Michigan
Technological Michigan Technological University
1a8s] University Digital Commons @ Michigan Tech

Dissertations, Master's Theses and Master's Reports

2024

Wave Energy Converter Wave Force Prediction Using a Neural
Network

Morgan Kline
Michigan Technological University, mkline@mtu.edu

Copyright 2024 Morgan Kline

Recommended Citation

Kline, Morgan, "Wave Energy Converter Wave Force Prediction Using a Neural Network", Open Access
Master's Thesis, Michigan Technological University, 2024.
https://doi.org/10.37099/mtu.dc.etdr/1768

Follow this and additional works at: https://digitalcommons.mtu.edu/etdr

b Part of the Acoustics, Dynamics, and Controls Commons, Artificial Intelligence and Robotics Commons, and
the Ocean Engineering Commons



http://www.mtu.edu/
http://www.mtu.edu/
https://digitalcommons.mtu.edu/
https://digitalcommons.mtu.edu/etdr
https://doi.org/10.37099/mtu.dc.etdr/1768
https://digitalcommons.mtu.edu/etdr?utm_source=digitalcommons.mtu.edu%2Fetdr%2F1768&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/294?utm_source=digitalcommons.mtu.edu%2Fetdr%2F1768&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/143?utm_source=digitalcommons.mtu.edu%2Fetdr%2F1768&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/302?utm_source=digitalcommons.mtu.edu%2Fetdr%2F1768&utm_medium=PDF&utm_campaign=PDFCoverPages

WAVE ENERGY CONVERTER WAVE FORCE PREDICTION USING A

NEURAL NETWORK

By

Morgan Kline

A THESIS
Submitted in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE

In Mechanical Engineering

MICHIGAN TECHNOLOGICAL UNIVERSITY

2024

(©) 2024 Morgan Kline






This thesis has been approved in partial fulfillment of the requirements for the Degree

of MASTER OF SCIENCE in Mechanical Engineering.

Department of Mechanical Engineering - Engineering Mechanics

Thesis Advisor: Dr. Gordon Parker

Committee Member:  Dr. Jungyun Bae

Committee Member: Dr. William Endres

Department Chair:  Dr. Jason Blough






Contents

List of Figures . .
List of Tables . . .
Acknowledgments
Abstract . . . . ..

1 Introduction . .

1.1 Motivation .

1.2 Point Absorber Introduction . . . . . . . . . .. .. ... ..

1.3 Literature Review . . . . . . . . . . . .

1.4 Contribution

2 Point Absorber Modeling and Force Prediction . ... ... ...
2.1 Point Absorber Model . . . . . . . . .. ...
2.2 Force Prediction . . . . . . . . . . .

3 Neural Network Acceleration Prediction . . . . . .. ... .. ...
3.1 Neural Network Introduction . . . . . . . . . . . . . . .. ... ...

=

N

&

=

=



B BE E B B B BE B B B

H B H

H B B B B B B

5

A

................ symsoy b
.......... suondioso(] ose) [P
........... fyymenyy ognes) oxeA\ FF
................ smsoy  zep
.......... suonduosa(] ose)  1°¢p
"""""" A3o10odoJ, o8ner) oaeA\ €
................ SISOy Z'T b
.......... suondioso(] ose) 17
©* poodg oARA\ PUR UOIIRIOT 9FNRL) dARA  T'F
................ smsoy b
.......... suonduosa(] ose)  T'T°F

SUOT}eD0T 98Ner) 9ABA\ WRaIjsuMo(] pue dn T

""""""""" S1[Nsoy pue Jururel], YI0MmjioN [eINoN F
...................... s180] eje(] SUIURI],  £7°¢
....................... dnjeg rejuewIodxy 7€
................ oIemyjog USISO(] oAvN\ P 17E

"""" UOIJRZIUOIYDUAG puR uonsmboy vy € 1°¢€
""""" WOISAG SuIdRI], UOTJOIN SASIen() g'1'¢¢e
..................... soSnen oapg\  [1TE
........................... oreM LN T7¢€

8u1sse001J pue uoysmboy eje(] Sumurel], g'¢



4.5 Acceleration as a Network Input . . . . . . ... ... ... . .... B3]
4.5.1 Case Descriptions . . . . . . . . . ... 64

452 Results. . . . .. ... 64

4.6 The Number of Backvalues and the Forecast Horizon . . . . . . .. H0l
4.6.1 Case Descriptions . . . . . . . .. ... 67

4.6.2 Results. . . . ... ... ... 5%

4.7 Waveform Complexity . . . . . .. . ... ... ... ... ...
4.7.1 Case Descriptions . . . . . . . .. ...

4.72 Results. . . . . . .. 6.3]

5 Conclusions . . . . .. . .. ... ...
5.1 Summary . ...
5.2 Conclusions . . . . . . . ... 6]
5.3 Future Work . . . . . . ... [71l
References . . . . . . . . . . .. 73
A Collection of Waveforms . . . . .. .. ... .. ... ... ...... [75]
B Gauge Position . . . . . . ...

vil






List of Figures

1.1

3.1

3.2

3.3

3.4

3.5

3.6

4.1

4.2

Point absorber WEC showing the buoy and power take off (PTO). .

The basic architecture of a neural network, where weights and biases
are applied to each neuron. . . . . . . . ... .. ... .. ... ..
The Michigan Tech wave tank performing a simulation. . . . . . . .
An Edinburgh Designs resistive wave gauge [1]. . . . . .. ... ..
The yellow buoy has a 1 inch through-hole that can allow it to become
constrained to its position in the horizontal plane with the help of a
vertical rod. . . . . ..o
The buoy is at (0,0) with the wave direction from left-to-right. Wave
gauge locations and vertical groups are shown as smaller circles.
Sample data set from test wave number 1, showing filtered and unfil-

tered buoy acceleration and position. . . . . .. ... ...

[lustration of the wave gauges used for the cases described in Table
where waves propogate from left-to-right. . . . . .. ... ... ..
Acceleration prediction performance comparison of upstream gauges

(Case A), downstream gauges (Case B) and all gauges (Case C). . .

