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Implementation and Demonstration of a Time Domain Modeling
Tool for Floating Oscillating Water Columns

Wendelle F. Sparrer

(ABSTRACT)

Renewable energy is a critical component in combating climate change. Ocean wave en-

ergy is a source of renewable energy that can be harvested using Wave Energy Converters

(WECs). One such WEC is the floating Oscillating Water Column (OWC), which has been

successfully field tested and warrants further exploration. This research implements a pub-

licly accessible code in MatLab and SimuLink to simulate the dynamics of a floating OWC

in the time domain. This code, known as the Floating OWC Iterative Time Series Solver

(FlOWCITSS), uses the pressure distribution model paired with state space realization to

capture the internal water column dynamics of the WEC and estimate pneumatic power

generation. Published experimental results of floating moored structures are then used to

validate FlOWCITSS. While FlOWCITSS seemed to capture the period and general nature

of the heave, surge, and internal water column dynamics, the magnitude of the most impor-

tant responses sometimes had errors ranging from 1.5% − 37%. This error could be caused

by the modeling techniques used, or it could be due to uncertainties in the experiments.

The presence of smaller error values shows potential for FlOWCITSS to achieve consistently

higher fidelity results as the code undergoes further developments. To demonstrate the use of

FlOWCITSS, geometry variations of a Backward Bent Duct Buoy (BBDB) are explored for

a wave environment and mooring configuration. The reference model from Sandia National

Labs, RM6, performed significantly better than a BBDB with an altered stern geometry for

a 3 second wave period, indicating that stern geometry can have a significant impact on

pneumatic power performance.
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Wendelle F. Sparrer

(GENERAL AUDIENCE ABSTRACT)

Renewable energy is a critical component in combating climate change. Ocean wave energy

is a source of renewable energy that can be converted into electricity using Wave Energy Con-

verters (WECs). One such WEC is the floating Oscillating Water Column (OWC), which has

been successfully field tested and warrants further exploration. Floating OWCs are partially

submerged floating structures that have an internal chamber which water oscillates in. The

motions of the water displace air inside this chamber, causing the air to be forced through a

high speed turbine, which generates electricity. This research develops a publicly accessible

code using MatLab and SimuLink to evaluate the motions and power generation capabili-

ties of floating OWCs. This code is then validated against physical experiments to verify

its effectiveness in predicting the device’s motions. This publicly accessible code, known as

the Floating OWC Iterative Time Series Solver (FlOWCITSS), showed error ranging from

1.5%−37% for the most important motions that are relevant to energy harvesting and power

generation. These errors could be caused by the numerical models used, or uncertainties in

experimental data. The presence of smaller error values shows potential for FlOWCITSS to

achieve consistently higher fidelity results as the code undergoes further developments. To

demonstrate the use of FlOWCITSS, geometry variations of floating OWCs are explored.
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Chapter 1

Introduction and Literature Review

1.1 Research Motivation

There is a global dependence on fuels, such as coal and natural gas, that release greenhouse

gases (GHG), like carbon and methane, into the atmosphere. These GHG emissions are a

direct driver of climate change, which is an urgent issue that affects the planet [17]. In order

to properly mitigate the devastating effects of climate change, it is imperative to phase out

sources of energy that create these greenhouse gases. One path forward for doing this is by

electrifying different sectors, such as transportation and industry, and then decarbonizing

electricity [45]. This would result in an increased need for renewable energy world wide.

Many forms of renewable energy are available, such as wind, solar, geothermal, hydrokinetic,

and ocean wave energy.

There is around 2640 TWh/yr available in wave energy along the United States coastal shelf,

and Wave Energy Converters (WECs) have the potential to capture some of that power to

supply coastal regions with electricity [18]. While WECs are technically feasible, they are not

yet economically feasible [1]. Economic feasibility is affected by several aspects of the WEC,

such as survivability, efficiency, cost of development, and cost of maintenance [1]. Traits in a

WEC that could improve survivability are a minimal number of moving parts and a design

that has no hard stops, criteria which suggest that an Oscillating Water Column (OWC) is a

promising device archetype to further develop. OWCs have a partially submerged shaft that

1
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a column of water oscillates in, causing an air pressure differential in the shaft that pushes

air through a turbine at the top of the shaft, which turns and generates electricity.

Several OWC archetypes exist, one of them being the floating Backward Bent Duct Buoy

(BBDB) OWC, which has the benefit of taking advantage of motion in multiple degrees

of freedom in order to generate power [25]. However, the motion in these degrees of free-

dom is complexly coupled, making it challenging to analytically assess how changes in the

structure of the device could impact performance [37]. Several studies have evaluated how

device structure can affect BBDB performance, such as a 2D study done by Suzuki, and

a frequency domain parametric study conducted by Portillo [33, 41]. While these studies

have evaluated how device geometry affects WEC performance, none of them have evaluated

how the three dimensional device geometry impacts performance in the time domain. Time

domain modeling of WECs is important because of the nonlinear effects that OWC WECs

are subjected to, such as viscous drag, air compressibility, turbine dynamics, and mooring

forces and damping [19]. Exploring how hull geometry impacts device performance in the

time domain could help improve the efficiency of these devices, and therefore the economic

feasibility of these devices. Therefore, this thesis seeks to explore different hull geometries

of floating OWCs to evaluate their impact on performance.

The process of modeling OWC WECs in the time domain is intensive, since many dynamics

can be considered, such as mooring, drag, added mass and radiation damping, water column

dynamics, air compressibility, turbine dynamics, and the ocean wave inputs to the system.

A free modeling tool has been released by Sandia National Labs and NREL called WECSim,

which can model many WECs in the time domain, but is only able to model fixed OWC

devices, not floating OWCs [39]. There are also licensed softwares that can be used to

assess time domain device dynamics, such as Proteus DS and Orcaflex. Additionally, these

modeling tools do not use the pressure distribution model, which considers the variation of
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water velocity inside the internal water column and is theoretically better suited to larger

WECs [30]. However, no free numerical modeling tool has been developed and released to the

public to evaluate floating OWCs in the time domain. Since floating OWCs are a promising

avenue of ocean wave energy production, the existence of a lower cost option to evaluate

structures in the time domain could help accelerate the innovations to this particular WEC

archetype. Therefore, this research seeks to develop and release a version of this tool.

In implementing a time domain modeling tool for OWCs, it is important to accurately cap-

ture the internal water column dynamics, since they are complexly paired with the body

motion of the device. The time domain modeling tool generates Frequency Response Func-

tions (FRFs) that capture the dynamics of the internal water surface and how they couple

with body motion. State space realization using frequency domain identification and FRFs

has been previously shown to accurately approximate body dynamics in the time domain,

but not internal water column dynamics using the pressure distribution model [24, 32]. This

body of work demonstrates that a state space realization of the internal water column FRFs

adequately represents the dynamics of the device in the time domain.

1.2 Overview of Wave Energy Converters

Wave Energy Converters (WECs) are devices that convert mechanical energy from ocean

waves into usable power. The system in a WEC that converts energy into usable power

is the Power Take-Off (PTO) system. Many types of WECs exist, designed to operate in

numerous environments and harvest wave energy in different ways. Unsurprisingly, WECs

can be classified using several measures, from their size to their proximity to the shore [1].

A WEC’s proximity to shore determines many design elements. If a device is off-shore,

special consideration must be had for how the energy is going to get back to land and how
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the devices are to be consistently maintained [8]. Devices that are near shore or on the shore

are simpler when it comes energy transport, but the waves near shore tend to be smaller,

which can limit the capabilities of these devices.

One of the most prominent distinctions between devices is between their ”working principles”,

or how they physically capture the energy from the waves [8]. Falcão identified three primary

working principles that most WECs fall under: oscillating bodies, overtopping devices, and

Oscillating Water Columns (OWCs) [8]. The broadest group of WECs is the oscillating body

group. These devices include floating heaving buoys, two mass heaving systems, pitching

devices, bottom-moored clam shell devices, and multi-body systems [8]. These devices rely

on body motion in one or more degrees of freedom to harvest energy from ocean waves. This

is distinct from the overtopping devices, which are fixed. Overtopping devices are stationed

close to shore and are positioned to capture water from waves and store the water above

the average water line, taking advantage of potential energy. When the water is released,

it flows through a turbine, which generates electricity [8]. Overtopping devices and OWCs

are similar in that they both use turbines to generate electricity. The difference between

them is that while overtopping devices actuate the turbine with water, OWCs actuate the

turbine with air. OWCs are structures, floating or fixed, with inner chambers that are

partially submerged. When water from incoming waves oscillates in these chambers, air is

compressed inside the chamber and is forced through a turbine, generating electricity [11].

These dynamics are demonstrated in Figure 1.1, where a turbine would be placed across the

opening to the atmosphere.
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Figure 1.1: Demonstration of how oscillations in wave height compress the air and force it
through an opening to the atmosphere. Pi represents the pressure inside the air chamber
and Patm represents the atmospheric pressure.

1.3 Overview of Oscillating Water Columns

OWCs are a very promising WEC design, since they have several benefits over WECs in

other categories. Firstly, the PTO system in an OWC is a turbine, which has no hard stops,

which theoretically increases survivability [1]. Some WECs, like a two mass heave system,

might have a PTO in the form of a ball screw that rotates a generator in response to motion

in one degree of freedom. This ball screw has a hard stop at the ends of the screw, which

can limit device life if it experiences fatigue. A turbine does not have the same issue, since

it’s a purely rotational PTO. Secondly, OWCs are able to convert low frequency inputs into

power through the use of high speed air turbines [12]. These benefits have resulted in a

focus on OWCs in the wave energy community and several successful field tests. One such

field test is of the Mighty Whale, a floating offshore OWC tested off the shores of Japan

by Washio and Osawa in 1998 [44]. Their field test helped prove the technical feasibility of

OWC devices in a real ocean environment.

Not all OWCs are the same; they can be further categorized into fixed or floating structures.

