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Abstract

The thesis aims at studying the non-linear performance of a designed 1/50 scale

point absorber wave energy converter (PAWEC) in heave motion. In particular,

designs of the PAWEC geometry and control strategy are considered to optimize

the power capture. Experimental and computational �uid dynamics (CFD) data

are provided to evaluate the studies. Speci�cally, this thesis can be summarized

into four parts.

Firstly, a numerical wave tank (NWT) is constructed in a commercial CFD pack-

age ANSYS/LS-DYNA. The main objective associated with the NWT is to closely

reproduce the physical wave-PAWEC interactions. To achieve this, physical ex-

perimental data from two speci�ed WECs are provided to verify the capability of

the NWT. One of the devices is the PAWEC designed at University of Hull. Free

decay, excitation force and water splashing tests, etc., are conducted. As a re-

sult, the developed NWT is validated to be capable of representing the non-linear

behaviors of the PAWEC compared with the costly physical experiments.

The second part focuses on investigating the extent to which the non-linear hydro-

dynamic characteristics of the PAWEC need to be considered. By comparing with

the CFD data from a series of tests, a non-linear mathematical modeling involving

a quadratic viscous term is veri�ed. The results show that the non-linear PAWEC

behavior for the conditions of large oscillations (e.g., near resonance or at a large

wave heights) can only be predicted realistically by considering a correct viscous ef-

fect. This study highlights that the linear counterpart derived from potential �ow

code ANSYS/AQWA fails to describe the PAWEC behavior and would mislead

the control strategy and power take-o� (PTO) designs. Additionally, the results

show that the viscous damping is signi�cantly larger than the inviscid radiation

damping for the �at-bottom cylindrical heaving PAWEC.
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It is found that the viscous e�ect can induce clear energy losses during device

oscillations which is unwanted for a PAWEC system. Therefore, in the third

part, besides the original �at-bottom PAWEC, two streamline-bottom counter-

parts are proposed to improve the capability of power capture. Free motion tests

are conducted in the NWT regarding the three di�erent geometric devices. The

results indicate that for the streamlined devices, the added mass and hydrody-

namic damping decrease by up to 60% compared with the �at-bottom device.

More importantly by simulating PTO system in the NWT, it is found that there

exists a clear mutual interaction among the designs of the device geometry and

PTO damping. Applying a proper PTO damping to the streamlined PAWEC can

prominently improve the optimal power absorption e�ciency by up to 70% under

both regular and irregular waves, compared with the �at-bottom PAWEC.

Finally, a fuzzy logic control strategy with particle swarm optimization algorithm

(PSO-FLC) is implemented on the developed non-linear modeling to adaptively

tune the PTO damping for power absorption maximization. The fuzzy rule base

is initialized according to the power capture characteristics achieved through the

NWT tests. PSO algorithm is then used to search for more e�cient rules. It is

found that applying a well-designed fuzzy inference system can adaptively tune the

PTO damping for power capture optimization in contrast to the passive control

with constant PTO damping.
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Chapter 1

Introduction

1.1 Background

Marine energy is extracting increasing attentions for the capability of meeting the

energy demand of the world, whilst protecting consumers from fossil fuel crisis,

contributing to the reduction of carbon emissions and stimulating economic devel-

opment in coastal areas (Badcock-Broe et al., 2014). Generally, there are a wide

variety of marine energy extraction forms including: wave energy, tidal energy,

marine current power, ocean thermal energy, osmotic power, marine biomass and

submarine geothermal energy (Edenhofer et al., 2011).

Figure 1.1 provides an overview of the international development distributions of

the marine energy technology (OES, 2014b). As seen, this technology is mainly

developed and applied in mid-latitude coastal countries where the wave energy

density is signi�cant, e.g the UK, Ireland, Denmark, the Netherlands, France,

Germany, Norway and Portugal, etc. It has been predicted that there is a potential

to develop 20,000 to 80,000 TWh of electricity per year from ocean. In particular,

1
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the potential associated with wave energy is estimated to be approximately 28,000

TWh a year (IEA, 2016, OES, 2013). EIA (2013) estimated that the world's

electricity demand in year 2009 can be provided by capturing only 5% of the wave

power. To date, wave energy has attracted over 170 developers in the world to

date. This number con�rms the global interest and e�orts in developing wave

energy technologies.

Figure 1.1: International development distributions of the marine energy tech-
nologies (OES, 2014b).

1.2 WEC devices

Presently, large numbers of wave energy conversion (WEC) devices have been

proposed for electricity generation from wave. Historically, the �rst attempt of this

technology is recorded to date back to 1799 (Pecher and Kofoed, 2017, Clément

et al., 2002). In modern times, Yoshio Masuda has been regarded as the father of

the modern WEC technology by conducting experimental studies since 1940s in

Japan. The renewed interest in wave energy was motivated in response to the oil

shortage in the beginning of 1970s (Evans, 1981). During this time, Prof. Stephen
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Salter from Edinburgh University, one of the earliest pioneers contributed lots of

e�orts on this technology, by inventing the famous "Edinburgh Duck" (Salter,

1974). However, the perceived need of this energy source turned to decline in

1980s due to the oil glut. More recently, the potential for wave energy resources

has experienced an upsurge, following climate change issues and a need for the

development of a better portfolio of marine energy sources (Falnes, 2007).

By now, WEC devices can be generally divided into 8 categories based on the

working principle and operating location (e.g., onshore, nearshore and o�shore).

Figure 1.2 illustrates the representative types and the corresponding working prin-

ciples, as summarized by EMEC, OSU (2013):

� Attenuator device (AD): a �oating, multi-segmented device which drives the

hydraulics to generate electricity by the relative movement between the two ad-

jacent segments. The most famous AD is Pelamis invented by Pelamis Wave

Power (Henderson, 2006). A device named StringRAY from Columbia Power

Technologies can be regarded as a hybrid PAWEC-AD device (StringRAY). A

hinged-raft device from Mocean Energy is a two segmented AD device (http:

//www.moceanenergy.com/).

� Oscillating wave surge converter (OWSC): a device which oscillates in pitch/-

surge direction in response to the waves, leading to the motivation of the hydro

power system for electricity generation. The WaveRoller from AW-Energy (Wa-

veRoller), Oyster invented by Aquamarine Power (Cameron et al., 2010, Whittaker

et al., 2007), Langlee from Langlee Wave Power (Pecher et al., 2010) and "Edin-

burgh Duck" (Salter, 1974) are the typical OWSC devices.

�Oscillating water column (OWC): a submerged, hollow structure where the trapped

air is compressed and decompressed by the action of waves resulting in the turbine

rotation to generate electricity. Typical examples are the LIMPET built into a

http://www.moceanenergy.com/
http://www.moceanenergy.com/
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Figure 1.2: Main categories of WEC devices and schematic of operation prin-
ciple. a. Attenuator device. b. Oscillating wave surge converter. c. Oscillating
water column. d. Point absorber wave energy converter. e. Bulge wave de-
vice. f. Submerged pressure di�erential device. g. Rotating mass device. h.
Over-topping device. The used �gures above are from OSU (2013) and Goggle

Images.

solid rock coastline of the Isle of Islay (Boake et al., 2002) and the �oating device

Mighty Whale (Washio et al., 2000).

� Point absorber wave energy converter (PAWEC): a small dimensional device

relative to the incoming wave length, which can operate in all directions to drive the

power system for energy conversion. Notable PAWEC devices are the WaveStar

(Marquis et al., 2010), Wavebob (Weber et al., 2009), CETO (Carnegie) and the

FO3 device developed by the Norwegian entrepreneur Fred Olsen (Leirbukt and
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Tubaas, 2006).

� Bulge wave device (BWD): a rubber tube �lled with water, where the bulge is

created by pressure variations caused by the passing waves and moves toward a

turbine in the bow to generate electricity. The Anaconda wave device is a notable

BWD (Heller et al., 2000).

� Submerged pressure di�erential device (SPDD): a device which works on the

principle of the pressure di�erential generated from the wave motions. One famous

SPDD is the Achimedes Wave Swing proposed by AWS Ocean energy (de Sousa Prado

et al., 2006).

� Rotating mass device (RMD): a device which uses the wave motion to spin a

rotating mass to drive the generator for electricity generation. A famous example

is the Penguin by Wello (Wello).

� Over-topping device (OTD): a collector which concentrates the wave over the top

of the structure and then funnels the waves into the reservoir resulting the generated

�ow to spin the hydro turbine for electricity generation. The most notable system

is the Wave Dragon (Kofoed et al., 2006)

Apart from the working principles, the WEC devices can also be divided into

di�erent groups based on the locations. As show in Figure 1.3, according to the

installed locations, the WEC devices can be divided into three types: onshore,

nearshore and o�shore (López et al., 2013). Based on di�erent locations, the

designs for mooring and cable systems can be totally di�erent. For onshore devices,

they do not need mooring systems and long lengths of sea cables to transfer the

generated electricity to the national grid. The devices are directly based on a

cli� or a dam where can be easily accessible. This leads to easy maintenance and

installation. For nearshore WEC devices (particularly when restricted to heave

motion, like Seabased, Bolt Sea Power (Sjolte et al., 2013)), the mooring lines
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are generally designed to be taut in order to transfer the oscillation to drive the

generator. Figure 1.4 shows the working principle of the device from Bolt Sea

Power. As seen, a taut winch line is connected to a winch which connects to the

gearbox to drive the generator. The lifetime of the winch line is quite short, up

to 6 years by abrasion about a few hundred cycles. However, it is known the

typical wave site has around �ve million waves per year. Therefore, it would be

quite important for the selection and design of the durable winch line. Similarly,

a taut mooring line in the Seabased device is used to directly drive the linear

generator for electricity generation. By contrast, when the device is placed in the

o�shore, the mooring systems are basically designed to be slack. The long length

sea cables are required to transfer the energy to the grid. This increases the cost

of marine energy to a high degree. Recently, attentions are paid on the ideas of

"hydrogen" storage, which proposes to transfer the electricity into hydrogen and

then transport the hydrogen to mainland by the existing oil&gas pipelines. EMEC

has produced the world's �rst tidal-powered hydrogen generation, as shown in the

Figure 1.5.

