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Abstract

The objective of this project was to build a one-metre-long, autonomous electric hy-
drofoil that would be capable of rising up onto foils and autonomously driving to GPS
waypoints. Due to the demanding nature of the project, this paper focuses on the hull
design and construction, roll control and autonomous heading following.

The first reason for undertaking this project is to develop a user-friendly test platform
for UWA to explore innovative hydrofoil technology, such as different wing designs,
configurations and control mechanisms. The hydrofoil will also be used to advance the
under-explored area of autonomous hydrofoil driving in literature.

The hull and hydrofoils were designed and built from scratch, using a combination of
laser cut wood and 3D printed PLA parts. Accessible, “off the shelf” electronics were
used to control the boat and implement autonomous driving. A microcontroller was
used to implement control algorithms, which stabilise the hydrofoil boat and act as a
flight controller. An inertial measurement unit (IMU) paired with a global positioning
device (GPS) was used to implement straight-line waypoint driving.

The overall outcome of the project was a fully constructed hydrofoil boat with partial
control and autonomous driving implemented. The construction of the hull and hydro-
foils was successful, along with the integration of electronics and software. As such,
the boat can be driven using a remote control and can rise out of the water using the
hydrofoils. However, the control algorithms are unable to keep the craft stable due to
limitations in the aileron design, and so the boat is unable to foil continuously and will
fall back into the water. The autonomous driving has been implemented, but due to
these limitations, it operates when the boat is not foilborne.

The primary focus of future work should be to fix the limitations with the ailerons, al-
lowing them to provide proper control and stability of the hydrofoil boat. The brushless
motor providing propulsion should also be replaced with a motor of the correct specific-
ations to prevent the existing overheating issue.
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1 Introduction

It is well known that the usage of fossil fuels and climate change present a large issue in
modern-day society [1]–[3]. Several international sustainability organisations and the
literature agree that the consumption of fossil fuels is unsustainable, and has a large
negative impact on the environment. They also agree that in order to minimise these
impacts, it is necessary for society to transition towards sustainable fuels, vehicles and
net zero emissions [4]–[6].

Figure 1: International Maritime Organisation strategy. [7]

These changes have also been brought into the marine industry, with the International
Maritime Organisation (IMO) decreeing that strategies are required to reduce the carbon
consumption of marine vessels [7]. The specific IMO goals are illustrated in Figure 1.
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Without new sustainable developments, the marine industry will lag behind the sustain-
ability agreements of the future.

As such, attention has turned towards hydrofoil boats, which offer significant advant-
ages in terms of efficiency (and thus sustainability) compared to regular boats. This is
because hydrofoil boats lift the hull out of the water, reducing the vessel’s drag during
operation. The Swedish company Candela is pioneering electric hydrofoil boats and
has proved that hydrofoil boats are more efficient with their first boat, the C7. Candela
has experimentally determined that the C7 requires 0.8 kWh per nautical mile, and uses
the same power when travelling at 5 knots with the hull in the water as when travelling
at 22 knots with the hull out of the water [8]. The C7 is also 80% more efficient than
conventional diesel boats [9].

Figure 2: Wake comparison of the Candela C7 and a monohull. [8]

Hydrofoils also offer other improvements compared to regular boats. As the hull does
not cut through the water, they produce almost no wake. This is demonstrated in Figure
2, with the C7 on the left producing significantly less wake compared to a conventional
boat on the right. This reduces the impact on other water users and the environment [10],
[11]. Hydrofoils also possess superior seafaring capabilities in open seas. A hydrofoil
boat with a well designed control algorithm is able to reject wave disturbances and main-
tain a constant orientation. This means it does not sway in waves like a conventional
hull does, which significantly improves comfort. It also increases their accessibility by
allowing individuals who suffer from sea sickness to utilise them [12].
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The United Nations has identified a shortage of skilled maritime workers [13]. Autonom-
ous hydrofoil technology can be used to fill this gap, reducing the size of the required
crew. The development of simple way point driving in hydrofoil boats is the starting
point for autonomous driving in this type of craft. Research can then expand on this
area, allowing the development of fully autonomous hydrofoils.

These issues in modern-day society have shaped the goals of this project, which is to ad-
vance hydrofoil technology by developing a small, autonomous electric hydrofoil. This
will improve the sustainability and environmental friendliness of the boating industry
and expand the research on autonomous hydrofoils to alleviate the shortage of skilled
maritime workers.
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2 Literature Review

Figure 3: A hydrofoil wing. [14] Figure 4: Boeing 929 Jetfoil. [15]

The term "hydrofoil" is often used interchangeably with "hydrofoil boat", though a re-
view of the literature and online resources demonstrates that the hydrofoils are the wings
of the craft. A hydrofoil is a wing-like structure that generates lift in water, which is
demonstrated in Figure 3. A hydrofoil boat is shown in Figure 4, and it is an ordinary
hull with hydrofoils mounted underneath it on long masts. As the boat’s velocity in-
creases, the hydrofoils produce more lift, eventually pushing the hull entirely out of the
water. In this foilborne state, drag and the impact of waves on the hull are significantly
reduced [16]. This report and project focuses on submerged hydrofoil boats, which
feature horizontal hydrofoils that remain submerged during operation. Once foilborne,
these crafts are inherently unstable and require control surfaces paired with control al-
gorithms to keep them at a constant height and orientation [12].