Fixed OWCs are stationary in the water and the only power generation comes from the
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movement of the water in the internal device chamber. Floating OWCs are capable of

movement themselves, so the power generation is caused by the relative movement between

the water column and the floating structure. There are many different kinds of floating

OWCs, one of the oldest being the spar-buoy [8]. This structure is essentially a floating

buoy whose internal water column is a vertical cylinder, with an opening at the bottom of

the buoy and an opening above the surface of the water where a turbine would be placed

for power generation. This device has substantial drag due to its basic geometry, thus in the

1980s, Masuda conceived of the floating Backward Bent Duct Buoy (BBDB) OWC [25]. This

structure has lower drag than the spar-buoy device and can be deployed in shallower waters

[25]. Furthermore, the BBDB enables a longer water column chamber, which helps the

floating device tune to the frequency of incoming waves [8]. The BBDB has been developed

since its conception in the 1980s. Sandia National Labs included the BBDB in its Reference

Model Project for WECs, which intended to document major WEC archetypes and evaluate

them for different metrics, which could be used as benchmarks to evaluate improvements in

marine and hydrokinetic power [4]. Reference Model 6 (RM6), shown in Figure 1.2, is the

identifier given to the BBDB. This body of research will use RM6 as a starting point for hull

geometry exploration, since it has been rigorously studied and is intended to be used as a

benchmark.
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Figure 1.2: Reference Model 6, designed in the Reference Model Project by Sandia National
Labs and the Department of Energy [4]

Bull calculated the average annual pneumatic power output of RM6 in random waves to

be around 208 kW, with an annual electrical power output of 103 kW after considering an

air turbine and electric generator [5]. This conversion efficiency from pneumatic to electric

power is around 50%, which is fairly typical for this device archetype [36]. Pneumatic to

electric conversion efficiency is dependent on the turbine and control system used. This

body of work considers a turbine when modeling device dynamics, but does not focus on

optimizing pneumatic to electric conversion efficiency. This work’s primary concern is with

the efficiency of conversion of wave power to pneumatic power. Therefore, a Well’s Turbine,

which is a bidirectional turbine developed with OWC devices in mind, will be considered in

this work when simulating device dynamics.

The loading across the air outlet impacts the device’s primary efficiency, but the primary

efficiency is more heavily influenced by the body dynamics of the device, which in turn are

determined by the shape of the OWC WEC. In order to determine device performance, it is
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critical to select an appropriate modeling strategy.

1.4 Modeling in the Frequency and Time Domain

There are several different modeling techniques that can be used to predict WEC perfor-

mance in different wave conditions. Two common techniques are hydrodynamic analysis and

Computational Fluid Dynamics (CFD). While CFD can capture dynamics caused by small

changes in geometries, like rounded corners or lips on edges, it is computationally expensive

and time consuming. The other technique, hydrodynamic analysis, uses potential flow the-

ory to determine the velocity potential, body loads, and damping in the frequency domain.

Hydrodynamic analysis is significantly less computationally expensive than CFD, making it

convenient to use for general rigid body WEC design. For the purposes of this body of work,

only hydrodynamic analysis will be used.

The general workflow for hydrodynamic analysis consists of modeling device geometry, using

a program to find the hydrodynamic coefficients in the frequency domain, and then convert-

ing those hydrodynamic coefficients into FRFs. These FRFs can be used directly to model

device dynamics in the frequency domain by solving a set of coupled force equations. The

FRFs can also be converted to Impulse Response Functions (IRFs) using a Fourier trans-

form, which can be used in tandem with convolution integration to predict device dynamics

in the time domain [6]. Time domain hydrodynamic analysis can be fully linear, partially

nonlinear, or fully nonlinear [2, 6, 28]. The ability of certain time domain models to capture

nonlinear effects, such as viscous drag, mooring, and air compressibility, makes them a pow-

erful tool to predict device dynamics in a variety of wave conditions [19]. This study uses a

partially nonlinear time domain model that considers linear potential flow theory and non-

linear models for air compressibility and drag. A partially nonlinear model is used because
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it takes advantage of the ease of linear potential flow theory while allowing for certain traits,

like drag, air compressibility, and mooring, to be considered with a more realistic nonlin-

ear model. Additionally, certain partially nonlinear models have shown to be promising in

modeling device performance [2].

Simulating devices in the time domain is more complicated than in the frequency domain.

Time domain modeling requires converting the FRFs to IRFs or finding a state space repre-

sentation using the FRFs. The nonlinear effects require special consideration and the use of

a nonlinear solver. Due to these challenges, it can be hard to simulate device dynamics in

the time domain, which is why an accessible tool for this task can be useful.

The convolution integrals appear in a set of coupled Ordinary Differential Equations (ODEs)

that represent body forces in different degrees of freedom and the volumetric flow in the

device. These coupled ODEs can be represented and solved in several ways. There are

nonlinear components of the ODEs, such as viscous drag and air compressibility, that make

finding a solution a bit more complicated. Kurniwan’s work represents the system dynamics

using a bond graph, then solves the system with a software called 20sim [23]. Other people

utilize Matlab Simulink’s capabilities to capture some of the device dynamics. In Bailey’s

work, they use Proteus DS to model the mooring and wave inputs and pair it with a block

diagram in Simulink to account for the effects from viscous drag [2].

Perez and Fossen have used frequency domain identification state space realization to ap-

proximate the radiation impedance FRFs associated with body motion for floating devices

[32]. Additionally, Kurniawan analyzed the effectiveness of this state-space realization tech-

nique for the body motion FRFs and concluded that it adequately simulated device dynamics

in the time domain, when compared to convolution integration [24]. Neither of these works

considered state space realization for the FRFs associated with internal water column mo-

tion. Therefore, this work seeks to show that the convolution terms related to the internal
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water column motion can be approximated using state space realization.

Matlab and Simulink are powerful tools when considering marine structures. Perez and Fos-

sen created a tool box to identify the radiation force state space realization given frequency

domain hydrodynamic coefficients [32]. This toolbox prepares terms essential to time do-

main modeling, but does not have the capabilities to simulate the time domain response

of a floating OWC WEC. Block Diagrams in Simulink are a popular way to model other

WECs. WECSim is an open access software based in Simulink that can model several WEC

archetypes, included fixed, but not floating, OWCs [39]. Due to the nature of the coupled

ODEs and Simulink’s powerful dynamic modeling capabilities, the dynamics of a floating

OWC WEC should be able to be entirely modeled in MatLab and Simulink. This body

of work seeks to explore this possibility and create a time domain modeling tool based in

MatLab and Simulink, where the user can input the wave conditions and hydrodynamic

coefficients into a script to predict the time domain response of a device.

Determining the hydrodynamic coefficients of a marine structure is not trivial, and special

software is typically used to find these values. In order to find hydrodynamic coefficients,

the Boundary Element Method (BEM) is often used to solve for the velocity potential on

the wetted surface of the body [27]. Many regard WAMIT as a reliable tool due to the

relative ease-of-use compared to several programs such as ANSYS AQWA, and the improved

calculations near the free surface when compared to the open-source program, NEMOH [31].

Calculations near the free surface are especially important when analyzing an OWC due

to how the water surface of the moon pool directly participates in the pneumatic power

conversion. Differences in phase, magnitude, and frequency when it comes to the oscillations

of the internal water surface can have significant impacts on the frequency and time domain

device models. Due to the importance of the hydrodynamic coefficients and the monetary

expense of the software that calculates them, this body of work originally intended to create
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a free hydrodynamic analysis tool, one that would extract the hydrodynamic coefficients in

a similar fashion to WAMIT, that was sufficient for use in floating OWCs. However, due to

technical obstacles, the focus of this work shifted to modeling devices in the time domain.

Therefore, this research uses WAMIT to determine the hydrodynamic coefficients of the

device.

WAMIT can capture the dynamics of the internal free surface of the OWC in three different

ways: i) modeling the free surface as a light piston, effectively making the device a two body

system, ii) modeling the free surface as a thin plate and specifying the heave motion of the

plate as a generalized mode, or iii) solving for the pressure distribution across the internal free

surface [11, 12, 35]. When the internal free surface is approximated as a plate or a piston,

the hidden assumption is that the internal free surface has uniform velocity throughout.

This assumption holds up when considering small scale devices, when the incoming wave

length is larger than the device. However, when considering large scale devices, the internal

water surface is much less likely to have uniform dynamics, thus the pressure distribution

model would more accurately capture the dynamics of the internal free surface [35]. The

representation of the internal water column as a piston could over or under-estimate the

volumetric flow across the free surface, and the use of the pressure distribution model could

help alleviate these discrepancies [30].

In constructing a mathematical model for a floating OWC, many elements are considered,

such as mooring, drag, air compressibility, and damping. The specifics of all of these assump-

tions and consideration are discussed in Chapter 2 of this thesis, where the full mathematical

model of the WEC is presented.
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1.5 An Exploration of the BBDB’s Geometry

Since hull geometry impacts performance of ships and other marine structures, it is rea-

sonable to assume that hull and device shape will impact the conversion efficiency of a

floating OWC. This assumption is supported by several studies that different researchers

have conducted to explore the BBDB’s geometry.

The wetted profile of the BBDB is most generally described as a rectangle. Within the

constraint of a rectangular wetted surface, several researchers have explored how different

geometry traits, like device length, draft, water column size, and center of gravity, can impact

device performance. Suzuki et al conducted a 2-D profile numerical optimization study

with different turbines that revealed how different lengths, drafts, and turbine sizes affected

efficiency [41]. This study did not aim to maximize power output with changes in geometry,

but to minimize device size while keeping power output constant. In order to achieve this,

Suzuki determined that a device length to water column width ratio should be around 2 [41].

Other geometry characteristics can impact performance, such as the location of the center of

gravity, which has less of an impact than the length of the water column duct [36]. Another

study took a more detail oriented approach to geometry exploration and considered hundreds

of geometries in the frequency domain, varying them parametrically using defined device

characteristics [33]. This study found that forward bent duct buoys might be more efficient

than BBDBs [33]. While this study was incredibly thorough when considering geometry

characteristics, it is limited by the fact that it only considered performance in the frequency

domain. Frequency domain analysis is a useful tool, but as discussed in the previous section,

it does not capture all of the relevant device dynamics. Understanding how certain geometry

characteristics impact performance without changing the general rectangular shape of the

BBDB is useful, as it indicates what aspects of device design could be particularly important.
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Other researchers have conducted physical tests to explore the BBDB geometry. Toyota et

al considered 5 different BBDB geometries in a test wave basin. These 5 geometries were

different in duct length and buoyancy chamber shape, and the researchers found that the

geometries with a longer duct length performed better [42]. Wave tank tests coupled with

2D numerical tests have revealed other salient geometry traits, such as stern geometry and

head-on duct profile [22]. Exploring BBDB geometry with physical experiments provides

unique insights that may not be as well captured with numerical modeling. However, wave

tank tests have their own limitations, such as the number of geometries able to be considered

in a reasonable length of time.

The BBDB geometry is challenging to optimize due to how the modes of motion are coupled.

Three main modes of motion are important for power generation in a BBDB: surge, heave,

and pitch [36]. These directions and their definitions are presented in Figure 1.3. While

trying to tune one mode of motion, the others are likely to be impacted and affect perfor-

mance, and there is no way of predicting this impact without numerical or physical tests.

Utilizing multiple degrees of freedom increases the range of frequencies that can be captured

by this device and can lead to better power generation in real wave conditions, which can

help lower the levelized cost of energy. One of the goals of this body of work is to explore

different geometry traits of the BBDB, including non-rectangular wetted profiles, and see

how changes in geometry affect performance in a 3D time domain simulation.
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Figure 1.3: Demonstration of body motion directions for a marine structure. Heave is in the
z direction, surge is in the x direction, sway is in the y direction, roll is rotation about the
x axis, pitch is rotation about the y axis, and yaw is rotation about the z axis.