Based on the energy conversion principles, the WEC devices can be generally di-

vided as two types: multi-stages conversion and direct conversion (López et al.,

2013). When transferring wave energy to electricity, there exists some transmis-

sion components that link the oscillating WEC devices to the rotatory generators.

These kinds of devices relate to the multi-stages conversion type. The most popu-

larly used transmissions are: pneumatical, hydraulic and mechanical types. With

the introduction of self-rectifying air-turbines, like Wells air-turbine, Dennis-Auld

air-turbine and impulse air-turbine, the generator can keep e�ciently rotate in one

direction despite the directional air �ow (Falcão et al., 2018). These have been

popularly used in the OWC devices. For some WEC devices, like Ocean Power

Technology, Pelamis (Henderson, 2006), hydraulics are introduced to storage the
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Figure 1.3: Di�erent types of WEC devices based on installed location. From
left to right, the WEC devices are Masuda' navigation buoy (Henriques et al.,
2016b), the Columbia Power Technologies device (Rhinefrank et al., 2010), the
Bolt Sea Power device (Sjolte et al., 2013), the Oyster device (Cameron et al.,
2010), the Coppe Subsea device (Estefen et al., 2010) and the LIMPET device

(Falcão and Henriques, 2016).

captured wave energy �rst into hydraulic energy. Then the hydraulic energy is

converted into electricity by driving a hydraulic motor. For the direct conver-

sion, the systems use direct-linear generator instead of the rotatory generators.

By doing so, they do not need any transmissions. As the design from Seabased

device, the linear generator is directly coupled to the oscillating buoy without any

intervention systems (Chatzigiannakou et al., 2017).

Instead of using real rotatory or linear generators, some generator simulators (see

Figure 1.6) are applied while undertaking lab tests. For OWC devices, they com-

monly changes the dimensions of the ori�ces to simulate the generator (Fleming

and Macfarlane, 2017). Additionally, some devices use the the mechanical viscous
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Figure 1.4: Taut winch line used in the WEC device from Bolt Sea Power
(Sjolte et al., 2013).

damper, dashpot (linear/rotatory) to simulate the PTO. In the application of the

two-body oscillating device from national renewable energy laboratory (NREL), a

viscous damper is used by changing the ori�ces dimension and numbers to simu-

late varying PTO damping (Yu et al., 2015). In the laboratory tank test of the

OWSC type device, a rotary dashpot is used to provided damping torque (Flo-

card and Finnigan, 2012). Additionally, magnet brakes are used as alternatives.

Uppsala buoy employs an eddy current brake as the generator simulator (Thomas

et al., 2018). For the heaving PAWEC designed by Harbin Engineering Univer-

sity, a permanent electromagnetic brake is used to o�er damping force (Chen et al.,

2018).

1.3 Challenges and objectives

Although the development of WEC devices has not converged as yet into a speci�c

format or type of energy devices, the PAWEC type shows to be the most promising
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Figure 1.5: Tidal-powered hydrogen concept generated by EMEC. The �gure
is from the EMEC website http://www.emec.org.uk.

solution. As described in Figure 1.7, OES (2014a) indicates that PAWEC systems

attract the most R&D e�orts, followed by AD and OWSC.

The popular development of PAWEC device can be related to the following advan-

tages. First of all, the systems are relatively simple. As a result, they can avoid

lots of components leading to the reduction of the cost(Drew et al., 2009). For ex-

ample, the hallmark of the PAWEC device from Seabased technology is simplicity.

http://www.emec.org.uk
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Figure 1.6: General examples of the PTO simulators used in the laboratory
tank tests. a. Ori�ce type used in OWC devices. b. Mechanical viscous damper
or dashpot applied in the NREL two-body PAWEC (Yu et al., 2015). c. Ro-
tary dashpot used in the bottom-hinged pitching point absorber (Flocard and
Finnigan, 2012). d. Eddy current brake used in Uppsala buoy (Thomas et al.,

2018).

Figure 1.7: Distribution of the R&D e�orts regarding the WEC devices.
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The main components only include: one point buoy, one steel line and a direct-

drive linear generator. Then it should be note that the dimension of this kind of

device relative to the wave length is considerably small, which allows the device

to be wave-direction independent and capture wave energy in all directions. As

generally known, in the open-sea, all though there exists a domain wave direction

in a speci�c location, the waves are actually directionally spreading. Therefore,

by selecting a small dimension, the device can be freely active without considering

to shift itself to coincide with the domain sea direction for power maximization.

More importantly, compared with a PAWEC, there exists a high risk of generating

bending moment in a large dimensional device. To realize the power maximization

and the levelized cost of Energy (LCOE) reduction, more and more work is under-

way to study the practicality of developing arrays(Folley et al., 2012). Presently,

most arrays are based on PAWEC devices, like the technologies from WAVESTAR,

CETO, Seabased, WETFEET. Unlike the famous surge oscillating device, Oyster

which needs to be installed in nearshore, most of the PAWEC devices can be de-

veloped into �oating structures installed in the o�shore where there exists a huge

amount of wave energy. With the simplicity of PAWEC device, the corresponding

physical or numerical models can be relatively easy to be constructed(Eriksson

et al., 2005). Therefore, lots of studies are based on PAAWEC devices. However,

it should be noted that by now the WEC device has not converged to any spe-

ci�c technology. There exists disadvantages for di�erent devices. Compared to a

generic hinged device, the risk for a Seabased PAWEC device under extreme con-

dition can be quite high. For hinged device, the raft can rotate along the hinged

point into a high degree which makes e�ective survivability under harsh condi-

tions. However, the stroke for the Seabased PAWEC device should be constrained

into a range to avoid the resulting damage of direct-drive PTO under large oscilla-

tions. This has been carefully studied with the application of a end-stop interface

(Göteman et al., 2015). Also, the di�culties of improving the survivability of
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the WEC devices in extreme conditions and of solving the corrosion problem in

marine environment are needed to be carefully considered. Due to the installed

locations are nearshore and even o�shore, these de�nitely improve the technical

di�culties and cost of maintenance. Marine energy is a multi-disciplinary requir-

ing the consideration of lots of subjects together to realize the LCOE reduction

for the aim of commercialization. It can be important to carefully study the gaps

and similarities from the much more developed oil & gas and o�shore wind farms,

in order to inherit the development technologies.

Figure 1.8: 1/50 scaled PAWEC and corresponding experimental wave tank
at UoH (Jin et al., 2018).

It should be note that it is very di�cult to see that PAWEC device can be the

most e�ective device . However, inspired by its simplicity for physical and numer-

ical models, studies on a designed 1/50 scale vertically oscillating PAWEC are in

progress at University of Hull (UoH) (Guo et al., 2018a,b, Jin et al., 2018, Jin and

Patton, 2017, Jin et al., 2016, Guo et al., 2016, Abdelrahman et al., 2016). The

main theme is to propose an e�cient system to maximize the PAWEC performance

in capturing wave energy with the consideration of the PTO and control actions.

Figure 1.8 shows the physical experimental scenario. A series of tank tests have

been conducted, including the free decay test, free motion test and wave excita-

tion force test. By summarizing the physical experimental studies, the following
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issues/challenges and corresponding objectives are proposed to be considered for

the designed PAWEC in this thesis:

� Challenge 1: Experimental tests are limited by the physical facility of the wave

tank. Due to the e�ects of wave re�ection and standing wave, it is found that the

physical wave tank at the UoH can only generate a limited range of stable waves.

For example, regular waves with amplitude larger than 0.1 m and frequency less

than 3.14 rad/s cannot be provided stably. In this case, it is impossible to under-

stand the thorough PAWEC behaviours under varying wave conditions, especially

extreme waves. To overcome this, numerical tank tests can be an appropriate

alternative. As indicated by Ransley et al. (2017), computational �uid dynamics

(CFD) model can closely reproduce the non-linear �uid dynamics associated with

the interaction of extreme waves and WEC devices if the model is well-designed.

Therefore, the �rst objective of this thesis is to build a capable numerical wave

tank (NWT) in order to thoroughly investigate the PAWEC performances under

various wave conditions.

� Challenge 2: The linear model fails to predict the PAWEC hydrodynamics. A

linear mathematical model is obtained from the boundary element method (BEM)

in order to describe the PAWEC hydrodynamics. It is found that the model would

signi�cantly over-predict the device response by comparing with the experimen-

tal data from free decay test. By contrast, by taking into the non-linear viscous

and frictional factors into account, the derived non-linear model shows the supe-

riority in representing the PAWEC's free decay motion, as indicated by Guo et al.

(2018a). In addition to the free decay dynamics, the hydrodynamic interaction be-

tween the PAWEC and varying waves also need to be carefully studied. The device

hydrodynamics against varying wave conditions can be of fundamental importance

to predict power absorption e�ciency. More importantly, as the subsystems of a

WEC system, the PTO design as well as the control strategy development are
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highly dependent on the device hydrodynamics responding to the waves. There-

fore, a faithful hydrodynamic modeling can be critical to suggest the PTO and

control systems designs (Son and Yeung, 2017, Goggins and Finnegan, 2014, Hals

et al., 2011b, DelliColli et al., 2006). Consequently, the second objective of this

thesis is to identify an overall non-linear model to e�ectively perform the PAWEC

behaviors interacting with waves, especially under large oscillations.

Figure 1.9: Close-up of the 1/50 scale PAWEC designed at University of Hull

Figure 1.10: Vortex formation around a �at-bottom buoy during oscillation
in regular wave. The �gures are from Zang et al. (2018).

� Challenge 3: The designed PAWEC may lead to clear energy losses while oscil-

lating. Figure 1.9 demonstrates the close-up of the designed 1/50 scale PAWEC.