The current state of the art and modern-day hydrofoil boat innovation are based around
submerged hydrofoils. Despite being more complicated and expensive to develop and
manufacture, these crafts provide far superior seafaring performance and comfort due
to their disturbance rejection.

4



Figure 5: The Candela C-7. [8]

As society aims to become greener and more sustainable, significant research and devel-
opment has been conducted by corporations on developing electric hydrofoil boats. This
includes Candela’s C7 (shown in Figure 5), BMW’s “THE ICON” and Artemis’ eFoiler
[17]–[19]. These corporations have made significant advancements in this area, having
solved the complicated problem of keeping the foilborne boat stable and implementing
robust disturbance rejection. Unfortunately, these companies do not publicly release
the details behind their work, preventing it from contributing to the literature. As such,
there is a large gap in the literature in terms of the holistic approach behind designing
and building a hydrofoil from scratch. Numerous publications have been produced on
the individual aspects and components of hydrofoil boats, but these do not present an
insight as to how all the components and aspects link together.

The hardware aspect of solving the hydrofoil control problem is to establish the con-
trol surfaces that will be used. That is, what hardware the craft will utilise to change
its orientation once it is foilborne. There are several different ways to do this, includ-
ing trailing edge flaps, ailerons or variable incident foils [12]. The literature does not
explore different hardware methodologies in depth, and so careful consideration and
selection of the control surface is required based on the requirements and constraints.

The other aspect of the hydrofoil control problem is the control loop and software used.
This consists of selecting sensors to measure the boat’s state and then passing this data
into control software to adjust the control surfaces, ensuring the boat remains stable. A
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reliable approach to measure the boat’s height above the water is to use an ultrasonic
ranging device, which is preferred over other sensors due to simplicity, cost and per-
formance [20]. Proportional, integral and derivative (PID), linear quadratic regulator
(LQR) and sliding mode control have been compared to determine which performs bet-
ter in waves, allowing a comprehensive definition of the benefits and disadvantages for
each control loop type [21]. In addition to this, a fuzzy controller can be used to improve
upon the disadvantages of LQR (poor performance when it is far from the operating
point) and offer effective control [22], [23]. Another aspect of the control algorithm is
to introduce disturbance rejection to improve the stability of the craft in waves. One
method to do this is to use an extended disturbance observer [24]. Overall, the control
theory of the hydrofoil craft is broad and well-researched, which will be leveraged to
select the optimal control loop for this project.

Advancements have been made in current literature regarding autonomous boat tech-
nologies. The literature has focused on a variety of aspects, exploring different control
hardware and driving software for autonomous boats. This includes the development
of an autonomous electric catamaran using ArduPilot [25], a small-scale autonomous
boat to test course-keeping manoeuvres [26] and autonomous sailboats [27]. Software
developments have also been made in the literature, including autonomous driving us-
ing an inertial measurement unit (IMU), global positioning system (GPS) and compass
integration [28], autonomous driving using artificial neural networks [29] and autonom-
ous driving to control an autonomous surface vehicle (ASV) using a PID loop [30].
However, the research in regard to autonomous and unmanned hydrofoils is fairly lim-
ited. Hydrofoils add an additional layer of complexity to autonomous driving as the
software needs to lean the boat to the correct angle when turning. The software also
needs to handle acceleration of the boat and attitude control to ensure the boat rises onto
the foils smoothly. Some advancements have been made in developing the roll dynam-
ics and correct lean angles for turning hydrofoil boats, with a Robust Integral of the
Sign of the Error (RISE) feedback strategy successfully used to control the roll orient-
ation of the boat to perform a curved turn [31]. However, the literature remains fairly
limited in regard to the exploration of autonomous hydrofoils. There is little informa-
tion on autonomous GPS waypoint driving, decision-making capabilities and collision
avoidance specifically for hydrofoils. Furthermore, the literature has not analysed how
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autonomous driving in regular boats can be scaled and adapted to be used in hydrofoil
boats.

The literature for the submerged hydrofoil craft is more developed in the aspects of sta-
bility and control theory of the craft. However, the other aspects remain fairly limited.
The current literature does not present an in-depth assessment of the different control
hardware that can be used and the advantages and disadvantages of each type. The
development of autonomous hydrofoils is quite unexplored, especially in terms of ad-
vanced autonomous driving and unmanned missions in the open sea. Furthermore, the
narrow focuses of the individual research papers result in a lack of information regarding
how the different hydrofoil craft aspects can be combined to develop a well-engineered
and robust hydrofoil craft. The industry has been successful in this area, but the hidden
nature of such developments results in a gap in the literature.
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3 Project Objectives

3.1 Overall Aims

The objective of this project is to develop a small-scale, electric autonomous hydrofoil.
This hydrofoil boat will be approximately 1 metre long and will be capable of rising out
of the water using hydrofoils. It will be able to turn autonomously, control its velocity
and traverse GPS waypoints while maintaining a stable orientation and altitude.