1.6 Research Outline

This thesis will explain the numerical modeling techniques and code associated with a time

domain modeling tool for floating OWCs, and then demonstrate that tool’s use by exploring

BBDB hull geometry. Chapter 2 will shed light on potential flow theory and the mathe-

matical model. The mathematical model includes considerations for mooring, viscous drag,

and air compressibility. Chapter 3 will explain the development of a time domain simula-

tion tool for a floating OWC. The time domain simulation tool consists of a MatLab script

that determines the FRFs and their state space representation, and then a block diagram

in SimuLink that solves the nonlinear system of ODEs. This chapter will compare the state

space representation to convolution integration. Chapter 4 will validate the time domain

simulation tool by comparing simulated results with known experimental results. Finally,

Chapter 5 will demonstrate the time domain modeling tool. The demonstration will explore

the BBDB geometry and how the shape of the wetted surface can impact performance.



Chapter 2

Background of the Mathematical

Model of an OWC WEC

This chapter reviews some basic hydrodynamic theory, then explains the essential governing

equations, assumptions, and relevant literature before presenting a final mathematical model.

2.1 Hydrodynamic Theory

This body of work considers water to be an ideal fluid, which assumes that water is in-

compressible (has a constant density), that its flow is inviscid (frictionless) and irrotational,

and that mass and energy are conserved [26]. A vector (v⃗) describes the velocity of a fluid

particle. The mass conservation property can be described by

∇ · v⃗ = 0, (2.1)

while irrotational flow is represented by

∇× v⃗ = 0. (2.2)

15
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These conditions allow for

v⃗ = ∇ϕ (2.3)

to define the velocity potential (ϕ) [13]. The velocity potential contains information about

the fluid, is the basis of linear potential flow theory, and is what some software, such as

WAMIT, solves for when considering marine structures.

Figure 2.1 shows the coordinate system used in this body of work, where the average free

surface lies on the z=0 plane and the y axis goes into the page. One can define the free

surface of the wave to be F (x, y, z, t) = z−η(x, y, t) = 0 [34]. When z = η, the fluid pressure

is equal to the air pressure on the surface of the water [34].

Figure 2.1: A representation of a water wave and a depiction of the coordinate system used
in this work.

When considering a three dimensional partially submerged structure, six degrees of freedom

apply:(x, y, z, ωx, ωy, ωz), or, surge, sway, heave, roll, pitch, and yaw. The positive x axis

is generally assumed to be in the propagation direction of an incident wave. When there

is a floating structure, not only does the incident wave act on the body, but the motions

of the body affect the surrounding water. When the motions of the body produce waves,

those waves are known as radiated waves [13]. These radiated waves appear in the velocity
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potential of the fluid, which can be represented by

φ = φR + φD, (2.4)

where φR represents the radiation potential and φD represents the diffraction potential [43].

The radiation potential comes from the radiated waves and is equivalent to

φR = iω
7∑

j=1

ξjφj, (2.5)

where ω is frequency in rad/s, ξj is the body motion in the jth direction, and φj is the

radiation potential in the jth direction [43]. The diffraction potential can be represented by

φD = φ0 + φS, (2.6)

where φ0 is the velocity potential from the incident wave and φS is the velocity potential

caused by a scattered disturbance, which occurs when the incident wave runs into a body

[43].

The radiation and diffraction potentials are important when considering floating OWCs,

since these potentials are the basis of the FRFs used to predict the motions of the body and

the internal water surface. These FRFs and the equations that use them are explained in

the following section.

2.2 Basic Governing Equations

Two equations capture the basic dynamics of a floating OWC in the frequency domain. The

first equation,
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Qw = qA− Y p−
∑
j

Hu
j uj, j = 1, . . . , 6, (2.7)

represents the volume flow of water through the internal free surface of the moon pool (Qw)

[13]. The unknowns of this equation are the air chamber pressure inside the device (p)

and the body velocities in each direction (uj). The amplitude of the incident wave (A) is

multiplied by the excitation volume flow (q). The excitation volume flow is the volume flow

across the internal free surface that is caused by the wave input. The radiation admittance

FRF (Y ) accounts for the volume flow associated with the applied pressure on the internal

surface. The Radiation Coupling FRFs (Hu
j ) accounts for the volume flow caused by body

motions in each direction. The Radiation Coupling FRFs also link the equation for Qw and

the equations for the forces acting on the body.

The force acting on the body in each degree of freedom can be calculated by

Fj = fjA−
∑
j′

Zjj′uj′ −Hp
j p, j = 1, . . . , 6, (2.8)

where Fj is the total force acting on the body in the jth direction [13]. The unknowns, p and

uj, are the same as in Equation 2.7. The excitation force FRF (fj) is the body force caused

by the wave inputs. The radiation impedance FRFs (Zjj′) account for forces caused by the

radiation damping and the added mass coefficients. Hp
j is equivalent to −Hu

j from Equation

2.7 [13].

These frequency domain equations capture the basic dynamics of a floating OWC subjected

to an incident wave. Cummins discovered that when he turned the individual FRFs in the two

above equations into IRFs using a Fourier Transform, he could use the IRFs in convolution

integrals to model the time domain response [6]. Applying Cummins’s technique to Equations

2.7 and 2.8 results in the basic time domain equations that govern the dynamics of a floating



2.2. Basic Governing Equations 19

OWC. The volume flow through the internal free surface and the body force in each degree

of freedom is calculated by

Qw(t) =

∫ ∞

−∞
q(t− τ)A(τ)dτ −

∫ t

−∞
y(t− τ)p(τ)dτ

−
∑
j

[
Cj(∞)uj +

∫ t

−∞
hu
j (t− τ)uj(τ)dτ

]
,

(2.9)

Fj(t) =

∫ ∞

−∞
fj(t− τ)A(τ)dτ

−
∑
j′

[
ajj′(∞)u̇j′ +

∫ t

−∞
zjj′(t− τ)uj′(τ)dτ

]
+ Cj(∞)p+

∫ t

−∞
hu
j (t− τ)p(τ)dτ, j = 1, . . . , 6

, (2.10)

where Cj(∞) are infinite radiation coupling coefficients and ajj′(∞) are the infinite added

mass coefficients [23]. Equations 2.10 and 2.9 are the basis of a more complex mathematical

model that considers things such as air compressibility, viscous drag, turbine loading, and

mooring forces. Fortunately, the basis of this model is linear potential flow theory, allowing

for the advantage of the superposition principle. Approximations and models that account

for other physical effects can be simply added to or subtracted from Equations 2.10 and 2.9.

There are many different mathematical models and techniques that can be used to account

for the physics of these real systems, and the following sections in this chapter will explain

each model and the justification for its use.
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2.3 Viscous Drag

Drag is a force caused by fluid friction and viscous drag affects the body motion of a floating

structure. Bull considers viscous drag from the drag force portion of the Morison Equation,

FD,j =
1

2
ρACD,j(uj − vj)|uj − vj|, (2.11)

where ρ is the density of water, CD is the drag coefficient, A is the surface area of the

body that is perpendicular to the fluid velocity, and vj is the velocity of water in the jth

direction [3]. In Bull’s work, she discretizes the body of the WEC and calculates the drag

for discretized section. This thesis takes a lower fidelity approach. The fluid velocity near

the body is approximated by estimating the fluid velocity of the incident wave at that point

in time and from the velocity of the internal water column. The fluid velocity of the incident

wave is estimated using the Airy wave theory. The Airy wave theory gives the vertical and

horizontal particle velocity, respectively, by

v3 =
πH

T

sinh[k(z + d)]

sinh(kd) sin θ, (2.12)

v1 =
πH

T

cosh[k(z + d)]

sinh(kd) cos θ, (2.13)

where H is the wave height, T is the wave period, k is the wave number, z is the distance

from the mean surface, d is the average water depth, and θ = kx − ωt, where x is the

propagation distance, ω is the wave frequency, and t is time [10].

The drag coefficient can be approximated by comparing geometries to shapes with known

drag coefficients, such as Bailey did when they estimated the drag coefficient based on
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experimental results for a structure subjected to oscillating flow [2].

2.4 Mooring

The mooring system of a WEC attaches the WEC to the bottom of the ocean and determines

how the device maintains its position in the water [20]. Mooring interacts intimately with

body motion, simultaneously contributing restoring and damping forces to the system [20].

The kind of mooring and how it is approximated in the model can significantly affect the

dynamic response of a WEC, thus selecting an adequate technique is critical [2]. For floating

OWCs, many use a softer mooring system, such as the slack lined catenary system shown in

Figure 2.2, but this is not necessarily the best decision, since in certain wave conditions, a

stiffer mooring system can increase power generation [36].

Mooring models can be incredibly complex, especially when lines are taught, since taught

lines introduce significant nonlinear effects [20]. The most complex mooring models involve

conducting finite element analysis on each mooring line in order to accurately describe the

impact of the wave excitation on the mooring line, how the line interacts with the sea floor,

and how the motion of the line affects the motion of the WEC, among other considerations

[7]. The most simplistic mooring models involve linearizing the stiffness and damping of the

mooring lines and determining the applied forces by multiplying these linear coefficients by

the body velocity or displacement [7].
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Figure 2.2: An example of a slack catenary mooring line attached to a floating structure
with the variables used in the mathematical model represented.

This body of work considers a catenary mooring model, demonstrated in Figure 2.2. This

model, derived by Garza-Rios et al, calculates the horizontal and vertical tension on the

mooring line where it is attached to the floating body [14]. As the device moves, the model

determines a new line tension that acts as a static restoring force on the structure. The model

is based on catenary line equations that approximate the basic geometry of a catenary line.

While the model does not consider how the general shape of a mooring line may change

due to external forces, it does consider the material, dimensions, and initial conditions of the

mooring line [14]. One can directly determine the horizontal and vertical tension components,

T0 and Tv, respectively, by

sinh
(
α

(√
h

(
h+

2

α

)
+ ℓ′ − ℓT

))
− α

√
h

(
h+

2

α

)
= 0 (2.14)
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α =
P

T0

(2.15)

Tv = P

√
h

(
h+ 2

T0

P

)
, (2.16)

where P is the line weight per unit length, h is the vertical displacement between the anchor

and the connection point on the body, l′ is the horizontal distance between the anchor and

the connection point on the body, and lT is the total length of the mooring line [14].

Mooring lines provide not only restoring forces, but also damping forces. It can be challenging

to anticipate the damping coefficients of a catenary line, since the damping effects come from

hydrodynamic drag, interaction with the sea floor, and internal friction within the chain [21].

