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Modification of a Full Scale Personal Hovercraft to Support Research

in Dynamics and Control

Gwyneth C. Steel

(ABSTRACT)

The goals of this thesis are to modify a full-scale personal hovercraft to perform autonomous
maneuvers on flat ground, develop a first principles of the craft, and present data on the
vehicle behavior in field trials. The hovercraft, initially designed for manual control by a
rider, was modified both physically and with software to allow for remote and autonomous
operation. The design leverages the actuator control solutions that are already implemented
on the hovercraft for ease of installation and control. A key modification made in the design
is the addition of auxiliary fans to increase overall thrust. Controller designs are presented
to manage the rotation rate of the added fans. The purpose of the dynamic model is to assist
in the design and evaluation of model-based controllers for the vehicle speed and heading. A
first principles model was developed to give an approximate understanding of the vehicle’s
behavior. Data collected during field trials was used to challenge the assumptions made
in the first principles model. Based on the field data, the model was updated to provide
a better basis to evaluate model based controllers. Additionally, several key observations
about the hovercraft performance were noted during the field trials. Controlling the vehicle

heading is a nontrivial task and will require a responsive and authoritative controller.



Modification of a Full Scale Personal Hovercraft to Support Research

in Dynamics and Control

Gwyneth C. Steel

(GENERAL AUDIENCE ABSTRACT)

Hovercraft are useful vehicles because they can travel over many terrains, including water
and land, without being impacted severely by friction. However, they also have several
drawbacks including being difficult to steer and having insufficient thrust to scale a steep
incline. To address these concerns, we present a design for a modified hovercraft that is
capable of being steered with a remote control or with autonomy software. Additionally,
eight fans were added to increase the overall thrust of the vehicle to allow it to drive uphill.
A model of the hovercraft dynamics was made to allow us to study its behavior. Field trials
were conducted to collect data on the hovercraft’s performance from the onboard sensors.
This data was used to improve the dynamic model so that it can be used in the future to

decide the best control design for the hovercraft steering.
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The goal of the project discussed in this thesis is to develop a single-rider hovercraft that
can ascend a sand dune with a 35° incline. With that goal, our objectives are to investigate
dynamic modeling and control of a single-rider hovercraft. Our hypothesis is that the vehicle
dynamics change significantly as the terrain the vehicle operates on changes. Changes in the
vehicle dynamics should be accounted for in the feedback control architecture. An additional
objective of this project is to implement autonomy. It is difficult to ensure the safety of riders
onboard the hovercraft, so autonomy allows us to operate the vehicle without concern for
rider safety. With the work presented in this thesis, we were able to implement hardware and
software on a hovercraft so that it can be used for dynamics and control research and operated
autonomously. The implementations were difficult and time-consuming, which limited our
progress towards other project objectives. We were also able to develop a first principles
model of the craft. However, we were unable to study the vehicle dynamics further to
generate a high fidelity model of the hovercraft. We were also unable to design the feedback

control architecture for the vehicle heading and speed.

Unlike most surface vehicles, a hovercraft is capable of navigating many forms of terrain
with little to no friction impeding its movement. A hovercraft can be amphibious, allowing
it to carry passengers or a payload between bodies of water and land. They can be used for
a wide range of purposes including "search and rescue, emergency medical services, military

and arctic operations, icebreaking, patrol, law enforcement, ferries, and recreational activities
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such as racing” [3]. A hovercraft could carry its payload from the water up onto a beach
or shoreline and then to a target destination on land. This capability makes an amphibious

hovercraft vehicle advantageous for many use cases.

While hovercraft can handle difficult terrain, they also have several design aspects that
present unique challenges for control. Hovercraft are almost always underactuated, which
can cause difficulties when steering the vehicle. Their dynamics can also change depending
on the surface that the craft is travelling over. Additionally, hovercraft have limited to
no friction with the surface they travel on. This creates challenges with maneuvering the
hovercraft. They can drift considerably and some have difficulty braking without coming
to a complete stop. Also, most compact hovercraft have no ability to reverse [8]. Since
hovercraft float above the surface they travel on, they are also very susceptible to instability

in windy conditions [11].

