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Abstract

A Heuristic Optimization Approach to Hydrodynamic Wave Energy Converter Geometry

Kaylie McTiernan

Chair of the Supervisory Committee:
Benjamin Maurer, Senior Mechanical Engineer and Affiliate Assistant Professor
Applied Physics Lab and Mechanical Engineering

Ocean waves are an abundant global resource that can be converted to mechanical and electrical
power. Modern research on wave energy conversion began in the 1970s, with many types of
wave energy converter designs under active development. Optimizing the design of wave energy
converters to enhance power production is crucial for lowering their cost of energy. In this study
we present a heuristic optimization method to optimize wave energy hull shapes for power
output. We use a computationally efficient genetic algorithm leveraging frequency domain
analysis and model simplifications. Central to this research is the development of a simplified
proxy to estimate system power based on the frequency domain hydrodynamic coefficients.

As a case study, this method is applied to the miniWEC two-body point absorber to optimize its

axisymmetric hull shape for a Lake Washington wave climate. A genetic algorithm is run for 100



generations and identifies a hull shape that has three times the average power as compared to the
existing miniWEC system. The results are promising and indicate that this method may be useful
for other research studies, and especially for commercial wave energy applications where power

production and cost of energy are crucial to development.
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Chapter 1. INTRODUCTION

be sure that your gear
will get fankled

by mollusks and weed
it’s not the median tide
but the storm —

that will finally decide
as the sea is various
no one device

will ever suffice

there are too many
possible settings

for a fitting form

to be settled yet

-Alec Finlay, “after gareth and laura we sometimes used to say...” (lines 46-58) [1]

Renewable energy is needed to mitigate the effects of climate change. Wave energy is a form
of renewable energy that harnesses the power of ocean waves, a globally abundant resource
collocated with many coastal cities. As renewable energy resources continue to replace traditional
electricity sources, there is room for diverse forms of renewable energy to create resilient grid
systems. However, further research and development is still needed to make wave energy cost-
competitive with other forms of energy. There are many types of wave energy converter concepts
under development which harness the kinetic energy in waves to produce mechanical and/or
electrical power. Wave energy converter designs are being developed at many locations globally,
including a wave energy research platform at the University of Washington.

Wave energy can have a positive impact on society by contributing to a globally abundant,

renewable source of energy with a high energy density. There is an estimated 2 Terawatts of wave
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energy globally and some of that energy could be harnessed by wave energy converters [2]. Waves
build up over time and large distances as a result of wind blowing over the surface of the water,
making them a more steady, concentrated energy resource than wind. The highest wave density
occurs between the 40" to 60™ latitude lines in both the northern and southern hemispheres (Figure
1), which can be a plentiful renewable resource for populations living along ocean coastlines in
these regions. Energy from ocean waves can contribute to climate change mitigation and can also

have positive local benefits.

6P W -140° W -120° W -I00FW BFW 60°W AP W 20° W

Annual Mean Power Density (kW/m)
N < |0 ]0-20Wm20-308830-40"940-50 S50-60 60-70 70-80 80-907°90- 100 W™ [00- 110W= 110 - 120 = > 120

Figure 1 - Global Wave Energy Resource [2]

Wave energy can provide sustainable power and socio-economic benefits to coastal
communities. One third of the global population lives within 100 km of the coast [3] and many
coastal cities are collocated with a wave resource. Wave energy can provide local jobs and
reinvigorate maritime markets. Projects can be designed for small communities, larger population

centers, or other markets including water desalination, autonomous underwater vehicles, ports, and
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aquaculture. Wave energy projects can be designed with local communities in mind, as there are
still many types of wave energy converters.

Wave energy converters harness the kinetic energy of waves, and typically convert this to
electrical power. Many types of wave energy converters have been proposed including devices
located offshore, nearshore, and onshore [5]. Energy can be harnessed from the vertical motion of
deep water waves, the horizontal motion of intermediate depth and shallow water waves, variations
in pressure, and variations in wave height, among others. Diversity of wave energy converter
design reflects the variation of wave resource at different sites globally.

Research and development can reduce the cost of wave energy to make it cost competitive
with conventional energy sources. There are many engineering challenges, especially generating
cost effective power in typical wave conditions, while also being able to survive in harsh storm
conditions [6]. Wave energy technical and economic advancements are ongoing globally, and

research on power optimization are key to this aim.

1.1 BACKGROUND

Wave energy converters can be better understood through the physics of oscillating systems
in ocean waves, the variation in wave energy designs, analysis methods, and the means through
which these devices have been optimized. Linear wave equations provide the foundation of wave
energy converters models. There are many types of wave energy converters which can be analyzed
in both the frequency domain and the time domain. Optimizing the performance of wave energy

converters is currently an active area of research.



1.1.1  Linear Wave Theory

Linear wave theory is a simplified physical description of ocean waves that can be used for
ocean engineering. Real sea states have complex dynamics, but linear wave theory describes the
basic physical processes well, especially for waves of small amplitude relative to the water depth
[7].

Wave energy converters interact with the waves as oscillating systems [8-9]. Equation 1.1 is
the equation of motion for a heaving point absorber of mass, m, and displacement, Xy [9-10]. The

total force, Fry»), has components of fluid induced forces, Frp), and external forces, Fexrx %, t).

mX = Frey + Fexrxoxo) (L.1)

The fluid-induced forces, Fry, can be approximated using linear wave theory by the sum of the

exciting, radiating, and hydrostatic forces: Fexy), Fry, and Fug), respectively (Equation 1.2).

FF(t) = FEx(t) + FR(t) + FH(t) (L.2)

Each of the terms have components in six degrees of freedom (Heave [z], Surge [x], Sway [y],
Roll [rx], Pitch [ry], and yaw [rz]). The exciting force is proportional to the incident wave
amplitude [11]. The radiating force component includes the added mass and damping coefficients.
Finally, the hydrostatic forces are exerted on the submerged body. All these terms form the
foundation of hydrodynamic wave energy analysis, which can be used in either the time domain

or the frequency domain.
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The wave elevation 1, is given by equation 1.3 [8]. The signal is evaluated in the frequency
domain, where o is the angular frequency in radians per seconds and f is the angle between the

incoming wave and the x axis.

Mo = Acos(k(xcos(B) + ysin(B)) — wt) = Re[AeilkxcosBr+ysin(B)-w)]  (1.3)

Hydrodynamic coefficients can be evaluated in the frequency domain by considering a single
frequency at an arbitrary wave angle and assuming linear wave theory [8]. The series of individual
sinusoidal waves is valid when the wave amplitude is small. 4 is the wave amplitude, £ is the wave
number which can be determined using the dispersion equation [11], and there are space
components x and y and time z. The wave elevation relates to the excitation force by equation 1.4

[12].

Fexe) = Re[AFgyye "] (1.4)

The excitation force includes the complex amplitude of the excitation force F; Ex(w) 10 the frequency
domain for an incident wave of a given amplitude [11], relating excitation force to the incident
wave elevation. Falnes [10] states that in order to efficiently absorb waves, a wave energy
converter (WEC) must be a good at generating waves. A WEC can effectively absorb waves by
moving with large amplitude and velocity while remaining predominantly in phase with the

incoming waves. The ideal phase angle between the incoming waves and a WEC is 90°.



1.1.2 Wave Energy Converter Types

There are many types of WEC concepts at various stages of research and development.
Modern wave energy research began in the 1970s, and the first known wave energy device dates
back to 1799 [13]. Wave energy can be harnessed offshore in deep ocean, nearshore in intermediate
and shallow water depths, as well as onshore along the coast. Figure 2 shows many of the WECs
currently under research and development, including the attenuator, point absorber, oscillating
wave surge converter, oscillating water column, overtopping, and pressure differential WEC types
[14]. Each of these devices harnesses wave energy in a different way using the vertical heave,

horizontal surge, or lateral sway motions of waves individually or in combination.

Figure 2 - WEC Types: Attenuator, Point Absorber, Oscillating Wave Surge Converter,

Oscillating Water Column, Overtopping, Pressure Differential (top left to bottom right) [14]

Attenuators move on the surface of the water and harness the motion between multiple

structural components. Point absorbers are very small relative to the wavelength of incoming
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waves, and move on the surface of the water relative to a stationary reference point. The various
types of point absorbers will be covered below in further detail. Oscillating wave surge converters
operate in intermediate or shallow water depths to oscillate with the horizontal motion of waves
near the sea floor [6]. The oscillating water column makes use of the variation in water elevation
within a chamber to drive an air turbine. An overtopping device uses the potential energy of waves
to generate energy. Finally, the pressure differential device is partially submerged to harness the
pressure of waves passing above the device [6].

Over 50% of global wave energy research and development has focused on point absorbers
[15], and this research study focuses on a point absorber application. A point absorber is a type of
WEC that has a buoyant hull on the surface of the water that moves relative to a stationary
reference body. These devices are much smaller than the wavelength of incoming waves, and
typically harness heave motion vertically, but can also harness power in up to six degrees of
freedom in some variations. The point absorber’s stationary body may be the seafloor or
alternatively, a submerged structure hanging beneath the hull, with corresponding variations in
mooring design.

Point absorbers have been developed and tested at scale in real ocean environments including
the CorPower WEC [16], the Oscilla Power Triton [17], the Fred Olson Lifesaver [18], and the
Ocean Power Technologies PowerBuoy [19]. The CorPower wave energy converter (Figure 3) is
a single body point absorber rigidly connected to the seafloor with one tether. The Oscilla Power
Triton (Figure 4) is a two-body point absorber with a submerged reaction structure and multiple
(3) tendon connections between the bodies. The hull shape is directional, with shape variation
related to the incoming wave direction. The Fred Olson Lifesaver (Figure 5) has an axisymmetric

ring shape that has multiple tendons (3) that are connected to the seafloor. The Ocean Power
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Technologies PowerBuoy (Figure 6) is an axisymmetric device with a hull design that is similar
to a navigation buoy and has a rigid connection between the two bodies. There are a variety of
point absorber designs, and the hull geometry of the four shows variation of a round hull, an oblong
hull with a narrow bow, a large ring, and an axisymmetric buoy. There is great variation in WEC

design, even limiting the focus to point absorbers.