This body of work considers a small amount of damping due to mooring lines. The damping

coefficients are found through tuning models to an experimental result or by using estimated

damping values from literature, depending on the observed WEC.

This mooring model is two-dimensional, while the model of the WEC is three-dimensional.

In order to satisfy the discrepancies between these different models, one can assume that

certain directions in the mooring model correlate with certain directions in the WEC model.

This work assumes that the vertical tension applies force solely in the heave (z) direction.

The horizontal tension applies force in the surge (x) and sway (y) directions. One can

estimate the force applied in the surge and sway directions from T0 by using trigonometric

relations and the angle that the line makes with the body’s coordinate system at equilibrium.

If multiple mooring lines act on the body, one can sum the force in each direction. The

mooring restoring force (FM) in the mathematical model for the WEC can be represented

by
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FM = T0,j, j = 1, 2,

FM = Tv, j = 3,

(2.17)

where T0,j is the horizontal tension component in the j direction. The mooring damping

force FMD is represented by

FMD,j = CM,juj, j = 1, 2, 3, (2.18)

where CM,j is the mooring damping coefficient and j represents the degree of freedom.

2.5 Air Compressibility and Turbine Dynamics

Since the PTO of the WEC relies on the pressure differential between the internal air chamber

of the WEC and the atmosphere, air compressibility can impact power generation estimates.

This model from Sheng assumes that air is isentropic and considers different equations based

on if air is going into or out of the chamber [38]. The volume flow across the turbine, Qp,

when the gauge pressure inside the chamber is greater than zero, causing air to leave the

chamber, is

Qp =
dV

dt
− V

γp0 + p

dp

dt
, (2.19)

where Qw = dV
dt

represents the volume flow across the internal water surface, p is the gauge

pressure inside the chamber, γ is air’s specific heat ratio (usually 1.4), and V is the volume

of air inside the chamber [38]. When the gauge pressure inside the chamber is negative,

causing air to enter the chamber,

Qp =

(
1 +

p

γp0

)
dV

dt
− V

γp0

dp

dt
. (2.20)
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These equations have two unknowns: the gauge pressure in the chamber, p, and the volume

flow across the PTO, Qp. Here is where turbine dynamics fill in the gaps. For a linear

turbine, like the Wells Turbine, the relation between p and Qp is

Qp =
p

k1
, (2.21)

where k1 is the air flow damping coefficient [38]. With this relation, only p remains as

an unknown. This is convenient, since Equations 2.9 2.10 and 2.10, the foundation of the

mathematical model, also have p as an unknown.

Finding the instantaneous power output from the turbine model is straightforward and can

be represented by

Pinstant = p(t)Qp(t), (2.22)

where Pinstant is pneumatic power [13]. This relation does not consider inefficiencies from the

electrical generator or from the turbine. This body of work is concerned with the pneumatic

efficiency of the device, thus only pneumatic power is calculated.

2.6 Restoring Forces

Floating marine structures experience hydrostatic restoring forces, such as gravitational and

buoyancy forces, in different degrees of freedom. Hydrostatic force coefficients, Si,j, are one

of the outputs that WAMIT provides. The hydrostatic force can be found by taking

Fhs,i = Si,jsj, (2.23)

where Fhs,i is the force in the ith direction and sj is the body displacement in the jth direction.
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2.7 Final Equations for Time Domain Simulation

With the model considerations explained in this chapter, the full mathematical model is

more easily understood.

One can find the total volume flow across the free surface and across the turbine by first

considering the volume flows caused by the incident wave, the pressure on the internal free

surface, and velocity of the body. The displacement of the body also contributes its own

volume displacement. The volume flow across the free surface directly relates to the volume

across the turbine. The relation is clearly outlined in Section 2.5, and results in Qp, the

volumetric flow across the turbine. The volume flow across the internal free surface (Qw),

and therefore the volume flow across the turbine (Qp), can be calculated by

Qw(t) = q ∗ A(t)− y ∗ p−
∑
j

[
Cj(∞)uj + hu

j ∗ uj

]
− rjuj,

Qw =
Qp +

V
γp0

dp
dt(

1 + p
γp0

) , p < 0

Qw = Qp +
V

γp0 + p

dp

dt
, p > 0

Qp =
p

k1
,

p(0) = 0,

(2.24)

where rj is a transformation factor based on the WEC geometry and the degree of freedom,

and ∗ indicates the convolution integral [23]. When j = 3, r = Ai, where Ai is the internal

surface area. When j = 5, r = −xbAi, where xb is the distance in the x direction between

the center of the internal free surface and the center of buoyancy of the body [23].

In order to calculate the total force on the body in each direction, several sources of force

need to be considered, since they will contribute to the total force acting on the body.
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There is a force caused by the incident wave amplitude, known as the excitation force. The

added mass and radiation damping, the pressure in the internal chamber, the mooring, and

additional hydrostatic effects also contribute to the total force. The total force on the body

in each degree of freedom is equivalent to mmu̇j(t), where mm is the device mass and u̇j(t)

is the acceleration of the body. The acceleration of the body in each degree of freedom can

be calculated by

mmu̇j(t) = fj ∗ A(t)−
∑
j′

[ajj′(∞)u̇j′ + zjj′ ∗ uj′ ]

−
[
Cj(∞)p+ hu

j ∗ p
]
− FM,j − FMD,j − FD,j − rjp− Fhs, j = 1, . . . , 6,

sj(0) = 0,

uj(0) = 0,

(2.25)

where r is the same transformation factor used in Equation 2.24 [23]. When solving the

system of equations, there are as many force equations as there are body motion directions.

All initial conditions are zero.

This body of works solves Equations 2.24 and 2.25 using a block diagram in SimuLink, which

is the basis of the time domain modeling tool created in this work. The techniques used to

find pertinent functions and coefficients are described in the next section. This next section

also explains the methods used to solve these equations.



Chapter 3

Methodology of Device Simulation in

the Frequency and Time Domain

The mathematical model from the previous chapter captures the physical effects acting on a

floating OWC. To adequately predict the WEC time domain response, it is essential to use

appropriate modeling tools to evaluate this model. This chapter will explain the numerical

techniques used to evaluate this model and describe the implementation of these techniques

that create the time domain modeling tool.

The modeling tool described in this chapter is known as the Floating Oscillating Water

Column Iterative Time Series Solver (FlOWCITSS, pronounced flow-kits). FlOWCITSS is

intended to be used to evaluate any floating OWC in multiple degrees of freedom. FlOWC-

ITSS is open access and shared in a github repository, noted in Appendix A.

The general work-flow for FlOWCITSS is shown in Figure 3.1. Before FlOWCITSS can

be used, one must first model the WEC’s geometry and determine the hydrodynamic and

hydrostatic coefficients of the device using WAMIT. The user can then import these co-

efficients into MatLab, where FlOWCITSS can use them to evaluate device performance.

FlOWCITSS does this by first generating the FRFs, IRFs, and state space representations

that are relevant to the mathematical model. Then, a block diagram in Simulink references

the variables in the MatLab work space and steps through time to numerically calculate the

unknowns. At each time step, FlOWCITSS outputs the device motion, chamber pressure,

28
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and instantaneous pneumatic power from the floating OWC.

Figure 3.1: A diagram explaining the simulation process and where in the process the mod-
eling tool operates.

3.1 Inputs to the Modeling Tool

FlOWCITSS accepts hydrodynamic and hydrostatic coefficients from WAMIT. The required

WAMIT outputs are the excitation force, radiation damping, added mass, and hydrostatic

coefficients. In WAMIT, the user determines the range of evaluated frequencies based on each

geometry. The excitation force and volume flow FRFs go to zero as ω → ∞, and WAMIT

needs to evaluate the frequency range that encompasses the FRF prior to and during this

decay in order to accurately assess the time domain performance of a device.

To capture the dynamics of the internal water column, in WAMIT the user should distribute
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the field points across the internal free surface and output the vertical velocity at each field

point. An example of distributed points is shown in Figure 3.2, where white boxes represent

the distributed points on the free surface. This allows FlOWCITSS to use the pressure

distribution method, which the next section explains further.

Figure 3.2: A depiction of field points distributed across the internal free surface of a body.

In FlOWCITSS, the user will also specify the frequency range and step size, the wave heading

range and step size, the discretization of the field points, the mass of the device, the device’s

characteristic length, the density of sea water, the directions of the body’s motion (such as

heave, surge, and pitch), the area of the internal free surface, drag coefficients, incident wave

data, mooring characteristics, and turbine characteristics.
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3.2 Frequency Domain

WAMIT outputs nondimensional frequency domain data for marine structures. FlOWCITSS

dimensionalizes WAMIT’s outputs according to WAMIT’s manual and turns them into FRFs

[43].

The pressure distribution model is a way of capturing the internal water column dynamics of

a floating OWC. This model requires three different FRFs: excitation volume flow, radiation

admittance, and radiation coupling.

The excitation volume flow FRF is theoretically defined by

q =
1

A

∫∫
S

∂ϕD

∂z
dS, (3.1)

where A is the incident wave amplitude, S indicates the internal surface of the water col-

umn, and ∂ϕD

∂z
is the diffracted velocity potential differentiated in the z direction, which is

equivalent to the diffracted water velocity on the free surface [23]. To calculate this FRF

from the WAMIT outputs, FlOWCITSS numerically integrates the diffracted portion of the

water velocity across the distributed field points on the free surface for every frequency and

every wave heading. From q, FlOWCITSS calculates the radiation admittance FRF, Y , by

using reciprocity relations [13]. The radiation admittance is represented by

Y = G+ iB, (3.2)

where the real part, G, is the radiation conductance and the imaginary part, B, is the

radiation susceptance [13]. The reciprocity relation relating G to q is

G =
k

4πρgvg

∫ π

0

|q(β)|2dβ, (3.3)
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where vg is the group velocity of the incoming wave, β is the incident wave heading, ρ is the

density of water, k is the wave number of the incident wave, and g is the acceleration due to

gravity [13]. The radiation conductance FRF directly relates to the radiation susceptance

FRF by

B(ω) = −2ω

π

∫ ∞

0

G(y)

ω2 − y2
dy, (3.4)

where ω is the frequency of B and y is the frequency of G [13]. FlOWCITSS calculates

B(ω) with techniques used to evaluate Kramers-Kronig transformations [29]. FlOWCITSS

interpolates G in the frequency domain to a significantly more refined sample size. Then, for

each frequency, FlOWCITSS integrates the term in Equation 3.4 for all frequencies except the

one being evaluated, omitting the singularity where zero would appear in the denominator.

