Some of the param-
eters affected by temperature are:

• Water Density

• pH Level

• Conductivity and salinity

• Dissolved oxygen

• Metabolic rates and photosynthesis production[20]

Chlorophyll concentration Chlorophyll is the pigment that gives plants their
green color and is used in photosynthesis, and indicates the amount of phyto-
plankton in water [14]. Phytoplankton are organisms that live in water bodies,
and are responsible for converting solar energy into organic matter - a process
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known as primary production. Primary production is what provides fish, sea
birds, marine mammals, and humans with food. Measuring chlorophyll con-
centration in water can thereby give an indication of the amount of plant life
present in thewater. Chlorophyll concentration isusuallymeasured inmilligram
per litre of water (mg/L). Large phytoplankton populations also cause water to
appear greener as a result of high chlorophyll concentrations [15].

3.1.3 Ideal Values for Salt Water and FreshWater
For means of comparisson, the following Table lists and summarizes some im-
portantwaterqualityparameterswith their freshwater- andsaltwater ideal ranges.

Table 3.1: Overview of ideal fresh- and saltwater parameters [63]
Water Quality Parameter (SI Unit) Freshwater Ideal Range Saltwater Ideal Range

pH 6.5 - 8.5 7.5 - 8.4
DO (mg/L) 5 - 14 5 - 11
Turbidity (NTU) < 5 < 5
Water Clarity (m) > 1 > 1
TSS (mg/L) < 50 < 50
Conductivity (`S/cm) 50 - 1500 50,000 - 70,000
Salinity (ppt) < 0.5 30 - 40
Water Temperature (◦C) 5 - 25 5 - 25
Chlorophyll (`g/L) < 10 < 10

3.2 Probes
This project utilizes probes to measure DO, pH, conductivity, and temperature.
The followingSectionsprovideanoverviewof the functionsof thespecificprobes
used in this project. Thus, it is important to note that the information presented
heremay not be applicable to probesmanufactured by other companies.

3.2.1 Dissolved Oxygen Probes
Dissolved oxygen (DO) probes are a common way to measure dissolved oxygen
in water. They work by defusing oxygen molecules through the membrane at
a constant rate. The molecules are thereafter reduced at the cathode, an elec-
trode fromwhich a conventional current leaves apolarized electrical device, and
a small voltage is produced. At 0mV, the probe indicates the absence of oxygen.
As the level of oxygen increases, the mV output of the probe will also increase.
This signal is then read by the DO probe and is displayed on ameter [45].

Theprobe requiresanelectrolyte solutionwhichmustcreateanelectrochem-
ical reaction at the sensing element that generates a voltage. The electrolyte so-
lution acts as a conductor, allowing ions to move between the cathode and an-
ode and complete the electrochemical reaction. Without the solution, there is
no current. The electrolyte solution depletes when the probe reacts with oxygen
in water andmust therefore be replaced when the solution is low [45] [49].
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3.2.2 pH Probes
A pH meter determines pH by measuring the voltage that a solution produces.
The meter uses three components for this; the pH meter itself as well as two
probes - a reference pH electrode, and a pH probe that is inserted into the so-
lution being tested. There are usually two electrodes in the body of the probe.
The first electrode is used as reference and contains a neutral electrolyte, mean-
ing it has a pH value of 7, while the second is used for measuring. As depicted
in Figure 3.2, the probemeasures pHby swapping hydrogen ionswith the tested
solution. The more ions that enter the solution, the more acidic the solution is,
and vise versa.

Figure 3.2: Different exchanges of ions [47]

3.2.3 Temperature Probes
Temperature probes contain two metals that generate an electrical voltage or
resistance during changing temperatures. They then measure the voltage and
convert it to temperature. As platinum has a linear correlation between resis-
tance and temperature, it is often used as the industry standard for temperature
probes. The tips of the probes are made of steel, and therefore conduct the heat
from the environment to the platinum sensor in the probe [46] [52].

3.2.4 Conductivity Probes
As previouslymentioned, conductivity is themeasurement of the electrical cur-
rent of a solution, often measured in micro-Siemens per centimeter (`𝑆/𝑐𝑚).
In practice, conductivity probes contains two electrodes set apart a specific dis-
tance. An electrical current will flow between the electrodes, determined by the
ionconcentration in the solution. Thehigher the ionconcentration is, thehigher
theconductivityof the tested solution is,which results ina faster electric current,
and vise versa [53].

As stated in Section 3.1.2, conductivity is heavily affected by the water tem-
perature, because high and low water temperatures increase and decrease the
ion movement respectively. This dependency requires calibration before use,
and also suggests importance of simultaneously measuring the temperature of
the solution [53].
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3.3 Hull Types
All vessels, regardless of size, type, purpose, and complexity, can be categorized
into three broad categories based on the kind of hulls used; displacement hulls,
planing hulls, and semi-displacement hulls. Displacement hulls displace the
water around themand thusmoveat a slowerbut steadierpace. Planinghulls are
designed to plane on top of the water which reduces drag and allows the boat to
travel athigher speeds. Lastly, semi-displacementhulls are a combinationofdis-
placement hulls and planning hulls. These three categories can further be split
into sub-categories that all have different use cases [22]. The following hulls are
also illustrated in Figure 3.3.

Flat-BottomHulls A flat-bottom hull is a type of planing hull that has a flat or
nearly flat bottom surface that allows the boat to plane at high speeds. The flat
bottom creates lift, reduces drag, and allows the boat to skim across the water’s
surface. They tend to be very stable, but do not performwell at open sea,as they
canmore easily capsize due to waves [7] [42].

Round-BottomedHulls Round-bottomedhulls aredisplacementhulls thatare
designed for stability and maneuverability, especially in rough water, but they
typically do not achieve high speeds [7] [42].

Multi-Hulls Depending on the specific design of the multi-hull, they can be-
long to either planing hulls or displacement hulls. Typical examples of multi-
hulls are catamarans or trimarans, whichmayprovide increased stability, speed,
and carrying capacity. Their downside is a decreased turning radius [7] [42].

V-Shaped Hulls V-shaped hulls have a sharp entry at the bow, which provides
higher stability at the cost of higher power usage. These hullsmay also be classi-
fied as either planing- or displacement-hulls, depending on the v-shape [7] [42].
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Figure 3.3: Common types of hulls
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3.4 Global Positioning System (GPS)
GPS is a network of satellites and receiving devices used to determine the loca-
tion of a given object [61]. Commonly, there are 24 satellites circulating Earth,
with each satellite making a full orbit of Earth every 12 hours. Satellites consis-
tently send signals for objects to receive [30].

Satellitesemit signals enabling receivers todetermine their locationand time.
Each GPS satellite carries an atomic clock that provides precise time informa-
tion,which is transmittedwith thesignals. The receiver calculates thedistance to
each satellite by measuring the time difference between the time the signal was
broadcast and the timeof signal reception. The receiver alsomakes adjustments
for propagation delays caused by the ionosphere and troposphere. By using in-
formation from four satellites, the receiver can compute its three-dimensional
position and the time. The calculations require an atomic clock synchronized
to GPS, but a fourth satellite measurement can replace the need for an atomic
clock. The four satellites used by the receiver compute latitude, longitude, alti-
tude, and time [1]. An illustration of these workings is presented in Figure 3.4.

Receiver

Figure 3.4: GPS position of a receiver at the intersection of four satellites

Once the receivers position is determined, it has received a fix. The accuracy
of the fix depends on a variety of factors, including the quality of the GPS signal,
the number of satellites in view, and the geometry of the satellite constellation
relative to the user’s position. Almanacwas introduced as amemory the receiver
would keep in order to predict the satellites thatwould be visible for a given time
and position on earth. The almanac is transmitted along with the signals to GPS
receivers, and helps the receivers from a "cold" or "warm" start. These terms
refer to the initial state of a GPS receiver, and while their definitions may vary
among manufacturers, the following paragraphs provide a general description
of these states [28].
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Cold start means that the GPS receiver has no position or time, and usually
occurs at the beginning of each day. In addition, the GPS does not always have
an almanac [54] [26].

A warm start, on the other hand, usually occurs when the receiver has been
turned off for a short period of time or has been moved to a new location since
its last use. In a warm start, the GPS receiver usually has information about the
satellite constellation and current time, so it can acquire a fixmore quickly than
in a cold start. The time it takes for a GPS receiver to obtain a fix is also known as
"Time to first Fix", or TTFF, and is measured in seconds [54] [26].

3.5 Power Consumption
Power consumption refers to the amount of energy consumed by an electrical
device or system over a given period of time, and is typically measured in watts
(W)orkilowatts (kW).Theprinciplesand fundamental equations related topower
consumption are based on basic electrical concepts, such as voltage, current,
and resistance [24].

These three parameters are related as such:

𝑉 = 𝐼 𝑅 (3.1)

where:
• V = Voltage (volts)

• I = Current (amperes)

• R = Resistance (ohms)
Furthermore, power can be calculated using the following equation:

𝑃 =𝑉 𝐼 (3.2)
where:
• P = Power (watts)

• V = Voltage (volts)

• I = Current (amperes)
The unit of electric charge, measured in milliampere-hours (mAh), is com-

monly used to measure the capacity of a battery or the amount of charge a bat-
tery can store. It represents the total amount of charge that a battery can de-
liver over a specific period of time, and is calculated as the power (W) during an
amount of hours (h), divded by the voltage (V) [24].

𝐶 = 𝑚𝐴ℎ =
𝑊ℎ

𝑉
(3.3)

where:
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• C = Battery capacity (mAh)

• mAh =Milliampere-hours

• W= Power (watts)

• h = Time duration (hours)

• V = Voltage (volts)
The power consumption, which describes how long a system can run, is cal-

culated as the total time duration of the system in hours (h) being equal to the
battery capacity (C), subtracted by the change in power in the system (Δ𝑃 ).

ℎ = 𝐶 − Δ𝑃 (3.4)

whereΔ𝑃 is equal to thepower that leaves the system, subtracted from thepower
that enters the system (𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 ).

3.6 Properties and Considerations of Metals in Ma-
rine Environments

When working in marine environments, it is important to consider the correct
materials, as seawater may cause chemical, physical, and biological deteriora-
tion.

For metals, deterioration is known as corrosion, and is a result of oxidation.
This generally happens when metals lose electrons to oxygen and other sub-
stances. Rust is a subcategoryof corrosion that specifically refers to theoxidation
of iron or steel in the presence of oxygen andmoisture [60].

Metals can be split into two categories: ferrous and non-ferrous metals. The
following paragraphs explain the two, and name metals that are most common
for use inmarine environments.

Non-Ferrous Metals Non-ferrous metals do not contain iron, and thus have
lower tensile strength than ferrousmetals and are oftenmore expensive. Due to
the lack of iron however, they naturally provide stronger resistance to corrosion,
and generally have a lower weight than ferrous metals. Common metals in this
category include aluminium, copper, lead, and zinc [10].

Ferrous Metals Ferrous metals are metals that contain iron and steel. One of
the key properties of ferrous metals is their strength and durability. This makes
them suitable for use in applications where strength and load-bearing capac-
ity are important, such as in the construction, or in the manufacturing of heavy
machinery and equipment. However, ferrous metals are susceptible to corro-
sion, particularly in marine environments. Common solutions to this problem
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is stainless steel or galvanization.