X

22)

20

27

0]

29



"""" "sorouanboIy JO IoqUINU ISYSIY © UO PIJsa) USM JUoUT
-onoxdwur Suryse83ns|)1 Flo[qe], ur poqriosop sosed o) 91} JO UOIIRIISI][]
9[RBT, Ul POULIOSOP SOskD T[] 10J Posh So8Nes oavM 9} JO UOTPRIISTI[[]
"""" 9[qe) Ul ejep oY) SUISN WO HSIAY SUurnsol oy J,

...... a[qe) ur ndul uoryeIa[ode pappe o9y} YHm osor) 3ul

-pnpout ‘sosed Ajruenb o8nes o) SUTUUNI-OL WOLJ HSINY SUINSOI Y T,
163 orqe) ur seseo Ajryuenb o8nes oy) woly HSQINY SUIINSSI Y T,
""""" ‘porrojord oq 09 sreadde 9sed puowreIp o) SI9YM

3 e1qer ur sesey ABojodoy, o8nes o) woxy HSINY SUnsaI oY T,

-R], Ul POLIDSOP S9SkD o) I0J POsN SaSnesd oAem oY) JO UOIYRIISN[[]
""""" 1 dnoix) o8ner) jo AJ[IqrIOAR] JUROYIUSIS © SUIYRI)S

-nowop {67] o[qe], woy 3 ysnoIyy (J soses I10j HSINY Surynsar o,
""""""" "811-09-1J0] wogj ayedodoid serem aIoyM
9B, UT POLIISOP S9sed 9} I0] Pasn saSnesd aAem 1) JO UOTIRIJSI[]
""""" "IOIIO POYRIDOSSE O} PUR ‘() 9SB)) 1S9} pUe G ULIOJ
-9ARM I0] UOIJRID[90DR PajdIPald-yIoM)oU puR painseaul jo uostreduwo))
""""" "IO1I0 POYRIDOSSE 9} PUR ‘¢ 9sk,) 1$9) PUR G ULIO]
-9ARM IOJ UOIJRIS[E20 PajdIpald-yI0M)aU pue painseawl jo uostreduwo))
""""" "I01I9 POJRIDOSSE 91} PUR ‘Y 9sB) 1S9} pUR G ULIOJ

-9ARM I0] UOI}RIS[9008 PajdIpald-yIom)ou pue painseaul jo uostreduwo))

vy

€Ty

Gy

Iy

0T'¥y

6F

8F

Ly

9Y

¢y

vy

eV



A.1 Wave elevation and buoy response for waveform 1. . . . . . . . . ..

A.2 Wave elevation and buoy response for waveform 2. . . . . . . . . ..

A.3 Wave elevation and buoy response for waveform 3. . . . . . . . . ..

A.4 Wave elevation and buoy response for waveform 4. . . . . . . . . ..

A.5 Wave elevation and buoy response for waveform 5. . . . . . . . . ..

A.6 Wave elevation and buoy response for waveform 6. . . . . . . . . ..

A.7 Wave elevation and buoy response for waveform 7. . . . . . . . . ..

A.8 Wave elevation and buoy response for waveform 8. . . . . . . . . ..

A.9 Wave elevation and buoy response for waveform 9. . . . . . . . . ..

A.10 Wave elevation and buoy response for waveform 10. . . . . . . . ..

B.1 Coordinate system relative to the buoy

x1

B B B H B B

E

o
*

B

E

=






List of Tables

3.1

3.2

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Buoy properties. . . .. ...

Wave field characteristics for the training data tests.. . . . . . . ..

Cases used to evaluate the effect of downstream and upstream wave
gauge location on acceleration prediction. . . . . . . . ... ... ..
Waves from Table[3.2]that are used to explore the factors of Sections
through Section based on wave speed. . . . . . ... ... L.
Cases used to evaluate the effect of gauge proximity to the buoy and
their number . . . . . ... oo
Cases used to evaluate the effect of wave gauge topology on acceleration
prediction with abbreviations: T=traingle, D=diamond, L=line. . .
Cases used to evaluate the effect of including more, or less input
GAULES. « © v v o e e e e e e
Cases used to explore the effect of including current acceleration mea-
surements as a network input, sorted by gauge quantity. . . . . . .
Parameters that will be modified to analyze network performance with

a ]]\\;—’; that is greater than 1. . . . . . . . ... ... ... .. ....

40l



64

AIX

-------- (00) ursLIo o1y Je Aonq OY) 0} SAIJR[OI SUOIJRIO] SFNERL)

................... "9IBM)JOG SISSHQU/{S QAR SUSISSC[

USINqUIPH WOIJ PIjeIsuag Sk ‘[IRJop I91eaI8 Ul UoIjISodurod ULIOJOARAA

...................... KJIXSId[IIOO BUI/{.TBA JO SUI.IOJ

-9ARM TO P9)S] UM 90URTUILIOJIOd JIOMJOU 9)BN[RAD 0F PISTL SULIOJOACAN

o3} Jo uorrod SIU) IOJ pasn o [[IM JR() 39S 1897 ULIOJOARM MU 9T,
..................... . gN
[ et} ssof St Jet[) Oljel - ®

UOAIS oouRMLIOJIOd YI0M)OU SZATRUR 0) POYIPOWL 9 [[IM Je1[} SIojourereJ

d

'V

0Ty

6F

87



Acknowledgments

This work has been made possible thanks to the unwaivering support of my advisor,
Dr. Gordon Parker. His committment to the the success of this project, and the
growth of his students, both as individuals and engineers is unsurpassed. It is largely
because of his time, effort, and mentorship t hat t his project has come to f ruition. I
am incredibly thankful to have had the opportunity to be part of his exceptional team
of engineers at MTU Wave, and would especially like to thank my colleagues, Tania
Demonte Gonzalez, and Houssein Yassin for their support and friendship during this
season. Their collective wisdom has provided substantial insight for the development
of this project in many ways, beginning with the experimental setup, and sustaining
to the final t echnical ¢ onsiderations. [t is without a d oubt t hat t heir contributions

have made this work possible.

I would also like to thank Dr. William Endres for serving on my committee, and
for supporting me during my time at Michigan Tech. His counsel is of high regard,
and it has been my honor to develop as an engineer under his mentorship over the
years. [ would like to also express my sincere appreciation also to Dr. Jungyun
Bae for serving on my committee and for always believing in my capabilities. Her
unfaltering compassion and support has made even the most difficult of challenges

seem manageable.