The excitation volume flow and the radiation admittance FRFs represent the effects of the

incident wave and the chamber pressure on volume flow. One final group of FRFs remains

in the pressure distribution model: the radiation coupling terms that relate body motion

to volume flow across the free surface and chamber pressure to body force. The radiation

coupling term is calculated by

Hu
j = −

∫∫
S

∂φj

∂z
dS = C + iJ, (3.5)

where C is the real part, J is the imaginary part, j is the body motion direction, and ∂φj

∂z

is the radiated portion of the velocity potential differentiated in the z direction, which is

equivalent to the radiated part of the water velocity on the free surface [13]. FlOWCITSS

calculates Hu
j similarly to q, by integrating the water velocity across the internal free surface

for each body motion direction and frequency. Hu
j relates body velocity to volume flow, while

Hp
j relates chamber pressure to body force. These two terms are related by Hu

j = −Hp
j .

The remaining FRFs of interest are the excitation force FRFs and the radiation impedance
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FRFs. These are significantly simpler to evaluate, since WAMIT outputs them directly.

FlOWCITSS dimensionalizes the terms and organizes them based on degree of freedom and

frequency. The excitation force FRF is determined by summing the real and imaginary

components of the excitation force outputs from WAMIT [43]. The radiation impedance

FRFs exist for all body motion directions and are determined from the added mass and

radiation damping coefficient outputs from WAMIT [43].

3.3 Time Domain

3.3.1 Excitation Inputs

The excitation inputs to the mathematical model solely depend on the incident wave, which

is known at each time step. This makes it straightforward to evaluate the excitation inputs

prior to entering the block diagram. To calculate these inputs, FlOWCITSS evaluates the

IRFs of the excitation inputs, then convolves them with the incident wave elevation in the

time domain. The body force and volume flow excitation inputs have both real and imaginary

parts. FlOWCITSS uses both parts to determine the IRFs by calculating

Xi(t) =
1

π

∫ ∞

0

[Re (Xi) cosωt− Im (Xi) sinωt] dω, (3.6)

where Xi(t) denotes either the volume flow or body force excitation IRF and Xi represents

the FRF of the excitation input being evaluated [43]. The integral in Equation 3.6 goes from

zero to infinity, but in practice, both the excitation volume flow and the excitation force

decay to zero as ω → ∞, thus FlOWCITSS evaluates the range of frequencies that have not

yet sufficiently decayed.
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To determine the excitation inputs in the time domain, the modeling tool convolves the IRF

and the incident wave by

E(t) =

∫ ∞

−∞
Xi(t− τ)A(τ)dτ, (3.7)

where E(t) is the excitation input, τ is a time integration variable, Xi(t− τ) represents the

IRF, and A(τ) is the user defined incident wave elevation. FlOWCITSS defines both the

incident wave and the IRF for a user defined time range and time step, then convolves these

two time series by applying the convolve MatLab function to the data in the time series.

Next, FlOWCITSS multiplies the resulting vector by the size of the time step and truncates

it so it is the same length as the original time series. This technique essentially numerically

solves the convolution integral with the Euler method. This numerical technique has been

bench-marked against analytical convolution integration and is found to match the analytical

solution for a sufficiently small time step.

3.3.2 Convolution Integration and State Space Representation

Numerical integration is well suited to calculate the convolution terms in the mathematical

model that can be evaluated outside of the time step iteration process, such as the excitation

inputs. However, numerical convolution integration becomes challenging inside the block

diagram due to how SimuLink processes signals. Numerical integration of a convolution term

requires a complete time history of the response. When this complete time history has to be

accessed at every time step, the process becomes cumbersome in SimuLink. Circumventing

these issues is relatively straightforward: use a state space representation to approximate

the dynamic response in the time domain.

Previous works have shown that a frequency domain identification state space realization is

adequate for the radiation impedance terms (radiation damping and added mass) [24, 32].
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However, the same cannot be said for the radiation coupling and radiation admittance terms

that arise from the pressure distribution model. This body of work seeks to demonstrate

that a state space realization of the radiation coupling and radiation admittance terms is

sufficient to approximate the convolution integral, and therefore sufficient to model floating

OWCs in the time domain.

The state space realization technique used in this body of work is FRVF (Fast Relaxed

Vector Fitting). Gustavsen created a MatLab function, vecfit3, that uses FRVF to take

tabulated frequency domain data and generate a rational function approximation [9, 15, 16].

FlOWCITSS uses FRVF because it is robust and straightforward to use. FlOWCITSS in

intended to evaluate many different kinds of floating OWCs. Since FRFs change depending

on the device geometry, using a robust and flexible state space realization tool will help

ensure the adequacy of this tool for a wide range of geometries.

In order to show that a state space realization approximation is sufficient for the radiation

coupling and radiation admittance terms, the modeling tool will process the frequency do-

main WAMIT outputs for RM6, the generic BBDB archetype created by Sandia National

Labs. The radiation admittance FRF is shown in Figure 3.3, while the heave and pitch

radiation coupling FRFs are shown in Figures 3.4 and 3.5, respectively.
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Figure 3.3: Radiation Admittance FRF (Y ) for RM6

Figure 3.4: Radiation Coupling Heave Term FRF (Hu
3 ) for RM6
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Figure 3.5: Radiation Coupling Pitch Term FRF (Hu
5 ) for RM6

FlOWCITSS inputs these FRFs into vecfit3 using slightly different conventions. The radia-

tion coupling term in Equations 2.24 and 2.25 is accompanied by the real component of the

radiation coupling term at infinite frequency. To compensate for this in the state space repre-

sentation, the FRF for the radiation coupling term takes on the form: Hu
i = [C−C(∞)]+iJ .

To compare the numerical convolution integration to the state space realization, one can

evaluate the time domain response of each form due to an arbitrary sinusoidal input. The

time domain response of the radiation admittance term is shown in Figure 3.6.
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Figure 3.6: Vector Fitting and Numerical Convolution integration comparison for the Radi-
ation Admittance term, using an arbitrary sinusoidal input

The difference between the vector fit response created using vecfit3 and the numerical con-

volution response is nearly indiscernible. This suggests that this state space realization

approach adequately circumvents numerical convolution integration for the radiation admit-

tance term. A similar conclusion is reached for the radiation coupling term in the heave

direction, shown in Figure 3.7.
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Figure 3.7: Vector Fitting and Numerical Convolution integration comparison for the Radi-
ation Coupling Heave term, using an arbitrary sinusoidal input

The two time domain responses are practically the same. This again suggests that state space

realization is a promising way to circumvent the struggles with convolution integration for

the radiation coupling terms. What about when vector fitting is applied to a FRF that has

more variation and is more complex than the heave radiation coupling term? The shape of

the pitch radiation coupling term, shown in Figure 3.5, has more variation than the heave

term. The time domain response of the pitch radiation coupling term is shown in Figure 3.8.

The fit of the state space representation compared to the FRF is shown in Figure 3.9
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Figure 3.8: Vector Fitting and Numerical Convolution integration comparison for the Radi-
ation Coupling Pitch term, using an arbitrary sinusoidal input
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Figure 3.9: Fit of the state space representation of the pitch radiation coupling term com-
pared to the FRF.

Here, the response does not align as well as in the previous two cases. However, the greatest

amount of error at a given point in time is 3%. It is evident from the residuals in Figure 3.9

that the state space representation fits the data relatively well. The error likely comes from

the increased dynamic complexity of this specific FRF. This kind of error is acceptable for

FlOWCITSS, especially considering the increased computation time and burden of formal

numerical convolution integration in a block diagram. The shape and magnitude of the time

response is very similar, thus it should produce a similar response when used in the block

diagram. Furthermore, the adequacy of the state space realization will be further tested in

Chapter 4, when the model as a whole is validated against experimental results.

Similarly to the radiation coupling term, FlOWCITSS represents the radiation impedance

term, Zj,j′ , as

Zj,j′ = Rj,j′ + iω[aj,j′ − aj,j′(∞)], (3.8)
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where Rj,j′ is the radiation damping and aj,j′ is the added mass coefficient [32]. FlOWCITSS

uses this form to input the radiation impedance term into vecfit3 to evaluate the state space

realization.

FlOWCITSS finds the state space realizations of all FRFs by using vecfit3. The block

diagram that uses these state space representations is explained in the following section.

3.3.3 Block Diagram Formulation

With the outputs from WAMIT processed into FRFs and state space representations, one

can now solve the mathematical model described in Chapter 2. Due to the complexity and

the components involved in the mathematical model, FlOWCITTS uses a block diagram

to facilitate finding a numerical solution. The mathematical model and a bond graph that

Kurniawan used in his simulations of floating OWCs informed the basic structure of the

block diagram, shown in Figure 3.10 [23]. The volume flow, body force, mooring forces, and

turbine flow equations are separate subsystems that interact with each other. The nature of

these coupled equations lends itself well to block diagrams, since they systematically iterate

through time and some systems, like the mooring model, can iterate to find an appropriate

value within a time step.
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Figure 3.10: A diagram that displays the flow of data between the different subsystems of the
block diagram. Fe and Qe are the excitation inputs for force and volume flow. The unknowns
calculated in the system are the body motion variables [velocity (ui) and acceleration (ai)]
in the i body motion direction and the chamber pressure (pc). The volume flow across the
internal free water surface is represented by Qwater.

Each block in Figure 3.10 is detailed and explained below, starting with the volume flow

block in Figure 3.11. This subsystem uses the body velocity in all degrees of freedom, the

chamber pressure, and the excitation volume flow to determine the volume flow across the

internal free surface. A separate radiation coupling term and C(∞) term exists for each

body motion direction considered. The state space representation of the radiation coupling

term used here is the same representation used in the body force block.
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Figure 3.11: This diagram represents the volume flow block from Figure 3.10.

The body force block in Figure 3.10 is detailed in Figure 3.12. One of these blocks exists

for every body motion direction considered. The primary inputs to the subsystem are the

chamber pressure, and the body velocity and acceleration for all directions of motion. ui and

ai indicate the body velocity and acceleration associated with the direction of force currently

being calculated. uj and aj indicate the body velocity and acceleration associated with all

body motion directions in the system, including the one currently being evaluated. The

system outputs the body velocity and the body acceleration in one direction.

Before the addition junction in Figure 3.12, the integration block uses the trapezoidal method

to find the body displacement [40]. After the addition junction, FlOWCITSS finds body ac-

celeration by dividing by the body’s mass or moment of inertia, depending on the degree of
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freedom. Then, FlOWCITSS finds the body velocity by integrating using the same trape-

zoidal integration block that was previously used to find body displacement.

Figure 3.12: This diagram represents the body force block from Figure 3.10.