Stainless steel is a ferrous metal, which is an alloy that contains chromium,
nickel, andmolybdenumtoprovidecorrosionresistance. Thechromiuminstain-
less steel reacts with oxygen in the air to form a layer of oxide on the surface of
themetal. The oxide then acts as a protective, self-renewing, barrier against cor-
rosion.

Galvanized steel usually involves coating themetal with a layer of zinc and is
usally done by hot-dip galvanization or electroplating. In hot-dip galvanization,
themetal is immersed in a bath ofmolten zinc, while in electroplating, themetal
is placed in a solution containing zinc ions. In contrast to stainless steel, galva-
nization does not provide a self-renewing coat, thusmaking themetal subject to
corrosion once scratched or damaged. In all, stainless steel is more expensive,
but more resistant than galvanized steel [10].

3.7 Finite ElementMethod
Finite elementmethod (FEM) is a numerical technique that predicts how an ob-
jectmight behave under various physical conditions. In short, themethod splits
the structure of an object into simpler parts (finite elements), with each part
represented by a set of element equations, and then reconnects the elements
at points (nodes), creating a global system of equations for the final calculation
[40].

3.7.1 VonMises
VonMises stress, 𝜎𝑣 , is a value used to determine if a givenmaterial will yield or
fracture, and is often used in FEM. A material will yield when the stress applied
to it exceeds its yield strength. Yield strength is the amount of stress required to
permanently deform amaterial. When amaterial is under stress, there are three
limits to take into consideration [55]:

• Elastic Limit: The elastic limit, or yield stress, is the regionwhere the defor-
mations of a material are reversible. If the stress on the material remains
below the elastic limit, it will return to its original shape once the stress is
removed.

• Upper Yield Strength: Once the stress on amaterial exceeds theupper yield
strength, the deformations the material experiences are irreversible. This
type of deformation is also known as plastic deformation.

• RuptureStrength: Rupture strength, or theultimate strength, iswhenama-
terial is deformed to the point where it fractures or breaks apart [8][9].
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Chapter 4

Materials

This Section provides an overview of the hardware and software utilized in this
project, including their respective versions as of the report’s writing. Citations
for other materials are indicated at their corresponding usage locations, while
appendices are provided for supplementary materials. This Section is divided
intoMechanics, Software, and Hardware.

4.1 Mechanics
The following paragraphs present the components that constitute the construc-
tion of the USV. These components include the hull, the hardware housing, and
the frame components. Each paragraph also provides explanation of the choice
of materials for the respective component.

Hull As mentioned in Section 3.3, the correct type of hull needs to be consid-
ered for the rightuse. ConsideringaUSVthat shouldmonitor in fjordsandcoastal
areas, itwasdecided thatmaneuverability shouldbe thehighestpriority. AStand-
Up-Paddle (SUP) board is chosen as the hull. SUP boards have a high marked
availability, are easy to transport, and are deployed quickly and efficiently in var-
ious locations. In addition, they are considered as flat-bottom hulls which can
provide a number of benefits. SUP boards are designed formaneuverability and
are easy to turn and control. This is an advantage in narrow fjords and other
coastal areas where tight turns and precise navigation may be required. The
drawback of a SUP board can be that it canmore easily capsize duringmoments
with higher waves, meaning they are not suited for use in harsh environments

TheSUPboardof choice is theAquaMarinaHyper, shown inFigure4.1,which
is an inflatable board that has dimensions of 3500x750x150mm and supports a
payloadof 150kg. The fairly largedimensionsprovide enough space for two solar
panels in addition to the frame and hardware.
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Figure 4.1: AquaMarina Hyper [6]

AluminiumProfiles Tomount thehardware to thehull, a frame is createdwhich
consists of 20x20mmextruded aluminiumprofiles, known as ratrig. In total, two
ratrig starter packages are purchased which provides a total of 24 x 500mm alu-
miniumprofiles, 16anglebrackets, 64xM58mmbolts and64xM5-Twashers. As
mentioned in Section 3.6, aluminium has advantages in marine environments,
such as low weight and higher resistance to corrosion. They are also practical in
terms of construction andmarked availability.

Peli Case The housing of the hardware was decided to be a Peli Case IM2050.
Peli Cases are durable and fully waterproof. In addition, they are relatively large
and can accommodate several parts of hardware. For this project, two cases are
used; one for the autopilot and one for the solar charge controller and battery.

4.2 Software
The software, SolidWorks 2021 was run on aMSI GV62 7RE.

The 3Dprintingwas performed on the FlashForge Adventurer 3 for prototyp-
ing, and Ultimaker 2+ Connect for finalized attempts. The respective software
used for these printers is Flashprint 5 and UltiMaker Cura 5.2.2. Both printers
make use of polylactic acid (PLA).

The Raspberry Pi makes use of Raspberry Pi OS, a port of Debian Buster.

Ardupilot was chosen as the software for the USV. It is an open source au-
topilot software with an active forum and sufficient documentation. Ardupilot
makesuseofMissionPlanner; aprogramthatprovides an interface forplanning,
monitoring, and controlling ArduPilot-powered vehicles. The already existing
interface, an autopilot, and number of configurations is what makes Ardupilot
the software of choice for this project. For this project, Mission Planner 1.3.80
Build 1.3.8479.20539 was used.
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4.3 Hardware
This Section covers all hardware that is used for this project. It is important to
not that while the use of these parts is recommended, theymust not specifically
be used for any replication of this project.

Pixhawk 4 The Pixhawk 4 is an au-
topilot designed for academic and
commercial use. It features a 32-bit
ARM Cortex M7 processor, a built-in
barometer, magnetometer, and other
sensors that allow it to accuratelymea-
sure altitude, orientation, and other
parameters. While it ismost often used
for drones, it works for maritime pur-
poses as well.

Figure 4.2: Pixhawk 4 [57]

Pixhawk 4 GPS Module The GPS module for the Pixhawk 4 is a component
that provides the autopilot with position, velocity, and timing information. It
simply connects to theGPS port of the Pixhawk and does not require any further
configuration or software.

Herelink HDVideo Transmission Sys-
tem The controller for the USV is the
Herelink 2.4GHz HD Video Transmis-
sion System. It is a long-range video
transmission system designed for use
with remote-controlled (RC) models.
TheHerelink system includes a ground
station and a remote controller, which
communicate with each other using
a long-range radio link, supports var-
ious flightmodes and can transmit live
video and telemetry data in real-time. Figure 4.3: Herelink Video Transmis-

sion System [3]

Herelink Air Unit The Herelink Air Unit is a Wifi module connects to the Pix-
hawk4andcreates a connectionbetween theHerelinkTransmissionSystemand
the Pixhawk 4. It features two antennas which connect to the ANT-ports.

HolybroPixhawk4PowerModule (PM07) ThePowerManagementBoard (PM
Board) serves the purpose of a Power Module as well as a Power Distribution
Board. In addition to providing power to Pixhawk 4, through designated ports,
and the ESCs, it sends information to the autopilot about battery’s voltage and
current supplied to the flight controller and themotors.
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Thrusters For the thrusters, Blue
Robotics’ T200 thrusters were cho-
sen for this project, inspired by the
related research that was conducted.
Blue Robotics T200 thrusters are un-
derwater brushless electric thrusters
designed for use in marine robotics
applications. The T200 thrusters are
rated for a maximum depth of 200 me-
ters and can produce up to 5.25 of
thrust at full power at 16V. They have a
maximum power consumption of 200
watts, and are therefore sufficient for
this project in regards to power output,
power consumption, price, and maxi-
mum depth.

Figure 4.4: Blue Robotics T200
Thrusters [41]

Solar Panels This project makes use
of two Sunpower SPR-E-Flex-110 solar
panels that are strapped to the hull.
The solar panels each have a peak
power output of 110 watts each, so two
of these panels will provide a total peak
power output of 220 watts. While it
is not estimated that these panels can
power the USV alone, using solar pan-
els to recharge the battery is an effec-
tive way to extend the operational time
of the ArduPilot setup and reduce re-
liance on external power sources. In
addition, the solar panels are flexible
and weather-resistant. Figure 4.5: Sunpower SPR-E-Flex-110

[4]

Solar Charge Controller The solar
charge controller used in this USV is
a 40A MPPT (Maximum Power Point
Tracking) solar charge controller de-
signed for 12V and 24V systems. MPPT
maximizes the charging efficiency and
ensuring optimal performance. In ad-
dition, the controller features an LCD
screen for monitoring and control. Figure 4.6: Solar charge controller [4]

Withmultiple load control modes, it provides flexibility inmanaging power dis-
tribution to different loads, making it suitable for this project. This controller is
seen in Figure 4.6
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Probes This projectmakes use of Atlas Scientifics’ DO-, pH-, conductivity, and
temperature probes. These probes are specifically chosen as they cover a variety
ofmeasurements that properly describewater quality, as the information in Sec-
tion 3.1.2 presented. Related and previous research have also used these probes
to measure the same parameters. In addition, they have a high marked avail-
ability and a relatively low cost. All probes are able to take their respective mea-
surements in both fresh- and salt water and are fully submersible up to the Sub-
Miniature version A (SMA) connector. In addition, this project makes use of the
Atlas Scientific EZO-DO Circuits which take the readings for each of the probes.
The following Figure displays these probes.

Figure 4.7: Atlas Scientificprobes from left to right: pHprobe [50],DOprobe [48],
temperature probe [51], conductivity probe [43]

Whitebox T3 To simplify the hardware structure of the payload, this project
makes use of the Whitebox T3, a stackable add-on board for the Raspberry Pi
allowing for simplified connections between the probes and the Raspberry Pi.
The board features two isolated- and one non-isolated port for the EZO circuits.
This means that two of the ports are isolated such that other readings and noise
does not interfere with readings. Each port also features an SMA connector for
the connection of Atlas Scientific probes.

Battery The battery used for this project is a 16000mAh, 4 cell lithium battery.
It has a nominal voltage of 14.8V and 16.8V when fully charged.

26



Chapter 5

Prototypes and Discarded Ideas

This Chapter details the initial ideas and designs of this thesis. These discarded
ideas had a significant impact on the thesis, but were ultimately replaced with
superior alternatives. The reasons for their dismissal will also be explained.

5.1 Early Frames
The entire design of the USV relies upon a trial and error approach, where the
initial ideas were drawn on paper. Ideas that were considered as sufficient were
those that indicated amodular, simple, and cheap design. Such ideas were later
visualised in Solidworks to give a better representation on their design in prac-
tice.

The earliest 3D model of the frame included mounting for the solar panels,
as seen in figure 5.1. The plan was to mount the solar panels to the frame with
5mm bolts and nuts, while fastening the Pelican cases with reclosable fastening
strips. While not shown in the model, it was planned to have one thruster arm
connected to each side of the frame. Overall, the design was discarded because
it would require large amounts of aluminium profiles, which would also drasti-
cally increase the weight of the USV. This results in frame beingmore difficult to
transport, both in terms of weight and size.

Figure 5.1: Frame withmounting for solar panels
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Strapping the solar panels directly to the SUP board saves approximately 8m
of aluminium profiles and decreases the weight by roughly 7kg. Newer designs
would therefore be lighter and more practical to transport. The frame has un-
dergonemultiple adjustments in its design process afterwards.