Figure 3 - CorPower Wave Energy Converter [16]

Figure 4 - Oscilla Power Triton [17]



Figure 6 - Ocean Power Technology PowerBuoy [19]

Modern wave energy research and development began in the 1970s, including one of the most
notable WEC designs: Salter’s Duck [8, 20]. Salter’s Duck is a terminator device with an almond
shape. Figure 7 shows the Duck being tested in a narrow wave tank. The device can be scaled up
by lining up many Duck’s side by side perpendicular to the incoming wave direction. Salter’s Duck
performs with high efficiency in a wave tank with regular waves, but there are greater efficiency

losses in real, irregular waves.
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Figure 7 - Salter's Duck Tank Testing [8, 20]

Salter’s Duck was developed through a traditional design method of design, test, and iterate,
resulting in a wide variety of geometries tested in a wave tank. There are endless design options,
as evidenced by that fact that modern wave energy research and development still includes a large
variation in design. With such an expansive design space, the traditional design-build-test

approach is very expensive and time consuming.

1.1.3  Frequency Domain Analysis

Frequency domain analysis of ocean waves and WEC oscillating systems tends to employ
boundary element methods (BEM) to solve first-order wave loading on structures. These BEM
codes calculate the coefficients of the radiation and excitation forces on hydrodynamic structures,
which are used to provide an approximation of the device performance. However, BEM solvers
are limited in that they are unable to calculate drag forces which must be determined empirically,

experimentally, or through an alternative numerical approach. A number of BEM codes are



11
available as commercial off-the-shelf software. WAMIT [22-23], and ANSYS AQWA [24] are

commercial software packages. NEMOH is an open-source BEM solver developed in Nantes,
France [25].

Frequency domain analysis is more computationally efficient than time domain analysis
because frequency domain analysis is the Fourier transform of the time domain signal [21].
Convolution in the time domain is equivalent to multiplication in the frequency domain, and thus
frequency domain analysis is often used because the Fourier transform and multiplication are much
faster than convolution. The time domain and frequency domain analysis for linear, time-invariant
behavior are equivalent for finding the post-transient system response. Frequency domain analysis
is often used when linear modeling is sufficient, as it is more computationally efficient than time

domain analysis.

1.1.4 Time Domain Analysis

Time domain analysis evaluates loads on structures during a time interval to model system
behavior. There are several dynamic analysis software packages that evaluate engineered ocean
structures in the time-domain. These include mid-fidelity simulation packages and high-fidelity
computational fluid dynamic codes. The mid-fidelity codes include ProteusDS [26], OrcaFlex
[27], and WEC-Sim [28]. The hydrostatic coefficients from the BEM codes are inputted into the
time-domain codes. OrcaFlex was developed by a group in the U.K. in the 1980s primarily for the
oil and gas sector, and there has been significant development of this commercial code [27].
ProteusDS was developed by a group in Victoria, Canada [26]. This analysis software includes the
capability to accurately model the power take-off system of WECs. WEC-Sim is another mid-
fidelity time-domain code, which was developed by the National Renewable Energy Laboratory

and Sandia National Laboratories [28]. This code runs through MATLAB and is otherwise open-
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source to the public. These are only some of the many mid-fidelity time domain codes available,
many of which are being validated as part of WEC development standards [29-30].

High fidelity computational fluid dynamics (CFD) codes can be used to get a solution with a
higher order of accuracy, with the tradeoff of a much longer run time. There are many high-fidelity
CFD codes including ANSYS Fluent and STAR-CCM+ [31-32]. Additionally, OpenFOAM is an
open-source CFD code that is often used in ocean engineering research [33]. The time-domain
codes can simulate WECs in ocean environments, and analyze the dynamic response of the
structures over time. The time-domain codes can be used to determine an annual energy production

for WECs in real ocean environments prior to tank testing or field deployments.

1.1.5 Optimization Approaches

Geometry optimization approaches may contribute to a significant increase in the annual
energy production of WECs. The hull shape of a point absorber can be geometrically optimized to
move with greater velocity in ocean waves. Types of geometry optimization methods include
direct optimization methods, heuristic optimization methods, and exhaustive search methods.
Direct methods use objective functions and solve through a finite sequence of operations. Heuristic
optimization methods solve a problem iteratively and strategically in a design space. Heuristic
optimization methods may be preferable to direct methods for hydrodynamic WEC geometry
optimization because the calculations required for direct methods may not be feasible.
Additionally, exhaustive search methods are not practical because the search space is too large,
and design and test methods would likely not find an optimized solution.

A genetic algorithm is a type of heuristic optimization method which borrows from the
biological process of natural selection [34]. There are ‘populations’ of candidate solutions which

are evaluated using an objective function. The candidate solutions are ranked based on their
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evaluation, and this determines the GA’s search direction over many ‘generations’. A genetic
algorithm is used in this research because it has been effectively applied to other WEC research

studies [38-40].

1.2 WAVE ENERGY HEURISTIC OPTIMIZATION LITERATURE

There has been research on the application of genetic algorithms to wave energy optimization,
frequency-domain analysis within heuristic methods, and reductions model geometric complexity
for design applications. Genetic algorithms (GAs) have been explored in many areas of research,
including wave energy. The WEC’s geometry, control parameters, mooring layout, or site
selection can each be optimized using a GA or another method. Several studies have used

frequency domain analysis exclusively within genetic algorithm WEC geometry optimizations.

1.2.1 Genetic Algorithms Applied to Wave Energy

Genetic algorithms have been used in wave energy optimization research [35-44]. In
particular, genetic algorithms can be used to optimize the control parameters of WECs. Control
methods can be used to increase the power extraction in waves by making a device behave in
resonance across a range of operational cases. Babarit et al. [35] optimized the control parameters
and hull geometry of a floating WEC that behaves like a pendulum. Time-domain and frequency-
domain analysis are used within the genetic algorithm to optimize the WEC with active control.
Mundon [36] developed a control strategy for the Pelamis WEC by artificially evolving the
neurobiological structure of the Lamprey as it has a similar motion to the Pelamis WEC. Gunn et
al. [37] optimized a WEC control strategy without prior knowledge of the wave field. Each of
these papers implemented a genetic algorithm to incorporate a control strategy for WEC power

optimization.
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1.2.2  Frequency Domain Analysis within Genetic Algorithms
Genetic algorithms have been used to optimize WEC geometry using frequency domain
analysis to identify optimized post-transient WEC behavior. Many WEC shape optimization
research studies have used frequency domain analysis within heuristic optimization methods.
McCabe [38] optimized the hull shape of a submerged WEC that moves in surge horizontally using
a bi-cubic B-spline surface between a relatively small number of control points to smooth the shape
in 3D space. In McCabe’s analysis, the hull shapes were optimized using the frequency-domain
code WAMIT [21], as this was the most practical way to obtain the hydrodynamic coefficients.
The objective function evaluation included optimal power in addition to shape complexity and size
constraints. Garcia-Teruel et al. [39] continued this research with a geometry optimization
approach which maximized WEC power and minimized cost of energy; using WAMIT for
frequency-domain analysis. Adding time-domain analysis is an area of future work. Gomez et al.
[40] optimized the geometry of an oscillating water column using WAMIT for analysis. Sharp et
al. [41] used a genetic algorithm with WAMIT frequency-domain analysis to optimize the layout
of an array of five WECs. Frequency domain analysis has been effectively used in these studies;

further computational efficiency can be increased through model simplifications.

1.2.3  Reducing Model Complexity within Heuristic Optimization Methods

Researchers have sought to reduce model complexity within heuristic optimization methods.
Ortiz et al. [42] optimized a WEC mooring system using a metamodel based on the pre-processing
stage of high fidelity time-domain analysis in order to strategically search the design space of WEC
mooring layouts. Bailey et al. [43] optimized a simple pontoon WEC at different sites globally
using ProteusDS in the time domain. The simplifications were made to the geometry so that the

single dimension of pontoon length was being optimized. This previous research demonstrates the
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variation in scale required to optimize a WEC in a specific wave climate. Sale et al. [44] developed
a computationally efficient numerical model to optimize the blade shape of a tidal turbine.
Reducing model complexity has significant benefits for time-intensive research problems, and
similar model simplifications could be used within a GA using frequency domain analysis to

enhance computational efficiency.

1.3  THESIS OVERVIEW

This thesis is structured as follows. Chapter 2 presents the methodology and specific WEC
case study. A point absorber research platform is evaluated in a specific wave climate. The
methodology discussion includes the research scope, development of a proxy for average WEC
power, the genetic algorithm method, and the verification steps. Chapter 3 presents the results of
this work, including the verification results, the equation developed as a proxy for average power,
and the hull shapes identified by the genetic algorithm along with their time domain analysis.
Chapter 4 is a discussion of the findings. The significance of the power proxy, effectiveness of the
genetic algorithm, strengths and limitations of the methods, computational time, and hull shapes
identified are discussed. Chapter 5 discusses the conclusion of the work. The GA code is available

on GitHub and presented in the appendix.

Chapter 2. METHODOLOGY

The aim of this work is to investigate the potential for WEC geometry optimization using a
genetic algorithm with evaluation in the frequency domain and geometric simplifications. The
methodology is a computationally efficient way to identify an optimized WEC hull geometry as
compared with the traditional design-build-test method. The optimization approach is applied to

a WEC’s hull geometry to enhance the average power output in a specific wave climate.
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WEC hull geometry is optimized for power production in a specific wave climate by applying
a GA with verification steps. Verification steps are included prior to running the GA to understand
geometric feature sensitivity within the analysis and to evaluate reference shapes to form the basis
of the power proxy. The development of an accurate proxy for power is a central piece of this
work. This empirical ‘power proxy’ is determined based on reference shape analysis. The reference
shapes are evaluated in the frequency domain and the time domain to obtain an equation that relates
power to the frequency domain hydrodynamic coefficients. The coefficients are weighted and
summed to obtain the proxy for power, and this work will be discussed in the optimization
approach in Section 2.2. The GA is run over 100 generations, and the final shape in addition to an
intermediate shape are evaluated in the time domain. Time domain analysis is not required within
the GA but is useful during these verification steps to ensure that the GA is identifying a hull shape
with enhanced power performance.

A computationally efficient method is important for practical design applications and
reducing model complexity can further this aim. The hull model is simplified by considering
axisymmetric geometry, considering vertical heave motion exclusively, and by evaluating in the
frequency domain rather than the time domain. The hull shape is axisymmetric, and the submerged
volume of each candidate shape is equivalent to maintain constant mass. The geometric search
space is defined as a 2D profile slice of the 3D axisymmetric shape. The shape can vary between
a minimum and maximum radius over a defined height. The search space increments are able to
be relatively fine over the 2D hull profile between these bounds. The two-body point absorber used
in the case study primarily produces power in heave motion vertically, and thus only the heave
component optimization is included as a simplification. As discussed previously, frequency

domain analysis is more computationally efficient than time domain analysis and obtains an
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equivalent result for a linear, time-invariant system. Various tools make reducing model
complexity possible including a frequency domain code, a genetic algorithm code, and a time
domain solver which are all compatible with MATLAB. These tools that enable a computationally
efficient method are elaborated upon in the WEC case evaluation section which presents the

specific WEC used to test the methodology.