Another drawback to hovercraft in comparison with other multi-terrain vehicles is that most
are incapable of climbing an incline. Hovercraft are not designed to drive up sand dunes or
crest waves, which greatly limits their potential use cases. We are interested in addressing this
drawback by designing a hovercraft with sufficient thrust to drive up an incline. Additionally,
we will design the craft to be capable of remote and autonomous control for easier study of
the hovercraft dynamics. This will culminate in the design of controllers for the craft speed
and heading to address the concerns highlighted above regarding the difficulty of hovercraft

steering.

In this thesis, a full scale hovercraft is modified so that it can be sued o study dynamics
and control. Controller designs are presented which are capable of managing the speeds of
eight fans that were added to the vehicle. Additionally, a three degree of freedom model
of the hovercraft is presented. Finally, experimental data is collected to better understand

the craft’s behavior so that controllers can be designed in the future based on the identified



hovercraft system.

Several published works present dynamic models and controller designs for hovercraft. Some
research has been shared that is based on a simulated hovercraft without data collected
on a physical vehicle. Lyapunov function-based control [7] and fuzzy PID control with a
modified genetic algorithm to select the ideal PID gains [10] have been studied for simulated
hovercraft control. In another study, a nonlinear tracking controller was implemented on
a multi-vehicle test bed simulating the behavior of a hovercraft [2]. Several other studies
present controllers that were designed for and tested on scale models of hovercraft, such as
in [12] and [4]. Both El-Khatib [5] and Tanaka [9] were able to successfully implement fuzzy
switching controllers for their hovercraft scale models. One study presents a three degree of
freedom dynamic model of a full scale hovercraft along with data collected on its dynamic
behavior while traveling over ice [11]. However, this work does not provide a controller for

the full scale hovercraft.

Many publications have presented theoretical models of hovercraft dynamics and controllers
or demonstrated the success of their controllers on scale models of their crafts. The main
contribution of this thesis is developing and testing a model and preliminary control for a

full scale hovercraft running in field trials.

The structure of this thesis follows the process of developing a controller capable of au-
tonomously steering the hovercraft. In Chapter 2, an overview of the vehicle is given with
a focus on the hardware and software that has been implemented on the craft. Controllers
for the rotational rates of the added fans are given and evaluated in Chapter 3. Chapter 4
presents a first principles model of the hovercraft and discusses its limitations. In Chapter
5, data and observations from field experiments are given. Finally, in Chapter 6, the overall

conclusions are discussed and future work is presented.



Looooot O

0ol ubooidoogn

This chapter provides an overview of the hovercraft that was used for our study. First, the
original off-the-shelf vehicle is discussed, followed by a description of the physical modifica-

tions that were made to the vehicle and the structure of the onboard autonomy software.

Qo0 Loioibol boootio

A 2014 Hoverstream Snapper, shown in Figure 2.1, was selected as the initial vehicle to be
modified to achieve autonomy. This vehicle is a single-rider hovercraft with a gas engine
that powers the craft’s main fan. A driver can steer the craft using handlebars at the front
of the vehicle, which are mechanically connected to two rudders aft of the main fan. The
handlebars also have a lever for throttle control. In ideal conditions, the craft can achieve
a maximum speed of 30 miles per hour and a range of approximately 60 miles. The hull is
constructed from fiberglass with some protective elements made from aluminum. Roughly
one third of the main fan’s output is used to fill the skirt and achieve a hovering condition
while the rest is used to produce the vehicle’s forward thrust. The vehicle is amphibious
and can hover over many types of terrain, including water, sand, and grass, which are most
notable for this study. The craft can carry a payload of up to 285lbs while travelling over

land and up to 250lbs while traveling on water [1].

