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Dynamic Modeling of a Small Autonomous Hydrofoil Vessel

Heejip Moon

(ABSTRACT)

This thesis presents the development of a six degree of freedom nonlinear dynamic model for
a single-mast fully submerged hydrofoil vehicle. The aim of the model is to aid in evaluating
various model-based controllers for autonomous operation by simulating their performance
before implementation in the field. Initially, first principles approach is employed to develop
an approximate dynamic model of the vehicle. Prediction of the vehicle motion using the first
principles model is then compared with the data from the tow tank experiments to assess the
accuracy of the assumptions made in estimating the hydrofoil performance. Additionally,
the dynamic model is adjusted to reflect the measured hydrodynamic forces in the tow tank
tests. Utilizing the modified dynamic model to simulate the vehicle motion, an initial height
controller is designed and tuned in field trials until stable foiling state was achieved. We
evaluate the field results and discuss the limitation of employing steady-state tow tank data

in establishing the vehicle dynamic model.



Dynamic Modeling of a Small Autonomous Hydrofoil Vessel

Heejip Moon

(GENERAL AUDIENCE ABSTRACT)

This thesis presents the development of a model describing the motion of a hydrofoil vehicle.
The craft uses hydrofoils which act like conventional airplane wings that work in water
instead of air to lift the hull fully out of the water. In order to maintain a set height above
the water and direction of travel, the vehicle needs some form of a controller for autonomous
operation. The purpose of the vehicle model is to aid in development of these controllers
by simulating and evaluating their performance before implementation in the field. Initially,
forces acting on the vehicle are approximated using fundamental hydrodynamic theory. The
theoretical model is then compared with experimental data to assist in characterization of the
hydrofoils. Building upon the measured test data, we create a preliminary height controller

in simulation and conduct field trials to achieve stable foiling state.
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Compared to conventional surface vessels, hydrofoil vehicles offer several advantages in speed,
efficiency, and maneuverability. During normal operation, hydrofoils elevate the hull above
the water, reducing drag and enabling higher speeds for a given power input. Additionally,
when the hull is lifted clear of the water surface, the vehicle can navigate above waves in
rough seas, surf zones, and other high disturbance areas. In fully submerged hydrofoils, most
of the trailing wake is generated by the struts connecting the hull to the foils, rather than
the hull itself, which significantly reduces the visible wake. Since only the hydrofoils and
propulsion unit need to be submerged to control the craft, the vehicle can operate at shallow
depth if necessary. These benefits serve as the main motivation for the given research task

of developing an autonomous vehicle from an existing commercial hydrofoil platform.

To achieve autonomy, a controller is required to command the vehicle’s attitude and sustain
its foiling state. Employing a high fidelity vehicle dynamics model can aid in developing
such vehicle controller by simulating and assessing different control algorithms before field
implementation. This approach reduces the time needed for field tuning the control system
and enables an objective comparison of various controllers’ performance under repeatable
conditions. To validate the hydrodynamic coefficients used in the vehicle dynamics model,
tow tank studies have been conducted for different vehicle types including surface vessel [17],
amphibious vehicle [15], foil assisted monohull [18], and autonomous underwater vehicle [7].

However, a 6 degree of freedom (DoF) dynamic model tested at full-scale has not yet been
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investigated for a hydrofoil craft. The main contribution of this work is the verification of
a first principles dynamic model utilizing the results from tow tank trials. We compare the
applied forces and moments obtained from the vehicle approximation model derived with
fundamental hydrodynamic principles to the experimentally measured data in the tow tank.
Subsequently, we adjust the first principles model to reflect the measured forces then employ
the modified model to create an initial proportional-integral-derivative (PID) controller for
height and pitch motion. The gains of the controllers are further tuned during field testing.
Using the result of the field trials, we assess the limitation of the assumptions made in the

6 DoF model which is constructed using steady-state tow tank results.

The thesis is organized as follows. General overview of the hydrofoil craft and its modification
is provided in Chapter 2. The components of the dynamic model based in first principles are
laid out in Chapter 3. Chapter 4 outlines the experimental test fixture in the tow tank and
compares the collected results to the theoretical predictions. The modified dynamic model
fitted to the tow data, the simulated PID height controller, and the controller’s performance
during field trials are discussed in Chapter 5. Finally, the concluding remarks are provided
in Chapter 6. Much of the contents in Chapter 2 through 6 are adapted from the conference
papers 000000000 00 0 O0O0OO00 0000 00 0OD0 C000000000 0DOoDI0 0ol by Heejip
Moon, Gwyneth Steel, Hugh Dougherty, Daniel Stilwell, and Stefano Brizzolara [10] and
(00000000000 0oooD 00 0 000iO000ob 0oiboo 0000000ioo 000 0 bOo0l 0obooOobo 0boooooo

00000 by Heejip Moon, Daniel Stilwell, and Stefano Brizzolara [11].
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For this study, the electric hydrofoil platform from Lift Foils shown in Figure 2.1 was chosen

as the basis for the autonomous vehicle. The eFoil features a single-mast design housing an

Figure 2.1: eFoil from Lift Foils modified with control flaps and additional electronics for
autonomous operation

integrated electric motor and propeller assembly, and fully submerged fore and aft hydrofoils.
It is capable of reaching up to 30 mph and 100 minutes of maximum ride time, and can

accommodate a rider weighing up to 250 Ibs. Designed for recreational use, a human operator

3
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