2.1 MINIWEC CASE EVALUATION: AXISYMMETRIC HULL IN LAKE

WASHINGTON

As a way of validating the results of this work and as a way of keeping the research in the
realm of the practical, the method is applied to a specific WEC and wave climate. We plan to use
the real WEC as a demonstration platform for the methodology to showcase the WEC hull
geometric optimization for power performance. Specifically, the axisymmetric hull shape of the
miniWEC two-body point absorber is optimized for average power in Lake Washington, shown in

Figure 8.

Figure 8 - miniWEC During Testing in Jan 2018
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The miniWEC in Lake Washington serves as a 1:7 scale testbed for a full-scale WEC in an open
ocean environment. The case evaluation includes presentation of the tools used and the specific

Lake Washington wave resource and miniWEC point absorber.

2.1.1  Lake Washington Wave Resource

Lake Washington is a freshwater lake near Seattle, WA. The large lake was previously
connected to the ocean through the Duwamish river, before construction of the Lake Washington
ship canal in the early 1900s. Lake Washington accumulates relatively large waves from wind
blowing over the surface of the lake. The waves are fetch-limited in their height and wave period
because the length of the lake is the maximum distance over which the waves can accumulate.
Given the spatial and temporal constraints of the lake, the waves tend to have a ‘peaky’ shape that
are closer together and taller than fully developed waves. The strongest waves occur in the winter
months, corresponding to the time of year with the highest winds. The lake resource has been
characterized by Professor Jim Thomson at the University of Washington Applied Physics Lab.
Data collected in the winter of 2012 is used to determine the joint probability distribution of the

wave height and peak period of the waves (Figure 9) [45].
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Figure 9 - Joint Probability Distribution Lake WA Winter 2012

A joint probability distribution is used to determine the dominant wave height and wave
period combination at a specific wave site. The majority of the Lake Washington wave data
collected in the winter of 2012 is in the 1.5 - 4.5 s wave period range and up to 0.6 m wave height.
The wave period bins are in increments of 1 s in the range of 1 s to 1.5 s —4.5 s. The wave height
bins are in increments of 0.2 m in the range of 0.01 m — 0.6 m. 85% of the data is within these
bins, and the remaining 15% of waves in Lake Washington are described by long-period (25 s),
low-amplitude (0.025 m) swell waves. These are not considered in the analysis because they are
outside of the operational range of the miniWEC. The five wave bins with 85% of the data are
scaled up proportionally to form 100% of the wave resource in the joint probability distribution

for the purpose of this analysis.
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The energy spectra in Lake Washington can be described by JONSWAP parametric spectra.

JONSWAP parametric spectra were developed from wave analysis in the North Sea for waves that
were found to always be fetch limited [46]. Fetch-limited waves are peaky and required a peak
shape factor to accurately describe them with parametric spectra. In contrast, Bretschneider
parametric spectra do not have a peak shape factor and are a better fit for fully developed waves
[47].

The 2012 Lake Washington wave data was sampled in 30-minute intervals, with a 1.28 Hz
sampling frequency using Datawell Waverider buoys [48]. Data was collected from October 26,
2011 —Jan 11, 2012 and the data analysis included evaluation of the energy spectra from the field
measurements [49]. Data from five energy spectra are plotted for the dominant wave case which
includes waves that have wave height less than 0.1 m and wave period less than 2 s. The energy
spectra are fit visually by plotting idealized JONSWAP energy spectra and Bretschneider energy
spectra to estimate the best fit to the idealized spectra. Figure 10 shows the energy spectra data for

the dominant wave case of 0.1 m wave height, 2 s period.
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Figure 10 - Energy Spectra Data for Lake Washington Wave Data between 0.05-0.2 m Wave
Height and 1-2.5 s Wave Period Compared with JONSWAP and Bretschneider Idealized Spectra

The idealized energy spectra will be used for this analysis, including the peak shape factor,
wave height, and wave period for the five wave cases. The idealized spectra are defined by
Equation 2.1 with frequency range w, peak frequency wp, gravity, alpha as defined in Equation

2.2, and the peak shape factor gamma [46-47].

2.1)
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The wave height Hmo is defined as four times the standard deviation of the surface elevation and
the peak period is Tp,. The peak shape factor gamma is 3.3 for JONSWAP energy spectra and the
peak shape factor gamma is 1 for Bretschneider energy spectra. The JONSWAP peak shape factor
of 3.3 fits well with waves of 0.1 m height and 2 s wave period, because the energy spectra in this
range have a peaky shape profile. Additionally, the 0.1 m height waves with 2 s and 3 s period also
fit to the JONSWAP energy spectra. The wave cases with larger height of 0.3 m and 0.5 m with 2
s wave period are not has peaky as the low amplitude waves, and appeared to be a better fit with a
gamma of 2.5. These are the five wave cases included in the analysis, defined by their height,

period, and peak shape factor.

2.1.2  MiniWEC Wave Energy Converter

The miniWEC is a two-body point absorber wave energy converter. It was developed by the
UW APL to be used as a test platform for wave energy research in Lake Washington. The
miniWEC (Figure 11) has a buoyant cylindrical hull and primarily captures energy from vertical,
heave motion relative to a submerged heave plate. The device has a power take-off (PTO) system
on top of the cylindrical hull. The PTO consists of a tether attached to springs that can freely move
relative to the heave plate which is submerged at depth and not shown to scale in the figure. This

research study focuses on the cylindrical miniWEC hull.
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0.81m

Figure 11 - miniWEC Wave Energy Converter [50]

The cylindrical hull shape of the miniWEC affects its velocity in waves which is directly
related to the power output of the system. The hull shape has not been previously optimized for
average power or stability and the miniWEC has significant roll and pitch motion in addition to a
high center of gravity which may result in the hull flipping over without the heave plate connected.
Further, these motions detract from the vertical heave motion and sub-optimal power is achieved.
It is thought that significant average power gains can be achieved by optimizing the hull geometry.
Through the heuristic optimization method described here, the point absorber hull velocity can be
maximized for useful energy production, which could significantly improve the power production
and testing capabilities of the miniWEC.

The axisymmetric hull shape is optimized in a defined search space for power development.
Axisymmetric point absorbers are non-directional, as they can operate with incoming waves of
any incoming direction [6]. The hull geometry search space is defined so that the lower bound is
the existing cylindrical miniWEC hull and the upper bound is still able to be deployed with the
existing research vessel. The minimum hull shape is set to the existing miniWEC cylinder radius

of 0.9 m so that no material will be removed from the existing system. The maximum hull shape
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is set to a 1.2 m radius cylinder, which is based on spatial and mass constraints on the R/V
Robertson. The candidate hull shapes can vary within the search space, but the submerged volume
is kept constant to compare hull geometry with equivalent mass. This is achieved by selecting a
baseline cylinder with a radius of 1.1 m and a draft of 0.6 m (a shape between the minimum and
maximum radii). Thus, shapes can vary between the minimum and maximum radii and have
reasonable drafts, with vertical centroids below the waterline. The candidate hull shapes within the
search space are evaluated in the frequency domain using the boundary element method code

NEMOH.

2.1.3  NEMOH Boundary Element Method Code

NEMOH is an open-source boundary element method (BEM) code which solves first-order
wave loading on structures in the frequency domain. BEM is a computational method for solving
linear partial differential equations, and NEMOH solves for the added mass, radiation damping,
and diffraction forces on offshore structures. Candidate hull shapes are evaluated using NEMOH
to solve for their hydrodynamic coefficients. The NEMOH code provides MATLAB scripts to
evaluating axisymmetric shapes or 3D hull shapes with custom mesh. There is a MATLAB code
for meshing axisymmetric hull shapes based on their shape profiles defined by their radius and
draft, and there are 50 sections of the axisymmetric shape about the z axis, and the target number
of mesh panels is set at 500. Freshwater density is used and the wave period range of 0.5 - 8 s is
considered. The incoming waves are set at 180°, signifying that they are moving towards the hull
shape. NEMOH takes approximately 5 mins to evaluate a cylinder and 20 mins to evaluate a shape
with several rigid features. The NEMOH hydrodynamic coefficients are smoothed using the
MATLAB script ‘medfilt]’ [51] so that any erroneous spikes in the data are removed. The function

applies a third-order, one-dimensional median filter assuming no signal beyond the first and last
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points. The NEMOH analysis can be used in the genetic algorithm code using MATLAB as the

shared platform.

2.1.4  Genetic Algorithm Toolbox

A group at the University of Sheffield developed an open-source genetic algorithm toolbox
coded in MATLAB [52]. The algorithms in the toolbox are flexible so that they can be used for
many applications. A GA uses an objective function to evaluate solutions, and in this case NEMOH
can be used within the objective function evaluation to obtain hydrodynamic coefficients which
can then be used to imply system power performance within the power proxy. The GA enables an
initial population of candidate hull shapes to be generated, which are then evaluated by a user-
defined objective function. The set of solutions are ranked, and then highest-evaluating solutions
are selected to form the next generation of candidate hull shapes. The GA toolbox provides the

scripts that are used for the GA in this research study.

2.1.5  ProteusDS Time Domain Analysis

ProteusDS is a time domain software package used for solving wave loading on offshore
structures. An existing ProteusDS model of the miniWEC system is used for analysis [53]. The
model has been validated in Lake Washington waves and compared to an OrcaFlex model of the
miniWEC [54]. The model is used with custom mesh hull shapes in place of the simple cylinder.
The five Lake Washington JONSWAP wave cases are run to obtain a power matrix. This model

is used as part of the verification of the optimization approach.
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2.2 GENETIC ALGORITHM OPTIMIZATION APPROACH

A genetic algorithm is used to optimize the hull shape of a WEC to maximize power
development in a specific wave climate. The GA can strategically search within a design space to
iteratively improve hull shapes for power output. Development of an accurate proxy for power
based on frequency domain analysis is central to this aim. The power proxy becomes the objective
function within the genetic algorithm which is used to evaluate and form the basis of ranking
candidate hull shapes. The genetic algorithm optimization method is used to identify a high power

producing hull shape, which is applied to the axisymmetric miniWEC hull for this evaluation.