XV



IAX

"Aepoy
W | oIoUM Je SALLIR oUWl pod[ey jey) OSR[[IA o) 19810] IoAdu [[IM | pue ‘Aowinol

ST} SULINP POAJOAUT 9 0 UASOYD SBY OYM SUOAIOAD O} SYURY) }SOIOUIS AW PUS |

o1qIssod 9 0} POASI[D( dARY IOAdDU ARW |
yet) ssury) oy} onbuod pue arosssiod 01 jr0ddns Aressooou o) pey oAey [ 1Y) W)
JO 9snNeIS(Q SI ] "SERA AI[RJRN PUR SoyoRY UIISIRIY] SPUSLIJ IROP AU 0} I9PIO UL OS[R
oIe SYURY], "UOIOE USTWIR(] SUI[(IS AIRIOUOY INO PUR ‘OUI[Y] WRAY I9Y10Iq AUl ‘OUI[I]

0A01G I9TJR] AW A[[e100dso ‘SPULLY] pue A[Iure] oso[d AUl YUey) 0f oqI] p[nom | ‘A[[eurj



Abstract

Due to the unpredictable nature of large bodies of water, wave energy can be a difficult
renewable resource to rely on. One way to make Wave Energy Converters (WECs)
more efficient is to apply a control strategy. In many control solutions, it is assumed
that the wave excitation force is known into the future. In many instances, especially
with complex waveforms, this is simply not the case. Simulation studies have shown
the promise of wave force prediction using neural networks. This study demonstrates
this experimentally and aims to characterize the important factors when designing
such a network. Several wave elevation measurement factors are considered, including;:
quantity, their location relative to the buoy, and their configuration. The relationship
between forecast horizon and the number of measurement backvalues is also evaluated
along with both the wave form complexity and the performance impact of including
instantaneous buoy acceleration. A 14.2 cm buoy, constrained to vertical motion, was
subjected to 30, 60 second tests using regular and irregular waves in a wave tank.
For each test its vertical motion was recorded along with an array of twelve upstream
and downstream wave elevation measurements. Neural networks were trained using
subsets of the data to examine the effect of the factors mentioned above on predic-
tion performance. The results showed that upstream measurements were the most
important, where the distance between the measurement and the buoy is critical. A

diamond-shaped configuration of elevation measurements performed nearly the same
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Chapter 1

Introduction

Wave energy is a widely abundant form of renewable energy, as the planet’s surface
comprises mainly oceans and seas. With the help of modern technology, the energy
from these perpetual waves can be harnessed and converted to electrical energy using
devices known as Wave Energy Converters (WECs). Though these devices have been
explored for centuries, significant improvements must be made before wave energy can
become a steadfast approach in the renewable energy industry. One of the challenges
that they must operate and prove reliable in unpredictable and sometimes violent sea
conditions. Therefore, WECs must operate under some form of control strategy for
both efficiency and self-preservation. This is to ensure reliability and to maximize

energy extraction during even less-than-ideal conditions.
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called the power take-off (PTO). This timed withdrawal and deposit of energy be-
tween storage and the generator will allow the system to reach resonance as often as

possible to maximize energy extraction over time.

1.2 Point Absorber Introduction

Though there are a variety of WEC architectures, this study considers only the heav-
ing point-absorber type illustrated in Figure These devices are designed to har-
ness energy from the changing water pressure beneath the WEC’s buoy, though some
inevitable side-loading is generally tolerated. When a relative velocity Z occurs be-
tween the buoy and its bottom support, power can be generated from its PTO. The

extracted energy is the integral of power given by Eq.

t
E: —/ ZFptodt (11)
0

where F,, is the PTO force. When 2z and F},, are of the same sign, the PTO is doing
work on the buoy and consumes energy. When their signs are opposite, work is being
done on the PTO by the buoy and energy is produced. Thus, E represents positive

extraction of energy.

The resulting energy over time can either be sent directly to a load, stored as energy
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be computationally expensive [4]. It has also been shown that even in linear response
cases a considerable amount of error is accumulated using a model-based approach
when wave amplitudes become excessive, since current models assume amplitudes of
buoy motion are small. This is problematic when WECs are most productive in large

amplitudes of motion.

Another limitation of current methods is the fact that most of these models solely
use information collected at the site of the WEC rather than upstream wave data
[2]. For a reliable real-time control implementation, the estimation of excitation force
should include information of the incoming wave field instead of relying on wave
measurements at the buoy. Without considering the incoming wave field, the control
strategy will have very little data on what change to expect and how to reasonably

cope for maximized energy extraction.

This widespread expectation of such a complicated process has led to an area of
research surrounding the modeling, measurement, and prediction of wave excitation
forces. Along with differential equation models, other methods to evaluate excitation

forces have been explored as well.

Without the capability of measuring the force directly in an experimental setting,
some studies have modeled excitation force with an augmented Kalman filter and
a damped harmonic oscillator with variable frequency and damping coefficients to

produce reasonable estimates [5]. However, these studies admit that there was still
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elevation measurements. For example, it was found that a triangular group of three
wave elevation measurements performed similarly to an array of 12. In addition it
was found that wave gauges behind the buoy, subjected to strong reflections and
radiation, were not necessary. Instead, only measurements in front of the buoy, from
the perspective of the incident wave heading, were required. These results would be
extremely difficult to uncover with simulations, short of using computational fluid

dyanmics (CFD) solvers.






Chapter 2

Point Absorber Modeling and

Force Prediction

To form a control strategy, a mathematical model of the WEC is often helpful. The
model described below considers all forces affecting the WEC’s motion from the sur-
rounding wavefield and if present, a control force from the PTO. WECs behave dif-
ferently depending on the amplitude and complexity of the imposing wavefield and
often need to be described with one of two different models. When a WEC expe-
riences small amplitude oscillations it follows a linear model, while greater motions
require a nonlinear modeling approach. After summarizing a typical point absorber
model, the problem of predicting wave forces is converted into predicting acceleration

when the buoy’s added mass is known.
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simple to calculate for small waves, yet may be nonlinear due to the buoy’s geometry.

In general, it’s a nonlinear function of n and (.

The dynamic Froude-Krylov force, Fpgqy,(C,n) captures the force due to the vary-
ing pressure distribution on the buoy’s wetted surface due to waves passing by it.
Giorgi and Ringwood developed a strategy for creating a closed form expression for
axisymmetric buoys, including a sphere. They further concluded that for a sphere

experiencing small motion, its effect is negligible [4].

The diffraction force, Fy(n), represents interfering forces on the buoy when the wave
field is forced to encounter an obstacle, in this case, the buoy itself. Such an obstacle
will encourage wave propagation and could increase disturbances to the system. If the
incident wavelength is large with respect to the buoy diameter, then the diffraction

force is considered negligible.