Initially, the arms were designed to
be in a V-shape, as it was initially as-
sumed that the arm might not toler-
ate the thrust elseways. However, a fi-
nite element analysis, shown in a later
section, proves that this assumption
was wrong. In addition, the arms were
rigid, which would likely create prob-
lems later on as the frame cannot lay
flat on any surface. It was therefore de-
cided that the frame should have fold-
able arms that can be raised on land
and lowered during operation as men-
tioned in later sections. Figure 5.2: Initial design of V-shaped

thruster arm

5.2 ROS andWebsocket
The initial idea for the hardware- and software structure was to create a web-
socket on a Raspberry PiModel 4b that would host a server that users could con-
nect to. The server was planned to have a graphical user interface (GUI) that
wouldallowcontrol fromtheserver, inaddition to theability tocreatewaypoints,
and watch the camera feedback and sensor data. To control the hardware and
software, the use of the Robot Operating System (ROS) was considered. ROS is
a meta-operating system that builds on top of Linux Ubuntu, with the goal of
simplifying large processes withmultiple sensors and actuators. The use of ROS
eliminates the use of threading, as it allows for running multiples processes si-
multaneously. Thebenefit of running a server onaRaspberry Pi4, is that itwould
be a cheaper method than for the finalized product. In addition, it was planned
that any hostmachine could connect to the server given correct authentication.
The drawback is that creating this is not only time consuming, weakening the
reproducibility , but also prone to more errors during creation. An illustration
was created highlighting the hardware setup of this idea in Figure 5.3. The setup
is detailed below.
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T200 Thrusters ESCs

Raspberry Pi 4 Solar Charge Controller

Solar Panels

Lithium Battery3D CameraGPS moduleWifi Module

Figure 5.3: Initial Hardware Structure

In the above Figure, the entire system is connected to a solar charge con-
troller, which in turn is connected to a 16 000mAh, 4 cell, lithium battery. The
battery is charged by two 110W solar panels.

The hardware is controlled by a Raspberry Pi that is connected to an Intel
Real Sense D435 3D camera. The camera is used for object detection, which al-
lows the USV to detect and avoid obstacles in its path. To enable remote control
of the USV, an ESP8266WiFi module is included in the system. Themodule cre-
ates a server that users can connect to and control the USV, inspired by the idea
presented in [12]. Positioning is determined using a BerryGPS module, which
features GPS, accelerometer, gyroscope, compass, and barometer sensors. This
allows the module to determine the USV’s position, velocity, heading, and alti-
tude. Finally, the Raspberry Pi is connected to BlueRobotics Electronic Speed
Controllers (ESCs), which control two T200 thrusters.
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Chapter 6

Methodology

This Chapter presents themethodology of the thesis in it’s current design. It de-
tails thedesignof theUSVandexplains theprocess fromdesigning tobuilding it.
Kinematics andmechanics of the vessel are also presented. Then, the hardware
and software structure is explained, before the setup of the probes is shown.

6.1 Design
This Sectionexplains themechanical decisions taken for theUSV, includingboth
the frameandhull. Aspreviouslymentioned, theUSVwasfirst designed inSolid-
Works to give abetter representationof potential advantages anddownsides, be-
fore constructing the physical model. The construction of the physical model is
described later, in Section 6.3.

6.1.1 Frame
Unlike the heavy and impractical prototype design, the new frame is designed
to improve upon these weaknesses, thus being more cost-effective1. Therefore,
the solar panels should now only be strapped to the board with wires, instead
of being mounted to the frame. The frame is also designed to be more modular,
inspired by [23]. Originating from the initial design, it was found that the frame
could be designed in such a way that it could be folded in to a case for trans-
portation. This idea is made possible by dividing the frame in to three seperate
parts:

• Main frame

• Side frame

• Thruster arm

Themain frame is themiddle piece that both Peli cases are connected to. There
are two side frames, one on each side of the main frame, connected to it with
hinges. Lastly, one thruster arm is connected to each of the side frames. To

1Figures of all individual components are to be found in the Appendix 10
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achieve amodular design, the thruster arms are able to rotate around one point
such that they can be lifted, as shown in Figure 6.1. In the figure, (1) represents
the point where the arm is connected to the side frame with a 5mm bolt that is
fastened to the threads of the side frame’s aluminium profile. This is the point
which the arm rotates around. (2) visualizes the point where the arm is secured
to the side framewith a 5mmnut andboltwhen the arm is lowered for operation.
When the arm is to be lifted, the nut and bolt is removed, thus allowing the arm
to be rotated up, as seen in Figure 6.2, before it is fastened at the bottom end of
the thruster arm.

Figure 6.1: Securing the arm during operation

Figure 6.2: Securing the bolt at the end of the thruster arm
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With the arms being able to rotate, the frame can be shaped into a case by
also rotating the side frames. This entire idea is demonstrated in Figure 6.3. In
the figure, the steps are as follows:

• (1) Either bolt is removed such that the thruster arms can be rotated up.

• (2)When the thruster arms are raised, thebolts are then fastened at the end
of the thruster arm.

• (3) The side frames are raised such that the thruster arms connect at the
top and form a case.

1

2

3

Figure 6.3: Folding process of the frame
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The complete 3D model is presented in Figure 6.4. In SolidWorks, the SUP
boardwascreatedwith the samewidth, height, and lengthas thephysicalmodel.
However, due to the lack of precise information about the board’s actual shape,
the model is not entirely accurate and is used primarily for visualization pur-
poses.

Thrusters

Peli Cases

Solar Panels

Figure 6.4: Complete USVmodel

As opposed to the prototype, the aluminium profiles are now kept uncut in
length, and remain at 500mm, which is the length at which they are produced,
meaning that less time is used on cutting parts of the frame.

Lastly, technical drawings of the parts were created with the measurements
used in Solidworks. These drawings are the ones that the physicalmodel is to be
based on, and are illustrated in the Figures below.
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340mm

Main Frame

94mm 94mm

Figure 6.5: Technical drawing of themain frame

196mm

540mm

Ø5mm

Thruster Arm

265mm

540mm

Side Frame

Figure 6.6: Technical drawing of the thruster arm and side frame
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6.1.2 Handles
As the side frames are connected to themain framewithhinges, the folded frame
might not be rigid enough for transportation. To solve for this, handles are cre-
ated that are mounted on top of each thruster arm as to lock them in place and
simplify transportation.

Thehandlesarecreatedwith thegoalofmounting themwithoutbolts. There-
fore, a bracket is first designed, as depicted in Figure 6.7, which is thenmounted
to the thruster arm. The bracket is to bemounted to the armwith the same 5mm
bolts that come included in the ratrig package. A handle is designed which is
slid onto the bracket and locks in place at the end. In addition, the handle has a
cut out and an extruded part, whichmeans that two handles may be connected
together.

Figure 6.7: Bracket for the handle

The complete idea of the handles locking in place is shown in Figure 6.8. The
process is as follows:

• (1) One bracket is mounted on each of the thruster arms with 5mm bolts
and ratrig washers.

• (2) The first handle is slid all the way on top of one of the brackets, as seen
in (3).

• (4) The second handle is slid on top of the other bracket.

• (5) The brackets now lock the thruster arms such that they are connected,
and the side frames cannot be lowered. (i.e. the brackets lock movement
in the x-axis)
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Figure 6.8: Handles that lock the frame in place
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6.2 Mechanics
Themechanical performance andmotions of the USV are covered in the follow-
ing Sections. The kinematics of the USV are first defined, including the deriva-
tion of its forward and rotational motion equations. Next, a FEM analysis of the
thruster arms is presented to evaluate their structural integrity.

6.2.1 Kinematics
The kinematics of the USV describe its forward and rotational motion. The for-
wardmotion of the USV is defined as the speed of the USV, also known as linear
velocity, while the rotational motion is defined as the rate of rotation of the USV
about its axes.

In order to derive the relevant equations of motion, two coordinate systems
are defined: theNorth-East-Down (NED) coordinate systemand theBody-Fixed
reference frame. The NED coordinate system defines the vessel’s position rela-
tive to the Earth’s surface, and is denoted as:

𝑛 = (𝑥𝑛 , 𝑦𝑛 , 𝑧𝑛) (6.1)

where the

• 𝑥𝑛-axis points towards true North

• 𝑦𝑛-axis points towards East

• 𝑧𝑛-axis points downwards, normal to the Earth’s surface

The Body-Fixed reference frame, on the other hand, describes the vessel’s mo-
tion relative to its own orientation. With the origin 𝑜𝑏 , the Body-Fixed frame is
denoted:

𝑏 = (𝑥𝑏 , 𝑦𝑏 , 𝑧𝑏 ) (6.2)
where the axes are defined as

• 𝑥𝑏 - longitudinal axis

• 𝑦𝑏 - transversal axis

• 𝑧𝑏 - normal axis

This coordinate system is illustrated in Figure 6.9, using a right-hand reference
[21].
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Figure 6.9: Body-fixed vehicle coordinate system of the USV

In the figure, the linear velocities along the x-, y-, and z-axis are respectively
noted as𝑢 , 𝑣 , and𝑤 . The rotational velocities around the same axes are𝑝 , 𝑞 , and
𝑟 . The forces along the respective directions are 𝑋 , 𝑌 , 𝑍 , 𝐾 ,𝑀 , and 𝑁 . All men-
tioned directions are known as degrees of freedom (DoF)meaning that there are
sixDoF,which applies to allmarine vessels [21]. TheseDoFmotions are summa-
rized in the following Table.

Table 6.1: USV coordinate system [21]
Degrees of freedom (DoF) Forces andmoments Linear and angular velocities

1. Motions in the 𝑥𝑏 -direction (surge) 𝑋 𝑢

2. Motions in the 𝑦𝑏 -direction (sway) 𝑌 𝑣

3. Motions in the 𝑧𝑏 -direction (heave) 𝑍 𝑤

4. Motions in the 𝑥𝑏 -axis (roll) 𝐾 𝑝

5. Motions in the 𝑦𝑏 -axis (pitch) 𝑀 𝑞

6. Motions in the 𝑧𝑏 -axis (yaw) 𝑁 𝑟

To create a linearized model of vessel motion, the six forces and moments
can be broken down into components along the six directions, and create the
following six equations.

𝑋1 = 𝑋𝑢𝑢 +𝑋𝑣𝑣 +𝑋𝑤𝑤 +𝑋𝑝𝑝 +𝑋𝑞𝑞 +𝑋𝑟𝑟 +𝑋 ¤𝑢 ¤𝑢 +𝑋 ¤𝑣 ¤𝑣 +𝑋 ¤𝑤 ¤𝑤 +𝑋 ¤𝑝 ¤𝑝 +𝑋 ¤𝑞 ¤𝑞 +𝑋 ¤𝑟 ¤𝑟 (6.3)

...

𝑁1 = 𝑁𝑢𝑢 +𝑁𝑣𝑣 +𝑁𝑤𝑤 +𝑁𝑝𝑝 +𝑁𝑞𝑞 +𝑁𝑟𝑟 +𝑁 ¤𝑢 ¤𝑢 +𝑁 ¤𝑣 ¤𝑣 +𝑁 ¤𝑤 ¤𝑤 +𝑁 ¤𝑝 ¤𝑝 +𝑁 ¤𝑞 ¤𝑞 +𝑁 ¤𝑟 ¤𝑟 (6.4)
where 𝑋𝑢 , ...𝑁𝑟 are the linear damping coefficients and 𝑋 ¤𝑢 , ...𝑁 ¤𝑟 represent hydro-
dynamic addedmass.