2.2.1 Genetic Algorithm

The genetic algorithm represents candidate hull shapes as axisymmetric shape profiles. The
representation is a 2D profile which represents a slice of the 3D axisymmetric shape, rotated by
360° around the vertical z-axis. The profile shape includes 26 equally spaced vertical points 0.0325
m apart between the top and the base of the 0.81 m hull. Each of the radial points vary between set
bounds, and the submerged volume is kept constant by adjusting the draft. Each of the radial points
can vary between a minimum radius of 0.91 m and a maximum radius of 1.22 m in increments of
0.01 m, resulting in 32 possible radial positions for each vertical point (Figure 12). The search
space is discretized into a grid rather than connecting the points with a spline to allow the GA to
identify any shape within the search space. There are 1.4 x 10°° possible profiles within the search
space, and an exhaustive search would not be possible at this scale. This problem is well suited to
a GA, but the search space is large and would require many iterations to have confidence in shape

convergence.
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Figure 12 - Axisymmetric miniWEC Shape Profile Search Space

The GA has a population of candidate hull shapes which progress through generations based
on an objective function evaluation. The initial population of 30 candidate hull shapes begins with
random hull shapes generated by the GA toolbox [55]. The initial population is seeded with three
shapes (that will be discussed in the reference shape analysis) to include high power performing
shapes in addition to the random shapes. The GA uses a binary representation of the candidate
shapes, and there is a precision of 5 used for the 26 points along the shape’s edge. Thus, the initial
population consists of a matrix that has 30 rows of candidate solutions with 130 columns
containing the genetic material. The 30 candidate shape profiles are evaluated by an objective
function and ranked based on their result. Figure 13 shows a schematic of the GA process as the
initial population of candidate hull shapes are evaluated, ranked, and then enter a generational

loop.
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The hull shapes are ranked to select the shapes that will be cloned into the next generation
and the shapes that will be used as parents to form offspring. The parents are selected using
stochastic universal sampling so that the most fit candidate shapes have the highest likelihood of
passing on genetic information. There are 27 offspring created by single point crossover, which
are then mutated by 7% to increase genetic diversity. The 27 offspring and 3 clones form the next

generation, and this process continues iteratively so that each generation has improved or
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equivalent candidate hull shapes as the parent generation. The GA is run for 100 generations, and
MATLAB?’s parallel computing toolbox is used so that multiple candidate hull shapes can be
evaluated simultaneously [57]. The GA’s ability to identify high power performing hull shapes is

dependent upon the objective function evaluation.

2.2.2  Objective Function

The objective function evaluates candidate hull shapes within the GA. In this case study, the
objective function is the maximization of power. Each shape is meshed and evaluated in NEMOH,
and the hydrodynamic coefficients from the NEMOH analysis are used to obtain a proxy for power.
The development of this power proxy is presented in the section 2.2.3. The objective function

scales the power proxy value to be a non-negative minimization problem, shown in Equation 2.3:

Obj_fun = 5000 — 10(P,oxy) (2.3)

The GA toolbox ranks the candidate hull shapes based on the minimizing objective function to

identify high power producing shapes.

2.2.3  Development of a Power Proxy

Central to this work is the development of a proxy for system power that can be calculated
through the key components of the WEC response in the frequency domain. The power proxy uses
the hydrodynamic coefficients from NEMOH to estimate the power that the new hull shape would
produce as part of the miniWEC in the Lake Washington wave climate. While a time domain
analysis would be able to give us a direct measure of power produced, it would not be possible to

perform this within the GA with our computational resources because it would take too long to
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run. Using NEMOH analysis in the GA is computationally efficient compared with using time-
domain analysis. However, it is important to have an accurate way to measure power.

The power proxy equation is developed through an analysis of reference shapes. These
reference shapes are evaluated in both the frequency domain and the time domain so that the
frequency domain power proxy could be compared with the time domain result. The excitation
force and 90° optimal phase angle of the hull shapes are being promoted to the next generation.
The added mass is also beneficial for power production, but the damping is minimized. These
coefficients are integrated over the frequency range and fitted with empirical weights to accurately
represent their contribution to power. Additionally, the JONSWAP energy spectrum from the
dominant wave case is included in the evaluation to consider enhance the annual energy production
of the WEC in Lake Washington. The reference hull shapes that are used as a benchmark to

develop the power proxy equation are presented in the evaluation and verification section.

2.3  REFERENCE HULL SHAPE ANALYSIS

Ten reference shapes are analyzed in the frequency domain and the time domain as a
benchmark for comparison, and to form the basis of the power proxy equation. We assessed ten
reference hull shapes of equivalent submerged volume (displaced mass) in NEMOH and
ProteusDS [25-26]. These results are used primarily to develop the power proxy. Ten hull shapes
are selected to be representative of the variation of feasible shapes in the search space. The hull
submerged volume is larger than the existing miniWEC hull because the shapes will be added to
the existing miniWEC with no material removed. The draft for each shape is calculated using
numerical integration to achieve the desired mass of 2,144 kg which is set by the new “baseline

cylinder” with radius 1.0668 m and draft 0.6 m. In comparison, the existing hull has 0.9144 m



31

radius and 0.5286 m draft. The existing miniWEC cylinder and new baseline cylinder are shown

in Figure 14 and the remaining nine hull shape profiles are shown in Figure 15.
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Figure 14 - miniWEC Hull Profile (left) and New Baseline Cylinder (right)
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Figure 15 - Reference Shape Profiles for Preliminary Analysis: a) conical, b) reverse conical,

c) disk, d) reverse disk, e) fin, f) cavity, g) ellipse, h) hourglass, and 1) teardrop
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The axisymmetric shapes are evaluated in NEMOH over the 0.5 - 8 s period range and
evaluated using the ProteusDS miniWEC model using the five Lake Washington wave cases. Most
shapes fit in the search space, but a few extend beyond the search space, and most notably the
teardrop shape which has a curved base. The ten reference shapes are evaluated as a benchmark to

compare the frequency domain and time domain analysis to form the basis of the power proxy.

2.3.1  Frequency Domain Analysis of Reference Hull Shapes

NEMOH calculates the added mass, radiation damping, and excitation forces for the hull
shapes. The results presented here describe the vertical heave component. The filtering function
‘medfilt]l’ is used in MATLAB to smooth the NEMOH data throughout the frequency range [51].
The heave added mass (Figure 16), heave radiation damping (Figure 17), and heave excitation
force (Figure 18) are shown plotted against wave period for the ten shapes. The heave added mass
data is shown for the 0.5 - 8 s period range, and the 1.5 - 4.5 s period range is the primary range of

interest as it is dominant in Lake Washington.
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Figure 16 - Heave Added Mass for Ten Reference Shapes

The added mass for the ten shapes varies over the wave period range. The fin shape has the
most distinctive added mass plot of the reference shapes. The added mass coefficient of the fin
shape peaks around the 2 s wave period, in contrast to the other shapes. The hourglass shape has
the largest added mass in the 1.5 - 3 s period range. The teardrop shape has a lower added mass in
the 1.5 - 3 s period range, and then has the highest added mass in the largest period range. The

heave radiation damping also varies for the ten shapes throughout the wave period range.
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Figure 17 - Heave Radiation Damping for Ten Shapes

35

The fin shape has the most unique trend in the radiation damping data with a large damping
coefficient over the 1 - 2.5 second period range. In contrast, most other tested shapes have an
increase in damping between the 1.5 - 3 second period range, which are more gradual and smaller.
The teardrop shape has the largest damping coefficient in the 2 - 4 s wave period. The heave

excitation force also has unique plots for the ten reference shapes.
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Figure 18 - Heave Excitation Force for Ten Shapes

The heave excitation force is plotted in polar coordinates by the phase angle and excitation
force amplitude, which are distinct for the ten reference shapes. The incoming waves approach
from 180°, and 90° indicates that the WEC hull shape is in optimal phase with the incoming waves.
The smallest wave period is in the center and the largest wave period is to the left of the plot at
180°, with the period range varying between these extremes for 0.5 - 8 s wave period. The fin
excitation force shows that the fin excitation is low in amplitude and primarily out of phase with
the waves (Figure 18). In contrast, the teardrop, ellipse, and reverse conical shape have a large
excitation force amplitude which is significantly in phase with the waves at 90° for a wave period

of 0.5 - 3 s. The reverse disk shape is at the 90° optimal phase angle with the waves for a significant
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period range of 0.5 - 2 s, and then has lower amplitude in the period range compared to the previous
three shapes mentioned. The hydrodynamic coefficients of the ten reference shapes can be

compared to the power matrices obtained by time domain analysis.

2.3.2 Time Domain Analysis of Reference Hull Shapes

The ten reference hull shapes of equal submerged volume are evaluated in ProteusDS. The
power ranking is shown below (Figure 19) referenced from the baseline cylinder of equivalent
mass, with the highest to lowest average power producing shape from left to right. The blue portion
indicates the cylinder average power, the shapes to the left produce greater power indicated in red,

and the shapes to the right produce less power compared to the cylinder indicated in red.
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Figure 19 - Average Power of the Ten Hull Shapes Compared with Cylinder
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There is significant variation in average power across the ten shapes. The best two shapes, the
teardrop and ellipse, have 20% greater average power compared to the baseline cylinder. In
contrast, the lowest power performing shape, the fin, has about 50% less average power than the
baseline cylinder. These results are used to compare to the results of the frequency domain power

proxy equation for the reference shapes.

2.3.3  Power Proxy Equation

The frequency domain parameters are empirically weighted to obtain a proxy for the average
power of equivalent mass hull shapes. Each of the heave hydrodynamic coefficients are multiplied
by the JONSWAP energy spectra for the dominant wave case in Lake Washington. The three
coefficients have different units, so the units are standardized to joules. This is achieved by
multiplying the radiation damping by the period range and dividing the added mass by the square
of the period range. The excitation force term includes the amplitude and the sine of the phase
angle. This promotes shapes that are primarily 90° in phase with the incoming waves and large in
amplitude. The three terms are then integrated over the frequency range and multiplied by

empirically derived weights. Equation 2.4 shows the power proxy equation:

Pproxy =af [MhS] Tiz] df + b [[DyS;T]df + Cf[AmP(Eh)S] Sin(gphase)]df (2.4)

The weights are determined empirically based on the best fit with the average power for each
reference shape evaluated in ProteusDS. The weights are determined to be ‘a’ of 0.4 for the added
mass term, ‘b’ of -0.1 for the damping term, and ‘c’ of 0.2 for the excitation force term. It should

be noted that although the added mass weight is larger than the excitation force weight, the
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excitation force has the greater contribution to the power proxy. The damping term is penalized
because shapes with greater damping tended to have less power. Ideally, the hull shapes with the
highest excitation force amplitude, 90° in phase with incoming waves, with substantial added
mass, and minimal damping will emerge.