The autonomous driving aspect of this boat is one of the key benefits and reasons for
undertaking this project. While this is a rudimentary form of autonomous driving, it will
provide a proof of concept for basic autonomous hydrofoils. It is also a starting point
in the literature for the development of autonomous hydrofoil driving. The finished
product can then be utilised by future University of Western Australia (UWA) students
and academics to develop more advanced autonomous driving algorithms for hydrofoil
boats. As such, this provides a platform to expand the literature in autonomous hydrofoil
driving.

The other key benefit of this project is that it will provide UWA with an easy-to-use
test bed that can be used to develop different hydrofoil hardware, software and control
technologies. This can then be scaled and deployed to larger and more complicated hy-
drofoil boats. The small and simple design of this hydrofoil craft results in much easier
modification and testing compared to larger watercraft. Undertaking this project will
also increase the hydrofoil knowledge and experience within UWA. While the develop-
ment and construction of this hydrofoil craft will not directly contribute to the literature,
it provides the groundwork for more advanced control software and hardware testing in
the future.

3.2 Report Aims

This project was undertaken by two students due to its demanding nature. As such, this
report will focus on certain subsections of the overall project, specifically:
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3.2.1 Hull Design and Construction

This objective encompasses the tasks involved with the hull, which include designing
the hull and fabricating it. In contrast, the other report will focus on the wing design
and construction.

3.2.2 Roll Control Development

This report will focus on the roll control aspect, which is maintaining stability in the roll
direction (preventing the hull from tipping over sideways). The other report will focus
on the pitch (altitude) control.

3.2.3 Development of Autonomous Heading Following

Due to the demanding nature of this project, autonomous driving will only be implemen-
ted as a simple GPS waypoint driving algorithm. This will drive the boat in a straight
line between GPS waypoints. One aspect of achieving this is to have the boat follow
a constant compass heading in a straight line, which will be the focus of this report.
The other report will cover calculating the desired heading based on the desired GPS
location and the boat’s current GPS location.

It should be noted that this report will not cover any design, construction or implement-
ation details outside of its scope, unless the information is required for context.
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4 Design Process

4.1 Hull Design

4.1.1 Constraints and requirements

The constraints and requirements are a critical starting point, as this is the selection
criteria that will be used to decide on the final design.

The fairly limited budget was the biggest constraint for this project. As such, it was
important that the hull construction was as cheap as possible to ensure that there was
sufficient remaining budget for other aspects. The overall budget for the project was
$1000.00 AUD, of which it was expected that around $200-$300 would be a reasonable
allocation for the hull. It is critical that the hull still meets the other requirements, which
is why the hull was designed with the mentality of being as cheap as possible while still
meeting those other constraints.

The size of the hull and wings were carefully chosen before commencing the design
phase of the project. This requires balancing requirements, as a smaller hull is easier to
use for testing but appears less impressive and is harder to build. A length of 1 metre was
chosen, as this is still small enough to provide simple transportation but large enough
to appear physically impressive in demonstrations and presentations. Furthermore, the
task of miniaturising things can be quite complicated, as small hulls and wings require
tighter tolerances when manufacturing and have less room to fit electronics inside of
them. The 1 metre length was considered large enough to ensure ease of manufacturing
and sufficient space for components.

The last requirement/criteria was in relation to the aesthetics of the hull. As this is
a hydrofoil boat, the shape of the hull is not as relevant as with conventional boats.
This is because the hull is above the surface of the water, so it does not require low
hydrodynamic drag. Because of this, the simplest, fastest and cheapest hull solution
is to purchase a 1 metre long box. However, this would have caused the hull to not
resemble a boat and appear quite unaesthetic (which would also make it less impressive
in demonstrations). As such, a key requirement is that the hull would need to look like
an actual boat and have a boat-like shape.
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4.1.2 Material Choice and Construction

These two concepts go hand in hand, as the material chosen for the project will affect
the construction process. Several different methods were considered.

Figure 6: A pre-made, lightweight (1.00 kg) fibreglass hull. [32]

Buying a pre-made hull was considered, as it offers several advantages compared to
building one from scratch. The biggest benefit is time, as building a hull is a fairly
long process and buying a pre-made one would save a lot of time. Furthermore, this
would have resulted in a much higher quality hull, as these manufacturing companies
have far superior expertise in hull construction and access to more advanced machinery.
However, the largest drawback is that 1 metre long hulls are quite expensive to buy, as
they typically have a more complicated shape and are made from fibreglass or some
similar expensive and lightweight material. This is because these hulls are built to be
used for model racing, which increases cost as they need to perform at a high level.

The two main ways to build a model boat from scratch are to either cut wooden panels
from sheets and glue them together or to use a mould to cast a fibreglass hull.

The advantage of building a hull out of wooden panels is that the construction process
is much simpler and faster than casting fibreglass. A laser cutter can be used to quickly
cut the panels out of wooden sheets. These panels can be glued together using wood
glue to form a hull. Once this has been done, the hull just needs to be coated in resin
to waterproof the wood and adhesive. However, the disadvantage of this construction
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method and material is that the final hull is much heavier compared to a fibreglass hull.
This is because fibreglass is a lot stronger than wood, so thicker sheets of wood (3mm-
6mm) are required to ensure the hull is structurally sound. Even then, the hull is not as
strong as fibreglass, leading to a shorter lifespan and poorer impact resistance.