The radiation force F,(¢) of Eq. is due to transfer between the buoy’s kinetic
energy and the water. This is the same force that causes a ripple effect radiating
outward from a pebble when dropped into a still pond. The linear form of the
radiation force has two terms: one being a function of velocity C and the other a

function of acceleration C .

Fy () = —anl - / The (M)t —7) dr (2.2)

11
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2.2 Force Prediction

This work uses accumulated data of buoy motion and wave elevation to predict the
total wave force, F), at some future time, ¢;, or F,, (¢t + t1). In this case, it is unnec-
essary to distinguish each individual force on the buoy which means the model can
be described in much simpler terms. Under the assumption that the added mass is
known, the problem can be transformed into a direct estimation of the buoy acceler-

ation, ¢ rather than the total wave force F,,. Solving Eq. for acceleration, we get

Eq.

. F,
AR .

One approach to estimating F, (¢t + t;) would be to use present and back values of
f to extrapolate forward in time, and then compute F,, using m and a.,. However,
the the excitation of the buoy due to unknown, future waves is completely ignored
and would lead to signficant errors for any but small #; values. The neural network
introduced in Chatper [3| will be trained to predict ¢ (t 4 t1) for t; seconds in advance
over a broad range of  and ( conditions, explicitly considering the excitation from

waves.

To achieve predictive capability, strategically placed upstream wave elevation mea-

surements could provide the network additional information about the forces that

13
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and the wave speed can be approximated as

It will be shown later that wave speed is an important factor to determine the number

of back values needed to estimate future buoy acceleration.

Since a buoy’s motion also produces its own waves, it’s likely that several wave ele-
vation measurements are needed in the vicinity of the buoy. When considering gauge
location placements, upstream data is thought to provide more information about the
changing wave forces to come and downstream measurements are thought to provide
more insight to the buoy’s own waves that result from its oscillation. It is assumed

that some combination of these locations will prove to be better than others.

In the subsequent sections, a solution is proposed to use a neural network to learn
the behavior of a passive heaving sphere, Fj;, = 0, given a variety of incoming wave
conditions. The intention is to train a network to make predictions about future buoy
acceleration so that model predictive control (MPC) strategies may be used that rely
on knowledge of future wave forces. Under active control, Fy, # 0 however, since
when implementing MPC, F, is known for some time into the future the component

of ¢ associated with F,, can be combined with the acceleration prediction during the

15
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Chapter 3

Neural Network Acceleration

Prediction

After a brief introduction to neural networks, including the inputs and outputs used
for acceleration prediction, the experimental setup is described that was used to

acquire training and testing data.

3.1 Neural Network Introduction

Consider the neural network illustration of Figure showing the input, hidden and

output layers. The input layer, as the name implies, contains the input data, also

17
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neuron. The activation function, f, operates on the linear combination of z; and by
and is selected based on the problem. Creating an appropriate activation function
is another aspect of the neural network design process and can range from linear to
nonlinear. The terms ‘predicting series’ and ‘input series” will be used interchangeably
to represent the independent inputs of the problem. Using this predicting series, the
network should aim to match the ‘Target Series’ as closely as possible, which is made
of the dependent variable data that the network would be trained to predict. Neural
networks sometimes use a series of back values that can be defined by the user to allow
the network access only to the most relevant and recent information both in training
with the target series, and in operation where only the predicting series is involved.
These back values allow the network only to see the most recent information and to
hopefully spot changing trends. Both the target and predicting series will be combined
into one comprehensive input, and the result will be divided for both training and
testing purposes. For training, the target series is used to establish the weights
and biases necessary for the network to make accurate predictions. The network
determines these weights and biases to achieve a minimal overall error between the
target series and network response. When testing, only the predicting series is given
to the network, and the weights and biases determined from training can remain
intact during operation. In this situation, the target series may be used to determine

the accuracy of the network output.

For buoy acceleration prediction, the inputs consist of available wave elevation and

19
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3.2.1 MTU Wave

Michigan Tech’s Wave Tank Laboratory, MTU Wave, hosts an 8,000-gallon freshwater
wave tank designed by Edinburgh Designs. The tank is three meters wide, ten meters
long, and one meter deep, with a maximum wave height, trough-to-peak distance, of
0.25 meters. For ease of access to any part of the tank, there is an overhead bridge
that may be positioned as desired. On one end of the tank, there are eight position
and force controlled paddles that are used for generating waves. These paddles are
vertical at rest, but can rotate about their bottom hinge by 440 degrees, with the
ability to create a wide range of wave scenarios from 0.5 to 2.0 Hz. Since the paddels
are both position and force controlled, they can provide damping to help the tank
achieve steady state after the paddles stop moving making it possible to collect many

waveform measurements back-to-back with minimal settling time in between.

There will always be some amount of reflection and wave interaction with the tank
itself. There is a limited amount of time from the beginning of wave propagation until
wave reflections from the walls of the tank can significantly disturb the true waveform
shape, about 20 to 40 seconds. To reduce this effect and prolong the window of
disturbance-free data collection, the opposite end of the tank has an energy-absorbing
"beach”. These reflections will be greatly reduced, but never absent, and therefore

must be considered during neural network training. The beach in this tank is a steel
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excitation voltage using a bridge signal conditioner. After a four-point calibration,
the gauges provide an output voltage proportional to the wave elevation with +1 mm

uncertainty.

‘ Electrical Graduated ! Mounting

" Connection rod 7 Block
USB Hub \ Pl

|
=]

.;(q‘( 5
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<y .« Beta Pin

‘, Mounting
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\.
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Figure 3.3: An Edinburgh Designs resistive wave gauge [1].

3.2.1.2 Qualisys Motion Tracking System

MTU Wave is equipped with eleven, 180 frame per second, infrared motion-tracking
cameras as part of the Qualisys system and was used to calculate buoy acceleration.
The cameras are suspended on beams above the tank, where the location of reflective
markers can be tracked with +2 mm uncertainty, depending on the quality of the

system’s calibration and location of the markers. Preparing the Qualisys acquisition
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Designs interface box, indicating that the paddles had started and wave elevation was
being measured. When this event occurred, the dSPACE box sent a digital output,
one millisecond later, to the cameras’ controller to trigger the recording of data in
Qualisys Track Manager. This ensured that the buoy position and wave elevation
data were properly aligned. For this study, data was captured at 128Hz from all the

logging devices. For ease of processing, the data was downsampled to 20Hz.