The added mass term (Figure 20), damping term (Figure 21), and excitation force term
(Figure 22) for the reference shapes are shown prior to integrating over the frequency range and
multiplying by the weights. The hourglass shape has the largest added mass contribution, followed
by the fin shape and the teardrop shape, while the reverse conical shape has the smallest added

mass contribution to the power proxy.
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Figure 20 - Added Mass x Energy Spectra x 1/T? [Joules]

The damping term is greatest for the fin shape and smallest for the conical shape. The fin shape
has the lowest power production of the reference shapes and also has the highest damping

contribution to the power proxy.
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The excitation force term is greatest for the teardrop shape and smallest for the fin shape. The

excitation force has the greatest impact on power, which matches with the high power performing

teardrop shape and low power performing fin shape.
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Figure 22 - Excitation Force Amplitude x Energy Spectra x sin (Phase Angle) [Joules]

The power proxy values are compared to the average power from the time domain analysis.
The three hydrodynamic components (Figure 20-Figure 22) are integrated over the frequency
range, multiplied by the weights, and summed to obtain the power proxy for each hull shape.
Overall, the power proxy fits well at around 10% error for half of the shapes. Figure 23 shows the
power proxy for each reference shape compared with the ProteusDS average power. The shapes
are plotted from the highest power shape on the left to the lowest power performing shape on the

right.
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Table 2.1 shows the reference shapes in the same ranking, comparing the average power, the power

proxy, the error, and the difference in rank between average power and the power proxy.

Table 2.1. Power Proxy Compared with Average Power Ten Shapes

Teardrop | Ellipse | Revdisk | Revcon | Disk | Cylinder | Hourglass | Cavity | Cone Fin
P("‘V,éfr 37.2 370 | 359 | 343 | 317 | 315 30.6 301 | 28.1 | 148
Ig;;g 57.7 49.4 38.0 43.8 29.5 33.2 343 27.0 17.1 -10.8
Error 55% 34% 6% 28% -7% 6% 12% -10% | -39% | -173%
Rank 1 2 3 4 5 6 7 8 9 10
Proxy
Rank 1 2 4 3 7 6 5 8 9 10

The power proxy is able to accurately rank the shapes from highest to lowest power for 7 of

the 10 reference shapes. Three of the best shapes are over-predicted and the two lowest power

performing shapes are under-predicted. The five remaining shapes are predicted within 6-12% of
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the average power from ProteusDS. The power proxy is used within the objective function

evaluation of the GA to evaluate power performance of the candidate hull shapes.

2.4  SENSITIVITY STUDY OF NEMOH FEATURE SPACING

A sensitivity study is used to understand the sensitivity of NEMOH to shapes with small
spacing between features and sharp edges to ensure that the shapes are being accurately evaluated.
Shapes with a greater number of horizontal spikes in the hull profile are evaluated, with the points
varying between the minimum and maximum radius over smaller vertical increments. The
sensitivity of small spacing between features, sharp corners, and shape variation at the waterline
are being evaluated. Table 2.2 shows the dimensions of the four shapes with a total of 8, 10, 12,
and 14 spikes which have a vertical variation of 0.03 - 0.054 m. The hull shape search space has
vertical spacing of 0.0325 m, which would allow a maximum of 13 spikes falling between the final
two shapes. Figure 24 shows the shapes plotted from the waterline to the base for the shapes with

8, 10, 12, and 14 total spikes from top to base.

Table 2.2. Sensitivity of Spikey Shapes

Total Teeth Submerged Teeth Total Points Vertical spacing (m)
8 6 16 0.054
10 8 20 0.043
12 9 24 0.035
14 11 28 0.030




45

a) b)
0 r B - . - - - 0
3 8 spikes [ 10 spikes
oK ) g S— -0.1 e
-0.2 -0.2
-0.3 -0.3
-0.4 -0.4
-0.5 -0.5
-0.6 0.6
0 0.2 0.4 0.6 0.8 1 1.2 (0] 0.2 0.4 0.6 0.8 1 1.2
) d)
0 o) 0
|7 17275pii<os ‘ “ 14 spikes
-0.1 S -0.1
-0.2 0.2
-0.3 -0.3
-0.4 -0.4
-0.5 05
-0.6 0.6
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2

Figure 24 - Shapes Profiles with Greater Number of Spikes: a) 8 spikes, b) 10 spikes, ¢) 12
spikes, and d) 14 spikes; note waterline maximum radius spike for 10 and 14 spikes compared with

waterline minimum radius for 8 and 12 spikes

The study shows that there is a greater sensitivity to the radius at the waterline rather than the
vertical spacing between features. Shapes with a maximum radius at the waterline have different
results than spikey shapes with a minimum radius at the waterline. The excitation force is plotted
in polar coordinates including the phase angle and excitation force amplitude for a 2 s wave period
(Figure 25). The wave period of 2 s is used because it is the predominant wave period in Lake
Washington. Both the reference cylinder and the maximum radius cylinder excitation force for a

2 s wave period are included in the plot.
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Figure 25 - Heave Excitation Force for the Spikey Shapes at T = 2s Compared with the
Maximum Radius Cylinder over the entire period range; note that the 10 and 14 spike shapes
have the maximum radius at the waterline, while the 8 and 12 spike shapes have the minimum

radius at the waterline

The shapes with 8 spikes and 12 spikes have a minimum radius at the waterline, and both
points have low excitation force amplitude. The shapes with 10 and 14 spikes have a maximum
radius at the waterline and have a large excitation force amplitude. The excitation amplitude for
the 10 and 14 spike shapes is similar to the excitation amplitude for the largest radius cylinder.
The reference cylinder has a lower excitation amplitude and similar phase angle. The 8-spike shape

has a low excitation amplitude, and the 12-spike shape has an excitation amplitude near zero. The
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reference shapes include shapes with the minimum radius at the waterline and the maximum radius

at the waterline, which result in a range of average power values for the various hull shapes.

2.5 TIME DOMAIN EVALUATION

The ProteusDS miniWEC model [53] is used to evaluate hull shapes in the Lake Washington
wave climate. The model is used for the reference shape evaluation and also to evaluate hull shapes
identified by the GA. Each hull shape is meshed using the CAD software Rhino to create a GDF
mesh to input in the model [58]. The five JONSWAP wave cases are each evaluated using 20 s of
ramp time for the waves to develop and a total of 200 s of run time. The five wave cases are
described by their wave period, wave height, and peak shape factor which are shown in Table 2.3.

The same random waves are used for every hull shape evaluated.

Table 2.3. Lake Washington JONSWAP Wave Cases

Slggggi?t(n\zf)ave Peak Period (s) Peak Shape Factor
0.1 2 3.3
0.3 2 2.5
0.5 2 2.5
0.1 3 3.3
0.1 4 3.3

The model includes linear hydrodynamic coefficients from NEMOH, nonlinear forces on the
hull, a submerged heave plate, and a linear prismatic power take-off system. The NEMOH data
for each hull shape is input as hydrodynamic coefficients. Additionally, the custom mesh is used
to calculate nonlinear hydrostatic stiffness and Froude-Krylov forces. The power take-off (PTO)
system is modeled as a prismatic linear joint with a damping rate of 300 Ns/m. There is linear

quadratic drag added to the base of each hull, using 100 Ns?/rad® for the yaw component. The
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model also includes the heave plate and tether connection between the two bodies. The results
from each ProteusDS model run can be output to MATLAB for evaluation.
A power matrix can be created for each hull shape by estimating the average power for each

of the five wave cases. The power is estimated using the PTO velocity over time using Equation

24.

200 cv
Power = [, " —

(2.5)

The damping rate c is 300 Ns/m, the time interval is 180 s, and the velocity is integrated over this
time range. The average power is evaluated for an individual hull shape for each of the five wave

cases. The time domain model is used to evaluate the final shape identified by the GA.

Chapter 3. RESULTS

The GA is used to identify high power performing hull shapes for the miniWEC in the Lake
Washington wave climate. The methods could be applied to other studies, and these results show
improvement for this specific application. The objective function is used to identify high power
performing shapes within the GA. The GA is run for 100 generations, and the resulting hull shape
in addition to the best shape at 50 generations are evaluated in the frequency domain and the time

domain. The GA identifies hull shapes for this specific evaluation case.

3.1 GA HULL SHAPES AT 100 GENERATIONS AND 50 GENERATIONS

The genetic algorithm improves the power performance of the miniWEC hull in Lake WA
conditions after 100 generations of 30 individuals. The final shape at 100 generations is presented

in addition to an intermediate shape at 50 generations. The shape at 50 generations produces
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substantially more power than the existing miniWEC hull and the shape at 100 generations
produces more power still. The final hull shape produces three times the average power of the
existing miniWEC as evaluated by the miniWEC ProteusDS model. Figure 26 shows the final hull

shape identified after 100 generations (right) and the best hull shape at 50 generations (left).
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Figure 26 — Generated Shape Profiles 50 Generations, (left), 100 Generations (right)

The GA quickly (over 20 generations) moves towards a shape with the largest radius at the
waterline and base, with some other features between including three small fins with jagged
profiles. The 100-generation shape is similar to the 50-generation shape, but with more smoothing
of the features from the waterline to the base. The 100-generation shape has a power proxy value
of 67 W* and the 50-generation hull shape has a power proxy value of 64 W*. The units of “W*’
are used to indicate a proxy power unit. The proxy power performance for the best hull shape at

each generation over 100 generations is shown in Figure 27.
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Figure 27 - Best Shape Proxy over 100 Generations

The power proxy for the best hull shape after each generation is shown. The power proxy is
improved upon or remains the same as the previous generation as the GA progresses, with more
incremental improvements around 25 generations and again around 70 generations. The teardrop
reference shape proxy is plotted as a horizontal line to compare to the best shape at each generation.
The teardrop shape is outside the design search space and is not one of the reference shapes seeded
in the initial population, but is the highest performing reference shape shown for comparison. The
power proxy of the best shape within the GA exceeds that of the teardrop shape after 13

generations, and the 100-generation hull shape produces 40% more power than the teardrop shape.
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3.2  FREQUENCY DOMAIN ANALYSIS OF GA SHAPES