In comparison, the advantage of a fibreglass hull is that it is significantly lighter than
wood, as the hull can be made from much thinner sheets. This material is also signific-
antly stronger than wood, so the hull is highly impact resistant and will possess a longer
lifespan. The drawback of a fibreglass hull is the construction procedure, which is more
complicated, expensive and requires more time. This is because the mould needs to be
built from wood first, and then coated. After this, the mould can be lined with fibreglass
and resin applied to harden the fibreglass. The pieces then need to be removed, sanded
and joined together.

4.1.3 Design Software

The design stage is an important part of a project, as developing a comprehensive and
detailed design minimises the number of issues and oversights found during or after
construction (which is often too late and creates additional complications). It was de-
cided for this project that 3D computer-aided design (CAD) software would be used to
create a full model of the entire boat (complete with the hull, electronics and wings) to
ensure that all parts fit, worked properly together and that there were no oversights or
poor design assumptions.

The software chosen to do this was Autodesk’s Fusion360, as both students undertaking
this project are familiar with it. This improved the design procedure as it allowed for
a single collaborative document to be used. Furthermore, Fusion360 has several useful
tools, such as finite element analysis (FEA) which was used to inspect the strength and
structural integrity of the final hull design.
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4.2 Roll Control

4.2.1 Constraints and requirements

Compared to the hull design, this task is more software and sensor based rather than
design and construction based. As such, there were fewer constraints and requirements,
and they were less involved in this aspect.

One of the requirements was that an Arduino-based microcontroller would be used,
which means that the chosen sensors would have to be capable of communicating with
it. Furthemore, the programming language would have to be C++, as this is what Ardu-
ino Integrated Development Environment (IDE) and compiler use and understand.

The only other main requirement was again budget. This was only really applicable to
the sensors, so it was necessary to choose these with costs in mind.

4.2.2 Control Hardware

Figure 7: Final hydrofoil boat with ailerons used to control roll
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This report does not focus on the control hardware, as this is not within the scope of this
report (this would fall under the category of wing design and construction). However,
for context, it should be noted that ailerons were the chosen control surface to use to
adjust the boat’s orientation once the hull is out of the water. The ailerons are perman-
ently submerged, and by moving up or down, they can create upwards or downwards
forces on either side of the hull centre. By moving the ailerons in opposite directions, a
net moment can be projected onto the boat, allowing it to be rolled left or right. This is
illustrated in Figure 7.

4.2.3 Control Methodology

It should be noted that a closed loop controller must be used here, as the microcontroller
needs to know what the boat’s orientation is to determine how to move the ailerons. It
would not be possible to do this "blind" (without any sensor data).

As mentioned in the literature review, a variety of different control algorithms have been
tested and are presented in the literature. These include PID, LQR and fuzzy controllers,
with each presenting different advantages and disadvantages. The selection method
here is to choose the simplest and fastest one to implement that still offers suitable
performance. This is because the time allocated for this project is limited (given the
large and challenging scope), and so the focus of the control aspect is on developing a
simple and working control routine that can keep the craft stable, rather than developing
the most robust and advanced control loop.

4.2.4 Sensor

As mentioned in the previous section, sensors are necessary to measure the boat’s state
at any point in time. This is used by the control loop to determine how to move the
ailerons to ensure the boat’s orientation remains at the desired value.

The most common way to measure orientation and pass it into a microcontroller is to
use an inertial measurement unit (IMU). These devices can be purchased as a small chip,
which is mounted on the hull and then plugged into the microcontroller to pass in its
current orientation. These devices typically feature onboard sensor fusion, which com-
bines accelerometer, gyrometer and magnetometer readings to directly provide accurate
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orientation angular data.

Other sensors were not considered for this aspect, as IMUs are widely used as the stand-
ard device to measure orientation and offer reliable and accurate performance.

4.3 Autonomous Heading Following

4.3.1 Constraints and requirements

In a similar manner to the roll control, this is not a design and construction based task
and so does not have as influential constraints. This task itself is very similar to the
roll control, except that it focuses on maintaining a constant yaw orientation rather than
a constant roll orientation. The overall constraints are also very similar, with a focus
on budget (minimising cost) and ensuring compatibility with an Arduino board, the
Arduino IDE and the C++ programming environment.

4.3.2 Control Hardware

Figure 8: Final hydrofoil boat with a rudder used to control yaw

Once again, the control hardware will not be explained in detail as it is not within the
scope of this report. However, it should be noted that the chosen method to change the
yaw orientation is to use a rudder (just like with a regular boat). The rudder is mounted
to the back of the boat, and turning it right or left will change the boat’s heading. This
is demonstrated in Figure 8.
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4.3.3 Control Methodology

This is a very similar problem as the roll control, as it involves a closed loop controller
with a sensor providing feedback and an output that adjusts the boat orientation. As
such, the same controller will be used here as with the roll control, for the same reasons
previously mentioned.