Thismodel can be simplified by reducing the DoF from six to three, thus cre-
ating a horizontal-plane model. Such a model only considers surge, sway and
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yaw(𝑢 ,𝑣 , and𝑟 ),meaning that theentirevesselmaybedefined ina two-dimensional
coordinate system. Reducing the model to three DoF leaves the following three
equations.

𝑋1 = 𝑋𝑢𝑢 + 𝑋𝑣𝑣 + 𝑋𝑟𝑟 + 𝑋 ¤𝑢 ¤𝑢 + 𝑋 ¤𝑣 ¤𝑣 + 𝑋 ¤𝑟 ¤𝑟 (6.5)
𝑌1 = 𝑌𝑢𝑢 +𝑌𝑣𝑣 +𝑌𝑟𝑟 +𝑌 ¤𝑢 ¤𝑢 +𝑌 ¤𝑣 ¤𝑣 +𝑌¤𝑟 ¤𝑟 (6.6)

𝑁1 = 𝑁𝑢𝑢 +𝑁𝑣𝑣 +𝑁𝑟𝑟 +𝑁 ¤𝑢 ¤𝑢 +𝑁 ¤𝑣 ¤𝑣 +𝑁 ¤𝑟 ¤𝑟 (6.7)
The equations of motion for the model can further be expressed in matrix form
[21]:

¤𝜼 = R(𝜓 )𝝂 (6.8)
The position and heading vector,𝜼, is equal to:

𝜼 = [𝑥, 𝑦 ,𝜓 ]𝑇 (6.9)

The velocity vector,𝝂 , is equal to:

𝝂 = [𝑢,𝑣, 𝑟 ]𝑇 (6.10)

Lastly, the rotation matrix, R(𝜓 ), transforms the velocity vector from the Body-
Fixed frame to the NED frame and is expressed as [21]:

R(𝜓 ) =

cos(𝜓 ) − sin(𝜓 ) 0
sin(𝜓 ) cos(𝜓 ) 0
0 0 1

 (6.11)
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6.2.2 Finite ElementMethod

To verify the solidity of the thruster
arm, finite element method (FEM)
was performed in Solidworks Simula-
tion. For a lower computation time
and higher simplicity, a new thruster
model, with the same measurements,
is created. The simpler model replaces
the actual T200 thrustermodel for sim-
ulation purposes, and is presented in
Figure 6.10. In addition, screws are not
included in thismodel. Next, materials
are chosen for each part. Figure 6.10: Simplified model of the

thruster arm

The thruster arm ismade of the following parts that eachneed to have amaterial
assigned:

• T200 thruster (Simplified)

• thruster bracket

• ratrig aluminium profiles

• angle brackets

While the vendors of the ratrig and angle brackets have not specified their spe-
cific material, common materials for these parts are 6063-T5 aluminium and
AISI 304 steel, respectively. The T200 thrusters aremounted to a 3D printed PLA
bracket. However, since PLA is not available, a material of similar quality, PET,
is considered. Lastly, the T200 thruster is largely made of polycarbonate plastic
[41].

Finally, the model needs a force exerted on the thruster and a fixture on the
thruster arm. The fixture is placed inside the holes where the bolts are, as that is
where the arm is fixed to the side frame. As verification, the force added in the
simulation is the full thrust of the T200 thrusters at the nominal voltage of 16V.
According to Blue Robotics’ technical information on the T200 thrusters, the full
throttle thrust at 16V is estimated as 5.25kgf [41], which is equivalent to 51.48N.

The result of the FEM, presented in Figures 6.11 and 6.12, shows that the arm
hardly experiences any stress and remains below theupper yield strength,which
suggests that the design is suited for use on the physical USV.
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Figure 6.11: Force exerted on the
thruster and VonMises

Figure 6.12: Force exerted on the
thruster and VonMises

6.3 Constructing the Physical Frame
The frame is assembled in accordance with the technical drawings shown pre-
viously, in Figures 6.5 and 6.6. First, the main frame and side frames are assem-
bled, and later cut to the correct dimensions, as seen below. Two hinges are then
fastened to each of the side frames, connecting them to themain frame.

Figure 6.13: Assembling the main- and
side frames

Figure 6.14: Assembled frames with
hinges

The thruster arms are assembled similar to the rest. Holes are cut into the
arms, as shown in the technical drawings, which are thenused tomount them to
the framewith5mmnuts andbolts. To strengthen thearms, theyare constructed
with 75mmx20mmangle brackets, instead of the brackets that comewith the ra-
trig package.

As, the aluminium profiles have screw threads on each end, the screws are
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fastened at the bottom end of the thruster arms, connecting them to the side
frames.

Both the angle brackets and hinges are constructed from galvanized steel,
which can rust quickly when exposed to salt water. However, during the pro-
totyping phase, it was decided to use these parts as they aremore affordable and
widely available, which was deemed as a reasonable trade-off.

The completed frame, in both folded and unfolded position, is shown be-
low. The Peli cases are then kept in place by the use of reclosable fastening strips
whichare taped to the twomiddlebeamsof themain frame. The complete frame
is then strapped to the hull.

Figure 6.15: Completed, unfolded
frame

Figure 6.16: Completed, folded frame

Lastly, the handles and handle brackets are 3D-printed with two top- and
bottom-layers, supports enabled, and an infill of 20%. In practice, the brack-
ets are thenmounted centered on the thruster arms, and the handles are slid in
place as initially depicted in Figure 6.8. Themounting of the phsycial handles is
shown in Figure 6.17

Figure 6.17: Fasteningmechanism of the handles

42



6.4 Hardware

This Section explains how the hard-
ware for the USV is connected. This is
done in several steps. As visualized in
(1) in Figure 6.18, the 16V 4-cell lithium
battery is first connected to the center
of the solar charge controller. The set-
ting of the controllermust be set to B01
(Lithium battery), and can be found by
shuffling through the menu with the
left button. This ensures that the bat-
tery is properly regulated and charged
by the solar panels. Next, the two
solar panels are connected to the so-
lar charge controller using MC4 plugs,
which come with the panels.

2 1 3

+ -+ -- PM07

Figure 6.18: Setup for the solar charge
controller

To extend the cables of these panels, additionalMC4plugs and solar cableswere
purchased so that the cables could stay connected to the solar charge controller
and be disconnected at the solar panels instead. After connecting the solar pan-
els, the PM07 power distribution board is connected to the solar charge con-
troller, as shown in (3). Since the solar charge controller can handle an input
voltage of 46V, the solar panels are connected in series.

Next, the Pixhawk 4 is connected to the power distribution board using the
PWR1/PWR2, I/O-PWM-in, andFMU-PWM-inports. ThePWR-portsensure that
the Pixhawk receives power from the board, while the I/O- and FMU-ports re-
ceive PWM signals for the ESCs and servos respectively. The GPSmodule is then
connected to the GPS-port on the Pixhawk.

The signal wires of the ESCs (white) are connected to the M1- and M3-ports
of the power distribution board, and the GND wires (black) to the 8-pin rail of
the board. The usage of the these ports requires the soldering of pins on the spe-
cific ports being used. Finally, the ESC power- and ground-cables are connected
to their respective ports on the board. This ensures that the ESCs receive proper
power and can be controlled by the Pixhawk.

Lastly, theHerelink Air Unit is connected to the B+ ground- and power-ports.
This ensures that the Herelink Air Unit receives proper power and can commu-
nicate with the other hardware on the USV.

An overall objective of the hardware is to incorporate connectors wherever
feasible, avoiding the need for gluing or permanent fixings of components. All
components soldered to the board are using XT60 andXT30 connectorswith the
goal tomake upgrading and replacing future components less time consuming.
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A simplified illustration of the power distribution board setup is depicted in Fig-
ure 6.19.
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Figure 6.19: Powermodule connections

The hardware is then distributed in the two Peli cases. The battery and solar
charge controller is kept in place in the back case by the use of reclosable fasten-
ing strips. The power distribution board, Pixhawk 4, GPS module, and Herelink
Airunit is placed in the front case. To keep a good structure inside the case, a
smallmounting is designed to keep all components in place, before 3D-printing
it. First, the components are organized inside the cases. They are thenmeasured
and 3D modeled. All components are then fastened with fastening strips. The
Herelink antennas are mounted on top of the front case with double sided tape.

All cables exiting either case are tightened and made waterproof by using
water- and dust-proof cable glands. There are in total nine cables that exit ei-
ther case. All these cables have a diameter between 3mm and 8mm. Therefore,
ten cable glands that cover this range are purchased. These are first glued to the
Peli cases with two-component epoxy adhesive to lock them in place, and are
later secured with a glue gun to further waterproof the connections.

Lastly, mountings for the T200 thrusters are 3D-printed as shown in the Fig-
ure below. The thrusters are first fastened to the mountings with the 5mm bolts
included in the ratrig package. The thrusters and mountings are the mounted
centeredoneither thruster arm. The thruster cables are ledalong thealuminium
frame and can be squeezed inside the profiles, as shown in Figure 6.21. One
problem that was found during this project is that the cables are too short for
this particular frame, and had to be extended by soldering additional 400mm of
high temperature silicone wires (16AWG) between the thrusters and ESCs.
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Figure 6.20: Thruster profiles 3D-modelled (left) and 3D-printed (right)

Figure 6.21: Fastening of thruster and cables
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6.4.1 Thruster Model
TheBlueRoboticsT200 thruster is a three-phasebrushlessoutrunnermotorwith
a fully-flooded design for underwater use. The thruster is optimized to run at 16
V and has a full throttle current of 24A (390W) at this voltage.

The thruster’s physical dimensions are depicted below, and are 113mm in
length and 100mm in diameter, with a propeller diameter of 76mm. It weighs
344g in air and 156g in water, and its wetted materials include polycarbonate,
epoxy, stainless steel, plastic, and polyurethane.

Figure 6.22: 2D drawings of the T200 thrusters

The thruster requires a sensorlessbrushless electronic speedcontroller (ESC)
to run. It is recommended to operate the thruster at 12-16 V for the best balance
of thrust and efficiency, although operation at up to 20 V is allowable.

In this specificproject, the thrustersareoperatedat16Vwith theBlueRobotics
Basic ESC. At the nominal voltage of 16V, the thrust, current draw, and efficiency
are respectively presented in Figures 6.23 - 6.25 [41].

Figure 6.23: Thrust at 16V [41]
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Figure 6.24: Current Draw at 16V [41]

Figure 6.25: Efficiency at 16V [41]
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6.5 Software and Control
The following software Section describes the development and implementation
of the software component for theUSV. This includes the use of ArduPilot for au-
tonomous navigation, as well as the principles of path following and the control
strategy of ArduPilot.

6.5.1 Autopilot Setup
TheArduPilot is set upbyfirst connecting thePixhawk4 to the computer viaUSB
and opening Mission Planner. The connection and data rate is then configured
using the drop-downboxes in the upper-right portion of the screen. Specifically,
the COM port is set to COM4, and the data rate is automatically assigned. Once
the connection is establishedby clicking onConnect, the Pixhawk 4 is calibrated
using the setup tab.

The following pages are required to runArduPilot: FrameType,Acceleration
Calibration, Compass, Radio Calibration, Servo Output, Flight Modes, Fail-
Safe, HW ID, and ADSB. For this project, ESC calibration is not needed. In the
case of boats, the Frame Type is set to 2, which equals ArduRover, a particular
version of ArduPilot for ground vehicles and boats.