As seen, the device is a cylindrical buoy with �at bottom. By conducting free
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motion test, it is noticed that there exists apparent vortex formation around the

�at bottom of the PAWEC, especially under large oscillations. This phenomenon

concurs with the experimental record achieved by Zang et al. (2018), as shown in

Figure 1.10. Tom and Yeung (2013) have indicated that the �oater with �at bot-

tom generates signi�cant vortex shedding around the structure which may lead to

energy losses. They suggested the bene�ts of enhancing energy capture e�ciency

from shape or geometry optimization. Therefore, the third objective of this the-

sis is to optimize the PAWEC pro�le with the aim of reducing the energy losses

caused by vortex.

� Challenge 4: Model dependent controller may lose e�ectiveness if the physical

model is not accurately formulated. Numbers of control methods have been applied

to realize power absorption maximization from wave, e.g., reactive control (Hals

et al., 2011a), latching control (Sheng et al., 2015, Babarit and Clément, 2006)

and model predictive control (MPC) (Hals et al., 2011b, Brekken, 2011), etc. It

has been found that most of these controllers are of reference-required type, such

as an optimal velocity trajectory is needed in Guo et al. (2016). This means the

controller actions are dependent on the WEC hydrodynamic model. Therefore,

it is cleat that the controller may fail if the given hydrodynamic plant cannot

faithfully describe the system behaviors. To overcome this, a model-free controller,

e.g., FLC is used in this work. Consequently, the fourth objective of this thesis

is to investigate the capability of the FLC in controlling the PAWEC device for

power absorption optimization.

1.4 Outline of the thesis

According to the objectives listed above, the thesis structure is outlined in Figure

1.11 and detailed as follows:
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Figure 1.11: Structure of the thesis.

Chapter 1 provides a brief background of the wave energy development and

introduces a wide variety of the WEC devices. This study focuses on the challenges

and objectives corresponding to PAWEC devices and this Chapter provides some

of the background details. The remaining structure of the thesis is outlined below.

Chapter 2 provides a general literature review of the technical developments

related to the PAWEC system, including the review of di�erent types of PAWEC

devices, as well as the review of the PAWEC dynamics study and corresponding

control strategies.
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Chapters 3 to 6 are the main contributions of this thesis and can be summarized

as follows:

Chapter 3 is related to the �rst objective and details the construction of a

NWT by the commercial CFD software ANSYS/LS-DYNA. Data from physical

wave tank are provided to verify the capability of the NWT. It is found that the

developed NWT can closely reproduce the physical non-linear behaviours that the

PAWEC interacts with the waves.

Chapter 4 is related to the second objective and focuses on the derivation of an

overall non-linear mathematical modeling for practically representing the PAWEC

hydrodynamics. The non-linear mathematical model is identi�ed through the

NWT built in Chapter 3. The non-linearities of the PAWEC performance are

discussed by comparing the achieved data from linear model, non-linear model,

NWT and physical experiment. It is found that the non-linear PAWEC behavior

for the conditions of large oscillations (e.g., near resonance or at a large wave

heights) can only be predicted realistically by considering a correct viscous e�ect.

Inaccurate representation (e.g., the linear model) would result in vital errors, e.g.,

over-estimating the amplitude response, mis-predicting the resonance and mis-

leading the performances of the PTO and control systems.

Chapter 5 is related to the third objective and studies the PAWEC geometry

optimization for power absorption maximization. Two further (more streamlined)

geometric counterparts are proposed in comparison with the original �at-bottom

device. A series of tests related to the three PAWEC devices are conducted in the

NTW built in Chapter 3. The results show that a PAWEC device with stream-

lined bottoms can a�ect the device hydrodynamics by signi�cantly reducing the

hydrodynamic added mass and damping coe�cient. Additionally, it is found that

there exists clear joint e�ects between the device geometry and PTO damping on

the PAWEC power capture performance. Applying an appropriate PTO damping
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to the streamline-bottom device can prominently increases the achievable optimal

power under both regular and irregular waves (compared with the �at-bottom

PAWEC).

Chapter 6 is related to the fourth objectivity and investigates the performance

of the model free FLC for enhancing the PAWEC power absorption e�ciency. The

controller is built by using the non-linear modeling proposed in Chapter 4 as the

hydrodynamic plant. The PAWEC's power capture characteristics achieved from

Chapter 5 are employed to design the fuzzy rule base. Additionally, the PSO

algorithm is involved into the FLC to optimize the fuzzy rule base in order to

further improve the power absorption e�ciency.

Chapter 7 summarizes the thesis and provides a restatement of the contributions

as well as prospects for future research.



Chapter 2

Literature Review

2.1 Introduction

As mentioned in Chapter 1, this thesis focuses on the study of a 1/50 scale point

absorber wve energy conversion (PAWEC) device. Before describing the main

work related to the device in Chapters 3 to 6, this Chapter aims at giving a

brief literature review about PAWEC systems, including: (i) the di�erent types of

PAWEC devices; (ii) the corresponding dynamic performance study; and (iii) the

control strategies used for the improvement of the power absorption e�ciency.

The rest of this Chapter is described as: Section 2.2 provides a literature review of

the popular PAWEC devices; Section 2.3 provides a review of the dynamic perfor-

mance investigation of PAWEC device via experimental and numerical approaches;

the corresponding control strategies applied on PAWEC systems are reviewed in

Section 2.4; Section 2.5 summarizes this Chapter.

19
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2.2 PAWEC devices

Figure 2.1 presents in detail the main PAWEC developers, most of which have

conducted full-scale sea tests.
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Figure 2.1: Representative PAWEC developers. The used �gures are from the
corresponding websites listed above.

As observed in Figure 2.1, PAWEC systems can be divided mainly into two cate-

gories:

� One-body PAWECs: devices which possess only one �oater and excited by the

incident waves for electricity generation. The devices are attached directly by
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mooring lines or robust arms to any type of references, e.g., generators, breakwa-

ters, jetties and �xed platforms, etc. For devices, such as Wavestar, the motions of

the �oats are transferred via the arms to drive the hydraulics to produce electricity

(Kramer et al., 2011). For systems, such as Seabased buoy, the taut mooring line

is required to directly drive the linear generator which is installed on the seabed

(Eriksson, 2007).

� Two-body PAWECs: devices which drive power take-o� (PTO) systems to gener-

ate electricity based on the relative motions between the self-referenced two bodies.

For devices, such as OPT PowerBuoy, the �oat moves up and down the spar by the

excitation of the incident wave. The heave plate maintains the spar in a relatively

stationary mode. As a result, the relative motion between the �oat and the spar

drives a PTO system for electricity generation (Edwards et al., 2014).

Fred Olsen Ltd. has carried out the research on PAWEC system for almost 16 years

(http://boltseapower.com/). Starting out with high ambitions, Fred Olsen Ltd.

built a semisub platform consisting of several heaving PAWECs in 2005, known as

the famous FO3 system (see Figure 2.2a). Nevertheless, from the in-sea experience,

it was indicated that the challenges of operating large wave energy conversion

(WEC) system in real sea are considerably high. Hence, it was necessary to shift

to small autonomous power device, namely PAWEC device (see Figure 2.2b). It

was suggested that the hydrodynamics of the PAWEC devices should be carefully

studied not only in small and moderate wave conditions, more importantly, under

large or even extreme wave conditions (see Figure 2.2c).

http://boltseapower.com/
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Figure 2.2: WEC systems developed from Fred Olsen Ltd (http://
boltseapower.com/). (a) The large WEC platform, named as FO3. (b) The
relatively small dimensional PAWEC. (c) The PAWEC operating in the storm

condition.

Inspired by the PAWEC systems listed above, the simplest concept namely the one-

body PAWEC device is focused on this thesis (see Figure 1.8). The objective is to

gain a thorough understanding of the hydrodynamic characteristics of the designed

1/50 scale PAWEC device and communicate these e�ciently in the thesis. The

Section 2.3 gives a literature review of the PAWEC hydrodynamic study.

http://boltseapower.com/
http://boltseapower.com/
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2.3 Review of dynamic study of PAWEC devices

This Section outlines the literature review of experimental and numerical studies

on the PAWEC dynamic performance. Furthermore, the corresponding advantages

and disadvantages of di�erent methods and the applicability of each method are

brie�y introduced.

� Experimental approaches are generally used to physically understand the

PAWEC performance in response to incident waves. De Backer (2009) demon-

strated the hydrodynamic characteristics of the heaving PAWEC devices (with

conical and hemispherical bottoms) from a series of free decay, excitation force

and slamming tests. More importantly, the overestimation of linear model in

terms of power production was clearly validated by comparing with experimental

data. As indicated by Madhi et al. (2014), a so-called "Berkeley Wedge" pro�le

was applied to produce a physically asymmetrical heaving PAWEC. The device

appeared to have a considerably high capability of capturing wave energy by sig-

ni�cantly minimizing the e�ects from viscosity. By conducting physical free decay

tests, Guo et al. (2018a) suggested the non-linear hydrodynamics of a 1/50 scale

cylindrical PAWEC caused by viscosity and friction e�ects. Zang et al. (2018)

conducted experimental study on the power performance of a heaving �at-bottom

PAWEC device under regular and irregular waves. It was suggested that the vor-

tices generated around the bottom corner of the device can provide signi�cant

energy losses.

With no doubt, physical test should be the most accurate method to present

PAWEC dynamics by naturally taking all of the non-linearities into account.

However, this method has a main drawback, namely "costly". In contrast to

experimental studies, cheaper methods, i.e., numerical approaches can be more

appropriate to start.
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� Numerical approaches are widely applied with the aim of closely reproducing

the physical data. Several numerical methods are generally used to represent the

PAWEC hydrodynamics, including the linear method, fully non-linear method and

the partial non-linear method (Li and Yu, 2012). The corresponding details are

summarized as bellow:

� Linear method is based on the boundary element method (BEM) regarding

the linear potential �ow theory. The typically used BEM software packages

are WAMIT, AQWA, NEMOH, etc. The linear approach has several ad-

vantages. For example: it (i) predicts the hydrodynamics of a WEC system

in the frequency domain which can be easily transferred into the time do-

main (Taghipour et al., 2008, Yu and Falnes, 1995); (ii) needs relatively low

computations; and (iii) provides the hydrodynamic plant for control strat-

egy analysis and designs (Son and Yeung, 2017, Brekken, 2011, Babarit and

Clément, 2006). By using linear methods, Goggins and Finnegan (2014),

McCabe (2013) and De Backer (2009) investigated shape or geometry op-

timization to improve the performances of PAWEC devices, respectively.