The frequency domain results are shown for the 100-generation shape compared to a straight
sided cylinder that has the same mass and waterline, the baseline cylinder. The power proxy added
mass, damping, and excitation force terms are shown prior to integrating, weighting, and summing
the terms to visualize the difference between the optimized shape and the cylinder. The added mass

terms for the 100-generation hull shape and the baseline cylinder are plotted against wave period

(Figure 28).
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Figure 28 - Added Mass Proxy before Integration - Best Shape and Cylinder

The added mass term for the optimized hull shape is very similar to the added mass term for

the cylinder, with the main difference being the increase in 100-generation hull shape plot at 1.3
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second wave period. In contrast to added mass, the damping term has a much more distinct

variation between the final shape and the baseline cylinder (Figure 29).
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Figure 29 - Damping Proxy before Integration - Best Shape and Cylinder
The radiation damping proxy term for the 100-generation hull shape is negative over most of
the period range. In contrast, the cylinder has a positive damping term. Finally, the excitation force

proxy term for the 100-generation shape is significantly larger than for the cylinder (Figure 30).
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Figure 30 - Excitation Force Proxy before Integration - Best Shape and Cylinder

The final hull shape excitation force proxy term increases rapidly for the 1.3 s wave period
and reaches a maximum around 1.75 s wave period. All three power proxy terms for the 100-
generation shape have a feature at the 1.3 s wave period, while the cylinder does not have this
feature. The hydrodynamic coefficients for the 100-generation shape and the cylinder are shown
plotted against wave period (Figure 31-Figure 33). Figure 31 shows the heave added mass for the

100-generation hull shape and the baseline cylinder.
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Figure 31 - Added Mass Comparison - Final Hull Shape and Cylinder

The 100-generation hull shape has a heave added mass has a spike increase around 1.3 s wave
period to around 2,800 kg, and then the added mass decreases for larger period waves. In contrast,
the cylinder begins with a low added mass in the 1-2 s range, and then increases with greater wave
period. The heave radiation damping for the 100-generation shape and the cylinder are also

distinctive (Figure 32).
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Figure 32 - Damping Comparison - Final Hull Shape and Cylinder
The 100-generation hull shape has a spike around 1.3 s to 750 Ns/m, and then has a negative
radiation damping coefficient for most of the wave period range up to -500 Ns/m. In contrast, the
reference cylinder increases in damping to around 1700 Ns/m for the 3 s wave period. Finally, the
heave excitation force plot for the 100-generation shape is significantly different than for the

baseline cylinder (Figure 33).
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Figure 33 - Excitation Force Comparison (N/m) - Final Hull Shape and Cylinder

The 100-generation hull shape has a large excitation force amplitude and is at near the 90°
optimal phase angle for the 1.25-4.5 s wave period which is predominant in Lake Washington. In
particular, for the low wave period range of 1.25-2 s the excitation force amplitude is 1x10* N/m
and 90°, while the cylinder is near zero in this same range. The 90° phase angle with the waves is
optimal, and it is ideal to have the optimal phase angle over a wide range of wave period. The final
hull shape hydrodynamic coefficients are optimized in the wave period range corresponding to the
Lake Washington energy spectra of 1.5-4.5 s, and especially in the dominant 2 s wave period. The
frequency domain hydrodynamic coefficients are input into the non-linear time domain model to

obtain a power proxy for the 100-generation hull shape.
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3.3 TIME DOMAIN ANALYSIS OF GA SHAPES

The 100-generation hull shape and the 50-generation hull shape are both evaluated with the
ProteusDS time domain model to estimate their power output. For comparison, the baseline
cylinder with equivalent submerged volume has an average power of 32 W, and the existing
miniWEC has an average power of 20 W. The 50-generation hull shape produces an average power
of 52 W as part of the miniWEC operating in Lake Washington, which is a power gain of 1.64
compared to the baseline cylinder and 2.6 times compared with the existing miniWEC. The proxy
predicted the shape would produce 64 W*, over-predicting by 24%. Figure 34 shows the power

matrix for the 50-generation hull shape.
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Figure 34 - 50-Generation Shape Power Matrix



58

The peak power is predicted to be 105 W for the 0.5 m wave height case. Additionally, the greatest
power gains occur in the dominant wave case of 0.1 m height, 2 s wave period. The 100-generation
hull shape is also evaluated in the ProteusDS model, with the hull shape shown in the model below

(Figure 35).

Figure 35 - 100-Generation Shape Evaluated in ProteusDS

The 100-generation hull shape has an estimated average power of 61 W, as evaluated in the
ProteusDS miniWEC model with the Lake Washington wave cases. The final hull shape within
the miniWEC system improves the average power by 1.94 compared to the baseline cylinder and
3 times the existing miniWEC average power. The proxy predicted the shape would produce 66.8

W*_ over-predicting by 10%. Figure 36 shows the power matrix for the 100-generation hull shape.



59
100 gen best PTO power (W)

100
0.5

E

= 80
D

()]}

i

g

© 0.3

=

-+

{ e

]

O

=

(o

D

[7)]

0.1 120
0

2 | 3 4
peak period (s)

Figure 36 - Final Shape Average Power Bins

The peak power is predicted to be 115 W for the 0.5 m wave height case. The average power in of
the 100-generation shape is improved by 2.2 times the average power of the baseline cylinder for
the dominant wave case of 0.1m, 2 s, which is the greatest power gain in the power matrix. The
annual energy production (AEP) for the final hull shape in the miniWEC system is 550
kWhrs/year. In contrast, the existing miniWEC has an AEP of 175 kWhrs/year. This estimate is
based on the results of the ProteusDS model and the wave cases identified by the winter 2012 Lake
Washington field data, although the waves are most energetic in winter, so it is likely an
overestimate. Finally, the hull vertical position for the 100-generation shape and the cylinder are

compared for a ten second interval, with the wave elevation shown for reference (Figure 37).
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Figure 37 - Heave Amplitude of 100-Generation Shape Compared with Baseline Cylinder

(Wave Amplitude Provided for Reference)

The 100-generation hull shape has greater amplitude compared to the baseline cylinder. The
100-generation hull moves with 2.2 times greater heave amplitude compared with the cylinder.
The WEC dynamics will vary for each device, but the miniWEC primarily moves in heave motion
vertically and produces power proportional to the PTO velocity. The results will now be discussed

in further detail.
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Chapter 4. DISCUSSION

The genetic algorithm has identified a hull shape that produces significantly more power in
Lake Washington compared with the existing miniWEC. The heuristic optimization method is
computationally efficient than an approach that includes time domain analysis within the GA.
There are many simplifications that contribute to computational efficiency including the
axisymmetric shape, the consideration of heave motion exclusively, and the idealized Lake
Washington energy spectra. The open-source BEM code NEMOH is used for frequency-domain
analysis and an open-source GA toolbox is used to create the GA code, which is provided in the
appendix. This method can be implemented for WEC geometry optimization studies in other wave
climates.

The empirically derived power proxy is central to identifying high power performing hull
shapes with the GA. The power proxy equation matches the time domain power with
approximately 10% error for the half of the reference hull shapes and for the 100-generation shape,
and effectively promotes the highest power producing shapes and underpredicts the power of the
lowest power producing shapes. The GA is able to identify a hull shape that produces twice the
average power of a baseline cylinder and three times the average power of the existing miniWEC
cylindrical hull. This power increase is promising and may be especially beneficial for WEC
developers. The 100-generation hull shape is unique to this case study of the miniWEC in Lake
Washington. In particular, the grid search space resulted in jagged profiles rather than having a
smoothed spline fit to the geometry, which has been used in other studies [38-39]. It may be
beneficial for future studies to use the spline fit so that the geometry identified would be more
feasible to manufacture. Additionally, numerical artifacts in the evaluation of the hydrodynamic

coefficients in the frequency domain may be generated with an angular profile, and using a spline
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fit could reduce the likelihood of such errors. The results are promising for this case study,

indicating that the method has significant potential.

4.1 GENETIC ALGORITHM OUTCOME

The genetic algorithm is run for 100 generations and is able to identify a high power
performing hull shape. The 100-generation hull shape is evaluated using the ProteusDS miniWEC
model, and is estimated to produces 2 times the power of the baseline cylinder and 3 times the
power of the existing miniWEC. The 100-generation hull shape miniWEC system has an average
power of 61 W and a peak power of 115 W. The highest power gain occurs in the dominant Lake
Washington wave case of 0.1 m height, 2 s period, which shows that the equation is customized
for the specific wave climate. The frequency-domain and time-domain analysis of the 50-
generation shape follow the same trend as the 100-generation hull shape, which increases
confidence in the WEC geometry optimization approach and the power output of the 100-
generation hull shape. The best hull shape identified at 50 generations is also evaluated and
produces and estimated 52 W which is 1.6 times the power of the cylinder and 2.6 times the power
of the existing miniWEC. The PTO velocity is used to estimate the average power of a hull shape,
but the hull heave amplitude also describes the system dynamics.

The 100-generation hull shape moves with greater heave amplitude compared with the
baseline cylinder. Falnes claims that in order to be a good absorber of wave energy, the device
must be a good wave-maker, meaning that WECs should displace water in an oscillating manner
with correct phase timing [10]. A heaving point absorber should move with a large amplitude in
phase with the waves. It is ideal if the body oscillates with a larger amplitude than the wave [10].
Figure 37 shows that the vertical position of the final hull shape modeled in ProteusDS follows the

sea elevation to 71% of the amplitude. This is compared with the baseline cylinder which follows
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the sea height vertical position by 32%. The final hull shape does not move in greater amplitude
than the sea elevation, but the amplitude is 2.2 times the amplitude of the baseline cylinder.
Additionally, the 100-generation hull shape is primarily in the 90° optimal phase angle, indicating
that it is a good wave-maker. The optimized hull shape moves with greater amplitude and produces
more power than the existing miniWEC system.

The annual energy production of the 100-generation hull shape is approximately 3 times the
AEP of the existing miniWEC. The 100-generation hull has an estimated 550 kWhrs/year
compared with the existing miniWEC producing an estimated 175 kWhrs/year. The miniWEC is
a small device used for research purposes, but the increase in AEP suggests that GA optimization
is a valid tool that can be used to improve existing utility scale WECs. A GA can be run for more
than 100 generations to get further AEP gains. Increasing the AEP of WECs is crucial for lowering

their cost of energy and making them cost competitive with other forms of renewable energy.