3.2.1.4 Wave Design Software

The Edinburgh Designs Njord Wave Sysnthesis application was used to aid wave
field design for the tests performed to produce the training data, each 60 seconds in
duration. After specifying a wave field’s frequency content, the paddle commands are
generated and saved to a file, allowing experiment repeats to be performed reliably

simply by executing the save paddle command file.

3.2.2 Experimental Setup

The experiments made to collect training data used 12 wave gauges and a spheri-
cal buoy with a through hole, illustrated in Figure [3.4. The buoy’s properties are
summarized in Table [3.1] To restrict the buoy from horizontal motion and to allow

free vertical motion, a rod was placed through its center hole and mounted to the
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Across Wave Distance, m

Figure 3.5: The buoy is at (0,0) with the wave direction from left-to-right.
Wave gauge locations and vertical groups are shown as smaller circles.

Table 3.1
Buoy properties.

Property Value

Radius, cm 14.20
Mass, kg 2.72
Added Mass, kg 1.14
Draft, cm 9.00
1-5 T T T T
—
+ Paddles
1- ] . ° L
0.5+~
0~ ¢ ¢ o * .
05
-1r ¢ * o ®
Group 1 Group 2 Group 3 Group 4
_1 -5 | | | | |
-3 -2 -1 0 1 2

Along Wave Distance, m
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to permit exploration of both near and far wave elevation measurements.
anticipated that the groups nearest to the buoy (groups 2 and 3) would be helpful in
determining the buoy response, while the gauges further upstream would extend the

prediction horizon. The gauges in group 4 were downstream of the buoy to measure
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Ten waveforms were designed, summarized in Table [3.2] using the Njord Wave Syn-
thesis application with frequencies ranging from 0.4 to 1.0 Hz and significant wave
heights from 0.13 m to 0.24 m. Nine waves were irregular, with n frequency compo-
nents, and one was regular. Since irregular waves cannot be characterized by a single
amplitude, period or speed, the 1/3 significant values of height, Hj 3, period, T}/3,
wavelength, /3 and speed, c;/3 are provided. The Speed column shows a relative
description of wave propogation speed as S (slow), M (medium) and F (fast). There
is more information about these waveforms in Appendix [A]

Table 3.2
Wave field characteristics for the training data tests.

# n Frequencies, Hz, Hyjs,m Tijs,s Mg, m ciy3, m/s  Speed
1 5 0.500.70, 0.80, 0.90, 1.00 0.30 1.29 2.58 2.01 S
2 5 0.20,0.55, 0.75, 0.80, 0.85 0.15 1.30 2.64 2.03 S
3 3 0.50, 0.70, 1.00 0.24 1.42 3.16 2.22 S
4 4 0.20, 0.55, 0.80, 1.00 0.15 1.61 4.06 2.52 M
5 4 0.40,0.60, 0.75, 1.00 020 164  4.21 2.56 M
6 2 0.50, 0.60 0.24 1.78 4.95 2.78 M
7T 3 0.40, 0.50, 0.86 0.17 2.17 7.35 3.39 F
8 1 0.45 0.18 2.22 7.71 3.47 F
9 3 0.40 0.50, 0.90 0.19 2.23 7.79 3.49 F
10 2 0.40, 1.00 0.13 2.26 8.00 3.54 F

Thirty tests were performed where the ten waves of Table[3.2| were each repeated three
times. Due to being incredibly identical, only 1 of each type were used, resulting in
the selection of these 10 waveforms. Buoy position and 12 wave gauges were recorded
during each 60 second experiment using the synchronization method described in

section 3.2.1.3. Acceleration was calculated from buoy position data using a 4th
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Chapter 4

Neural Network Training and

Results

As described earlier, there are several aspects in designing the neural network ac-
celeration predictor, including the inputs (location and number of wave gauges), the
number of hidden layers, and the number of accessible backvalues. It should be noted
that using too many hidden layers may result in overfitting since each hidden layer
introduces more free variables that must be found during the training process. For
the tests belonging to this study, only 2 hidden layers will be used. In addition, the
tests from sections 4.1 - 4.5 will be performed for a forecast horizon ty of 1 second

and 5 backvalues.

31



(43

jos ndur oty ur ‘:_} ‘UWOTYRIS[EIOR SNOdURIURISUL S,A0N( S} SUISTL JO 100[0 9, 'C
sognes oaem jo Ajjuenb oy, §

oUI[ ® SNSIoA IRNSURLI) "S°9 ‘AF0[0d0) o3Nes 2ARA\ €

poods aaem O} 0} 9AIR[DI AON( O} 0} SOSNRS dARM JO 9OURISIP O], T

sognes aaem weo13sumop pue UI’BS.ID,SCIH JO 3999 o], [

OIOM POIOPISTOD JSAIUIL JO SI0JOR] O],

"UO0T909S SI) Ul PILIISOP SIseD

1593 oY) Ul poIo[dxo oq [[IM SIOJORJ 9SO} PUR ‘ JSOIUL JO I030%], ® joodse yowra [[BD
[[1M 9A\ “10301pald UOTI)eIS[e00R JIOMIOU [RINAU © SUTUSISOP UM POIOPISU0D (| P[NOYS
JeyM INOge SUOISTI[OUO0D ISY[JRS 0} ISJOUR 9UO 0) UOSLIRduwIod Ul pasn oq [[IM SOLI}OW
ooureurioprdd osoy ], Hj owl) UOZLIOY 9Y) IR UOIYRIS[EIOR PaldIipald pue paInsesu Jo
orenbs weow 1001 9FRISAR 91} Sem souRULIONDd YIom)ou AJrpuenb o) pesn oLjewr o)
‘sosed 1891 SUIMOI[O] 1) [[B 10 -30adse yoes Jo joedulil o) SUIULIIIOP 0} SOSRD SSOIIR
poreduwos aq [[im s10jotpaid aser) SutAjdde woly eoueuriofed YIom)ou FUIYNSOI Y T,
"10901paxd uorRIS[EIOR UR USISIP 0} SSUIY)SS YI0M)oU pue sINdul 9ss1[) JO SUOTJRUIUIOD
JUDIDPIP [IIM POJRN[RAD 9IoM S9s®) snoLreA ‘njdor] jsouwr oI s3oadse yoIym auruLIe)op
0], "SI9YJ0 UeT} YIOMJOU pourel) A[[nIssooons oIouwr ' oonpoid [[Im Jer) (sonjeayorq
JO Ioquunu oY) pue UOZLIOY )SBIIOJ) SBUI)as YIomjou pue ‘syndur o8nes jo uoryeurq
-WOD QUWIOS 9 [[IM 9I0Y) ‘A[[eanjeN UonoIpaId UoIjeIaEodR 9jeINdde 10 parmbor st

SUOT)BAI[O 2ABM JO pI.Ig oug & JI puejsiopun O} sem IIOom SIUI JO SQAD,C)SFC{O 9y} Jo au()



6. The relationship between forecast horizon, Ny, and the number of back values

Np.