The mooring line force in Figure 3.12 comes from the mooring subsystem block in Figure

3.10. This mooring line subsystem is shown in Figure 3.13. Here, FlOWCITSS inputs all of

the user defined mooring parameters into the block. The line length is the total length of the

mooring line, moorDepth is the initial vertical distance between the bottom of the ocean and

the location where the mooring line attaches to the body, x0 is horizontal distance between
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the location where the line attaches to the body and the mooring anchor on the bottom of

the sea floor, and alphain is the initial guess for α in Equation 2.14, which is based on the α

value from the previous time step. The main function block that all of the inputs go into is

a MatLab script that conducts a Newton-Raphson iteration to find the horizontal mooring

tension at the body’s new position. The iterative process consists of finding α by

αj+1 = αj −
f (αj)

f ′ (αj)
(3.9)

f (αj) = sinh
(
αj

(√
h

(
h+

2

αj

)
+ ℓ′ − ℓT

))
− αj

√
h

(
h+

2

αj

)
(3.10)

f ′ (αj) =

[
h (αj + 1) + αj (ℓ

′ − ℓT )

√
h
(
h+ 2

αj

)]
cosh

(
αj

(√
h
(
h+ 2

αj

)
+ ℓ′ − ℓT

))
αj

√
h
(
h+ 2

αj

)
− h (αjh+ 1)

αj

√
h
(
h+ 2

αj

)
,

(3.11)

where all of the variables are consistent with those defined in the Mooring section in Chapter

2 [14]. Within a single time step, this function block calculates αj+1 using the αj from the

previous iteration step and the values from Equations 3.10 and 3.11. Then, this function

block compares the difference between αj+1 and αj. When this difference is below a user

specified threshold, which in this body of work is 0.00025, the iterative process completes and

the function block outputs the final α value, which is then used to calculate the horizontal

and vertical tension of the mooring line using Equations 2.15 and 2.16. When one has

multiple mooring lines, one can implement multiple versions of these blocks in the diagram.
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Then, the resulting tensions are summed together to determine the total force being applied

in each body direction.

Figure 3.13: This diagram represents the body mooring subsystem block from Figure 3.10.
s3 represents the body displacement in the heave direction and s1 represents the body dis-
placement in the surge direction.

The last block in Figure 3.10 is the block that takes into account air compressibility and

turbine dynamics. This block is shown in detail in Figure 3.14. Before FlOWCITSS can

determine the chamber pressure, this subsystem must first find the current volume in the air

chamber and the change in volume over time at the current time step. This happens by si-

multaneously considering the body velocity and the water column volume flow. FlOWCITSS

then uses the volume and the change in volume over time as inputs for the air compressibil-

ity block, which uses Equations 2.19 and 2.20 to determine the chamber pressure and the

volume flow across the turbine.



48 Chapter 3. Methodology of Device Simulation in the Frequency and Time Domain

Figure 3.14: A diagram explaining how the air compressibility and turbine block from Figure
3.10 operates.

All of these blocks and subsystems combine to simulate device dynamics holistically and

consider the complexly coupled dynamics of a floating OWC. In order to prove the accuracy

of this model and the applied techniques, the next chapter validates the model against

experimental results.



Chapter 4

Simulation Validation Against

Published Experiments

4.1 Description of Experiment

The experimental results used in this body of work were collected by Minghao Wu from the

University of Ghent and published in the open-access journal, Energies [46]. He conducted

the experiments in a shallow wave flume using two different geometries, shown in Figure

4.1. Wu secured each geometry to the bottom of the tank using a multi-catenary mooring

system. Figure 4.2 shows the testing and instrumentation set up.

Due to the geometry and the mooring system evaluated in this experiment, these experimen-

tal results are ideal to compare to results simulated in FlOWCITSS. Additionally, Minghao

Wu shared his data files for two different incidents waves per geometry, which allows for a

better comparison between simulated and experimental results.

49
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Figure 4.1: Diagrams of experimental floating geometries, where geometry a is a box and
geometry b is a floating OWC [46].

Figure 4.2: Diagrams of experimental set up in the shallow wave channel, including locations
for load cells to monitor the mooring lines and the instrumentation for monitoring water
elevation [46].



4.2. Methodology for Simulating Experimental Tests 51

4.2 Methodology for Simulating Experimental Tests

For each geometry in Figure 4.1, FlOWCITSS will simulate 2 test cases, each using the

same chain mooring configuration and water depth, but with a different incident wave. The

floating moored box will help validate the adequacy of the body forcing components in the

model while the floating OWC will help validate the coupled dynamics between the internal

water column volume flow, chamber pressure, and the body’s motion.

The first test case of each geometry is used to tune parameters that are not provided exper-

imentally, such as mooring damping coefficients and the resistance across the air chamber

orifice. The tuning process involves estimating the values for each parameter based on

literature and theory, running the simulation, observing the dynamic response, and then

updating the parameters until the simulated response matches the experimental response.

Then, FlOWCITSS evaluates the second test case with the tuned parameters from the first

test case. The purpose of doing this is to try to account for uncertainties in the simulation

and the experimental setup.

Each geometry is modelled using Multisurf. Then, WAMIT uses the higher order panel

method, irregular frequency removal, and logarithmic singularity removal options to eval-

uate the hydrodynamic and hydrostatic coefficents. WAMIT evaluates each geometry for

frequencies ranging from 0-30 rad/s, with a step size of 0.1 rad/s. WAMIT evaluates the

floating OWC for wave headings ranging from 0-180 degrees, with a step size of 5 degrees.

The frequency range was determined based on how quickly the excitation force FRFs decayed

to zero. The floating box is only evaluated for the 0 degree wave heading, since there is no

internal water surface that would require a larger wave heading range.

For both cases, the incidental wave data from the experiment is evaluated in order to deter-

mine the period and height of the incident wave. This period and wave height are then used
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to model a theoretical linear wave of the form η = A cosωt, where η is the wave elevation,

A is the wave amplitude and ω is the frequency. The excitation inputs to the model are

generated from this theoretical wave. The validation process uses a theoretically modelled

incident wave since the fluid velocity can more easily and accurately be determined using

wave theory. Fluid velocity significantly impacts drag forces, which can have a large effect

on the body’s motion. Since fluid velocity changes depending on the location in the fluid

and vary with time, and since fluid velocity is generally larger than the body velocity, it is

important to ensure that the phase and magnitude of the fluid velocity aligns appropriately

with the incident wave.

4.3 Methodology of Error Evaluation

To determine how accurately FlOWCITSS predicts the motion of the body and the inter-

nal water column, one must compare simulation results to experimental results. Since the

ultimate goal of the modeling tool is to predict pneumatic power performance, the most

important responses are the volumetric flow across the internal free surface and the heave

motion of the body. These two responses are the most important because they are the dom-

inating inputs when it comes to volumetric flow across the turbine, which directly relates to

pneumatic performance. Body motion in other directions, like surge and pitch, do contribute

to power generation, but do not provide as significant of a contribution. These directions

are also important to model because of how these degrees of freedom relate to heave motion

and volumetric flow.

A relative error norm can be calculated by

Error = |y − ŷ

y
|, (4.1)
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where y is the averaged experimental metric and ŷ is the averaged simulated metric. This

error evaluation can be applied to the device response in multiple degrees of freedom and for

different metrics. Several metrics of interest are the steady state period and height of the

response for body displacement in each direction and the internal water surface elevation.

Only the steady state period and height are evaluated, since the steady state response of a

WEC is what is most salient to power generation.

To determine the steady state height and period of the response, these metrics are averaged

across several response cycles. The period is calculated by measuring the time between

response peaks, and the height is calculated by measuring the distance between the peak

and the trough of the response. The rigor of these error evaluations reflects the fidelity of

the model and the goals of the evaluation: to easily get a sense of what the pneumatic power

performance of different floating OWCs may be.

4.4 Floating Moored Box

This section will review the results from the moored floating box simulation and compare

them to the experimental results. The first test case analyzed is for a wave period of 1.6 s

and a wave height of 0.11 m, shown in Figure 4.3. This test case is the tuning test case. The

tuned parameters are the damping coefficients from the mooring model, whose final values

are represented in Table 4.1.
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Table 4.1: Tuned Metrics for the Floating Box

Parameters Values

Heave mooring Damping 0.001 Ns
m

Surge mooring Damping 0.001 Ns
m

Pitch mooring Damping 0.5 Ns
deg

Figure 4.3: The theoretically modeled incident wave compared to the wave elevation from
the experimental results for the floating box tuning case.

Although the steady state wave height and period are the same for the theoretically modeled

wave and the wave elevation data, the input incident waves are not identical. The exper-

imental wave data is centered on some positive value above zero, while the theoretically

modelled wave is centered on zero. These differences could impact the accuracy of the solu-

tion, especially considering hydrostatic forces and mooring, both of which are dependent on

the displacement in heave to determine restoring forces.

Figures 4.4 - 4.6 show the difference between the experimental results and the simulated
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results in heave, surge, and pitch. Table 4.2 shows the error associated with the tuning case

for the floating box model.

Across the board, the period of the simulated response matches pretty closely with the

experimental results; the error does not exceed 1% in any direction for the response period.

The general shape of the simulated surge and heave responses matches fairly well with the

experimental results. They both have a consistent, single frequency, sinusoidal response.

However, the height of these simulated responses do vary from the experimental results.

The height of the surge response has an error of 13.17% while the height of the heave

response has an error of 6.8%. These errors are not ideal, but FlOWCITSS still captures

the general behavior of the device response in heave and surge. FlOWCITSS does not

capture the pitch response quite as well, as seen in Figure 4.6. While FlOWCITSS captures

the dominant frequency and oscillatory behavior, it does not have the same shape as the

experimental response. The experimental data appears to have other frequencies in the

response. There is the possibility that these other frequencies appear due to the data capture

methods that the experiment used. Wu mentioned that the data collection system could

introduce uncertainties and error into the simulation. The mooring restoring forces and

damping could also contribute to the discrepancies in the pitch response.
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Figure 4.4: A comparison of the simulated heave response to the experimental heave response
for the floating box tuning case.

Figure 4.5: A comparison of the simulated surge response to the experimental surge response
for the floating box tuning case.
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Figure 4.6: A comparison of the simulated pitch response to the experimental pitch response
for the floating box tuning case.

Table 4.2: Error for Floating Box Model Tuning Case

Response Period Error Height Error Phase Shift

Surge 0.102% 13.17% 0.75π rad

Heave 0.279% 6.8% 0.19π rad

Pitch 0.692% 8.06% 0.55π rad

Using the tuned parameters from the first test case, FlOWCITSS simulates the effects from

a different incident wave. This wave, shown in Figure 4.7, has a period of 1.8 seconds and a

height of 15 cm. As with the previous test case, the period and wave height are the same,

although the incident waves are not identical. Due to the nature of the wave channel Wu

used to test, taller waves have a more irregular shape. In Figure 4.7, the experimentally

modelled wave has a relatively sharp peak, a rounded trough, and a wave height that is

centered above the average water line. All of these differences between the theoretically
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modeled wave and the experimental wave can impact the simulated device response.

Figure 4.7: The theoretically modeled incident wave compared to the wave elevation from
the experimental results for the floating box case using tuned parameters.