4.2  EFFECTIVENESS OF THE POWER PROXY

Development of an accurate power proxy is essential to this research. The power proxy
equation is a relatively simple, effective way to estimate the power of hull shapes (Equation 3.1).
The heave added mass, heave radiation damping, and heave excitation force coefficients are
multiplied by idealized energy spectra, the units are standardized to joules, the terms are integrated
over the frequency range, empirically weighted, and summed. Though non-physical (and not a
response amplitude operator to statistically determine the hull behavior), the power proxy ranks
the performance reference hull shapes (Table 2.1). The reference shape analysis demonstrates the
trend that high power performing shapes are promoted, average power shapes are accurately
estimated, and low power performing shapes are predicted to have low power. However, certain

shapes are difficult to fit to the power proxy, such as the reverse disk shape, indicating that there
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are indicators of average power that are not being adequately captured by our method. In particular,
adding additional terms to the power proxy equation to focus on the dominant 2 s wave period
would likely improve the power proxy estimate. The power proxy equation developed in this
research study can be applied to other studies, but may need to be adjusted based on the specific
WEC search space and wave climate. The power proxy identifies shapes with large excitation
force, 90° phase angle, substantial added mass, and minimal damping.

The power proxy is able to identify hull shapes with hydrodynamic coefficients that are
optimized in the 1.5 - 4.5 s Lake Washington wave period range. The added mass proxy term for
the 100-generation shape is very similar to the added mass proxy term for the baseline cylinder
(Figure 31). This indicates that the hull power is not highly correlated with heave added mass for
this specific case. The heave radiation damping is minimized (Figure 32), however the negative
damping is non-physical. The heave excitation force has the greatest impact on the power proxy
equation, and the 100-generation hull shape has an excitation force with a large amplitude and an
optimal 90° phase angle in the dominant wave period (Figure 33). Thus, the power proxy is able
to identify high power performing hull shapes and the GA is able to strategically search the design

space and iterate towards high power performing hull shapes.

4.3 NEMOH ANALYSIS WITHIN THE GENETIC ALGORITHM

Candidate hull shapes are evaluated in the frequency domain using the open-source BEM
code NEMOH. It is important to smooth the NEMOH data by using a filter to ensure that the
results are accurate. There are some numerical artifacts resulting in occasional spikes in the
hydrodynamic coefficients at a few frequency points. The MATLAB script ‘medfilt]’ is used to
smooth the hydrodynamic coefficients so that the data is accurate within the GA. This results in

greater precision of the power proxy comparison to time domain power, and more realistic data
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points throughout the entire frequency range. The accuracy of the hydrodynamic coefficients is
important because the data is being input into the time domain models.

Many mid-fidelity time domain models are capable of incorporating hydrodynamic data from
separate BEM solvers. The 50-generation shape and 100-generation shape are evaluated in the
ProteusDS miniWEC model using the NEMOH hydrodynamic coefficients. However, it would be
interesting to validate the average power through other methods, such as a different BEM code, a

higher fidelity CFD model, scaled tank testing, or full-scale field testing.

4.3.1 Geometric Smoothing of 100-Generation Shape

The 100-generation hull shape is geometrically smoothed to identify if the hull shape can be
more easily manufactured and still produce a similar power output. The MATLAB function
medfilt] is used to smooth the points that define the 100-generation shape profile. The filter outputs
the same number of points as the input data, the 26 radial points that define the search space. Figure

38 shows the filtered points compared with the final hull shape from 100 generations.
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Figure 38 - Filtered Final Shape

The smoothed hull shape is evaluated using NEMOH and the ProteusDS miniWEC model.
The frequency-domain analysis of the filtered shape more closely resembles the highest power
producing reference shapes rather than the 100-generation shape. The smoothed shape is estimated
to produce 34 W of average power, which is significantly less than the 61 W produced by the 100-
generation shape. This may be due to numerical artifacts in NEMOH. However, it may also be a
result of too much smoothing. For instance, the large radial spike at the base is not captured, but
is quickly converged on within the GA. The geometrically smoothed hull shape power output
indicates that the fine geometric detail is important for power production. Additionally, it indicates
that geometric smoothing within the GA would be more effective than geometric smoothing of a

result that is identified on a grid. Figure 39 shows the power matrix for the smoothed shape.
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Figure 39 - Average Power per Wave Case for Filtered Best Shape

4.3.2  Computational Time

This method provides a computationally efficient way to identify high power performing
WEC hull shapes, with the flexibility to modify the code for different applications. An exhaustive
search would not be feasible, iterative methods of design and evaluate would likely not find an
optimal hull geometry, and including time domain analysis within the GA would be too time
intensive with our computational capabilities. Although this research implements many geometric
simplifications and frequency-domain analysis, the time to run the GA is still significant. The GA

runs on a windows laptop with 4 CPUs in a MATLAB environment. The GA takes almost 6 weeks
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to progress over 100 generations evaluating each candidate shape sequentially. Implementing the
MATLAB parallel computing toolbox significantly speeds up computational time [57]. Four hull
shapes are evaluated simultaneously using the 4 cores of the laptop. Using this method, 100
generations can be evaluated in approximately 10 days. With greater computational capabilities it
would be possible to evaluate all 30 candidate hull shapes in NEMOH in parallel. This is possible
with access to a data center or by modifying the code to run on the cloud. Cloud computing was
considered, however the NEMOH executable files would need to be modified and this is outside
the scope of this research. MATLAB’s parallel computing toolbox provides significant

computational efficiency, and reducing computational time further is an area of future work.

4.4  INVESTIGATION OF EVOLVED GEOMETRIES

The shapes that the GA identifies have the maximum radius at the waterline and hull base,
with rigid features between. There is a significant increase in power proxy from 70 to 71
generations, followed by incremental power proxy gains to 100 generations. Figure 40 shows the

profile for the 70-generation and 71-generation shapes.
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Figure 40 - Shape Profile Change 70 to 71 Generations (2% Proxy Increase followed by

Proxy Convergence)

There is very little difference between the 70-generation and 71-generation shapes. The most
significant change is the reduction in radius from 0.9439 m to 0.9144 m at 0.6177 m draft. There
is also a slight radial increase at 0.2926 m draft, but this position later moves back. Figure 41

shows the profiles at 70 and 71 generations in addition to the 100-generation shape profile.
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Figure 41 - Profile at 70 Generations, 71 Generations, and 100 Generations (Proxy Increases

by 2% between 70 and 71 Generations, and then less than 2% increase towards 100 Generations)

The final hull shape at 100 generations has some significant changes to the profile as
compared to the 70 and 71 generation shapes. In particular, the central fin has a smoother profile
with a larger angle between the points, and there is a similar change above this feature. It is
surprising that the small feature change between 70 to 71 generations has a more significant impact
to the power proxy than the larger profile changes at 100 generations. This may be due to a
numerical error resulting from the mesh. Future work can modify the mesh within the NEMOH
code. Additionally, further shape sensitivity studies may indicate that a courser grid is needed or

that a spline fit would be beneficial to avoid the sharp corners.
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The results of the sensitivity study show that more sensitivity analysis is required to have full
confidence in the search space. There are additional reasons to implement a spline fit, especially
considering manufacturability and cost. The sensitivity study does show that the radial position of
the hull at the waterline has a large impact on the excitation force. The excitation force for the
shapes with greatest radius at the waterline is similar to the excitation force for the maximum
radius cylinder. In contrast, the two spikey shapes with minimum radius at the waterline have very
low excitation force amplitude. This seems to support the GA converging towards a shape with
the maximum radius at the waterline, especially since the excitation force has the largest impact
on the power proxy.

The genetic algorithm shapes are unique to this case study, but the method can be applied to
other research studies. Heuristic optimization methods applied to WEC geometry can contribute
to significant advances in this area by indicating optimal hull shapes for wave energy conversion.
The size and scale of WECs need to be tuned to the resonant frequency of local wave climates,
however certain archetypes of hull shapes for types of WECs could emerge to indicate power
enhancement based on geometric shape. Heuristic optimization methods may identify hull

geometries which are ideal in real ocean conditions.

4.5 PRACTICAL CONSIDERATIONS

The manufacturability of the hull shape is an important practical consideration. Ideally, the
best hull shape could be added to the existing miniWEC hull as a foam layer that surrounds the
0.91 m radius cylinder. The 100-generation hull shape has many unique features and would likely
be expensive to manufacture. Unfortunately, the geometrically smoothed shape did not produce
enough power to make it worthwhile compared with the reference shapes. Thus, it would be better

to incorporate geometric smoothing through a spline fit within the GA so that the hull shape
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identified would be feasible to manufacture. However, the power gains demonstrated over 100-
generations shows that this method has promise and further modifications can make it more
applicable to the hull design of commercial WECs.

The study demonstrates that the power can be increased by a factor of three in this case, with
around 550 kWhrs/year compared with 175 kWhrs/year. Average power gains of 3 times and
greater would be significant for commercial WEC developers. Future studies could be evaluated
for more generations to produce greater power gains, and additional constraints on the hull shape
could result in more manufacturable shapes. An increased capital cost of manufacturing a hull
shape identified by a GA, could be justified by the gains in AEP that could be generated through

an evolved geometry.

Chapter 5. CONCLUSION

Heuristic geometry optimization methods can be used to improve the economic viability of
WECs. The broader goals of developing a computationally cost effective, frequency-domain-based
hydrodynamic WEC geometry optimization method have been achieved and demonstrated through
a case evaluation with promising results. The code has been made publicly available on github and
is also shown in the appendix. This method can be used for other WEC geometry optimization
studies. The geometry search space and local wave climate can be adjusted based on specific
project goals. The results of this research study support the use of wave energy converters to
sustainably contribute to renewable energy solutions, in combination with reductions in energy
usage to mitigate the effects of climate change.

There are many opportunities for future work in this research area. This research provides a

simple case evaluation, however the geometry search space could be expanded to include the base
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so that shapes may have rounded rather than flat bases. Other components, such as surge and pitch
motion, could also be included in addition to heave. Further complexity could be added to include
non-axisymmetric and 3D shapes, in addition to adding a spline fit to help the GA converge to
manufacturable geometries while optimizing for power. A hull shape with three times the power
output has been achieved through 100 generations of running a GA with frequency-domain
analysis using the open-source code NEMOH. This research study provides a computationally
efficient methodology for other studies to use and expand upon.

The empirical power proxy identifies high power producing hull shapes based on their heave
hydrodynamic coefficients. The added mass, radiation damping, and excitation force amplitude
and phase angle are used within the objective function to evaluate and rank fitness of hull shapes
within the GA. It is important to validate these results using CFD, scaled tank testing, or field
testing in Lake Washington. Additionally, the empirical power proxy could be further refined by
evaluating more data and including additional metrics for average power.