Eriksson et al. (2005) studied the power capture capability against the PTO

damping for di�erent device diameters. In addition to the single WECmodel,

Forehand et al. (2016) described a fully coupled, bidirectional model to pre-

dict the hydrodynamic, mechanical and electrical response for an array of

WECs. Additionally, the linear model has been generally applied for control

strategy design, including the reactive control (Hals et al., 2011a), latching

control (Babarit and Clément, 2006) and model predictive control (MPC)

(Hals et al., 2011b, Brekken, 2011), etc. Nevertheless, this method has a

serious drawback. It may lead to exaggerations of the amplitude response

and power production of a WEC device, particularly under large oscillat-

ing conditions, like near resonance and at a high wave height (Goggins and
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Finnegan, 2014, De Backer, 2009). This is mainly associated with the accom-

panying linear assumptions of the linear method (Falnes, 2002, Journée and

Massie, 2000): (i) the wave is assumed to be linear, i.e., the wave elevation

is considerably small; (ii) the motion of the WEC device is expected to be

small; and (iii) the magnitude of the device e�ective diameter is supposed

to be as large as the incident wave length. As a result, the linear method

ignores all of the non-linear dissipative e�ects existing in practice. Hence,

the overestimation of device hydrodynamics would be commonly found in

linear approaches.

� Fully non-linear method, namely the computational �uid dynamics (CFD)

method is achieved by fully solving the Navier-Stokes (NS) equations, which

naturally considers the non-linearities of the �uid, e.g., compressibility and

viscosity, etc. (Finnegan and Goggins, 2012, Nicolas, 2007). In this case,

the non-linear hydrodynamics that the WEC device performances in re-

sponse to the waves can be predicted by using CFD methods. The generally

used software packages are Fluent, ANSYS/LS-DYNA and OpenFOAM, etc.

Through CFD analysis, Jin et al. (2018) concluded the non-linear viscosity

in�uence on the heaving PAWEC hydrodynamics. Anbarsooz et al. (2014)

conducted CFD simulations of a submerged heaving PAWEC and suggested

that the linear method is not satisfactory when subjected to steep incident

wave conditions. Yu and Li (2013) reported that the resonant amplitude

response of a two-body PAWEC device was decreased by the over-topping

action. However, the CFD method has its own limitations. For example: it

(i) requires considerably high computation; (ii) is not straightforward for con-

trol application; (iii) may fail to present the wave-PAWEC interaction if the

simulated wave deformation is considerably large i.e., considering extreme

wave conditions (Penalba et al., 2017). In this situation, smoothed-particle
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hydrodynamics (SPH) method can be an appropriate alternative to deal

with large mesh deformations. Nevertheless, it should be noticed that SPH

methods will yield increased computation expense (Yeylaghi et al., 2015).

� Partial non-linear method is adopted by extending linear models with the

inclusion of the signi�cant non-linear terms (Jin et al., 2018, Lawson et al.,

2014). One such methodology is achieved by considering the linear equiv-

alent of the non-linear factor. For example, in order to discuss the viscous

e�ect on the dynamic response of a heaving PAWEC device, a linear approx-

imation of the viscous force was added into the linear model, as reported by

Son et al. (2016). As validated by physical experiments, a linear mathemat-

ical model including a linear equivalent of the viscous factor can only be

capable of representing the dynamics of a self-reacting PAWEC when the

wave height is small (Beatty et al., 2015). When considering large oscil-

lations with high body velocity, the limitation of this approach appear by

the requirement of a changeable linearized term responding to di�erent wave

heights, as demonstrated in Tom and Yeung (2013). To overcome this, it

is expected to include the practical non-linear factors into the conventional

linear model. As indicted by Beatty et al. (2015), a quadratic viscous drag

needs to be applied in order to faithfully represent the device hydrodynamics

if the wave height is large or the body velocity is high. Validated by CFD

results, Bhinder et al. (2015) demonstrated that the accuracy of the mod-

eling (for representing the dynamic performances of a PAWEC operating in

surge mode) can be improved to a great extent by the involvement of an ad-

ditional quadratic viscous term. By conducting physical free decay testing

for a PAWEC device, Guo et al. (2018a) concluded that the non-linearities

of the free decay motions can only be practically predicted by carefully in-

cluding the viscous and frictional factors. (Davidson et al., 2015a) indicated
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that the achieved non-linear mathematical model can be used as a faithful

PAWEC hydrodynamic plant which is of fundamental importance to control

strategy design.

Figure 2.3: Advantages and disadvantages of experimental and numerical
methods.

To summarize, the advantages and disadvantages of each method are given in

Figure 2.3. As shown, real sea trials are de�nitely the most costly and challenging

ways to naturally demonstrate the performances of WEC deivces. In UK, there

are mainly two sea test sites: the European Marine Energy Centre (EMEC) in

Orkney and the Wave Hub in Cornwall. In Figure 2.3, the overlaps among di�erent

methods: experiments/CFD/partial non-linear are presented to account for the

in�uences caused by scaling and model complexity. As generally known, a tipically

small scale model is preferred to be tested at the early stage of R&D due to the

convinience.
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In this thesis, by using the validated CFD data, a non-linear modeling considering

viscous e�ects is veri�ed, in order to faithfully predict the hydrodynamic perfor-

mance of the designed 1/50 scale PAWEC. The corresponding studies are provided

in Chapters 3 and 4. In addition, the achieved non-linear modeling is applied as

the hydrodynamic plant for the control strategy design, as given in Chapter 6. The

next Section gives a literature review of the control strategies applied on PAWEC

systems.

2.4 Review of control strategies applied on PAWEC

systems

As indicated by Antonio (2010), Falnes (2007), Evans (1981), the maximum power

capture appears when "resonance" is achieved, i.e., the wave frequency matches the

WEC device natural frequency. By contrast, the power production is signi�cantly

reduced when the wave is out of phase with the natural resonance of the device.

It is clear that the natural frequency is more or less consistent for a given WEC

device. Therefore, the power capture bandwidth is considerably narrow for a WEC

device, as indicated in Jin et al. (2018). To overcome this, control applications

have attracted large numbers of research e�orts in order to broaden the power

capture bandwidth or to optimize the power absorption e�ciency.

The most important principle for controlling WEC power absorption maximiza-

tion is proposed by Evans (1981), known as the optimal control/ reactive control.

It should be noted that this concept is proposed based on the linear assumptions of

the wave-WEC interaction and is derived under a frequency domain (Hals et al.,

2011b). Therefore, this control approach is applicable under regular waves. In

other words, the optimal control force (i.e., the PTO force) can be determined
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easily under regular waves since the corresponding parameters are frequency de-

pendent. However, the PTO control force is di�cult to determine since the non-

causality under irregular waves. This is the main limitation of optimal control

(Guo et al., 2018b, Yu and Falnes, 1995, Falnes, 1995).

In contrast to the optimal control, suboptimal control strategies, such as the latch-

ing control is proposed, which can be regarded as a phase control. It focuses on

aligning the phases of the WEC device velocity and the wave excitation force (Bu-

dal and Falnes, 1982, Budal, 1981). In practice, however, it is rather a challenge to

compute the optimal latching or unlatching instants by non-causality. Babarit and

Clément (2006), Babarit et al. (2004) paid great e�orts on studying the application

of latching control strategy on WEC device. In practical applications, Lopes et al.

(2009) proposed methods to overcome the non-causality accompanying in latching

control.

To control the PAWEC device operating in the safe range, constraints on device

motion response should be taken into account. To solve this, MPC is adopted

on WEC systems, which is well known for dealing with constraints. A signi�cant

amount of work has been done by many investigators on the use of MPC strategies

for WEC control and e�ciency tuning (Amann et al., 2015, Cretel et al., 2011,

Brekken, 2011, Gieske, 2007). However, the greatest problem with MPC is the

serious computational burden on the controller by performing in real-time. To

overcome this, Fusco and Ringwood (2013) proposed a simple but e�ective real-

time control strategy. With this technique, the control force is tuned to meet

a reference (e.g., force or velocity), which is obtained by modelling the current

excitation force as a narrow banded function (Ringwood et al., 2014).

However, the aforementioned control strategies have a common disadvantage.

They all rely on the hydrodynamic models of the WEC devices to determine

the optimal control variables, i.e., model dependent. As a result, modelling errors
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would have signi�cantly negative e�ect on the energy absorption of the WEC de-

vices. Additionally, the control strategies would not be �exible with device changes

over time.

It is therefore necessary to study the feasibility of model-free controller on WEC

devices. As reported by Anderlini et al. (2017a, 2016), a model-free controller, the

reinforcement learning (RL) was applied on a WEC device to learn the optimal

PTO damping coe�cient in every sea state directly from experience. Additionally,

they applied the reactive control on a WEC device using arti�cial neural networks

(ANNS) (Anderlini et al., 2017b). This was used to map the signi�cant wave

height, wave energy period, and the PTO damping and sti�ness coe�cients to

the mean absorbered power and maximum displacement. Similarly, a model free

FLC method was applied on a WEC system, as described in Schoen et al. (2011).

As generally known, the rule-base for the FLC is constructed according to the

physical characteristics of the system. In other words, a more e�cient rule-base

can be achieved by gaining a thorough understanding of the system. In this thesis,

instead of constructing the rule-base by using experience from linear model (Schoen

et al., 2011), the rule-base for the 1/50 scale PAWEC device is designed based on

the CFD wave tank tests (see Chapter 5). The corresponding work of the FLC

implementation on the PAWEC device is described in Chapter 6.