7. The network accuracy relative to the complexity of the waveform

For each of these factors, several test sets were created to explore its effect. A neural
network was trained for each case using seven of the ten training data sets. The re-
maining three cases were used to evaluate performance. The intention is to determine
the influence of the factor, so that there is a better understanding of how to design a

measurement set for acceleration prediction.

Due to the optimizing nature of a neural network, the results from running a test case
more than once will be similar, but not identical. This is because the optimization
scheme is searching for the ideal values for weights and biases to reproduce the target,
and therefore could find multiple valid solutions. These tests were performed multiple
times to ensure that a representative sample was used to discuss and evaluate the

factor of interest.

4.1 Up and Downstream Wave Gauge Locations

Three cases, described in Table 4.1| and illustrated in Figure [4.1, were created to

understand the impact of upstream and downstream wave elevation measurements
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Table 4.1
Cases used to evaluate the effect of downstream and upstream wave gauge
location on acceleration prediction.

Case Gauge #s, Location Purpose
A 1-6 Upstream  Upstream/Downstream Effect
B 7-12 Downstream Upstream/Downstream Effect
C 1-12 All To test the full set
Case: Case:
A B
L [ ] ® L]
° 9 ) o @ ® °
® . . .
Case:
c
L] L] ® L
. o9 * o
® e . °

Figure 4.1: Illustration of the wave gauges used for the cases described in
Table [£.1] where waves propogate from left-to-right.

speeds - slow, medium and fast, and will be used again in Sections through

To evaluate the three gauge location cases of Table |4.1] for each of the three waves of

Table nine neural networks were trained, whose performance is described below.
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Case A-Groups 1 &2
CaseB-Groups 3& 4
Case C - All Gauges

0.55

=
£ad
tn

RMSE [m/s/s]

_.
015 "*:3: .

D.1 i i i i i i i i i i
1.8 2 22 24 26 28 3 32 34 36

Wave Speed [m/s]

Figure 4.2: Acceleration prediction performance comparison of upstream
gauges (Case A), downstream gauges (Case B) and all gauges (Case C).

of Figures through [4.5] Each figure contains an overlay of the measured and
network-predicted buoy acceleration one second into the future using wave field one.
From Figure the RMSE metrics are about 0.14, 0.55 and 0.15 for these cases (A
through C, respectively). The RMSE is greatly affected when there is a mismatch in
frequency content and phase as illustrated by Figure 1.4 In a rather subjective way
we can see that RMSE < 0.2 yields a reasonable match while RMSE > 0.5 results in

a poor prediction.
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Acceleration [m/s/s]
=, © o -
n — n = o — on

ra

Error [m/s/s]
o o
o oo —

=
.

Metwork Cutput
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[
l
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Figure 4.4: Comparison of measured and network-predicted acceleration

for waveform 5 and test Case B, and the associated error.
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4.2 Wave Gauge Location and Wave Speed

Eight cases, described in Table and illustrated in Figure 4.6, were created to
understand the impact of wave gauge location and wave speed on acceleration pre-
diction. These cases include single wave gauges, as well as lines of wave gauges at
different distances from the buoy. After a description of the reasoning behind the

cases, the results of trained neural networks are provided.

The placement of the gauges relative to wave speed may also prove to impact the ideal
number of back values the network should be given. If a waveform has a very low
frequency (large wavelength), it may need a longer snapshot to capture the trends
in the changing measurements. Conversely, a higher frequency (small wavelength)
might only need a brief number of back values to capture the waveform. This effect

is explored in more depth later in section 4.6.

4.2.1 Case Descriptions

Depending on the speed of the incoming wave, gauge placement may serve to be
important in making accurate predictions. For example, for a wave with a much higher

speed, it may be reasonable to want a measurement quite a bit further upstream to
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Figure 4.6: Illustration of the wave gauges used for the cases described in
Table [4.3] where waves propogate from left-to-right.

gauge group to network accuracy. Each group consists of three wave gauges, but the
effect of using only a single gauge from the same group will also be investigated. In
section 4.4, gauge quantity will be explored, and these tests will be re-used to compare

the performance from a single, versus triple wave gauge predictor.

4.2.2 Results

One trend demonstrated by the results, as shown in Figure [4.7] was that wave speed
has less of an impact on performance than gauge placement. The group that the

input gauges belong to reflects in the RMSE regardless of wave speed.
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of gauges from group 2, (case E, and Case I), poor network performance can likely
be attributed to the lack of distance between the measurement and the buoy, which

provides very little warning before the wave arrives at the site of the buoy.

As expected from the results of the upstream/downstream test cases, the cases con-
sisting of downstream gauges, (F, G, J and K) did not perform well. This is due to
the measurements being taken behind the buoy; only to receive information after the

buoy has already responded to the incoming wave.

Another noteworthy observation on this plot is that the triple-gauge test cases often
performed better than their respective single-gauge cases. This can be seen as the
dotted(single-gauge) and dashed(triple-gauge) lines of the same color. This trend is
less prominent for groups 2, 3 and 4, but is quite noticeable in the cases belonging to
group 1. This provides insight to the future gauge quantity tests, and will be revisited

in section 4.4.

4.3 Wave Gauge Topology

Nine cases, described in Table [4.4]and illustrated in Figure 4.6, were created to under-

stand the impact of wave gauge shape on acceleration prediction. After a description
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Figure 4.8: Illustration of the wave gauges used for the cases described in

Table @

gauges. This will be considered when observing the results, as there may be a slight
change in bias toward these cases. These cases will be re-examined in a different light
later in Section 4.4] when gauge quantity is discussed. For this section, the pattern of

the gauge layout is what will be prioritized when finding the network performance.

4.3.2 Results

There were visible distinctions between high, moderate, and low performing cases.