4.3.4 Sensor

The IMU used for the roll control will be re-used here. IMUs measure rotation in all
three axes, roll, pitch and yaw. The yaw value presents the boat’s current heading,
which is used as feedback for the heading controller to calculate how to move the rud-
der. As IMUs are equipped with magnetometers, the yaw heading is already relative to
true north, and so it directly provides the boat’s compass heading. This value can then
be used by the control algorithm to track a desired heading and drive autonomously
between waypoints.
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5 Final Design

5.1 Hull Design and Construction

5.1.1 Construction Methodology

The hull was constructed out of wooden sheets that were cut and glued together. Pur-
chasing a pre-made hull was rejected due to the increased cost (over $250). Casting a
fibreglass hull was also rejected due to limited experience in this area and the additional
cost and time required.

Once all the wooden pieces were glued together, the boat was coated in resin and fibre-
glass to waterproof it and make it significantly stronger. This was done to significantly
improve strength without the complexity of needing to cast fibreglass. However, this
resulted in the hull being much heavier.

5.1.2 Hull Design

Once the construction process was chosen, it was possible to start designing and mod-
elling the hull.

As the construction process was to glue sheets together, the simplest and strongest hull
shape is a rectangular prism. The final hull design was a catamaran, as this maintains a
box structure/shape while appearing much more boat-like.

The catamaran hull was constructed by producing three separate boxes (two pontoons
and a main body) and then gluing them together. This design offers improved structural
integrity compared to a monocoque and it doesn’t require bulkheads for support.
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Figure 9: Pro Boat RC racing catamaran. [33]

The dimensions and proportions of the hull were determined by using an existing model
racing catamaran hull, shown in Figure 9. This was done purely for aesthetic reasons,
as the drag produced by the hull in the water and hull planing speed are negligible.

Figure 10: Hull design modelled in Fusion360

Figure 10 illustrates the final design. The hull was designed in three separate pieces,
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with two pontoons on either side of the main body. The main body has two openings on
the roof, which will allow all of the electronics to be mounted inside. These hatches are
sealed during operation to ensure they are watertight.

Figure 11: Side view drawing of the main body

Figure 11 displays the dimensions of the main body. It is 184.00 mm wide (out of the
page) and the height was specifically chosen to ensure all components would fit inside.

Figure 12: Side view drawing of the pontoon

Figure 12 demonstrates the pontoon dimensions. These are bigger than the main body
to reduce the forward-facing profile of the craft (reducing drag) and to provide sufficient
buoyancy. The pontoons are 100.00 mm wide (out of the page).

Figure 13: Expected boat waterline
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An important part of the design phase is to calculate whether the boat displaces enough
water to keep itself afloat, and if so, what the waterline is (what height of the hull is at
the surface of the water). Using in-built Fusion360 tools, the combined volume of the
hull was found to be 28.04 L. A safe estimate of the mass of the boat was 10.00 kg.
To keep a mass of 10.00 kg afloat, the hull would need to displace 10.00 L of water.
Given that it can displace a maximum of 28.04 L, the hull is clearly large enough to
keep the boat afloat. The waterline of the boat is the height at which the submerged
hull displaces water with an equal mass to the entire boat. Fusion360’s volume tool was
used empirically to determine that the waterline is 35.00 mm up from the bottom of the
hull, shown in Figure 13. This is acceptable, as the waterline is below the middle of the
front tapers, which ensures the hull will have a tendency to pitch up rather than down as
it accelerates.

5.1.3 Material Selection and Budgeting

3.00 mm plywood sheets were used to build the hull. The primary reason for doing this
is that it was the cheapest and most adequate sheet material available. Plywood was
preferred due to its light mass (low density), high stiffness (while still being flexible
enough to bend into a hull shape) and ease of cutting with a laser cutter. 3.00 mm ply-
wood was chosen over 6.00 mm to minimise hull weight. It was expected that 3.00 mm
plywood coated in resin would possess sufficient structural integrity, which the finite
element analysis (FEA) proved. The final hull required 1.18 m2 of 3.00 mm thick ply-
wood. The manufacturer stated the plywood density was 900.00 kg/m3, which results
in a total mass of 3.20 kg for the empty wooden hull.
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Figure 14: Fibreglass coated hull Figure 15: Acrylic paint coated hull

A fibreglass and resin kit was used to coat the final hull. This kit contained 1.00 L of
resin and 1.00 m2 of matte fibreglass. The fibreglass and resin coated hull can be seen
in figure 14.

Once the resin dried, the hull was coated in 400.00 g acrylic red gloss paint. This is
shown in figure 15.

The estimated weight of the finished hull (including resin, fibreglass and paint) was
4.75 kg. The estimated weight of the assembled boat was 6.42 kg. A safety factor of
around 1.5 was applied, so the mass of the entire boat during design calculations was
assumed to be 10.00 kg

The total cost to manufacture the hull was $143.26, which was considered to be accept-
able. An in-depth breakdown of cost and boat mass can be found in the appendix.

5.1.4 Structural Integrity

Fusion360’s FEA tools were leveraged to conduct a static force analysis and ensure the
hull was structurally sound. The hull was modelled as 3.00 mm thick sheets bonded
together. The fibreglass was simulated by adding a 0.5 mm thick shell around the wood.
A 98.00 N maximum force is applied through the front wings, and a 1.76 N force is
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applied through the back wings.

Figure 16: Fusion FEA analysis tool

As shown in figure 16, the maximum expected deflection is 0.385 mm. The safety factor
is 10, which means the hull can withstand 10 times the expected stress without failure.
This is considered acceptable.