The thruster control is defined in Servo Output. Throttle Left is set as 1, and
Throttle Right is set as 3. The minimum value for both thrusters is set to 1100,
and themaximumto1900, in accordancewith theBlueRoboticsT200documen-
tation. The Trim was set to 1500. These particular settings are demonstrated in
Figure 6.26

Figure 6.26: Servo output

With the GPS connected to the Pixhawk, it automatically receives a fix with
the TTFF depending on the start. After a cold start, the TTFF can take up to 10
minutes. A warm start requires less time, and the GPS often receives a fix after a
minute. Thereafter, the Herelink Transmission System is connected to the Pix-
hawk.

Before being able to arm the USV, several safety parameters must be turned
off. As the vessel does not contain a physical safety switch, the parameter
BRD_SAFETYENABLEmust be set to 0. Then, the remaining safety options that
are kept on are Barometer, Compass, GPS lock, RC Channels, Battery Level,
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andGPS Configuration. This means that if one or multiple of these parameters
are not cleared, the vehicle may not be armed2.

To test the thrusters, they were armed by holding the right stick to the right,
after which the left stick controlled straightmovement, while the right stick con-
trolled turns. The thruster responses duringmovement options are illustrated in
Figure 6.27.

Forward Backward Right Left

Figure 6.27: Thruster responses duringmovement options

From the graphs depicted in Section 6.4.1, it is apparent that the thrust and
current draw drastically increase as the PWMvalue is increased. In addition, the
efficiency of the thrusters is highest at low PWM values. Under Basic Tuning in
Mission Planner, the throttle of the thrusters is therefore initially set to 30%, or
1380/1620rpmwhilemovingbackwards/forwards, andwithCruiseSpeedequalling
1m/s, with the goal of keeping a high efficiency and low current draw, while op-
erating at a sufficient speed.

The PID (Proportional-Integral-Derivative) values for the steering rate and
throttle of the vessel were kept unchanged and are thus:

• P = 0.200

• I = 0.200

• D = 0.000

2The complete parameter list is to be found on the Github repository.
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6.5.2 Navigation and Control Algorithm
The navigation algorithm used by the USV is the L1 controller which is based on
this paper [38].

The paper describes a guidance logic that uses a reference point on the de-
sired path, a distance L1 forward of the vehicle, to generate a lateral acceleration
command. The lateral acceleration command is determined by:

𝑎𝑠𝑐𝑚𝑑 = 2𝑣
2

𝐿1
𝑠𝑖𝑛 ([) (6.12)

where:

• 𝑣 = vehicle velocity

• [ = Angle created from V to the line 𝐿1
• R = radius of the circle the vehicle must follow to reach the reference point

The guidance logic is visualized in Figure 6.28. The direction of the acceleration
depends on the sign of the angle between the L1 line segment and the vehicle
velocity vector. In the context of this figure, the selected reference point is to the
right of the vehicle velocity vector, prompting thevessel to accelerate to the right.

A circular path can be defined at any given moment by the position of the
referencepoint, the vehicle’s current position, and the tangential directionof the
vehicle’s velocity vector, as represented by the dotted line in Figure 6.28.

Figure 6.28: Diagram for Guidance Logic [38]

In addition, the guidance logic tends to rotate the vehicle so that its velocity
direction approaches the desired path at a large angle when it is far away from
the desired path, and at a small angle when it is close to the desired path, thus
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resulting in a smooth convergence to the reference point [38].

As previously mentioned, the L1 controller that ArduRover uses is based on
the mathematics explained above. The distance L1 is defined along a line be-
tween the original position and thedestination,which ismeasured starting from
the point closest to the vehicle along the target path and a distance defined as:

𝐿1 = 0.3Z𝑇𝑣 (6.13)

where

• Z = damping

• 𝑇 = period

• 𝑣 = velocity

Damping and period are user-set parameters, while the velocity is measured on
site.
The desired lateral acceleration, 𝑎𝑑 , is then calculated as:

𝑎𝑑 =
4Z 2𝑣2𝑠𝑖𝑛 (𝑁𝑢1 +𝑁𝑢2)

𝐿1
(6.14)

where 𝑁𝑢1 is the angle between the intended vehicle track and the line drawn
from the vehicle to the point a distance L1 ahead of the vehicle’s along-track
point,while𝑁𝑢2 is the anglebetween the vehicle’s velocity and its intendedpath.
APIDcontroller is thenused to calculate thedesired steering output, resulting in
thedesired lateral accelerationwhichbrings the vehicle back to the line between
the origin and destination.

6.6 Probe Setup
The probes are kept in the same case as the solar charge controller and battery,
but forma separate system from theUSV. Thismeans that the probes are instead
controlled by a Raspberry Pi while being powered by the solar charge controller.
The probes used in this project are, as previously mentioned, Atlas Scientific’s
pH probe, temperature probe, DO probe, and conductivity probe. To simplify
the hardware setupneeded, twoWhitebox T3MkII for the Raspberry Pi are used,
along with a Raspberry Pi 4 Model B. The Whitebox is a stackable add-on board
allowing for the use of three sensors for one board. The EZO circuits and probes
are connected to the twoWhitebox boards, which are then stacked on top of the
Raspberry Pi.

Thesetupandcalculationof theprobes isdone inaccordancewith theofficial
documentation of these parts, provided by Atlas Scientific.
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6.6.1 Taking ContinuousMeasurements
For a simple prototype, the idea is for the probes to start measuring and writing
the measured values to a CSV (comma-separated values) file in addition to the
time and date when the system is powered on. Once the USV is done operating,
theRaspberry Pi can thenbe connected to aPCallowing thedata to be extracted.

The available console provides several functions one can make use of, but
for such a prototype, these functions are not necessary. Therefore, the avail-
able script for the console, ic2.py, is copied and adjusted. In the new script,
ic2_continuous.py, much of the original code stays the same, but some sim-
plifications and adjustments are made. Firstly, to keep a good structure, every
time the script is run, it will create a newfile named after the current timestamp,
which, for simplification, is referred to as "filename".

filename = "logged_data_" + datetime.datetime.now().strftime("%d-%m-%Y
%H:%M:%S") + ".csv"↩→

Then, the while loop is primarily adjusted to automatically take measure-
ments every 30 seconds. Inside the loop, the script iterates over each device
in the device_list obtained from the get_devices() function. For each device, it
sends the command R using the write() method from the AtlasI2C library, in-
structing each of the devices to take a single reading.

while True:

for dev in device_list:
dev.write("R")

Thereafter, the script pauses for 1.5 seconds, which is the timeout needed to
query readings and calibrations, allowing the EZO devices in the device_list to
complete the process of taking readings. The script then iterates through all the
devices while opening "filename" in appendmode.

time.sleep(1.5)
for dev in device_list:

with open("path/to/file" + filename, "a") as file:
try:

Finally, the script gets the current timestamp, timestamp and appends it to
"filename" alongside the sensor reading, sensor_data. For bug testing, this in-
formation is also printed to the console. The script then delays for 30 seconds
before taking newmeasurements.

try:

#get and print current timestamp
timestamp = datetime.datetime.now().strftime("%d -%m-%Y %H:%M:%S")
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print(str(timestamp))

#print sensor data
print(dev.read())

#get sensor data
sensor_data = dev.query("R")
# write data and timestamp to the file
file.write(timestamp + " " + str(sensor_data) + "\n")

except IOError:
print("Query failed ...")

An example of the output from the terminal is shown in Figure 6.29.

Figure 6.29: Sensor readings in terminal (without probes)

To fully automate this process, the script must automatically run on startup.
A new launcher file, launcher.sh, is therefore created which accesses the termi-
nal, navigates to thecorrectdirectory, andruns thenewcode, ic2_continuous.py.

#!/bin/sh
# launcher.sh

cd /
cd /home/pi/atlas/whitebox-raspberry-ezo
sudo python i2c_continuous.py

Then, in thepi/homedirectory, anew logsdirectory is addedwhere error logs
are tobe saved. Crontab, a background (daemon)process, is thenused to launch
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launcher.sh on startup. To open Crontab, the following command is used.

sudo crontab -e

By then adding the following entry, Crontab runs the script upon startup and
saves error logs to the newly created logs directory.

@reboot sh /home/pi/bbt/launcher.sh >/home/pi/logs/cronlog 2>&1

For clarification, the complete directory structure of this setup is illustrated
in Figure 6.30

AtlasI2C.py filenamei2c_continuous.py

whitebox-raspberry-ezo

atlas launcher.sh

pi/home

logs

Figure 6.30: Directory structure for the probe setup

54



Chapter 7

Results

This Section highlights the results of this thesis and is split up to cover the vari-
ous aspects of the USV, demonstrating their advantages and short comings. As a
significant part of this project has been thedesignof theUSVand the viability for
mass production, the following Sections will address it’s price, weight, and ease
of assembly and transport. In addition, the various flight modes of the USV, as
well as the results for the probes are covered.

7.1 Price
The components used for this project are all off-the-shelf and are specifically
chosen for their lowpriceandavailability. TheTablebelowshowsa list of allmain
components and their prices, as of thewriting of this report. The table is divided
in three parts; the component, vendor, and price. The price is calculated in Nor-
wegian kroner (NOK) and shippingprices are not included. Note that the vendor
refers to the entity or company fromwhich the component was purchased, and
is not necessarily themanufacturer of that product.

Table 7.1: Bill of Materials
Component Vendor Price(NOK)

SUP board Bauhaus 4 999
Ratrig Starter Package (x2) Kjell & Company 1 998
Peli Case IM2050 (x2) Nordicase 2 042
Pixhawk 4/ PM07/ GPS Elfa Distrelec 3 754
Herelink Ground Station / Air Unit 3DXR 11 622
T200 Thrusters (x2) Blue Robotics 4 876
Sunpower SPR-E-Flex-110 Solar
Panels (x2)

Watski 2 998

Solar Charge Controller Light in the Box 289
LithiumBattery Elefun 1 795
dH Probe Atlas Scientific 888
DOProbe Atlas Scientific 2 519
Temperature Probe Atlas Scientific 248
EZO carrier board (dH) Atlas Scientific 413
EZO carrier board (DO) Atlas Scientific 516
EZO carrier board (Temperature) Atlas Scientific 310
Whitebox T3 (x2) Whiteboxes 2180
Raspberry Pi 4 Model B Starter
Pack

Dustin Home 945

The price of the complete table is thus estimated to be 43.000NOK.However,
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due to other parts, such as PLA, wires, fastening strips, hinges, shipping prices,
connectors, etc, not being listed here, the correct price is higher.

7.2 Building the Vessel
As the design of the USV should be simple but effective, this Section explains
the viability of the design and its ability to effectively be build, assembled, trans-
ported, and deployed.

With all equipment and components present, the assembly of the frame was
achieved in about five hours . The cutting of the frame was performed with an
angle grinder, while the fastening of angle brackets and hinges was done with a
drill. The drilling of holeswas achievedwith the help of a pillar drillingmachine.

The Peli cases were mounted to the frame and the components were put in
place. Connecting all parts, soldering included, did also take five hours. Assem-
bling and preparing the sensor payload is done within an hour with the code
found on Github.

7.3 Transportation and Assembly
The USV was first tested at Aker Brygge, Oslo, where it was deployed for approx-
imately one hour. During this initial test, transportation, assembly, and several
flight modes were performed and analyzed. The following paragraphs present
the USV’s ability to be transported and deployed during this initial test.