2.5 Summary

Inspired by the PAWEC background described in this Chapter, this thesis focuses

on a study of the designed 1/50 scale PAWEC device operating in the heave mode

(see Fig. 1.8). As mentioned in Section 1.3, one objective of this thesis is to gain

thorough knowledge of the non-linear behaviors of the designed PAWEC device

in order to derive a faithful non-linear mathematical modeling. CFD wave tank



32

testing is used to identify the non-linear mathematical model. The author of this

thesis has been involved extensively in the physical wave tank experimental work,

leading to important results about the signi�cance of viscous e�ects. This is done

in relation to numerical CFD modeling to achieve good model validation. Hence,

the primary objective of this thesis is to develop a feasible CFD wave tank to

conduct PAWEC hydrodynamic tests. This is therefore the focus of Chapter 3.



Chapter 3

CFD testing platform validation by

experiments

3.1 Introduction

Referring to the thesis outline shown in Figure 1.11 in Chapter 1, the main work of

Chapters 4 and 5 is developed based on the computational �uid dynamics (CFD)

testing platform. In this case, �rst of all, a valid and favourable CFD model should

be built, which is the objective of this Chapter.

A variety of commercial and open source CFD packages, e.g., Fluent, ANSYS/LS-

DYNA and OpenFOAM, etc., can be used to simulate the wave propagation and

�uid structure interaction (FSI) (Davidson et al., 2015a, Finnegan and Goggins,

2012, Nicolas, 2007). In this work, a three dimensional (3D) numerical wave

tank (NWT) is built in the ANSYS/LS-DYNA. The �uid is governed by Navier

Stokes (NS) equations and solved by the Arbitrary Lagrangian Eulerian (ALE)

33
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formulation with the volume of �uid (VOF) approach for free surface tracking

(Hallquist, 2006).

A series of tests (including the free decay test, excitation force test, free motion test

and water splashing test, etc.) are conducted in the NWT. Physical experimental

data from two speci�ed wave energy conversion (WEC) devices are provided to

validate the feasibility of the designed NWT in representing WEC hydrodynamics.

One of the devices is the 1/50 scale PAWEC designed at University of Hull (Guo,

2017). Another device is provided by Mocean Energy, Ltd., which is awarded

a Stage 2 project through the Wave Energy Scotland Novel WEC funding call

(http://www.moceanenergy.com/). The results show that the designed 3D CFD

model is capable of representing the non-linear interaction performances among

the incident wave, WEC device and power take-o� (PTO) system.

The rest of this Chapter is described as: Section 3.2 gives the governing equations

of ANSYS/LS-DYNA; a 3D NWT is built to conduct CFD testing, as detailed

in Section 3.3; Sections 3.4 and 3.5 describe the physical experiments and cor-

responding validations against the CFD data; �nally, conclusive discussion are

drawn in Section 3.6. Note: the physical and CFD results relate to the Mocean

Energy device can be found in Appendix B.

3.2 Governing equations

By considering �uid viscosity, the governing equations for the �ow are the com-

pressible NS equation with the continuity equation, given by:

ρ(
∂~v

∂t
+ ~v · ∇~v) = −∇P + ν∇2~v +

1

3
ν∇(∇ · ~v) + ρ~g,

∂ρ

∂t
+ ρ∇ · ~v = 0,

(3.1)

http://www.moceanenergy.com/
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where ρ, ~v, P and ν represent the �uid density, velocity, pressure and kinematic

viscosity, respectively. ~g is the applied gravitational acceleration in the �uid.

Figure 3.1: A general sketch of the di�erences between Lagrangian and ALE
approaches (Bakroon et al., 2017).

The ALE element formulation is used for solving the large deformations of the

�uid during �uid-structure interaction. Figure 3.1(a) give a general idea of what

the di�erence between the traditional Lagrangian method and the ALE approach.

In the Lagrangian algorithm, nodes on meshes are attached to material points,

meaning that they move and deform wth the material. Therefore, Lagrangian

formulation can lose accuracy at very large distortion of the elements when the �uid
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Figure 3.2: A sketch of the ALE mesh update while wave propagating.

has large deformation, as shown in Figure 3.1(b). Conversely, ALE method adopts

another two steps to solve the distorted elements: the remap step and the advection

step. The remap step interpolates the mesh into a modi�ed mesh to obtain a new

better localization for the distorted mesh. The advection step lets the material to

�ow to the new modi�ed mesh. Therefore, ALE has been successfully applied to

solve large deformation, as shown in Figure 3.1(b) (Bakroon et al., 2017). Figure

3.2 clearly shows an example of the mesh update while wave propagating based on

ALE approach. The �uid structure interaction (FSI) coupling is calculated by the

penalty method, which solves the coupling force as a spring-damper system. More

details of the ALE NS solver with the penalty method used in ANSYS/LS-DYNA

can be found in Souli and Benson (2013).
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3.3 CFD model construction

A feasible and favourable NWT should have the ability to closely replicate the

experimental wave tank system considering the physical con�gurations of the tank,

WEC device, wave condition and the measuring instruments.

To achieve this, a general form of 3D NWT is built, as shown in Figure 3.3.

The model is typically composed of four parts: (i) the paddle wave-maker for

wave generation (ii) the water and air domains for wave propagation; (iii) the

interaction zone for wave-WEC-PTO interaction; (iv) the arti�cially sloped beach

for wave dissipation. In this work, the PTO action is simulated in the NWT by

introducing a linear damper component. Note that: the physical wave-maker in

the UoH wave tank is piston type. However, it is found that by using piston

wave-maker in the numerical wave tank, the generated wave can be quite unstable

after a while, e.g., after 10 s. Conversely, the paddle wave-maker shows better

ability in generating stable wave for a longer duration. For example, 30 s of stable

numerical wave can be achieved by paddle wave-maker (see Figure 3.11). This

can be associated with the fact that the paddle wave-maker produce the water

particles to obey orbital motion decaying with depth. This follows the physics of

the ocean waves. However, piston wave-maker produces the water particles in all

depths to have almost the constant horizontal motions. This would leads to large

amount of energy accumulation while wave propagating and results in unstable

wave. Therefore, the paddle wave-maker is applied in the numerical wave tank.

Several techniques used for constructing the CFDmodel are summarized as follows:

Remark 1: boundary descriptions

As generally known, due to the existence of walls in the physical wave tank, the

hydrodynamic characteristics of a WEC device would show discrepancies compared
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Figure 3.3: A general sketch of the NWT built in ANSYS/LS-DYNA.

to the open sea results (Yeung and Sphaier, 1989). If the wave tank width is too

small, the waves generated during WEC device oscillations would be re�ected

by the side walls. These re�ected waves would then act on the WEC device and

thereby a�ect the dynamic response of the WEC device to a great extent. In order

to avoid the e�ects, theoretically, an in�nitely wide NWT is required. However, it

is obvious that an in�nitely wide NWT cannot be modeled. Therefore, a �nitely

wide NWT is developed in this work by de�ning the two lateral walls with non-

re�ecting boundaries to prevent wave re�ections from intervening the model and

contaminating the results. In this case, the NWT with non-re�ecting boundaries

can be viewed as an open wide tank. The inlet boundary is de�ned as the wave-

maker with speci�ed displacement. The outlet and ground boundaries are assigned

with static wall conditions.

Remark 2: construction of the wave-maker

A paddle wave-maker is applied in the inlet of the NWT, as shown in Figure 3.3.

It is simulated by a layer of nodes allocated in the in�ow boundary. For wave

generation, the wave-maker is designated with prescribed angular displacement

θ(t) according to the wave-maker theory as follows (Dean and Dalrymple, 1991,

Ursell et al., 1960):
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H

s
=

4 sinh k0h

k0h

k0h sinh k0h− cosh k0h+ 1

sinh 2k0h+ 2k0h
,

∆θ = arctan
( s

2h

)
,

θ(t) = ∆θ sin(ωt),

(3.2)

where s is the stroke of the wave-maker; k0 is the wave number depending upon

ω2 = gk0 tanh k0h; h represents the water depth; θ(t) and ∆θ are the angular

displacement of the wave-maker and corresponding amplitude. Clearly, to generate

a regular wave with speci�ed wave height H and wave frequency ω, corresponding

angular displacement θ(t) can be obtained to govern the motion of the wave-maker

based on Eq. (3.2)

The regular wave is described by:

λ(t) =
H

2
sin(ωt). (3.3)

To describe irregular waves, wave spectrum is adopted. The commonly used are

the Pierson-Moskowitz (PM) and the JOSWAP spectra. PM is a one parameter

dependent spectrum (see Eq. 3.4), describing the fully developed seas in the North

Atlantic according to the local winds (Moskowitz, 1964):

S(ω) =
αg2

ω5
e−0.74(g/Uω)

4

, (3.4)

where α = 8.1× 10−3 and U is the wind speed at a height of 19.5 m above the sea

surface. Based on the relations of signi�cant wave height or peak wave frequency

from wind speed, the PM spectra is commonly described as follows (Pierson Jr

and Moskowitz, 1964):

S(ω) =
αg2

ω5
e−0.032(g/Hsω2)2 , (3.5)
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S(ω) =
αg2

ω5
e−1.25(ωp/ω)4 , (3.6)

where Hs is the signi�cant wave height and ωp is the peak wave frequency. From

the Joint North Sea Wave Observation Project (JONSWAP), it is found the wave

spectrum is never fully developed and continues to develop. Hence an extra and

somewhat arti�cial factor was added to the PM spectrum in order to improve the

�t to the measurements. Then the JONSWAP spectrum is developed, by adding

an extra peak enhancement factor to the PM spectrum (Hasselmann et al., 1973):

S(ω) =
αg2

ω5
e−1.25(ωp/ω)43.3a ,

a = e−(ω−ωp)
2/2σ2ωp

2

,

(3.7)

where σ = 0.07 for ω ≤ ωp; σ = 0.09 for ω > ωp.

In addition to Hs or ωp, this thesis tries to understand if the width of a spec-

trum would have e�ect on the WEC performance. Hence, Ochi spectrum is used,

which is an extension of the JONSWAP spectrum in order to allow to describe

wider spectrum for developing seas or narrower for swell (Ochi and Hubble, 1977).