4
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Figure 2.1: Original hovercraft before modifications were made to increase thrust and allow
for autonomous control.
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The hovercraft was modified to increase thrust and allow for autonomous control. To make
the vehicle autonomous, added electronics are integrated directly with the rider controls
described in Section 2.1. Additional fans were added to provide extra thrust for the vehicle.
Additional electronics were added to collect data on the vehicle’s behavior and run the
autonomy software. Mechanical modifications on the hovercraft, including mounting the

added fans and the electronics boxes, were performed by Charles Watson of CMAR.

00000 00000000 C0ooioduitoo

One of the goals in modifying the hovercraft is to provide it sufficient thrust to be able to

climb a steep incline, such as a sand dune. The vehicle’s main fan was unable to provide
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sufficient thrust to meet this goal.

The simplest way to provide additional thrust without making irrevocable modifications to
the original vehicle was to add additional fans to the rear of the craft. Eight auxiliary fans
with DC motors were added to the vehicle by CMAR Research Associate Charles Watson.
The fans were mounted in the positions shown in Figure 2.2. Two carbon fiber beams are

used to hold the fan motors in place.

Figure 2.2: Model of the modified hovercraft with added fans highlighted in blue to clarify
their position on the craft. The CAD model was generated by Charles Watson, a Research
Associate at CMAR.
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Each fan motor is regulated by a motor controller. The motor controllers each receive a
pulse width modulation (PWM) signal from the autonomy software. The PWM signal is
translated into a throttle percentage for the fan that the motor controller regulates. Each
motor controller also has an output signal with a pulse for each instance when a motor pole
is passed. This signal can be used to calculate the motor rotation rate by measuring the
amount of time required for a full rotation, or all poles to be passed. The motors are all

powered separately by their own battery.

Since each fan is commanded individually, they can be given different throttle percentages
and thus different fan speeds. A thrust differential can be established between the port
and starboard motors by commanding a higher rotation rate for one side than the other.
Differential thrust is used to impart a yaw moment on the vehicle, which causes a change in
heading. For example, increasing the rotation rate of the auxiliary fans on the starboard side
of the craft and reducing the rotation rate of the port fans will result in a turn towards port.
Two values are used to calculate the target rotation rates for the port and starboard fans;
a target for the average rotation rate between the two sides and a differential value . The
value is defined such that 2 [1; 1]. A positive differential value indicates a starboard
turn while a negative value represents a turn towards the port side. The magnitude of the
differential value is proportional to the difference in rotation rate between the fans on the
port and starboard sides. A differential of 0 results in all motors having the same target
rotation rate, which will result in zero yaw moment generated by the differential thrust

between the two sides. The rotation rate target values are found using

=11 ) (2.2)
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where 1 is the input value for the average rotation rate in revolutions per minute, or RPM,
between the two sides. The resulting values s and !p are the target rotation rates for the

starboard and port motors respectively.

The differential thrust is designed to steer the hovercraft in place of the existing rudders.
There are two movable rudders placed directly behind the hovercraft’s main fan to redirect
its outflow. These rudders are physically connected to the handlebars at the front of the
craft so that a driver can turn the vehicle using the handlebars. The two rudders are also
connected to each other, so they always are positioned at the same angle as each other. The
existing rudder system is difficult to manipulate using electronic actuators, so differential
thrust is the only steering option in the current design. Future design iterations could use a
linear actuator to adjust the rudder positioning, either at the handlebar end or by moving the
rudders directly. For tests using the current design, the rudders are fixed in place by securing
the handlebars. Securing them ensures that an incidental rudder angle cannot inadvertently

impact the vehicle’s yaw.

Most of the hovercraft’s thrust comes from the main fan at the rear of the vehicle’s frame.
This fan also inflates the vehicle’s skirt and causes the vehicle to hover. In its original
configuration, the engine throttle for the fan was connected to the driver’s controls at the
front of the vehicle. The driver would adjust the throttle using a lever on the handlebars.
The lever pulls on the throttle cable for the fan engine. In order to control the vehicle
remotely, the engine throttle controls had to be modified. The connection from the throttle
cable to the handlebars was severed and the cable was attached to a servo motor. To achieve
a specific throttle percentage, the servo rotates so that the cord is pulled out to the length

corresponding to the desired throttle percentage.
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