Transportation In regards to transportation, the disassembled USV comes in
fivemajor parts. These parts and their respective weights are as follows:

• the deflated SUP board = 10.5kg

• the pump = 1.6kg

• the folded frame = 10.5kg

• two solar panels = 4.4kg

In addition, there are the straps and ground station that can be kept in a box or
bag when transporting the vessel. In all, the complete deflated USV weighs in
at 27kg. All parts mentioned above are depicted in Figure 7.1, where they were
carried on a trolley for the initial test.
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Figure 7.1: All parts on a trolley

Assembling the Vessel During the initial testing of the USV, it was found that
the USV can be assembled andmade ready for operation in roughly 30minutes,
when performed with a team of three people. The process for this is as follows:

• Inflate the SUP board.

• Unfold the frame and strap it to the center of the SUP board.

• Strap the sensor payload below the USV.

• Strap one solar panel on each end of the board.

• Connect the solar panels to theMC4 plugs of the solar charge controller.

• Power the USV and Raspberry Pi by initiating the load on the solar charge
controller, and turn on the camera.

• Power the Herelink ground station, and wait for a GPS fix.

• When disassembling the USV, the order of operation is reversed.

Visual representations taken from the initial test of this project can be found in
the following six Figures.
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Figure 7.2: Inflating the SUP board Figure 7.3: Putting the frame in place

Figure 7.4: Opening and strapping the
frame to the SUP board

Figure7.5: Strapping the solarpanels to
the hull

Figure 7.6: Connecting solar panels,
battery, and the load to the solar charge
controller

Figure 7.7: Lowering the thruster arms
an deploying the USV
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7.4 Initial Test
As mentioned above, the initial test was performed at Aker Brygge, Oslo on the
28th of April 2023. The USV was tested at 12:00, with still water conditions and
little-to-no wind. During the initial test, the USV was secured with a wire from
a wire spool. It should be noted that the area is highly trafficked by other boats,
which resulted in occasional waves during the testing. The complete USV can
be seen operating in Figure 7.8, while Figure 7.9 shows the map data during the
initial test.

Figure 7.8: Completed USV during operation

Figure 7.9: Map data from the initial test

The operation of the vessel is facilitated by the implementation of Ardupilot.
Once the vessel is deployedandarmed, ArduRoverprovides a rangeof supported
flight modes that are accessible to the operator. These flight modes are summa-
rized in the following table.
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Table 7.2: ArduRover flight modes
Flightmode Function

Manual Enables manual control of the vessel
Auto Enables the operator to upload premade waypoints for

predefinedmissions
Loiter The vessel will attempt to hold its position
Acro Used for tuning the vehicle
Guided The vessel will attempt to navigate to a set point
RTL (Return to Launch) The vessel will attempt to navigate

back to its launch position

During this test, Manual, Loiter, Guided, and RTL were attempted, with their
respective results listed below.

Manual control allows the operator to steer the vessel. While maneuvering,
the thrusters perform differently depending on the direction ofmovement, pro-
vidingmaximum thrust of 30%during forward and backwardmotion, and 100%
during turning. This setup enables the vessel to be responsive and quick during
turns but relatively slow whenmoving straight. The throttle performance, mea-
sured in rpm, duringManual mode is shown in Figure 7.10.

Figure 7.10: Throttle performance during Manual, where throttle right is dis-
played in red, and throttle left is displayed in green

Loitermeans that the USV holds the current position. This flight mode was
attempted while the USV was stationary in the water. In loiter mode, it was at-
tempted to wind the wire such that theUSV is pulled back towards the pier. This
resulted in the USV trying to counter this force bymoving back to the initial po-
sition. The test is visualized in Figure 7.11. The throttle performance during this
test is presented in Figure 7.12.
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Figure 7.11: Winding the spool during Loiter test

Figure 7.12: Throttle performanceduring Loiter, where throttle right is displayed
in red, and throttle left is displayed in green

Guidedmodewas attempted by selecting various set points on theHerelink’s
interface. From the various tests that were performed, all points were success-
fully reached. One such example is presented later in Figure 7.13

Return to Launchmakes the USV attempt tomove back to the location from
where it was first started. During testing, all attempts to navigate back were suc-
cessful. However, the vessel has tendencies to not take the shortest way back,
and instead turnsmore than necessary, meaning that itmust adjust its path sev-
eral times while navigating back.
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Figure 7.13 presents one of the autopilot tests thatwas performed. In the Fig-
ure, the vessel enters from the right side in guided-mode, navigating to the set
point, before being prompted to return with the RTL-mode. During this mis-
sion, the vessel returned to the origin successfully. However, it did not follow the
most optimal path. The thrusters’ throttle during the samemission is displayed
in Figure 7.14, where the right throttle is displayed in red, while left is displayed
in green.

Figure 7.13: Path of the USV during guided- and RTL-mode
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Figure 7.14: Throttle performance during Guided and RTL, where throttle right
is displayed in red, and throttle left is displayed in green

Observed Values during Operation The following values have been observed
during operation. The measured current during the entirety of the operation is
shown inFigure 7.15. The graph shows aminimumcurrent of 1.84A, amaximum
current of 119.97A, and amean current of 12.76A. A brief increase of current can
be seen every time the USV changes direction, indicating a sudden spike in cur-
rent to give an instant response for the thrusters. Figure 7.16 presents the mea-
sured current during the Guided- and RTLmission displayed in Figure 7.13. The
graph shows that theUSVoperated at ameanmeasured current of 19.71Aduring
relatively consistent movement at 30% thrust. Theminimum current andmaxi-
mum current for this mission is 2.02A and 119.7A respectively.
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Figure 7.15: Themeasured current of the battery during the entire initial test

Figure 7.16: The measured current of the battery during the Guided- and RTL
mission

Thespeedof theUSVduring theentire initial test ispresented in thegraphbe-
low. Asmentioned, the throttlewas set to 30%with the goal tomaximize the bat-
tery efficiency while keeping sufficient speed. The maximum speed was there-
fore at 0.98m/s, with amean speed at 0.18m/s. The speed of the USV during the
Guided- and RTL mission is shown in Figure 7.18. The maximum speed was at
0.98m/s, with amean speed at 0.43m/s.
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Figure 7.17: Themeasured speed of the USV during the entire test

Figure7.18: Themeasured speedof theUSVduring theGuided- andRTLmission

The cross-track error (XTE) for the RTL/Guided mission is presented below.
XTE refers to the deviation of the vehicle from the intended course and is dis-
played in meters. The XTE, in Figure 7.19, shows a maximum error, minimum
error, andmean error of -4.44m, 0.73m, and -0.19m respectively.
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Figure 7.19: The cross-track error for the RTL/Guidedmission
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7.5 Second Test
Although the initial test was performed successfully, it was found that the USV
wasmoving too slow. In addition, Automodewas not attempted during this test.
Inorder toovercome this limitation, a second testwasconducted inAsker, Viken.
On the second attempt, the throttle percentage set to 50%, opting formore time-
efficient operating with a higher current draw as a trade-off. The test was con-
ducted onMay 5, 2023, at 13:05 in still water conditions without wind. The USV
can be seen testing in Figure 7.20.

Figure 7.20: Completed USV during the second test

The following two Figures present themission that was planned for the Auto
mode, in addition to the actual navigation of the vessel. In total, eight waypoints
were selected for theUSVtonavigatebetween, before returning to theoriginwith
RTL.

67



Figure 7.21: Predefined waypoints for the Automission

Figure 7.22: Map data from the Automission
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Figure 7.23 shows the thruster performance during the Automissionwith the
new 50% thrust of the vessel. During the mission, the USV had a mean throttle
of 1637rpm.

Figure 7.23: Thruster performance during Automission

Figure 7.24 shows the measured current during the Auto mission, showing a
minimum current of 2.11A, a maximum current of 119.97A, and amean current
of 43.51A with the thrust set to 50%. Figure 7.25 shows the velocity of the USV
during the samemission. The vessel performedwith amean velocity of 0.59m/s
and amaximum of 1.02m/s.

Figure 7.24: Measured current during Automission

69



Figure 7.25: Measured speed during Automission

Figure 7.26 presents the XTE for this mission, measuring a minimum, maxi-
mum, andmean error of -3.45m, 1.48m, and -0.2m respectively.

Figure 7.26: Cross-track error during the Automission
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7.6 Operation Time
To calculate the estimated operation time of the USV, the power consumption
described in Section 3.5 is used. The power (Wh) is calculated by multiplying
the current over time by the voltage. The complete operation time for the USV
canbe formulatedby subtracting theUSVpowerusage from thebattery capacity
and adding the power provided by the solar panels.

ℎ = 𝐶 + Δ𝑃𝑡 (7.1)

ℎ = (𝐴ℎ𝐵𝑎𝑡𝑡𝑒𝑟 𝑦𝑉𝐵𝑎𝑡𝑡𝑒𝑟 𝑦 ) + 𝑃𝑠𝑜𝑙𝑎𝑟𝑡 − (𝑉𝑈𝑆𝑉 𝐴𝑈𝑆𝑉 )𝑡 (7.2)
where the following parameters are used. For the USV power usage, the mean
values from the Guided/RTL mission from the initial test and the Auto mission
from the second test was used.

• ℎ = operation time in hours

• 𝐴ℎ𝐵𝑎𝑡𝑡𝑒𝑟 𝑦 = 16Ah

• 𝑉𝐵𝑎𝑡𝑡𝑒𝑟 𝑦 = 16V

• 𝐴𝑈𝑆𝑉 (30% throttle) = 19.71A

• 𝑉𝑈𝑆𝑉 (30% throttle) = 15.5V

• 𝐴𝑈𝑆𝑉 (50% throttle) = 43.51A

• 𝑉𝑈𝑆𝑉 (50% throttle) = 15.5V

• 𝑃𝑠𝑜𝑙𝑎𝑟 (assumingmaximum power output) = 220W

Plotting the twoequations for thedifferent throttles give the followinggraphs,
where t = time and y = A. At 30% throttle, the operation time is about 3 hours,
while the operation time is about 30minutes at 50%.

Figure 7.27: Estimated operation time
at 30% throttle

Figure 7.28: Estimated operation time
at 50% throttle

Plotting the two equations without the power provided by the solar panels
gives the following results. At 30% throttle, the operation time is about 0.8 hours
(about 48 minutes), while the operation time is about 0.4 hours (about 24 min-
utes) at 50%.
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Figure 7.29: Estimated operation time
at 30% throttle without solar panels

Figure 7.30: Estimated operation time
at 50% throttle without solar panels

It is important to mention that the two missions are different and that the
power consumption is dependant on several other factors, such asweather con-
ditions and thruster values. Nevertheless, the estimated values provided above
offer a rough idea of the expected operation time duringmissions.

7.7 Sensor Data
This Section shows test results of the probes during the second test in Asker. It
should be noted that the solar charge controller did not provide enough power
for the Raspberry Pi running the four probes. Therefore, no sensor data was col-
lectedduring the initial test. For the seconds test apowerbankwasused topower
the Raspberry Pi and the sensors instead.

The purpose of this experiment was to evaluate the water quality of a fjord
using a solar-powered unmanned surface vehicle (USV) equipped with pH, dis-
solved oxygen (DO), temperature, and conductivity sensors. The testing took
place onMay 5, 2023, in the Oslo fjord in Leangen, Asker.