The results for the topology cases described in Table [£.4] are shown in Figure [4.9]

Red = Upstream; Blue = Surrounded; Green = Large Shape;
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Examining each color will show each case as either upstream, a surrounding layout,
or an augmented shape. Solid lines indicate the shape is a forward facing triangle,
and the dashed lines indicate backward facing triangles. Similarly, a dotted line is
coincident with a diamond pattern, (including 4 gauges), and the dash-dotted line is

indicative of a straight line formation (either 2, or 4 gauges).

The red lines on figure [.9)indicate upstream data, regardless of shape. All 3 upstream
test cases were among the top performers, as expected from the previous results
section. The 'Large’ shaped cases, (case M and P: the large triangle shapes) were
not as consistent. Case M performed in the moderate range, while case P was the
worst case of all. Using conclusions from the previous sections, it is likely that case
M outperformed case P by virtue of having even only a single gauge in group 1.
This demonstrates the benefit of having gauges at a further distance, as the lower
performing case P even has two gauges upstream of the buoy, only at a much closer
range. Therefore, it can be concluded that using fewer gauges at a far distance

upstream is more beneficial than using multiple gauges closer to the buoy.

The blue lines indicate a formation that surrounds the site of the buoy, using both
upstream and downstream gauges. Among those is the highest performing case: case
R. This was the diamond case with 4 gauges. However, the next-best performing
case to the diamond shape is the 2-gauge straight line upstream formation. This

demonstrates a priority of gauge placement over gauge quantity once again, however,
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4.4.1 Case Descriptions

Using the previous test cases and sorting them via gauge quantity, only the previously
top performing case of each quantity will be considered. Table sorts these previous
cases based on the number of gauges they include.

Table 4.5
Cases used to evaluate the effect of including more, or less input gauges.

# Gauges Case Shape
D Group 1 (Single)
Straight Line (Ahead)

S

H Group 1
R Diamond
A
C

Groups 1 and 2
All Gauges

= O W N

The same waveforms from table [4.2] will be also be used for this section.

4.4.2 Results

Figure demonstrates the RMSE of these cases, observing gauge quantity only.

This set of cases provided a different result than previously anticipated. The top
performing case continued to be case R, the diamond shape. This case only has four

gauges, which indicates that gauge quantity is still less important than arrangement
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Although gauge quantity has proven to be of less value than placement, it should not
be overlooked. Case D consists of a single gauge from group 1. Regardless of using a
critically placed gauge in the front row, the lack of measurements is detrimental to the
network performance. Cases S and H include 2 and 3 gauges of high-value placement,
yet they still fail to meet the standard set by cases R, A and C. This observation
indicates that although gauge placement may be more critical than gauge quantity,
at least 4 well-placed gauges may need to be used in the predictor to promote a

higher-performing network.

4.5 Acceleration as a Network Input

In many applications, acceleration can be easily measured and is readily available. If
this is the case, it could help the network tremendously during operation to receive
real-time measurements of buoy acceleration to predict buoy acceleration ¢y seconds
into the future. To observe the benefit of streaming current acceleration data as an
additional input, the top performing cases will be re-visited to also include accelera-
tion(t) as an input. It is likely that by providing the target in real time, the network

response can be greatly improved.
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do include acceleration in the predictor. Figure [4.11|shows evidence that including

0.3
0.28 1 Case D
Case S
0.26 i Case H
Case R
g 0.24 . . Case A
= 022 Case C
.E. ' - = =ase DEl
é 0.2+ - - = Case Sﬂ
X 018 Case HEl
- = = ase Ra
0.16 - = =Case Aﬂ
== =Case C
0.14 a
0.12

2 2.5 3 3.5

Wave Speed [m/s]

Figure 4.11: The resulting RMSE from re-running the gauge quantity
cases, including those with the added accleration input in table [4.6]

acceleration can help in most cases, most noteably the cases with less gauges, such
as cases D, H and R. These cases appeared to halve the error that occurred in gauge-
only form. As the number of gauges increases, such as in case A where there are 6
gauges included in the acceleration predictor, and case C that includes 12 gauges,
the returns diminish, and could even harm the performance. Case C demonstrates
a case where the performance was routinely worsened upon including acceleration as

an input. For most cases, the inclusion of acceleration in real-time could be added
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4.6.1 Case Descriptions

To determine how the number of back values and forecast horizon may be related,
networks will be trained based on different ratios for ]]\\;—’; If this ratio is near 1, it
is anticipated that the trained network will perform its best. If this ratio is greater
than 1, then there is a longer forecast horizon than duration of back values given to
the network for a prediction. If this ratio is less than 1, then that means there is an
excess of back values and a brief forecast horizon. It is hypothesized that for cases
with a ratio that is far greater than 1, the network will perform poorly as it is being
asked to make predictions further out than what is provided to make the prediction.

Shown below in Table are the test cases that will be performed to quantify this

metric.

To provide a more diverse representation of waveforms, a new test set will be used
for this section, shown in Table [£.9] These waveforms still have slow, medium and

fast classifications, but will be used to provide a different sample set.

4.6.2 Results

Both of the test sets from Table [4.7] and Table [4.§ provide an indication that the

ratio between the forecast horizon and number of backvalues is indeed relevant to

o7



8¢

“IOLI9 1SoMO[ 9UJ 9ARY O} sreodde I ".}[HSQI ® St pue ".}SSAAO[S 9%} ST ¢ ULIOJOABAA "OS®O

ord 10] HSINY °Y) SUIUIuIIolep ur 1030ej & aq 03 aa0id pip poads oaem ‘UOIIPpE U]

"SOTIRUDS
9SO} 10] senjeaspeq uey) sdojs-omWr} UOZLIOY JSBISIOJ SIOUL SIR IS} 9STBIA( ST S T,
N

"9SIOM $7198 AJUO T URYY) I9)ROIS SMOIS i_N se oouruLIofad o) ‘pajedmnue sy -dp

SONTRAIDR( JO IOQUINU 9} SPaodxo HAJ WOZLIOY }SeIDI0J 01} Sk doueuLIo}Iod o) SojeI)s