The Ochi spectrum is applied to describe irregular waves, speci�ed by the peak

frequency ωp, the signi�cant wave height Hs and the spectral sharpness r:

S(ω) =
1

4

(r + 1
4
)rωp

4r

Γ(r)

Hs
2

ω4r+1
e−(r+

1
4
)(ωp/ω)4 , (3.8)

where Γ(·) is a Gamma function. Figure 3.4 demonstrates examples of the spec-

trum with Hs = 0.1 m, ωp = 4.83 rad/s and r = 0.5, 3, 8, respectively.
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Figure 3.4: Three representative Ochi spectral distributions used to generate
irregular waves. Hs = 0.1 m, ωp = 4.83 rad/s.

Remark 3: grid resolution

The hexahedral grid is used in the whole 3D CFD model. To accurately simulate

the wave-WEC-PTO interaction whilst improving the computation e�ciency, ra-

diated grid solution is used in the NWT. Figure 3.5 describes a general sketch of

the grid distribution. Large amounts of grids are distributed in the interaction

zone. Away from this region, the mesh density is gradually decreased towards the

NWT boundaries.

Figure 3.5: A representative sketch of the grid resolution.
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Remark 4: generation of stable wave

To avoid wave re�ection and produce stable wave motion, various techniques can

be used with speci�ed software package. For instance, in CFX or OpenFOAM,

functions to change the momentum equations or increase the viscosity in the dis-

sipation �ow zone have been used (Simonetti et al., 2017, Finnegan and Gog-

gins, 2012). However, the source function cannot be coded in ANSYS/LS-DYNA.

Thus, as described in Lou (2017) and Park et al. (1999), the re�ected waves were

damped out by gradually increasing the mesh size toward the outlet boundary

(in ANSYS/LS-DYNA). By contrast, an arti�cially sloped beach with speci�ed

inner damping con�guration is built here in the NWT downstream to dissipate

the propagating energy, as seen in Figure 3.3.

Remark 4: extraction of the output data

The displacement, velocity and acceleration of the WEC device can be directly

obtained from the NWT. To monitor the numerical wave elevation, wave gauges

are distributed in speci�ed sites in the NWT corresponding to the experimental

con�gurations. Then the wave elevation can be calculated based on the variation

of the volume fraction of the water in time series. Pressure sensors are located at

the WEC surface to obtain the wave excitation forces and moments.

In summary, by using the described techniques above as well as referring to the

physical experimental set-up, a speci�ed NWT can be built. Section 3.5 will de-

scribes two speci�ed NWTs regarding two di�erent types of physical WEC devices.
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3.4 Physical experiments set-up

Physical experiment data for two kinds of WEC devices are provided, which are

used to validate the NWT model in this work. One is the hinged-raft WEC

device working in 7 degrees of freedom designed by Mocean Energy Ltd (http:

//www.moceanenergy.com/). Corresponding details are described in Appendix

B.1. Another one is the 1/50 scale cylindrical PAWEC operating in heave motion

designed by the lab colleague Bingyong Guo (Guo, 2017) and tested at UoH wave

tank. This device is detailed here.

The facility used to undertake the experiments of the 1/50 scale cylindrical heav-

ing PAWEC device is the UoH wave tank. Figure 3.6(a) shows the experimental

scheme of the physical tank. 8 paddle wave-makers are allocated in the inlet

boundary of the wave tank for wave generation. As seen in Figure 3.6(b), the dis-

placement response of the PAWEC device is recorded by using the linear variable

displacement transducer (LVDT). An accelerometer (Accel) is attached on the

device to measure the acceleration. Five pressure sensors (PSs) are distributed

at the bottom of the device to measure the hydrodynamic pressure. Five wave

gauges (WGs) are provided along the wave tank to monitor the development of

the wave elevation. The PAWEC device is constrained in heave motion by a ver-

tical guide bar. In order to weaken the friction arising from the relative motion

between the PAWEC device and the guide-bar, connecting components, e.g., the

roller bearings are used here, as seen in Figure 3.6(c). Nevertheless, as indicated in

the early experimental study (Guo et al., 2018a), the mechanical friction acting on

the PAWEC device cannot be completely eliminated by using the roller bearings.

Details on the PAWEC device can be found in Table 3.1.

http://www.moceanenergy.com/
http://www.moceanenergy.com/
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Figure 3.6: (a) Scheme of the experimental platform for the 1/50 scale heaving
PAWEC at the UoH. (b) The close-up of the PAWEC device and the employed
instruments. (c) The close-up of the connecting elements, e.g., roller bearings.
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Table 3.1: Physical parameters of the 1/50 scale cylindrical heaving PAWEC
device at the UoH.

Diameter [m] 0.3
Height [m] 0.56
Draft [m] 0.28
Natural frequency [rad/s] 4.83
Density [kg/m3] 500
Intrinsic mass [kg] 19.7

3.5 CFD model validation

The CFD numerical model are validated by expecting to replicate the experimental

data as closely as possible, according to the experimental data described in Section

3.4. Here the validation from the PAWEC at UoH is described.

Referring to Section 3.3, a 3D numerical model is built to closely reproduce the

physical 1/50 scale PAWEC system, as shown in Figure 3.7. The NWT is built

with: 13 m in length, 1.5 m in width (note that the physical value is 6 m, which

is scaled down to 1.5 m in the NWT to reduce the computation), 0.9 m of water

and 0.9 m of air. According to the physical parameters described in Table 5.1,

the PAWEC device is built, located in the centred area of the NWT. The e�ect

of the PTO system is simulated in the NWT by including a linear damper. The

validation of the 3D numerical model for the PAWEC device is detailed as follows:

Step 1: mesh convergence validation

Grid resolution study is conducted from the hydrostatic pressure test to achieve

suitable computation precision. For the hydrostatic pressure test, the PAWEC

device is constantly forced to be semi-submerged (0.28 m beneath the still water)

whilst the bottom dynamic pressure is recorded. Figure 3.8 shows the measured
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Figure 3.7: (a) 3D view of the numerical model built in ANSYS/LS-DYNA.
Blue, pink, brown, black and green parts are water, air, sloped beach, PTO
system and PAWEC device, respectively. (b) Physical scenario in the laboratory.
The cylindrical buoy installed in the centred area is the experimentally tested

1/50 scale PAWEC device.

pressure against a variable grid solution in the interaction zone. As seen, the

simulated pressure converges to the theoretical value of 2744 Pa as the grid size

approaches 0.01 m in the interaction region. Consequently, this grid solution (see

Figure 3.9) is adopted in the NWT for the numerical simulations of the 1/50 scale

PAWEC device. As shown, the mesh quality out of the circle zone (interaction

zone) is not good. This is designed based on the trade o� between the computation

and accuracy. By employing dense mesh in the interaction zone whereas coarse



47

0 1 2 3 4 5
0

500

1000

1500

2000

2500

3000

3500

4000

 

 

P
re

ss
ur

e 
(P

a)

Time (s)

 0.01 m
 0.015 m
 0.025 m
 theoretical value 

Figure 3.8: Mesh convergence validation via the hydrostatic pressure test.
The PAWEC is forced to be semi-submerged in still water where its bottom
pressure is measured against three di�erent grid sizes in the interaction zone.

The theoretical value is 2774 Pa.

mesh away this zone, it is validated (as shown in Figure 3.8) that the numerical

simulation can converge to the theoretical value. Additionally, the mesh number

can be signi�cantly saved leading to e�cient computation. Therefore, this work

ignores the e�ect of the poor cell quality out of the interaction zone.

Step 2: wave generation validation

Numerical waves are generated to validate the capability of the NWT for generat-

ing stable waves. First of all, Figure 3.10(a) is o�ered to clarify the mesh spacing

in terms of dense domain, coarse domain and wave height direction, respectively.

As observed, the mesh size in the interaction zone is 0.01 m and gradually increases

to 0.12 m and 0.3 m for the inlet and outlet boundaries. For wave height direction,

the mesh size is kept dense (0.05m) to carefully capture the free surface �ow and

the gird size is increased to 0.2m away from the water-air interface boundary. As
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Figure 3.9: Cross-sectional view of the grid solution of 0.01 m in the inter-
action zone. Green and blue parts are the PAWEC device and adjacent �ow,

respectively.

a result, at least 10 grids points can be kept for one wave to preserve the wave

pro�le, as shown in Figure 3.10(b). Figure 3.11 shows an example of the numeri-

cally generated regular wave at: H = 0.073 m and ω = 4.83 rad/s. It can be seen

that the wave amplitude and frequency basically keep consistent in a long period.

In addition, to show the ability of the NWT for generating irregular waves, Figure

3.12 gives an example of the numerically generated irregular wave under: Hs = 0.1

m, ωp = 4.83 rad/s and r = 8. In summary, as expected, with the involvement of

the arti�cially sloped beach in the downstream of the NWT, stable wave motions

can be produced.
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Figure 3.10: (a) Sketch of the relative mesh spacing in the dense and coarse
zones. (b) Th close-up of the wave pro�le.
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Figure 3.11: Numerically generated regular wave of H = 0.073 m, ω = 4.83 s
via the CFD model.
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Figure 3.12: Numerically generated irregular wave of Hs = 0.1m and ωp =
4.83 rad/s and r = 8 via the CFD model.

Step 3: validation against the physical experiments

Three types of tests are further performed on the PAWEC device to verify the

capability of the numerical model in representing the dynamic interaction between

the wave and the PAWEC device.

Firstly, the free decay test is conducted. The device is released at an initial dis-

placement of 0.2 m. The device heaving motion decays to its equilibrium and

corresponding vertical displacement is measured. Figures 3.13 shows the com-

parisons of the corresponding results obtained from the CFD simulation and the

experiment. Clearly, the numerical results �t well with the experimental data to a

high degree. The exception is the amplitude responses after 3.5 s, showing a sight

di�erence once the device motion decays to have relatively low velocity. Resulting

from the existing friction in the physical experiments (Guo et al., 2018a), the CFD

data is somewhat larger than the experimental amplitude.
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Figure 3.13: Time series of normalised displacement for the 1/50 scale cylindri-
cal PAWEC under free decay test. Comparison between CFD and experimental
results at an initial released displacement of 0.2 m. EXP = experimental results.