Table 7.3 displays the trends in pH, DO, temperature, and conductivity over
thecourseof themissionpresented inFigure7.22. Inall, 144measurementswere
taken with the 4 sensors over a time span of 18minutes.

Table 7.3: Efficiency comparison between 30% and 50% throttle
Sensor Mean Standard Deviation Range

DO (𝑚𝑔 /𝐿) 5.26 0.19 5.19 - 5.94
pH 7.94 1.18 2.182 - 9.964
Temp (◦𝐶 ) 9.54 0.51 9.272 - 10.961
Cond (`𝑆/𝑐𝑚) 20122 2634 5924 - 21330

In reference to Section 3.1.2, the results indicate that the water quality of the
Oslo fjord in Leangen, Asker, during the testing period was within acceptable
levels for pH, DO, and temperature. However, the conductivity measurements
were higher than expected, indicating a possible pollution source or incorrect
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calibrationof theprobe. Thecompletefile is tobe found in theGithub repository,
referenced to in Appendix 10.

7.8 Frame Stability during Operation
During, and after, the operation of the vessel, some flaws were discovered that
were not accounted for while constructing the frame.

Since the side framesof the frameare connectedwithhinges, theyhave a ten-
dency to move up and down depending on the thrusters. This was particularly
noticeable during manual testing, where the side frames were observed to be
lifted noticeably while turning at full throttle.

After the initial test, itwasobserved that someof the aluminumprofiles in the
frame had shifted from their original position. Most of the screws for the hinges
and angle brackets had to be tightened after the first test.

73



Chapter 8

Discussion and FutureWork

The following Sections feature reflections on the results, which are then com-
pared to initial ideas. In addition, each section also addresses some of the con-
cerns regarding the current design, andprovides suggestions for future attempts
at a low-cost, solar powered unmanned surface vessel.

8.1 Price
Section 7.1, Results, presented the overall estimated price of the vessel. The fi-
nal price stands at roughly 43.000NOK, including onlymajor parts and ignoring
shipping prices. Overall, it is estimated that the final price should be assumed to
be near 50.000NOK, which is in line with the initial objective of designing a low-
cost solution. It is important to note that the actual cost of the USV may vary
depending on several factors, including the location of the project and shipping
prices. In addition, for future recreations, the total price also depends on the
manufacturer’s design choice regarding a recreation of this particular vessel.

The off-the-shelf components used in this project were chosen for their low
price and availability. It is possible to reduce costs even further by using cheaper
alternatives. However, it is essential to ensure that the quality and reliability of
the components are not compromised.

The cost of the SUPboardmakes up a significant portion of the total cost, but
it is a crucial component for achieving the project’s objective of being fast to de-
ploy, easy to transport, and providing high maneuverability. One of the reasons
for choosing this particular hull is its size. Disregarding the solar panels for fu-
ture attempts leaves the possibility to explore other smaller, and cheaper hulls,
as explained later in Section 8.2.

The use of solar panels is another essential feature of this USV as it prolongs
the battery life and reduces the reliance on external power sources. The cost of
the solar panels is reasonable and should provide a reliable power source for the
USV.However, ignoring thesecomponents reduces thepriceby roughly3.300NOK,
while also reducing the battery life as a trade off. One should consider the esti-
mated operation time when deciding whether to include the solar panels and
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the solar charge controller or not.

Other substantial components are the Herelink Ground Station and Air Unit,
which together cost 11.622NOKas of thewriting of this report. While purchasing
alternative components would drastically lower the price, the project would no
longer benefit from the quality and advantages from these components. For in-
stance, theHerelink provides the operatorwith an interfacewhichnot only facil-
itates the operation, but also allows for real-timemonitoring of the vehicle’s per-
formance. In addition, these components provide a range of up to 20km, which
is significantly higher thanmany other ground stations available on themarket.
In all, these features were noticeably helpful during the testing of the USV, and
are recommended for future constructions of this particular project.

Lastly, there are other parts such as connectors and the Whiteboxes which
are not necessary for theUSV, but rather complement themodularity of the ves-
sel. For instance, the T1 Whiteboxes, used for the Raspberry Pi and sensors, are
not necessary to take measurements. Soldering these components instead of
purchasing the Whiteboxes saves additional 2180NOK but removes the ability
to freely exchange probes and EZO boards.

In all, the estimatedprice of theUSV iswithin a reasonable range, and theuse
of off-the-shelf components has helped to keep the cost low. While the current
design leaves a lot of room for variations, it is crucial to ensure that the qual-
ity and reliability of the components are not compromised while considering
cheaper alternatives.

8.2 Design
As previously mentioned, the frame and USV is designed to be modular, easy to
construct, cheap, andfit for operation inmarine environments. Overall, it fulfills
this purpose, while leaving room for improvement.

The frame has been found to be easy to assemble and transport during test-
ing, with a weight of 10.5kg. The handle design, which consists of two top- and
bottom layers and an infill of 20%, has proven successful in securely locking the
frame in place when folded and withstanding the weight of the frame while be-
ing carried. Thefirst attempt at constructing the frame tookaboutfivehours, but
it is expected that future attempts would require significantly less time, demon-
strating that the current design is both simple and efficient to construct while
requiring some experience with the tools andmethods described in this report.

Improvements shouldbemade to further strengthen the framehowever. Some
of the aluminum profiles in the frame had shifted from their position, suggest-
ing that the screws used to secure themwere either not tightened adequately or
that additional reinforcement is required to strengthen the frame. This might
indicate that larger angle brackets should be used, such as the ones used for the
thruster arms. This way, the aluminium profiles are secured at multiple anchor-
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age points and can withstand the force produced by the thrusters while operat-
ing. In addition, the side frames were found to be too flexible during operation.
At timeswhere theUSVmadequick turns, the side frameswere often lifted, indi-
cating that the side frames should be able to be locked in place when the frame
is open. This could either be done by using hinges that cannot rotate as easily,
or by mounting brackets to the main frame that could secure the side frames in
place during operation.

Although the aluminium profiles can withstandmarine environments,
other components, such as the hinges and some of the angle brackets can not.
It is suggested that future attempts at this designmake use of components con-
structed of stainless steel instead of being galvanized, as to extend the quality
and lifespan of the vessel.

While the quality anddurability of the Peli cases are not in question, their size
has been found to be impractical for containing the hardware. Although the cur-
rent design with two Peli cases has proven sufficient, maintaining a good hard-
ware structure inside the cases would be easier if they were larger. Therefore, for
future work, it is suggested to replace the current cases with larger ones or use a
single, larger case instead, in order to optimize hardware containment.

Thefiniteelementanalysispresented inSection6.2.2predicted that the thruster
arms would withstand the force exerted by the thrusters, and the physical test
confirmed this by showing no signs of structural weakness. While the design of
thesearmshaveproven tobesufficient, someadjustments couldbemade tohow
the arms are lowered. TheUSV has to be placed at the edge of the pier, as seen in
Figure 7.7 in Section 7.3, such that the arms can be lowered. While this method
works, it is slightly impractical and could be improved upon. Future attempts
should investigate other possible ways to lower the arms for operation.

The choice of hull has been demonstrated as a sufficient choice as it is both
simple to transport, deploy, and highly maneuverable. The overall design of the
USV also leaves the manufacturer of future attempts room to experiment with
other hulls. For instance, the hull can bemanufactured from scratch such as re-
lated work has demonstrated, or by choosing different types of pre-build plat-
forms, such as other SUP boards, surf boards, kayaks, etc.

8.3 Hardware
The hardware setup for the USV has been designed with a focus on using con-
nectors wherever possible to enable easy upgrading and replacement of com-
ponents. When deploying the vessel, the connectors make it efficient to plug or
unplug certain parts, and to power the system. Moreover, the use of these con-
nectors significantly enhances themodularity of theUSV, allowing users to swap
out components as per their requirements.

The design of the 3D-printed mountings for the thrusters have proven to be
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effective in securing the them to the thruster arms. After both tests, no signs of
structuralweaknesswas foundon the thrusterbracketswhenprinting themwith
two top- and bottom layers and an infill of 20%.

The use of two-component epoxy adhesive and glue gun glue to secure the
cable glands has also proven to be efficient. During testing no leakages were
found, suggesting that this method needs no further improvement unless the
USV is used in harsher environments.

For a prototype, the choice of battery has been sufficient for testing. How-
ever, connecting two 16.000mAhbatteries in series, should be considered to fur-
ther extend the operation time for serious testing. The vessel has the potential to
carry evenmore, or larger, batteries than this and is currently only restrained by
the limited storing space provided by the Peli Cases. This means that the vessel
could be powered for multiple hours given enough battery capacity. This could
improve on the 3 hours of operation that the vessel is currently capable of with
solar panels and 30% throttle. It should also be noted that the current estimated
battery life is derived from a calculation. Future work should thus measure the
battery after testing to come to amore specific answer in this regard.

One potential limitation of the current hardware setup is the length of the
thruster cables. As noted in Section 6.4, the cables were too short for the partic-
ular frame used in this project and had to be extended by soldering additional
high temperature silicone wires. This limitation could be addressed in future
work by using longer thruster cables or by designing a different frame that ac-
commodates the current cable length.

Tocompare theefficiencyofdifferent throttle levels,measurementswere taken
at both 30% and 50% throttle. The table below summarizes the observed values
for each test. The values recorded during the Guided/RTLmission for the initial
tests are listed, while the Auto mission for the second test is included for com-
parison.

Table 8.1: Efficiency comparison between 30% and 50% throttle
Values 30% Throttle 50% Throttle

Mean current (A) 19.71 43.51
Minimum current (A) 2.02 2.11
Maximum current (A) 119.97 119.97
Mean speed (m/s) 0.43 0.59
Maximum speed (m/s) 0.98 1.02

It is important to note that while the two missions are not identical, these
results give a good indication of the overall efficiency of the two throttles. On
average, themeasured current is more than twice as high for the 50% throttle as
for the 30% throttle. However, the average velocity is only 0.16m/s higher at 50%
throttle.

These results suggest that increasing the throttle by 20% is not worth the sig-
nificant increase in power consumption. As presented in Section 7.6, the opera-
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tion time is about 2.5 hours longer while operating at 30% throttle, compared to
50%. However, it is important to note that more tests may be necessary to con-
firm these findings and to determine the optimal throttle level for specific appli-
cations. To create more accurate results in this regard, the USV should perform
the same mission with both thruster values. In addition, it is worth noting that
bothmissions were hindered by the lack of tuning of the PID controller, leading
to suboptimal navigation, as discussed later in this report. As a result, oscillating
movement occurredduringbothmissionswhichdecreased the average speedof
the USV.

The previously calculated operation times demonstrate that the solar panels
are an effective addition to the hardware of this design. At 30% throttle, the ad-
dition of solar panels roughly increase the operation time from 48 minutes to 3
hours. At 50% throttle the operation time increases from 24 minutes to 30 min-
utes. Thesefindings further support the idea that the vessel is best operatednear
30% thrust.

8.4 Software and Navigation
The results of the initial test indicate that the implementation of ArduPilot was
successful in facilitating the operation of the vessel. The various flight modes
that were attempted, includingManual, Loiter, Guided, RTL, and Auto each pro-
duced desirable results.