5.2 Roll Control

5.2.1 Control Methodology

A PID controller was chosen as the control algorithm to keep the boat roll stable, as it
is the simplest and most familiar one.
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Figure 17: Roll control process/system explanation

The objective of the PID roll controller is to ensure the boat is able to roll quickly to a
desired angular orientation and remain there. Figure 17 illustrates some key definitions.
The boat’s current angle is measured using the sensor. The setpoint is the angle the boat
needs to be at. The error is the PID loop input, and it is defined as the difference between
the setpoint and the current angle. The boats orientation can be controlled using the
ailerons. The PID output is a numerical value that indicates how far the ailerons should
be actuated to move the boat quickly to the desired orientation and maintain it.
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Figure 18: PID block/flow Diagram. [34]

The PID loop itself is made up of three main components, a proportional, an integral
and a derivative component. This is shown in Figure 18. The proportional component
looks at the present time and scales the output proportional to the current error. The
integral component looks at the past by taking a sum (integral) of the previous error. The
derivative component looks at the future by taking the derivative of the error. The PID
loop is a mathematical formula, and the output of the three components are combined
to yield a single output value that corresponds to how far the aileron should be actuated
[35].

5.2.2 Hardware

Three main hardware components are required for the roll control of the boat. A mi-
crocontroller is used to program and implement the PID loop and associated logic. An
IMU is used for the input, as it measures the boat’s orientation. The output of the PID
loop is used to control servos and move the ailerons.
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Figure 19: Arduino Mega microcontroller. [36]

As shown in Figure 19, an Arduino Mega was chosen as the primary microcontroller to
implement the PID loop on. The Arduino infrastructure was chosen as these boards are
very affordable, accessible and easy to program and work with. The board of choice was
a Mega, as it was the only microcontroller with sufficient general purpose input/output
(GPIO) pins to connect all the electronics.

Figure 20: Adafruit BNO085 IMU. [37]
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The IMU used was a BNO085 produced by Adafruit, which is shown in Figure 20. This
is a 9-axis IMU with triple axis accelerometers, gyroscopes and magnetometers. The
sensor fusion is handled by the board, which means that it is able to directly stream its
roll, pitch and yaw orientation to the microcontroller. This was the primary reason for
choosing this IMU, as it greatly simplifies the software.

Figure 21: DSServo DS3235. [38]

A servo is a simple electric rotary actuator that is able to rotate in a 180.00� arc and move
to specific angles. This is why it was chosen to actuate the ailerons, as it is able to move
the ailerons to precise and specific angles. The servos used are DS3235, manufactured
by DSServo. It is shown in Figure 21.

5.2.3 Software

The initial software focused on testing the basic functionality of the boat, and so it es-
tablished full manual control of the boat using a remote control. A Flysky FS-IA6B
receiver was connected to the microcontroller, allowing it to receive inputs from a hand-
held Flysky FS-i6x transmitter. This allowed the boat to be driven remotely by an oper-
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ator and for the flaps to be manually controlled.

The PID loop is implemented as a function, which runs alongside the manual control of
the craft. This allows the craft to be driven with the remote control, while the Arduino
handles the roll control aspect.

It is important to carefully select the PID loop’s cycle time, as this ensures the control
loop is stabilising the boat fast enough. A cycle time of 50 Hz was considered adequate
for this. Given the dynamics of the craft (the maximum and nominal rotation speeds)
and the IMU data rate, this was considered to be fast enough to stabilise the boat while
not demanding too much from the central processing unit (CPU).

The other important aspect of implementing a PID loop is storing data so that it can be
used for debugging and tuning. It is critical to minimise the load on the CPU during
operation. As such, streaming data during testing is not feasible since the CPU is quite
slow at this. Instead, the data is stored in a large array (the CPU is very fast at storing
data) and then streamed over WiFi once testing is complete. Due to the Arduino Mega’s
limited random access memory (RAM) size of 8.19 kB, it was necessary to minimise
and compress stored data. As such, only the boat’s current orientation and PID loop
output can be stored at each cycle.

The full software can be found in the appendix.

5.2.4 Testing and Tuning

The difficult part when implementing a PID loop is tuning it. This consists of determ-
ining the integer gain values for the three PID components to ensure the PID loop has
the desired response. The technique used to tune the PID loop is manual tuning. This is
done by graphing the boat’s orientation over time, analysing the graph and then "manu-
ally" adjusting the P, I and D gains until desirable behaviour is achieved [39].
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Figure 22: Graph of the ideal PID loop performance. Adapted from [40]

The ideal PID behaviour is illustrated in Figure 22. A correctly tuned PID loop will
reach the setpoint quickly and then stay there without oscillations. If the PID loop is
not properly tuned, it will overshoot the setpoint and then oscillate around it, or it will
undershoot by taking too long to reach the setpoint.