Secondly, in the excitation force test, the PAWEC is constrained at its equilibrium

and experiences varying regular waves. The conditions of the tested regular waves

are: wave height of 0.073 m and frequencies ranging from 3 to 7 rad/s. For

each case the wave excitation force imposed on the device is measured, as shown

in Figure 3.14. As observed, the CFD results are in good agreement with the

experimental data.

Thirdly, the free motion test is conducted. The PAWEC is stimulated into os-

cillation in heave by varying regular waves and its displacement is recorded at

each case given in Figures 3.15. As observed, the CFD model predicts comparable

results against the experiments. In particular, the numerically predicted resonant

frequency �ts well the experimental prediction. The exception is the numerical

amplitude response RAOs shows higher than the experimental data, by up to 30%
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Figure 3.14: The excitation force modulus imposed on PAWEC against wave
frequency at H = 0.073 m. Comparison of results from CFD model and exper-

iment. The solid �tting line is plotted for trending reference

around resonance (4.5 < ω < 5.5 rad/s). This is mainly attributed to the indis-

pensable mechanical friction force occurring at large oscillations in the physical

tests, which has been discussed in the early work (Guo et al., 2018a).

Overall, there exists good agreement between the CFD and experimental results.

This suggests that the developed CFD model is capable of presenting the dynamic

performances of the 1/50 scale PAWEC device. Since the considered PAWEC is a

axisymmetric device, a half NWT can be employed for parts of the tests (e.g., the

free motion test) in order to save computation time. The details of the validation

of the half NWT can be found in Appendix A
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Figure 3.15: RAO versus wave frequency for the 1/50 scale cylindrical PAWEC
obtained via CFD and experimental tests at H = 0.073 m. The solid �tting lines

are plotted for trending references.

3.6 Conclusions

This Chapter details the construction procedure of a 3D numerical model by us-

ing the software package ANSYS/LS-DYNA. The model is used to simulate the

non-linear hydrodynamics of a WEC device in response to the incident waves.

Experimental data from the 1/50 scale cylindrical PAWEC in heave motion from

UoH are provided for the validations of the developed CFD model. A series of

wave tank tests are implemented, including free decay test, excitation force test,

free motion test. The results show that the developed CFD model has a great

ability of reproducing the experimental wave tank test. This suggests that a well

designed CFD model can be an e�ective tool to present the physical hydrodynamic

performances of various WEC devices (e.g., having complicated geometry pro�les;

operating in multi-degrees of freedom; etc.).
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As generally known, the wave-PAWEC interaction is typically non-linear, espe-

cially at large oscillations. Therefore, CFD or/and experimental methods are

highly recommended for physically predicting the PAWEC performances. How-

ever, these approaches are not straightforward for the control strategy implementa-

tions for maximizing the conversion e�ciency. In this case, the conventional linear

mathematical modeling are popularly introduced as the WEC hydrodynamic plant

for control strategy design. However, this method has a main drawback that it

becomes less e�ective in predicting the WEC performances at large oscillations.

To overcome the limitation, Chapter 4 uses the validated CFD model to identify a

non-linear mathematical modeling for the 1/50 scale PAWEC at the UoH. Further-

more, the proposed non-linear modeling will be used as the PAWEC hydrodynamic

plant for control strategy implementation, as given in Chapter 7.



Chapter 4

Veri�cation of PAWEC non-linear

modeling using CFD data

4.1 Introduction

Figure 4.1 shows a general schematic of the 1/50 scale point absorber wave energy

converter (PAWEC) system designed at the UoH, which illustrates the interactions

among the waves, the PAWEC device and the power take-o� (PTO) system. To

gain thorough knowledge of a PAWEC system, it is critical to identify an e�ective

hydrodynamic representation, which can be capable of faithfully predicting the

device hydrodynamics in response to wave motions. More importantly, this wave-

PAWEC interaction plays an important role in a�ecting the PTO design and the

control system development (Son and Yeung, 2017, Goggins and Finnegan, 2014,

Hals et al., 2011b, DelliColli et al., 2006).

The linear mathematical modeling derived from the boundary element method

(BEM) is widely adopted to predict the hydrodynamic performances of a wave

55
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Figure 4.1: A general schematic of the 1/50 scale PAWEC system. (a) Conven-
tional linear analogue of the wave-PAWEC interaction. (b) Developed non-linear
analogue of the wave-PAWEC interaction. The non-linear viscous factor fv is

identi�ed by the CFD data in this work.

energy conversion (WEC) device (Falnes, 2002, Journée and Massie, 2000). This

linear model is limited by assuming:

(i) the wave dynamics are linear;

(ii) the WEC device motion is small;

(iii) the e�ective diameter of the WEC device is comparable to the incident wave

length, etc.

Therefore, in the linear approach the dynamic interaction between the WEC de-

vice and the incident wave can be simpli�ed as a linear spring-damper system, as

shown in Figure 4.1(a). By doing this, several advantages can be o�ered. Pri-

marily, it conveniently predicts the hydrodynamics of a WEC device in both the

frequency and time domains (Taghipour et al., 2008, Yu and Falnes, 1995). Sec-

ondly, it facilitates the integration of modeling with control analysis and design as
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a WEC hydrodynamic plant (Son and Yeung, 2017, Brekken, 2011, Babarit and

Clément, 2006). Nevertheless, by excluding the existing non-linearities in practice,

the linear approach has a serious drawback. It would exaggerate the predictions

of the device motion and absorbed power, in particular under the most favourable

conditions, like close to resonance or at high wave heights (Jin et al., 2018, Goggins

and Finnegan, 2014, De Backer, 2009). As a result, this linear approach would

de�nitely limit the potential of the power take-o� (PTO) and control strategy

designs, which are the subsystems a�ected by the wave-WEC interaction.

To overcome this limitation, this Chapter aims at developing a non-linear mathe-

matical modeling to include a more physically based wave-PAWEC interaction, as

shown in Figure 4.1(b). In the developed non-linear modeling, an indispensable

non-linear factor, viscosity will be considered on the study of "why and how vis-

cosity a�ects the PAWEC performance". The viscous coe�cient Cd is an empirical

value generally predicted through experimental or computational �uid dynamics

(CFD) test (Journée and Massie, 2000). In this work, this term is identi�ed by the

numerical data extracted from the CFD model developed in Chapter 3 and then

validated by the physical wave tank tests at the UoH. The main contributions of

this Chapter are summarized as follows:

� A non-linear state-space model (NSSM) is developed to give a more practical

prediction of the non-linear hydrodynamic performances of the 1/50 scale PAWEC.

To clearly indicate the defects of the conventional linear model and highlight the

non-linearities of the PAWEC hydrodynamics, it is �rst necessary to demonstrate

the non-linear wave-PAWEC interaction caused by viscosity. To achieve this, the

variation of the amplitude and phase performances against various regular waves is

studied with the use of the linear state-space model (LSSM) and NSSM. The study

is also extended to consider irregular waves. The results are validated by both CFD

simulations and physical wave tank experiments. It is found that the predictions
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from the linear method substantially depart from the non-linear predictions via

the NSSM, NWT and the experiment. This is mainly associated with the viscosity

property arising from PAWEC oscillations in response to the waves. Consequently,

the results highlight that the non-linear viscous damping plays a more important

role with respect to the linear radiation damping at large oscillations This makes

the case for emphasising the signi�cance of viscosity for wave-PAWEC interaction.

� Non-linear power capture performances of the 1/50 scale PAWEC is predicted

by the NSSM. Even though Budar and Falnes (1975) have suggested the resonant

power conversion by the linear theory, few works study the non-linearities of the

power absorption characteristics. In this work, the variation of the PAWEC power

conversion e�ciencies against varying parameters, e.g., the wave frequency, the

wave height and the PTO damping are summarized. The results clearly indicate

that the power capture performances are non-linear under di�erent wave heights.

The LSSM fails to predict the optimal PTO damping and wave condition for power

maximization. This further con�rms the limitation of the linear method.

The remaining part of this Chapter is described as: Section 4.2 formulates the

interaction between a WEC device and incident regular waves under linear as-

sumptions; Section 4.3 outlines the design of the conventional LSSM for the 1/50

scale PAWEC; the developed NSSM is described in Section 4.4; Section 4.5 gives

the veri�cation and validation of the proposed NSSM using numerical and physical

wave tank tests; non-linear hydrodynamic and power absorption performances of

the PAWEC are discussed from a series of tests, as given in Section 4.6; Section

4.7 concludes the study.
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4.2 Problem formulation

Under the linear assumptions (as mentioned in Section 4.1), linear theory can

be adopted. Based on Newton's second law, the linear motion of a WEC device

responding to a incident wave, operating in one degree freedom (heave motion is

focused in this thesis) can be described as:

Mz̈(t) = fe(t) + fr(t) + fs(t) + fPTO(t). (4.1)

Remark 1: in the frequency domain

Through the Fourier transform of Eq. (4.1), the heaving WEC response is ex-

pressed in the frequency domain as:

MZ̈(iω) = −ω2MZ(iω) = Fe(iω) + Fr(iω) + Fs(iω) + FPTO(iω). (4.2)

Considering the linear theory, the excitation force is proportional to the incident

wave elevation (Yu and Falnes, 1995), expressed as:

Fe(iω) = AF̂e(iω) = AF̂e(ω)ejϕ(ω). (4.3)

where F̂e(iω) is the complex excitation force coe�cient in the frequency domain.

F̂e(ω) and ϕ(ω) represent the corresponding modulus and phase angle, respectively.

The radiation force corresponds to the hydrodynamic reaction caused by the WEC

oscillation against the neighbouring �ow. It can be formulated as:
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Fr(iω) = −[m(ω)Z̈(iω) +Binv(ω)Ż(iω)]

= −Ż(iω)[iωm(ω) +Binv(ω)]

= −Z(iω)[−ω2m(ω) + iωBinv(ω)].