However, some limitations were identified, such as the relatively slow speed
of the vessel during straight-linemovement inManualmode. Asmentioned, the
USV’s thrust was initially set to 30% to operate at high efficiency. This results in
the vessel moving at roughly 0.5m/s. In all, this makes the USV relatively slow,
but very responsive in turning. While the overall maneuverability of the vessel
was satisfactory, it was assumed that the USV could benefit from a lower thrust
during turns, and slightly higher thrust during straight movement. Therefore,
the thrust was increased to 50% on the second attempt increasing the speed av-
erage speed from 0.42m/s to 0.59m/s.

DuringLoiter, theUSVsuccessfullyheld itsposition. Asmentioned inSection
7.3, this flight mode was tested by trying to wind the spool which the vessel was
connected to, and thus pulling it towards the pier. The USV correctly responded
by trying to maneuver back to its original position, as shown by the thruster re-
sponse in figure 7.12, thus verifying that the mode works as intended. This im-
plies that the vessel is able to hold its position during wind and waves.

In Guided, theUSVmoves to a user-defined destination by selecting it on the
Herelink ground station. All results from the initial test demonstrated that the
vessel successfully reached its destination. Return-to-Launch, orRTL,makes the
vessel attempt to navigate back to its original position. All RTL tests showed suc-
cess as well. However, there areminor concerns about the vessel’s ability to take
the shortest path during thesemodes. As seen in Section 7.3, in Figures 7.13 and
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7.14, it is evident that the vessel must often readjust its path to its destination,
whichmay affect the efficiency of future missions.

Auto mode was tested on the second test, which demonstrated that the USV
successfully passed all the waypoints, as depicted in Figure 7.21. However, there
are some concerns regarding the efficiency of the movement. As seen in the
thruster performance graph and the map data, Figures 7.23 and 7.22, the vessel
oscillates heavily while moving between the waypoints and is overall struggling
to smoothly transitionbetween thewaypoints. While this issueswas also notice-
able during the initial test in both Guided and RTL, it is likely that the increased
thruster performance has worsened the issue. The mean cross-track errors are
-0.19m and -0.2m for the first and second test respectively. While these errors
are very low, the minimum and maximum errors of these tests show that they
vessel sometimes deviates a lot from its intended course. The highest errors the
first and second test have are -4.44m and -3.45m respectively. During the initial
test, the highest error occurred during the switch from Guided to RTL, which is
visualized inFigure 7.13. Thehighest error during the second test occurredwhile
transitioning from one waypoint to the next. This indicates that the navigation
performsworst duringflightmode changes andhard turns. Figures 7.19 and 7.26
further demonstrate the oscillation during autonomous flightmodes. It is there-
fore recommended for futurework to tune the PID controller inMission Planner
such that the vessel more effectively and efficiently navigates while moving au-
tonomously.

To further enhance the sensing- and navigation capabilities of the USV, one
possible improvement is to integrate additional sensors or cameras. Presently,
the vessel lacks any means of object detection and avoidance, which makes it
heavilydependentonanexternaloperator. Byaddingobjectdetectionandavoid-
ance capabilities, the USV can becomemore autonomous and safer when oper-
ating far from the operator or beyond line of sight. An off-the-shelf 3D camera
like the Intel RealSense D435 could be utilized for object detection, while a lidar
sensor could assist with obstacle detection and localization in low-light condi-
tions, thereby reducing operator dependency.

8.5 Sensor Data
As the purpose of the USV is tomonitor water qualitymeasurements, four sepa-
rate probeswere connected to theUSV, controlled by a Raspberry Pi. The probes
used in this project were purchased from Atlas Scientific andmeasure dissolved
oxygen, pH, temperature, and conductivity. Themeasurementswere taken right
below thewater surface of the fjord by attaching theprobes to oneof the thruster
arms of the USV. The testing took place on May 5, 2023, and a total of 144 mea-
surements were taken with the four sensors over a time span of 18minutes.

The results indicate that the water quality of the fjord was within acceptable
levels according to the information given in Section 3.1.2. However, the conduc-
tivity measurements were higher than expected, indicating a possible pollution
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source or incorrect calibration of the probe. Table 8.2 summarizes the average
values of the findings and compares them to the ideal ranges of saltwater pa-
rameters shown earlier in Section 3.1.3.

Table 8.2: Comparison of findings against ideal parameters
Water Quality Parameter (SI Unit) Mean Value of Findings Saltwater Ideal Range

pH 7.94 7.5 - 8.4
DO (mg/L) 5.26 5 - 11
Water Temperature (◦C) 9.54 5 - 25
Conductivity (`S/cm) 20122 50,000 - 70,000

It is important to note that the probes were controlled separately from the
USV, meaning that the exact location of the sensor data is inconvenient to pin
point. To do so, one must match the timestamps of the measurements to the
longitude and latitude of the USV at the given time, making it difficult and time
consuming to compare. To obtain more accurate measurements, it is recom-
mended to connect a GPS module to the Raspberry Pi to create separate map
data.

Lastly, one should consider to adjust the i2c_continuous.py for better for-
matting of the measured data. The current solution writes each measurement
as one single column without any clear separation, as seen in the figure below.
Futurework should thusmake it easier toworkwith thedata sets that are created
during missions by separating the timestamp, status message, I2C address, and
measurement with commas.

Figure 8.1: Current formatting of data

8.6 Ethical Concerns
Initially, the following ethical concerns were addressed in Section 1.2:

• Hazardousmaterials

• Navigation and collision

• Environmental sensitivity

With theUSV constructed and tested, the followingparagraphs investigate these
concerns in regards to the current design and its results.

80



The vessel carries components that are potentially hazardous to the environ-
ment. Asexplained throughout this thesis, theUSV isdesigned inaway thatmin-
imizes the risk of losing parts during operation. All parts are properly secured to
the hull, or inside the Peli cases. During testing, the vessel was also deemed rigid
such that this concern is no longer as valid. Still, it is important that the operator
makes sure that all components of the USV are properly secured before deploy-
ing it.

As previously mentioned, the USV has no obstacle avoidance, meaning that
the point of navigation and collision is still a valid concern. It is therefore impor-
tant that the vessel is in line of sight with the operator at all times.

Initial tests showed that the USVwas capable of causing disturbances toma-
rine environments, habitats, orwater quality. The level of disturbance caused by
the USV is however assumed to be minimal, as it stays on the surface while also
producing little noise. It is however still important to consider the potential im-
pact on the environment, but further testing is required to come to a definitive
answer in this regard. One possible solution is to use the methods presented by
[58] such that the USV can performwith less disturbance.

Overall, it lies within the user to deploy and operate the USV with responsi-
bility. As such, the vessel should never be deployed in populated or trafficked
areas, and it should always be operated in line of sight with the user.
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Chapter 9

Conclusion

The goal of this thesis was to create a low-cost solar powered unmanned surface
vessel for theuse ofwater quality inspection andmonitoring in coastal areas and
fjords. This project particularly focused onmaking up for the weaknesses of the
heavier,moreexpensive, and lessuser-friendlyalternatives. Thus, a large section
of this projectwas todesign the vessel in such away that it only uses off-the-shelf
components that have a low price and high market availability. In addition, the
vessel should be easy tomass produce, transport, deploy and operate.

Theunmanned surface vessel consists of a stand-up-paddle board as thehull
with an aluminium frame strapped to it. The frame carries two cases that house
all of the hardware. As this project makes use of the Ardupilot autopilot, the
hardware consists of the Pixhawk 4, with accommodating components, and the
Herelink ground station. The thrusters for this project are Blue Robotics’ T200
thrusters. Formeasuringwater quality, the hull carries a pH-, dissolved oxygen-,
temperature-, and conductivity probe. For a prototyping phase, these sensors
start measuring once they are powered, and write all data to a CSV file. The data
can then provide an overall indication of the water quality of the tested water
body. Lastly, the vessel carries two solar panels that are connected to a solar
charge controller with the goal to minimize reliance on external power sources,
and to extend the vessels operation time.

The framewas first designed in Solidworkswith the goal to quickly prototype
a design and identify potential problems. After multiple revisions, the frame is
now able to be folded in to a portable case and able to be unfolded for opera-
tion. In regards to the complete design, the vessel costs roughly 50.000NOK and
weighs 27kg. Depending on the team size and expertise, the vessel can be fully
build in roughly one day, making it suitable for mass production.

Testsof thevesseldemonstrated that thegoalof simpleoperation, transporta-
tion, anddeployment is achieved. TheUSVhas several flightmodes that all work
as intended, including Manual, Loiter, Guided, RTL, and Auto. The USV was
tested at both 30% and 50% throttle, with the 30% throttle opting to be more
power efficient and 50% being more time efficient. It was found that the in-
crease from30% to 50%drastically increased the power consumption of the ves-
sel while not gaining significant advantages in terms of speed. It is therefore rec-
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ommended to keep the USV near 30% throttle for optimized operation. At this
throttle, the USV can operate for roughly 3 hours, given optimal conditions.

The probe setup was proven to be viable approach for giving approximate
data for water bodies. However, the current approach comes short when trying
to accurately pin point exact locations of water quality measurements. A solu-
tion would be to connect a GPSmodule to the Raspberry Pi, such that map data
can be formed with the various probes.

Futurework shouldmake attempts to improve on the solidity of the frame by
swapping galvanized components with counterparts made of stainless steel in-
stead. In addition, the side framesmust bemore rigidwhenoperating as they are
easily moved by the force of the thrusters. Furthermore, the Peli cases could be
replaced with one or two larger cases to make it easier to maintain a good hard-
ware structure. Future attempts should also tune the PID controller of the au-
topilot such that the USV navigates more optimally to its destination in Guided,
RTL, and Auto mode. The autonomy of the vessel could be improved by the use
ofmore sensors and the implementation of object detection and obstacle avoid-
ance.
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Chapter 10

Appendix

Appendix A: Github Repository
The following link references to theGithub repository for this project. It contains
all relevant 3Dmodels, code, and data for this project.
https://github.com/Jan-PhilipR/low-cost-solar-powered-USV.git
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Appendix B: 3DModels
This Appendix presents all 3Dmodels thatwere designed in Solidworks. All parts
mentionhere are included in the completed3Dmodel of theUSVdepicted in the
Methodology, Figure 6.4. It should be noted that the SUP board is modelled af-
ter theAquaMarinaHypers length,width, andheight, but the actual shapeof the
model does not perfectly represent the physical board. All other partsweremea-
sured from their physical counterparts andmodelledwith thosemeasurements.
The aluminium profiles in the complete model all originate from themodel de-
picted in Figure 10.10, but were individually modelled with different lengths, or
with holes, when needed.
The models for the T200 and Peli case were retrieved from other sources on the
16th of February 2023:

Model: BlueRobotics T200 Thruster
Author: Rustom Jehangir
URL: https://grabcad.com/library/bluerobotics-t200-thruster-1

Model: pelican case1
Author: Jared
URL: https://grabcad.com/library/pelican-case-2

Figure 10.1: SUP board
Figure 10.2: Solar panel

1Themodel depicted in Figure 10.3 is coloured yellow, after the physicalmodel, although the
sourcemodel is coloured black.
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Figure 10.3: pelican case
Figure 10.4: T200 thruster

Figure 10.5: Bolt
Figure 10.6: Nut

Figure 10.7: Angle bracket 75x75mm

Figure 10.8: Hinge (consisting of three
parts)
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Figure 10.9: Ratrig angle bracket
Figure 10.10: Ratrig aluminium profile

Figure 10.11: Ratrig screw

Figure 10.12: Thruster profile

Figure 10.13: Handle

Figure 10.14: Handle bracket
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