-uowep SIY [, "1 UeY) I0)eaIs SI Z—f[ UM FISIAY SUINSal 81} pajeI)suowop o1q®],

oouruLIOfOd yI0M)OU

91 g 007 08
QT G GL'E Gl
VI g 06°¢ 0L
¢I G SRS g9
¢l G 00°¢ 09
1T G GL'C Gg
0T G 06T 0g
6 g STare 17
8 G 00°¢C 0or
L G GL'T G¢
9 G 09T 0¢
G G GC'1 *1é
% g 00T 0¢
¢ G GL0 QT
¢ G 00 0T
! g Gz'0 G
g—j\\[[ dp; (oos) ‘Hy  Hpp

‘T ue)} 1938013 SI 18} %\\[[
' )M 9oueuLIojIod YI0M)ou 9zATeue 0} POYIPOW 9( [[IM JRY)} SI9JOUIRIe J
L'V dlqelL



Table 4.8
Parameters that will be modified to analyze network performance given a

% ratio that is less than 1.
B

Ng tg Np %—}BI
10 0.5 1 0.1
10 0.5 2 0.2
10 05 3 0.3
10 05 4 04
10 05 5 0.5
10 05 6 0.6
10 05 7 07
10 0.5 8 0.8
10 05 9 0.9
10 0.5 10 1.0
Table 4.9

The new waveform test set that will be used for this portion of the study.

Waveform # ¢1/3, m/s Classification

2 2.03 S
4 2.52 M
7 3.39 F

This error increases with the speed of the incoming wave, as waveforms 4 and 7 prove
to have a substantially higher error. This phenomenon is also concurrent with the

results in Figure [4.12]

Figure demonstrates how the results are consistent when the ratio is less than 1.
This is likely due to the fact that there are always more back values than indices in
the forecast horizon, so an adequate amount of information is always available for any

given prediction on the forecast horizon. Slower waveforms demonstrate less error,
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Figure 4.13: Illustration of the wave gauges used for the cases described

in Table

4.7 Waveform Complexity

As mentioned previously, depending on the composite number of frequencies used
to make a waveform, it is anticipated that those waveforms with higher numbers

of dominant frequencies will be harder for the network to track. For example, for
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Table 4.10
Waveforms used to evaluate network performance when tested on
waveforms of varying complexity.

n  Waveform #
1 8

2 10

3 3

4 5

5 2

networks.

These test sets were trained for a forecast horizon of 1 second, and 20 backvalues, for

a %—;’ ratio of 1, as deemed appropriate in the preceeding section.

4.7.2 Results

The results based on wave complexity are shown in Figure Upon performing this
test, one thing became evident; as the number of waveforms increase, the error seems
to be reduced contrary to what was expected. This could be attributed to the lack of
additional single-frequency waveforms beyond waveform 8 used for this test. When
this waveform is used for testing, it cannot also be used for training, and thus the
network had not yet been exposed to this kind of wave. This poor performance may

be improved if more simple waveforms were introduced to the training set.
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Figure 4.14: Illustration of the the cases described in Tablesuggesting
improvement when tested on a higher number of frequencies.
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Chapter 5

Conclusions

This chapter contains the summary of the findings of this work as well as a conclusion

and possible future work.

5.1 Summary

The intention of this work was to characterize the factors that influence the success
of an accleration predictor. These factors included the effect of upstream and down-
stream measurements, gauge placement relative to wave speed, the layout and shape
of the gauges, the quantity of gauges, the effect of including acceleration as an input,

and the effect of testing on more, or less complex waveforms.
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or not there was at least one gauge in the furthest upstream row. However, the
most successful shape appeared to be the diamond shape, likely due to being a fully-
surrounding shape, and including one gauge far upstream, two gauges immediately

upstream, and one gauge in the rear.

The quantity of wave gauges for the acceleration predictor was anticipated to be one
of the largest factors. However, it appears that similar, if not better results can
come from more strategic placement of gauges, rather than sheer quantity. This was
evident as the diamond case with 4 gauges surpassed the case with all 12 gauges. It
is our recommendation that when designing the accleration predictor and choosing
the network inputs, a surrounding shape that includes gauges far upstream is used.
The findings of this study indicate that a full fine-grid of wave gauges is not required.
It appears that a similar level of performance can be achieved with fewer gauges, so

long as they are properly placed.

The effect of using the buoy’s instantaneous acceleration seemed to behave as ex-
pected. When including this measurement in the accleration predictor, most cases
seemed to improve. However, this effect was more substantial in cases where there
are only a few gauges, such as in single-gauge cases. When including accleration in
the acceleration predictor, more information about the buoy’s behavior is provided,

and thus similar results can be achieved as compared to cases with a higher number
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single-frequency waveform included in this study, it could only either be used in test-
ing or in training. Therefore, this study demonstrated poor performance for this

case.

5.3 Future Work

For future work and further exploration of this subject, perhaps a gauge group even
further upstream may prove to be beneficial to the acceleration predictor. Gauge dis-
tance relative to the buoy in this study seemed to improve the acceleration predictor
substantially, however, it could be important to determine if there are diminishing

returns, or even destructive qualities of including gauges too far upstream.

It is also recommended that future work includes a higher number of waveforms with
sufficient diversity in complexity to determine the true cause for poor performance

on single-frequency waveforms.
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Appendix A

Collection of Waveforms

Shown in Table is the composition of each of the 10 waveforms used for this
study. These waveforms were created from a composition of one or multiple sine
waves of various frequencies and amplitudes. Some of these waveforms also have a
phase shift applied. The entries for each waveform are listed in ascending order based
on the composite frequencies. The amplitudes and phase shift information is listed

in the same respective order.

This section also provides a visual representation of each waveform. These waveforms
are shown in through For all of these figures, the upper plot demonstrates
wave elevation measurements from the centermost gauge in group 1 (furthest up-

stream group), and the bottom plot shows the corresponding buoy position response.
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Figure A.2: Wave elevation and buoy response for waveform 2.
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Figure A.4: Wave elevation and buoy response for waveform 4.
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Figure A.6: Wave elevation and buoy response for waveform 6.
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Figure A.8: Wave elevation and buoy response for waveform 8.
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Figure A.10: Wave elevation and buoy response for waveform 10.
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Figure B.1: Coordinate system relative to the buoy.

Table B.1
Gauge locations relative to the buoy at the origin (0,0).

X, M

y, 1

@OO\]CDOT%OJMH:H:

10
11
12

-2.21
-2.16
-2.11
-0.48
-0.48
-0.48
0.75
0.77
0.78
1.66
1.68
1.70

87

-0.86
0.06
0.97

-0.91
0.04
0.96

-1.02
0.14
0.97

-1.03
0.02
1.00
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