This research study contributes to a methodology to optimize wave energy hull shapes for
annual average power. Although these methods focus on a specific geometry, results can be
compared to indicate paths forward for other WEC hull geometry optimization, advancing wave

energy research and development.
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- | GA_shapes.v2m ‘ objfunShapes2m = | axiMeshGA2.m ?J] NemohEval.m ] NemohGA2.m | + |
| 30 - P_data&= 0; % stores power proxy data
Sl = go = char('go'): % read in 'stop' or 'go' within loop
33| = ticy
33
34 — parpool parallel computing
35 = parpool('local',d); %parallel computin|
B6| = options = optimoptions('ga', 'UseParallel', true, 'UseVectorized', false); %
37
38 % Evaluate initial population, call NEMOH in objfunShapes.m
39 — 0ObjV = objfunShapes2 (bs2rv(Chrom, FieldD));
40
41 % Generational Loop
42 — [Jwhile (gen < MAXGEN & char(go) == 'go')
43
44 % read text file -> 'stop' or 'go' to terminate in real time
45 — [go]l = textread('StopGA.dat',...
46 vESTY
47
48 % BAssign fitness values to population (minimizing based on '50000-Proxy.*10")
49 — FitnV = ranking (0ObjV) ;
50
51 % Select individuals for breeding (stochastic universal sampling)
52 — SelCh = select('sus', Chrom, FitnV, GGAP);
53
54 % Recombine individuals (single point crossover)
55| = SelCh = recombin('xovsp',SelCh,0.7);
56
57 % Mutate
58| SelCh = mut(SelCh);
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- | GAshapesv2m | objfunShapes2m ¢ | axiMeshGA2m | NemohEvalm * | NemohGA2m * | + |
58 = SelCh = mut(SelcCh);
59
60 % Evaluate Offspring, call NEMOH in objfunShapes.m
61 — ObjVvSel = objfunShapes2 (bs2rv(SelCh,FieldD));
62
63 % Reinsert Offspring into population
64 — [Chrom, ObjV] = reins(Chrom, SelcCh, 1, 1, ObjV, ObjVSel):
65
66 % Plot best shape fitness function & profile
67 = clear prof
68 — [Best (gen+1) ,I] = min(ObjV);
69 — figure(1l)
F0) = subplot(1,2,1)
A= plot (Best, 'bo');
72| = hold on
13 = plot (49423, 'rx') %best Proxy of preliminary shapes - teardrop %check**
74 — xlabel ('generation'); ylabel ('fitfun(x)');
75 = text (0.5,0.95, ['Best = ', num2str(round(Best(gen+l)))],'Units', 'normalized');
76 — hold off
7= subplot(1,2,2)
78 = prof = bs2rv(Chrom(I,:),FieldD); %plot best shape of each generation
79 — area (prof) ;
80
81 % Increment counter
82|= gen = gen+l;
83
84 — ‘“end
85
86 — toc
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GA _shapes_v2.m I‘|7 objfunShapes2.m \ axiMeshGA2.m | NemohEval.m * | NemohGA2.m | + \

|
1
2
3
4
5
6
7
8
9

10
Al =
12
13
14 —
15
ie
A7
18| =
19
20 —
294 =
22
23
24 —
25
26
27| =
28| =
29

% objfunShapes.m - objective function to use with GA shapes vl.m KM

check if shape has already been evaluated & locate proxy
run NEMOH using 'axiMeshGA.m' & 'NemohGA.m'

low pass filter on data

power proxy = a(MaSj/T~2)+b(DSjT)+c(a(Ex)Sj*sin (phase))
fitness function = abs(50000-proxy.*10)"

o o\® o\® o\@ o\

—]function ObjValS = objfunShapes2 (Chrom,FieldD) ;

global R data P _data Z data
% Compute population parameters
[Nind,Nvar] = size(Chrom);

% save ('Chrom.mat', 'Chrom') ; %overwrites previous population chrom.mat

°

% pre-NEMOH evaluation

—]for i = 1:Nind

datadir = ['C:\Users\labuser\Documents\Kaylie\GA\100GenParallel\', sprintf('%d',i)];
cd (datadir); %change directory for each individual

% radius data points
r = [0, Chrom(i,1:26), 0]1;

% vertical spacing for float & number of points for NEMOH
z = [0.8128, linspace(0.8128,0,26), 0]1;
n = 28;
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B Editor - C:\Users\labuser\Documents\Kaylie\GA\100GenParallel\objfunShapes2.m

| GA_shapes.v2.m | objfunShapes2.m \ axiMeshGA2.m | NemohEval.m | NemohGA2.m | + |
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34
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37
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39
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45
46
47
48
49
50
51
52
53
54
55
56
57

)
s
©

-5
©

find draft for equivalent submerged volume through nume

Vol z = 0; % for summing volume of the
dz = z(1l,end-4)-z(1l,end-3); % height of slices

rad = fliplr(r); % start num. int. from base of shape

for k=2:1ength(z)-2
Radius k = rad(1l,k);
Area k = pi().*Radius_k."2;
Volume k = Area k.*dZ;
Vol Zz = Vol Z + Volume k;

if Vol 7 >2.145 % select the draft closest to volume 2.

errorl = Vol Z-2.145;
error2 = Vol Z-Volume k-2.145;
if abs(errorl) < abs(error2)

d = k.*dZ;
break
else
d = (k-1).*dZ;
break
end
end
end

subtract draft from vertical spacing to get z & find vertical centroid
z = z-d;
polyin=polyshape ({r}, {z}):
[¥_c,zCG]=centroid (polyin);

rical integration
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| GA_shapes.v2.m | objfunShapes2m ¢ | axiMeshGA2m | NemohEvalm * | NemohGA2m * | + |
58 % evaluate using NEMOH pre-processing - axiMeshGA.m
59 [m,M nemoh,KH, XB, YB, ZB] = axiMeshGA2 (r,z,n, zCG,1);
60
61 % saving z data for each shape
62 u0 = size(R _data,l1);
63 u = ul+i+l; $space between generations
64 Z data(u,:) = z;
65 -end
66
67 % back to main directory
68 cd ('C:\Users\labuser\Documents\Kaylie\GA\100GenParallel\"');
69
70 % parallel loop running NEMOH
71 Hparfor p = 1:Nind
72
73 Proxy(p) = NemohEval(p):
74
15 -end
76
77 % Fitness function to be minimized
78 ObjvalS = abs(50000-Proxy.*10)'; %max Proxy = 5,000 with this fitness
79
80 % save r and Proxy for future repeated shapes to solve faster
81 u0 = size(R data,l);
82 = for j=1:Nind
83 u = ul+j+1; % space between offspring generations
g4 R data(u,:) = [0, Chrom(j,:), 01:
85 P data(u) = Proxy(j):

86
87

-end

end

function
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| GA_shapes.v2.m

. | objfunShapes2m | axiMeshGA2.m | NemohEvalm ¢ | NemohGA2m * | + |

1k

2 % --> function [Mass,Inertia,KH,XB,YB,2ZB]=axiMesh(r,z,n)

3 %

4 % Purpose Mesh generation of an axisymmetric body for use with Nemoh
5 %

(3 % Inputs description of radial profile of the body

7 % -n number of points for discretisation

8 % -r array of radial coordinates

9 % - Z array of vertical coordinates

10 %

11 % oOutputs hydrostatics

12 % - Mass mass of buoy

13 % - Inertia inertia matrix (estimated assuming mass is distributed on
14 % wetted surface)

15 % - KH hydrostatic stiffness matrix

16 % - XB, YB, ZB coordinates of buoyancy center

17 %

18 % Warning z(i) must be greater than z(i+l)

19 %

20 % Copyright Ecole Centrale de Nantes 2014

21 % Licensed under the Apache License, Version 2.0

22 % Written by A. Babarit, LHEEA Lab.

23 %

24 [[] function [Mass,Inertia,KH,XB,YB,ZB]=axiMeshGA2 (r, z,n, zCG,p)

25— rho=1000; %fresh water or seawater
26— g=9.81;
2= ntheta=50; %50 sections
28— name=sprintf('%d',p); %Individuals in a population are saved in separate [folders, repeated each gen
29— nPanel=500; %500 target panels

30
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% function NemohEval.m - NEMOH with parallel computing %KMi

| function Proxy = NemohEval (p)

datadir = ['C:\Users\labuser\Documents\Kaylie\GA\100GenParallel\',sprintf('%d',p)];
cd (datadir):; %change directory for each individual
% evaluate using NEMOH - NemohGA.m

w = linspace((2*pi()./8), (2*pi()./0.5));

clear A B Fe

[A,B,Fe] = NemohGA2 (w,p);

% get desired added mass and damping data

for jj=1:6
a(jj,:) = A@G333.:)
b(3j,:) = B(33,33,:):
end

% Filter NEMOH data - heave only

af = medfiltl(a(3,:)):

bf = medfiltl(b(3,:));

FefA = medfiltl(abs(Fe(:,3)));

Fefph = medfiltl (angle(Fe(:,3)))+pi();

% Power proxy = a(MaxSj)+b(DxSj)+c(ExxS])

Hmo = 0.18;

Tp =:1.5;

gamma = 3.3; %3.3 for Jonswap

alpha = 5.061% (Hmo"~2/Tp~4) * (1-0.287*1log (gamma) ) ;
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32
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40 —

Sj = ((alpha.*9.81.72)./(w."5)).*exp(-(5/4).%(3.5./w)."4) .*gamma."exp((-(w./3.5-1).72)./(2.%0.07.72));

T (2.%pi())./w:

M = trapz((af.*sj)./T.~2);

= trapz(bf.*Sj.*T);

trapz (FefA.*Sj'.*sin(Fefph)):

m o
I

coeff = [0.4; -0.1; 0.2];
Proxy = M.*coeff (1)+D.*coeff (2)+E.*coeff(3);

-end

GA_shapes v2.m
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objfunShapes2.m axiMeshGAZm | NemohEval.m NemohGA2.m | +

s

th

[A,B, Fe]=Nemoh (w, dir,

% Purg = Matlab wrapper for calculatior f hydrodynamic coefficients using Nemot

function
% Preparation du ca
dir=180;
depth=0;
name=sprintf (' tIndividuals in a
fid=fopen(fullfile('C:\Users\labuser\D mer
line=fgetl(fid);

rep=fscanf (fid, '$s',1);

fclose('all');