Figures 4.8 - 4.10 show the simulated response of the floating box using the tuned parameters

compared to the experimental response. Table 4.3 shows the error of the simulated response

when compared to the experimental response. In this case, FlOWCITSS appears to predict

the heave response, shown in Figure 4.8, moderately well, with an error of less than 1% for the

period and an error of 3.856% for the height. The shape here also appears to be relatively

similar, as both the simulated and experimental results have relatively sharp peaks and

troughs.

FlOWCITSS models pitch and surge with less accuracy in this case. The surge response’s

period error of 4.75% and height error of 18.41% is greater than the error in the tuning

case. In Figure 4.5, the general shape of the simulated response is relatively similar to

the experimental response, although the simulated response does have sharper peaks and

troughs. The simulated pitch response is significantly different from the experimental results,
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with a large error in both the period and the height of the response. The shape of the

experimental response is not consistent, thus determining what response is considered steady

state was based on the time range from the heave and surge responses. These errors in pitch

and surge could be due to how the mooring is modeled, due to viscous drag, or due to effects

from device motion in other directions.

Figure 4.8: A comparison of the simulated heave response to the experimental heave response
for the floating box case using tuned parameters.



60 Chapter 4. Simulation Validation Against Published Experiments

Figure 4.9: A comparison of the simulated surge response to the experimental surge response
for the floating box case using tuned parameters.

Figure 4.10: Comparison of simulated pitch response to experimental pitch response for the
floating box case using tuned parameters.
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Table 4.3: Error for Floating Box Model using Tuned Parameters

Response Period Error Height Error Phase Shift

Surge 4.75% 18.41% 0.11π rad

Heave 0.917% 3.856% 0.004π rad

Pitch 51% 165% -

The comparison between the simulated response and the experimental response for the float-

ing box model indicates that the heave response, the most important motion when consid-

ering the power generation of floating OWCS, is able to be captured with some error in

response magnitude. FlOWCITSS also appears to capture the general shape of the surge

response with some errors in magnitude. The pitch response is the most inconsistently

captured, given the differences in response shape, size, and period. These errors could be

caused by the differences in the incident wave, the model used for the mooring lines, and

the variation of fluid velocity across the surface of the box. For both cases, there was some

phase shifting, particularly for the surge response. These phase shifts could be caused by

the mooring model or by the viscous drag effects.

Observing how the simulated response of the floating box compares to the experimental

results gives insight to the adequacy of the force equations and models when modeling a

floating structure. In order to observe the coupled dynamics between the internal water

surface and the body motion, the next section will compare the simulated response of the

floating OWC to the experimental results.
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4.5 Floating OWC Geometry

The moored floating OWC, geometry b in Figure 4.1, will help verify that the internal water

column dynamics are adequately represented, and that the body motion and the chamber

pressure are adequately coupled. These features directly contribute to power generation.

This device is first modeled in Multisurf utilizing symmetry along the y-z plane at y = 0.

The modeled geometry, shown in Figure 4.11, is exported to WAMIT, where field points

are distributed evenly across the internal free surface in a 10x10 grid. The outputs from

WAMIT are then imported into FlOWCITSS.
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Figure 4.11: A model of the experimental floating OWC geometry created in Multisurf,
utilizing symmetry along the y=0 plane.

Several sources of error and uncertainty in this process are: the effects that wave reflection

from the channel walls have on the dynamic response of the body, drag coefficients of the

body, mooring damping coefficients values, and the damping value of the internal water

column. The experiment itself also introduces uncertainties such as: the moment of inertia of

the body, errors in the motion tracking instrumentation, and the location and characteristics
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of the mooring line [46].

For this simulation, the mooring line damping, the drag coefficients, and the damping of

the internal water column will be tuned based on the experimental result of one test case.

The tuning process was very challenging due to the complex coupled nature of the system.

Changing a parameter in one degree of freedom could affect the dynamic response in all

degrees of freedom. The tuning test case consists of an incident wave with a period of 1.6 s

and a wave height of 11 cm. The tuned parameters are shown in Table 4.4. The theoretically

modelled wave is compared to the experimental wave data in Figure 4.12.

Table 4.4: Tuned Metrics for the Floating OWC

Parameters Values

Heave mooring Damping 0.001 Ns
m

Surge mooring Damping 0.001 Ns
m

Pitch mooring Damping 4 Ns
deg

Internal Water Column Damping 1.5m4s
kg

Turbine Loading Resistance 4 kg
m4s

Heave Drag Coefficient 1.3

Surge Drag Coefficient 2
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Figure 4.12: The theoretically modeled incident wave compared to the wave elevation from
the experimental results for the floating OWC tuning case.

Figures 4.13 - 4.16 compare the simulated tuning case for the floating OWC with experimen-

tal results. Table 4.5 presents the errors associated with each response. The simulated heave

and surge responses, shown in Figures 4.13 and 4.14, while having relatively low error for the

period and similar shapes to the experimental response, have significant error in the height

of the response, 33% and 25.6% respectively. The simulated pitch response, shown in Figure

4.15, is significantly different from the experimental results. There is a slight upward trend

in the simulated pitch and it has a fairly consistent sinusoidal shape, while the experimental

results are a bit irregular. The errors associated with this model could be caused by the

uncertainties in device geometry and moment of inertia. Additionally, they could be caused

by the variation in fluid velocity across the surface of the body, the mooring model, and the

difference in incident wave inputs.
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Figure 4.13: The simulated heave response compared to experimental results for the floating
OWC tuning case.

Figure 4.14: The simulated surge response compared to experimental results for the floating
OWC tuning case.
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Figure 4.15: The simulated pitch response compared to experimental results for the floating
OWC tuning case.

The experiment captures the internal water surface elevation relative to the heave motion of

the body. Figure 4.16 shows the simulated internal surface elevation compared to the exper-

imental results. The simulated response appears to capture the period and magnitude of the

dominant frequency, given a period error of 0.44% and a height error of 1.56%. The internal

water surface motion is a critical contributing factor in power generation of floating OWCs,

so a lower degree of error here shows promise for FlOWCITSS’s ability to predict some of

the power generation capabilities of floating OWCs. However, the simulated response does

not contain the second frequency that is evident in the experimental results. The reason

why FlOWCITSS might be missing this secondary frequency could be because FlOWCITSS

predicts the internal water surface elevation and the heave motion of the device as in phase

with each other, when in reality, they might be slightly out of phase with each other. The

reason for this phase issue could be because of how FlOWCITSS accounts for turbine dy-

namics. FlOWCITSS assumes a linear turbine at the air outlet, but the experiment does not
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have a turbine. The experiment accounts for some resistance by having a small hole at the

top of the air chamber. The relationship between this resistance at the outlet, the volume

flow across the outlet, and the chamber pressure is unknown, and could be the source of the

phase issues seen here.

Figure 4.16: The simulated internal surface response compared to experimental results for
the floating OWC tuning case.

Table 4.5: Error for Floating OWC Tuning Case

Response Period Error Height Error Phase Shift

Surge 0.9207% 25.6% 0.4π rad

Heave 0.251% 33% 0.03π rad

Pitch 0.06% 67% 0.41π rad

Internal Water Surface 0.444% 1.56% 0.44π rad

Using the tuned parameters, FlOWCITSS will predict the response due to a different incident

wave. This wave has a period of 1.9 s and a wave height of 14 cm, demonstrated in Figure
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4.17. As with other cases, the experimental wave has sharper peaks and more rounded

troughs than the theoretically modelled wave.

Figure 4.17: The theoretically modeled incident wave compared to the wave elevation from
the experimental results for the second floating OWC case, using tuned parameters.

Figures 4.18 - 4.21 compare the simulated results to the experimental results, and Table

4.6 presents the errors associated with this case. The response height errors in this case

are larger than the tuning case. For the simulated heave response, shown in Figure 4.18,

the experimental response has an irregular shape compared to the simulated response. This

is very likely caused by the difference in incident wave inputs. Additionally, there is a

significant error of 37% in the the response height. The simulated surge response is similar

to the experimental response, although it is slightly out of phase and has an error in height

of 13.8%. The simulated pitch response, while matching relatively closely in period, has a

significantly larger height and an a general upward trend.
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Figure 4.18: The simulated heave response compared to experimental results for the second
floating OWC case.

Figure 4.19: The simulated surge response compared to experimental results for the second
floating OWC case.
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Figure 4.20: The simulated pitch response compared to experimental results for the second
floating OWC case.

The simulated internal water surface elevation, shown in Figure 4.21, is distinctly different

from the experimental results. As with the previous case, FlOWCITSS appears to only

capture one frequency. However, the height of the response has an error of around 24%,

which is significantly larger than the error of the previous case.
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Figure 4.21: The simulated internal surface elevation compared to experimental results for
the second floating OWC case.

Table 4.6: Error for Floating OWC using Tuned Parameters

Response Period Error Height Error Phase Shift

Surge 0.1042% 13.8% 0.64π rad

Heave 0.3979% 37% 0.25π rad

Pitch 0.855% 135% 0.85π rad

Internal Water Surface 0.7034% 24.004% 0.03π rad

FlOWCITSS does not perfectly capture all device dynamics when simulating a floating OWC.

However, it does capture some of the device dynamics, such as the oscillatory nature and

period of the heave response, which is critical for estimating power generation. For both test

cases, there was some phase shifting, particularly for the surge and pitch responses. These

phase shifts could be caused by the mooring model or by the viscous drag effects and how

the fluid velocity varies over the surface of the geometry.
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The errors seen for the floating OWC geometry could be caused by the uncertainty in the

experimental geometry and mass properties and the turbine modeling assumptions. In order

to have a higher degree of certainty in the validation, a more well controlled experiment

should be used as a point of comparison for FlOWCITSS.

These errors could also be caused by discrepancies in fluid velocity across the surface of the

device, the mooring model, the estimated drag coefficients, the discrepancies between the

experimental and the simulated incident wave, and the error introduced in using a state

space realization in lieu of convolution integration.

4.6 Limitations of FlOWCITSS

The intended use of FlOWCITSS is for it to be an open access tool for the research commu-

nity to use to explore different geometries, wave environments, turbine loads, and mooring

configurations in order to determine which configurations are promising for a specific appli-

cation. These promising configurations could then be analyzed using something with much

higher fidelity, such as CFD analysis. While FlOWCITSS is a low fidelity tool, in the tool’s

initial conception, it does capture some aspects of device performance with varying degrees

of error and with certain limitations.

One of the limitations is the ability for FlOWCITSS to consider only catenary mooring

configurations. Additionally, FlOWCITSS does not appear to capture the pitch response of

a device well, thus any WECs that rely heavily on pitch motion for power generation may

not be well suited to this tool. FlOWCITSS currently considers only a linear turbine and

uses a relatively simplistic air compressibility relationship. The drag model in the tool is also

simplified, since it does not take into account a large degree of fluid velocity variation across

the surface of the WEC geometry. With large devices, these fluid velocity discrepancies
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could contribute to more significant error than with smaller scale devices.