The first step in manual tuning is to set the I and D gains to 0, and tune the P gain.
Initially, a small value is tested, and this is slowly increased until the system has a fast
response and the output is close to the setpoint (without causing oscillations). The I gain
is then tuned to remove the steady state error. A D gain can then be added if necessary
(to increase response speed without introducing oscillations). Each test was completed
by driving the boat in a straight line while the hull rose out of the water. Due to the short
distance of the testing environment, the tests lasted for around 12 seconds [39].
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Figure 23: Boat orientation over time with a P gain of 800

The initial P value of 800 was calculated based on a maximum error estimate and the
required output, though it was decreased to ensure it was a small and conservative (safe)
starting value. As seen in Figure 23, the boat should stay at the setpoint of 0.00�.
However, it drifts quite far from the setpoint and possesses some undesirable oscillatory
behaviour. This large drift is to be expected with the low P gain, as this value causes the
controller to respond quite slowly to error. For the next test, the P gain was increased so
that the controller would respond faster to the error.
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Figure 24: Boat orientation over time with a P gain of 1200

Figure 24 illustrates the second completed test. The behaviour is similar to Figure 23,
but the maximum drift has decreased, which is to be expected. However, with such a
large PID value, it was calculated that the orientation shouldn’t drift far and the boat
should be oscillating around the setpoint. The poor stability indicates the possibility of
hardware issues that are affecting the PID loop, but another test was still conducted with
an even higher P gain.
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Figure 25: Boat orientation over time with a P gain of 1500

Figure 25 demonstrates the final test conducted. The P gain was very high, and the drift
has again decreased slightly. However, the high P gain should have resulted in the boat
oscillating around the setpoint without such a large drift. The aileron actuation design
had been revised several times, and the results of this PID test indicated that there was
an issue with that system. It was found that the aileron’s upward travel was severely
limited due to a design flaw, which limited the control on the boat’s orientation.

This design flaw is reflected in the PID loop. As the P gain is quite high, the con-
trol algorithm is attempting to correct the error early and moving the ailerons quickly.
However, the boat is slow to roll back in the opposite direction because the ailerons are
unable to move far enough.
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An analysis of the design issue revealed that it would take too long to fix, and so testing
was concluded early as no amount of tuning the control algorithm would alleviate the
hardware issue. The aim was to test and implement a full PID loop, but due to this issue,
only a P controller was able to be implemented and tested.

5.3 Heading Control

5.3.1 Control Methodology

The control methodology for this controller is almost identical to the roll control, and
so will not be re-explained here. A PID controller was used, except the controller is
being used to keep the boat at a constant compass heading. The boat’s yaw orientation
(heading) is controlled using a rudder.

5.3.2 Hardware

In a similar manner to the roll control, three hardware components are required to
achieve the heading control.

The heading control software runs on the Arduino Mega, alongside the roll control soft-
ware. The IMU is able to provide the Arduino Mega with a yaw orientation referenced
from true north. A DS3235 servo is also used to actuate the rudder and thus steer the
boat.

5.3.3 Software

As the applications are very similar and the roll control software was successful, the
same approach was used here. A separate function was defined to handle the heading
control PID loop, also operating at a cycle time of 50 Hz. The data transfer worked
in the same way, with the Arduino Mega recording the boat’s compass orientation and
heading PID output and then streaming it over WiFi.

5.3.4 Testing and Tuning

The exact same tuning principle and methodology from the roll control were used here.
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Figure 26: Boat compass heading over time with a P gain of 4

The initial P gain of 4 was also determined through calculations and then reduced
slightly to ensure a safe starting value. This P gain value is significantly smaller, as
the controller for the heading needs to be a lot less sensitive to error than the roll con-
troller. As shown in Figure 26, the setpoint is a 90.00� orientation, which is east. Unlike
the roll control, this graph demonstrates fairly ordinary behaviour for a P controller. The
only difference is that the low P gain should have resulted in a large amount of under-
shoot rather than the overshoot shown in the graph. The P gain was increased for the
next test.
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Figure 27: Boat compass heading over time with a P gain of 12.5

Figure 27 illustrates the results of the second test. The overshoot is significantly less
than the previous graph, which indicates that increasing the P gain reduces the over-
shoot. This is unconventional, as typically increasing P gain will increase overshoot.
However, it was determined that this is due to the behaviour of the boat when the rudder
is turned. Once the boat is turning, the rudder needs to countersteer (turn the other way)
to get the boat to level out and move straight again. This is why the higher P gain re-
duced overshoot, as it is turning the rudder and counter-steering earlier (since it is more
sensitive to a smaller error).

As such, a higher P gain was tested next to further decrease overshoot.
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Figure 28: Boat compass heading over time with a P gain of 45

The third test can be seen in Figure 28. The graph demonstrates that the higher P gain
was successful in drastically reducing the overshoot. The behaviour in this graph is very
close to the desired behaviour, with the boat reaching the setpoint very quickly and then
remaining there without significant oscillation. This was the last test completed, as the
behaviour exhibited here was suitable to be used in autonomous driving and so the next
tests focused on building on this software and implementing waypoint driving.

It would have been desirable to conduct further tests after the waypoint driving had
been implemented, as the goal was to implement a complete PID loop, not just a P
controller. Unfortunately, this was not possible, as a microcontroller failure during a
later test caused a fault in some of the electronics. However, the behaviour of this
control loop could have been improved by reducing the P gain. Decreasing the P gain
will reduce the initial oscillations, and an I gain along with a D gain can be used to
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reduce the overshoot and track the setpoint without any steady state error.

5.4 Overall outcome

Figure 29: Front-side view of the final boat

The completed boat is shown in Figure 29. The hull construction went as planned,
except for a minor issue that involved trimming the noses of the three pieces. This was
done because the roof and floor plywood pieces were unable to bend enough, so the
curvature of the pointed ends needed to be reduced. The hull has performed as expected
from the calculations and design requirements (including the expected strength, mass
and waterline).
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Figure 30: Bird’s eye view of the final boat

Figure 30 displays the electronics installed in the hull. The integration and programming
of these electronics was successful, with full remote control of the boat being achieved.
The earlier stages of the project were completed successfully, but the limited time frame,
large scope and difficult project prevented the completion of the later stages and overall
objectives of the project.
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Figure 31: Final boat hydrofoiling

The hydrofoil boat was able to foil, with the hull of the boat successfully rising out of
the water. This is shown in Figure 31. Control software was implemented to ensure the
boat remained pitch and roll stable. The software itself was successful and worked as
expected, but the craft wasn’t stable due to the aforementioned hardware issue with the
ailerons

As the boat was unable to sustain a foiling state, the autonomous driving was imple-
mented when the hull was on the surface of the water (as a regular boat). This was
successful, with the boat being able to closely follow a desired heading. The heading
control loop was implemented alongside the heading calculation algorithm, which were
successful in driving the craft between GPS waypoints.

5.5 Limitations

This project suffered from two main limitations that caused the timeline of the project
to blow out.

5.5.1 Propulsion Issues

The initial design used a submerged 500 W thruster to provide propulsion. This was
chosen based on previous experience stating that a 20.00 km/h top speed would be at-
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tainable and the fact that it was already available without requiring purchase. However,
experimental testing demonstrated that the thruster was not powerful enough to reach
foiling speed. This issue was alleviated by designing and building a thruster using a
1600 W, 2000 KV brushless motor and a custom-designed 3D printed propeller. The
hydrofoil boat was now fast enough to reach foiling speed, but this complication caused
significant time to be lost.

This new thruster also introduced its own problems. The large and heavy hydrofoil
boat requires a low revolutions per minute (RPM) and high torque motor. However, the
2000 KV motor specifications are the opposite of this, which results in the motor being
heavily overworked and the cables overheating. As such, the boat could only be tested
continuously for 2-5 minutes at a time, after which testing was forced to stop so the
cables could be cooled.

5.5.2 Aileron Travel Issue

The other key issue was the aforementioned aileron travel issue, which greatly limited
the control of the craft. While the ability to control the roll was reduced, the main issue
was with the pitch control. The ailerons are able to move all the way down, but not very
far up. This means the hull is able to rise out of the water, but the ailerons are unable
to stop the boat from rising and stabilise the altitude. This causes the boat to fall over
shortly after foiling. Due to the limited time frame and the time lost with the propulsion
issue, this problem was detected too late in the project.
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6 Conclusion

This project was partially successful in meeting its objectives.

The boat, software and electronics are fully working, with manual, semi-autonomous
and autonomous driving capabilities. The only limitation of the current boat is with
the hardware, specifically the ailerons, which prevent proper control once foilborne.
However, the boat in its current state can still be used to test different wing, mast and
aileron designs, as all the other aspects are operating as expected. The boat is easy to
use for testing, as it is relatively small and lightweight. Overall, it is partially usable as
a hydrofoil technology testbed, being able to research different hardware changes.

The autonomous driving was not implemented to the degree that was desired in the
objectives, as it should also have been able to operate when the boat is foilborne. How-
ever, the autonomous driving algorithms and electronics implemented still present a
good starting point for autonomous driving in hydrofoils. The developed software can
be expanded upon to drive the boat once it is foilborne, creating a platform that can be
used for further research and implementation of more advanced and robust autonomous
driving algorithms.

The main items for future work would be to fix the two limitations previously men-
tioned. Now that the boat has been constructed, the thrust required to reach the foiling
velocity can be experimentally determined. From this, the correct specifications for the
motor and propeller can be calculated, allowing these to be purchased and installed to
eliminate the overheating issues. The aileron issue can be alleviated by expanding on the
current design to implement a different actuation mechanism that will improve the ail-
eron travel. New wings, masts and ailerons can then be fabricated and installed. After
this, the control loops can be re-tuned, which will allow the hydrofoil boat to sustain
stable flight.

While unsuccessful in fully achieving the objectives, this project has made substantial
progress, developing the foundations of a good hydrofoil craft and laying the ground-
work for future projects and testing at UWA in this area. The design was carefully
developed based on the success and failure of existing designs in the literature and in-
dustry. The construction method and materials ensure the longevity and durability of the
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hull, allowing it to be used for future projects and testing. The final boat possesses fully
working software and electronics. Testing has indicated that the design of the hydrofoil
is sound, and only a small amount of redesign and rework is required to fully meet the
objectives and bring the hydrofoil to the level that was expected at the beginning of the
project. This can then be used as a platform for future research and testing to develop
more sustainable, efficient and autonomous hydrofoils.
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8 Appendices

8.1 Appendix A: Cost and Weight Breakdown

Table 1: Cost and Weight Breakdown by Component
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