Additionally, FlOWCITSS, when analyzing these cases, used a fixed step size solver with a

step size ranging from 0.0004 seconds to 0.00001 seconds. When the step size is larger, the

results did not converge in Simulink. Using a step size this small did cause the simulation to

take several hours to complete 15-19 seconds of simulated time using a personal computer.

In future iterations of the tool, increasing the robustness or efficiency of the tool would be

beneficial.

In order to demonstrate the use of this tool, the next section will present simulated results of

several different BBDB geometries experiencing the same mooring configuration and wave

environment.
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Demonstration of FlOWCITSS

To demonstrate the usefulness of FlOWCITSS, several floating OWC geometries will be

simulated for the same wave conditions, turbine loading, and mooring configuration in or-

der to see how different geometries affect performance. In this chapter, RM6 from Sandia

National Laboratories is used as a base model for BBDB geometries. Then, by changing

several different characteristics of RM6, variants of the BBDB emerge.

5.1 Geometries and Simulation Conditions

The wetted profile of RM6, shown in Figure 5.1, has several characteristics that, when

changed, could impact power generation. Some of these characteristics include the shape

of the stern, the angle of the water column opening, and the angle of the water column.

Figure 5.2 shows the first variant, with a different stern geometry. Figure 5.3 shows the

second variant, which has a different angle for the water column opening. Finally, Figure

5.4 shows the third variant, where the OWC varies in width and has an angle greater than

90 degrees to the air chamber. Given how device motion is complexly coupled in different

degrees of freedom, and how WEC design prioritizes and encourages large responses, testing

out different geometry configurations can improve the understanding of floating OWC power

performance.
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Figure 5.1: Wetted surface of RM6. d1 = 35m, d2 = 17.5m, and d3 = 2.7m

Figure 5.2: Wetted surface of the first variant of the BBDB geometry. d3 = 6.13m
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Figure 5.3: Wetted surface of the second variant of the BBDB geometry. d2 = 40.87m

Figure 5.4: Wetted surface of the third variant of the BBDB geometry. d1 = 36.4m and
d2 = 24m
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FlOWCITSS simulates all geometries using the same mooring configuration. The mooring

line is a simple catenary mooring chain whose characteristics are detailed in Table 5.1. The

mooring line is anchored at the same point on every BBDB: the bottom corner opposite the

opening of the OWC. The anchor placement on the bottom of the ocean is defined relative to

the anchor point on the body. FlOWCITSS also uses the same drag coefficients and turbine

loading resistance for all geometries, the details of which are presented in Table 5.1.

Table 5.1: Simulation and Mooring Parameters

Characteristics Values

Line Length 730 m

Anchor Depth 400 m

x Distance from body 600 m

Mass per Unit Length 90 kg
m

Heave mooring Damping 90 Ns
m

Surge mooring Damping 60 Ns
m

Pitch mooring Damping 900 Ns
deg

Turbine Loading Resistance 30 kg
m4s

Surge Drag Coefficient 2.5

Heave Drag Coefficient 5.0

The incident waves of interest are monochromatic linear waves of of the form η = A cosωt,

where η is the wave elevation, A is the wave amplitude and ω is the frequency. The wave

amplitude of interest is 1.5 m. FlOWCITSS evaluates for 2 different periods: 9 seconds and

3 seconds.
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5.2 Performance and Time Domain Response

5.2.1 9 Second Wave Period

For this incident wave, FlOWCITSS was tested with different solvers and time steps in

SimuLink. For solvers, both fixed-step implicit and fixed-step explicit solvers were tested,

and time step size ranged from 0.001 seconds to 0.00001 seconds. All geometries but RM6

were unable to converge, and RM6 was able to converge only after adjusting the mooring

parameters and testing multiple solvers. RM6 was able to converge using ode3 in Simulink,

with a time step size of 0.0002 seconds. The steady state power performance of RM6 is

shown in Figure 5.5.

Figure 5.5: RM6 steady state response to the incident wave with a 9 second period.

The convergence issue could come from FlOWCITSS dealing with larger displacements and

pressures than were previously tested in the validation section.
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5.2.2 3 Second Wave Period

For this incident wave, FlOWCITSS used the fixed-step ode3 solver in SimuLink with a time

step ranging from 0.0002 seconds to 0.00001 seconds. All geometries were able to converge

in this wave environment, and the steady state pneumatic power is shown in Figure 5.6.

The power generation seen in Figure 5.6 is different for each geometry. The largest response

comes from RM6, with a peak value of around 5 kW. The smallest response comes from the

second BBDB variant, which is out of phase from the rest of the geometries and has a peak

power output of around 2 kW. When comparing the RM6 power output of this incident wave

to the 9 second period incident wave, they vary not only in frequency, but also in magnitude.
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Figure 5.6: Steady state power performance plot for an incident wave with with a 3 second
period.

The geometry with the most notable departure in performance from RM6 is Variant 1, with

the altered stern geometry. Variant 1 not only has a response of decreased magnitude, but

also one that is out of phase from the other geometries. This indicates that stern geometry in

particular significantly impacts the power output and would warrant further investigation.
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5.3 Discussion

These variations in power generation between different geometries and different wave envi-

ronments demonstrate the usefulness of FlOWCITSS as a tool. Given the errors witnessed

in the previous chapter, FlOWCITSS would be ideal to identify those geometries that have

significantly better, or worse, performance than the others. For example, in Figure 5.6, the

first BBDB variant has a peak power of less than half of RM6. FlOWCITSS is useful here

in identifying the first variant’s poor power performance compared to RM6 due to the large

discrepancy between the two. FlOWCITSS would be less useful in distinguishing between

the power performance of the second and third variants, since they have a difference in peak

magnitude closer to 500 W, which is approximately a 12% difference, and is within the error

FlOWCITSS demonstrated when compared to physical experiments.

This investigation of the BBDB archetypes has also illuminated other areas where FlOWC-

ITSS could improve: primarily in the robustness of the tool and its ability to handle a wide

variety of geometries for all wave conditions. Based on the convergence issues with a wave

environment that would produce a large response for large scale WECs, it appears that

FlOWCITSS in its current iteration would be better suited to smaller floating OWCs.
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Conclusions

This thesis has presented the implementation and testing of an open access time domain

modeling tool for floating OWCs. This final chapter will conclude the thesis with a brief

summary of the presented work, a list of the contributions of the research, and a recommen-

dation for possible future work.

6.1 Brief Summary of Thesis

Chapter 1 introduced floating OWCs and explained the motivation behind the open access

time domain modeling tool. While programs do exist that model floating OWCs in the time

domain, they can be expensive and they do not use the pressure distribution model. The

pressure distribution model, in theory, accounts for the internal water column motion better

than the piston model for large scale devices. Additionally, an open access time domain

modeling tool allows for a user to evaluate many floating OWC configurations and select

the ones that look most promising for further exploration with higher fidelity methods, such

as CFD. An example of where this tool can be used is in the exploration of the BBDB

archetype’s hull geometry.

Next, chapter 2 outlined the process of synthesizing the mathematical model and explained

why certain models are used. Using superposition, basic body forcing and volume flow

equations can be enhanced by considering additional body forces or volume flow effects.
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Some of the effects considered are drag, air compressibility, mooring, and hydrostatic forces.

Chapter 3 explained how the mathematical model is represented by a block diagram and

how FlOWCITSS is implemented to evaluate floating OWCs in the time domain. To avoid

convolution integration, state space realization of the FRFs is used and demonstrated for

the pressure distribution FRFs. The block diagram has several subsystems, one for each

volume flow and body forcing equation, one for the mooring model, and one to account for

air compressibility and turbine dynamics. The outputs of SimuLink are the body motion in

all directions, the chamber pressure, and the volume flow across the turbine. The chamber

pressure and volume flow across the turbine are used to estimate the pneumatic power.

Chapter 4 compared simulated results from FlOWCITSS to experimental results. Two test

cases were used for each geometry, one to tune unknown parameters, and one to test the

adequacy of the tuned parameters. Although FlOWCITSS demonstrated significant error for

some aspects of the device response, FlOWCITSS did capture the general oscillatory nature

and the period of the response for heave motions, with varying error in the magnitude. It is

able to analyze a variety of geometries and is useful for estimating device performance as a

preliminary discovery step to higher fidelity techniques, such as CFD.

Finally, chapter 5 demonstrated the use of the tool by simulating the time domain response of

RM6 and several geometry variations of the BBDB archetype to compare device performance

under the same conditions. Some geometries had trouble with converging solutions for the

9 second wave period, but all solutions were found for the 3 second wave period. The

power performance of each device was different, with the largest difference in performance

happening between RM6 and the geometry variation using an alternative stern geometry.

The significant phase difference and magnitude indicates that stern geometry can have a large

impact on power generation. The ability for FlOWCITSS to estimate power generation for

a variety of geometries without the use of time consuming proprietary codes can open the
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door for a more comprehensive investigation of floating OWC geometry. Additionall, it can

benefit the research community by providing an inexpensive time domain modelling tool for

this WEC archetype.

6.2 Contributions

This thesis has several contributions. The predominant contribution is the creation of an

open-access time domain modeling tool for floating OWCs. The creation of this tool also

involved selecting appropriate models for different physical effects and determining what

physical effects to take into account. Additionally, this body of work uses the pressure

distribution model, something that other time domain modeling tools do not consider. In

this pressure distribution model, unique FRFs appear, and this thesis demonstrated the

adequacy of the state space representation to circumvent convolution integration for these

FRFs. Finally, this thesis demonstrated the use of this tool by exploring several BBDB

geometries for a wave condition.

6.3 Recommendations for Future Work

FlOWCITSS as a tool has a lot of potential directions for future work. In order to get a

better idea of the error associated with simulations using FlOWCITSS, the tool could be

compared to an experiment with fewer uncertainties and unknowns.

Several aspects of the mathematical model could be refined. The mooring model could be

improved by considering a nonlinear damping relationship, instead of the linear relationship

that FlOWCITSS currently assumes. Additionally, the drag estimation could be refined

by more carefully considering the variation of the fluid velocity across the surface of the
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body. Furthermore, the calculation of the inputs could be expanded to include irregular,

polychromatic waves. This would allow for users to simulate more realistic wave conditions

and obtain a better of understanding of how a WEC would perform in an actual ocean.

The implementation of FlOWCITSS could be further improved by making it more robust or

efficient. Ideally, all geometries would be able to be simulated for all realistic wave conditions,

and increased efficiency or robustness would help achieve that goal.
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Appendix A

First Appendix

A.1 GitHub Repository

Here is the link where the MatLab script, block diagram, and user guide are published and

publicly accessible: https://github.com/wendelleS/FlOWCITSS
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