(4.4)

The hydrostatic force Fs is caused by the mismatch between the buoyancy and

gravity. For the designed heaving cylindrical PAWEC in this work, this force can

be given as:

Fs(iω) = −KsZ(iω),

Ks = ρgπ(
D

2
)2.

(4.5)

For a permanent-magnet linear generator, the PTO system can be simpli�ed as a

spring-damper system (Yeung et al., 2012). Then the PTO force can be modeled

by:

FPTO(iω) = −[MPTOZ̈(iω) +BPTOŻ(iω) +KPTOZ(iω)]

= −Ż(iω)[BPTO + i(ωMPTO −
KPTO

ω
)].

= −Z(iω)[(KPTO − ω2MPTO) + iωBPTO].

(4.6)

Substituting Eqs. (4.3) � (4.6) into Eq. (4.2), the heaving motion of a WEC in

the frequency domain can be generally formulated as:

{
− [M +m(ω) +MPTO]ω2 + [Ks +KPTO]...

+iω[Binv(ω) +BPTO]
}
Z(iω) = AF̂e(iω).

(4.7)

SubstitutingMt(ω) forM+m(ω)+MPTO; K forKs+KPTO and B(ω) for Binv(ω)+

BPTO, Eq. (4.7) can be replaced by:
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[−Mt(ω)ω2 +K + iωB(ω)]Z(iω) = AF̂e(iω). (4.8)

Transforming Eq. (4.8), the WEC velocity Ż(iω) is obtained:

Ż(iω) = iωZ(iω) =
AF̂e(iω)

i
[
ωMt(ω)−K/ω

]
+B(ω)

. (4.9)

It should be noted that when the imaginary part (i.e., mechanical reactance)

vanishes, the resonance can be achieved at ω = ω0 = [K/Mt(ω0)]
1/2 (ω0 is the

undamped natural frequency). It is clear that at resonance:

(i) there is no phase di�erence between the the WEC velocity and the wave exci-

tation force;

(ii) the magnitude of the device velocity would reach its maximum if both F̂e and

B(ω) have negligible variations with ω.

Transforming Eq. (4.9), the response amplitude operator (RAO) is obtained:

RAO =
|Z(iω)|
A

=
F̂e(ω)

|−ω2Mt(ω) +K + jωB(ω)|
, (4.10)

It should be noted that by ignoring the variations of both F̂e(ω) and B(ω) against

ω, the derivation of ω can determine that the maximum RAO is achieved at

ω = ω
′
0 = [ω2

0 −B2
ω
′
0

/2Mt(ω
′
0)

2
]1/2. It is noticeable that ω

′
0 is smaller than ω0 since

the existence of the damping term B2
ω
′
0

/2Mt(ω
′
0)

2
(Falnes, 2002).

To summarize, in the conventional linear theory:
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(i) �rstly, by ignoring the non-linearities, only the linear radiation damping Binv(ω)

is considered. However as indicated by Son et al. (2016), Beatty et al. (2015), the

radiation damping is negligible compared to the non-linear damping.

(ii) secondly, the F̂e(iω) is almost in phase with the incident wave at low wave

frequencies (Guo et al., 2018b, Yu and Falnes, 1995).

Thus considering the linear theory (through Eqs. (4.9) and (4.10)), when reso-

nance is reached the following optimal WEC performance criteria can be achieved

together:

� ω
′
0 has little or no di�erence relative to ω0;

� both the RAO and velocity values reach the maximum;

� the WEC velocity is in phase with the excitation force;

� the WEC velocity is nearly in phase with the wave elevation;

� the WEC displacement response lags by approximately 90° relative to the regular

wave elevation motion;

� the WEC power reaches its maximum at ω/ω0 = 1 and BPTO = Bhyd = Binv.

Question: whether or not all of the optimal criteria listed above are still valid at

the so-called resonance (ω = ω0) when the practical non-linear factors are consid-

ered? This question is carefully discussed in Section 4.6.
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Remark 2: in the time domain

Cummins (1962) derived the motion of a heaving WEC within the time domain

by taking the inverse Fourier transform of Eq. (4.8), given as:

(M +MPTO +m∞)z̈(t) +

∫ t

0

kr(t− τ)ż(τ)dτ ...

+BPTOż(t) +Kz(t) =

∫ ∞
−∞

ke(t− τ)η(τ)dτ,

(4.11)

where

fr(t) = m∞z̈(t) +

∫ t

0

kr(t− τ)ż(τ)dτ, (4.12)

and

fe(t) =

∫ ∞
−∞

ke(t− τ)η(τ)dτ. (4.13)

Note that:

� kr is the impulse response function (IRF) of the radiation force, which is causal.

Through the inverse Fourier transform of the frequency dependent inviscid radia-

tion damping coe�cient Binv(ω), kr can be calculated (Ogilvie, 1964):

kr(t) =
2

π

∫ ∞
0

Binv(ω) cos(ωt)dω. (4.14)
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� ke is a non-causal function, known as the IRF of the excitation force. Through

the inverse Fourier transform of the frequency dependent complex excitation force

coe�cients F̂e(iω), ke can be obtained (Ogilvie, 1964):

ke(t) =
1

π

∫ ∞
0

[
Re(F̂e(iω)) cos(ωt)− Im(F̂e(iω)) sin(ωt

]
dω. (4.15)

Since ke(t) is a non-causal function (Yu and Falnes, 1995), this indicates that the

physical excitation force imposed on the �oater is not caused by the wave motion

measured at the device location, but the wave motion in future. Therefore, the

causalization method in Yu and Falnes (1995) together with a time horizon of

wave prediction is used to obtain the wave excitation force in this work.

For regular waves, the power absorption e�ciency can be given as (McCormick,

2013):

P =
1

T

∫ T

0

BPTOż(t)2dt,

Pwave =
1

4ω
ρg2A2D,

C =
P

Pwave
.

(4.16)

As seen from Eq. (4.16), the power conversion is dependent on both the device

motions ż(t) and the used PTO damping BPTO. In the linear theory, it is well

known that the maximum conversion e�ciency is achieved at ω/ω0 = 1 when

BPTO = Bhyd, i.e., BPTO = Binv (Budar and Falnes, 1975).
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4.3 LSSM design for the 1/50 scale PAWEC

According to the formulations of the linear theory expressed in Section 4.2, the

LSSM for the 1/50 scale heaving PAWEC can be obtained, as detailed in this

Section. First of all, a 4-order state-space model is identi�ed to approximate the

radiation force, as described in Section 4.3.1. Section 4.3.2 details the excitation

force model expressed by a 6-order system with a 1 s wave prediction via AR

model. Consequently, the LSSM is proposed in Section 4.3.3, which is used to

represent the PAWEC motions in response to the incident waves.

Based on the physical properties of the 1/50 scale cylindrical heaving PAWEC

in Table 5.1, the corresponding frequency dependent hydrodynamic parameters

such as m∞, m(ω), Binv(ω), F̂e(ω) and ϕ(ω) are calculated via the BEM software

ANSYS/AQWA (see Figures. 4.2 and 4.3).
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Figure 4.2: Added mass m(ω), inviscid radiation damping Binv(ω) and hy-
drostatic sti�ness Ks of the 1/50 scale PAWEC achieved from BEM software

ANSYS/AQWA. Hence, Mt = 26.28 kg.
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Figure 4.3: Modulus F̂e and phase angle ϕ(ω) of the complex excitation force
coe�cient F̂e(iω) for the 1/50 scale PAWEC achieved from BEM software AN-

SYS/AQWA.

According to Eqs. (4.14) and (4.15), the IRFs of the radiation and excitation

forces can be achieved based on the obtained hydrodynamic parameters shown in

Figures 4.2 and 4.3. The achieved IRFs are described in Figures 4.4 and 4.5. As

expected, kr(t) is causal and ke(t) is non-causal for ke(t) 6= 0 when t < 0.
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Figure 4.4: IRF of the wave radiation force for the 1/50 scale PAWEC.
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Figure 4.5: IRF of the wave excitation force for the 1/50 scale PAWEC.
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4.3.1 State-space model of the radiation force

In order to avoid the complex calculation and inconvenient application for control

strategy caused by the convolution term in Eq. (4.12) in the time domain, a

linear subsystem is adopted. A state-space model is identi�ed to approximate the

convolution operation, in which the PAWEC heave velocity ż(t) is set as the input

and the approximation of the radiation force convolution term f
′
r(t) is the output.

The subsystem is formulated as:

Ẋr(t) = ArXr(t) + Brż(t),

f
′

r(t) = CrXr(t) + Drż(t) ≈
∫ t

0

kr(t− τ)ż(τ)dτ,
(4.17)

where Xr ∈ Rm×1 is the state vector of the identi�ed subsystem; Ar ∈ Rm×m, Br

∈ Rm×1, Cr ∈ R1×m and Dr ∈ R1×1 are the system matrices, respectively. A wide

variety of identi�cation methods can be applied to achieve the state-space model,

as reported by Taghipour et al. (2008). The realization theory is used here by

implementing the imp2ss command with the combination of the order reduction

function balmar in MATLAB®.

In order to balance the accuracy and the computation, a 4-order state-space model

is �nally applied as the approximation of the radiation convolution term. The

corresponding matrices of the subsystem are given as:
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Ar =


−2.9050 −4.3129 3.1027 −1.0862

4.3129 −0.0142 0.1668 −0.0881

−3.1027 0.1668 −4.1044 5.2748

−1.0862 0.0881 −5.2748 −2.2996


,

Br =
[
− 3.9615 0.2639 − 1.8048 − 0.7765

]T
,

Cr =
[
− 3.9615 − 0.2639 1.8048 − 0.7765

]
,

Dr = 0.

(4.18)

Figure 4.6 compares the radiation IRF corresponding to the identi�ed 4-order

system with the original value calculated through Eq. (4.14). As observed, the

results �t well with each other. This indicates that the identi�ed linear subsystem

can be appropriate to represent the convolution term of the radiation force.
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Figure 4.6: Comparisons for the original radiation IRF and the data from the
identi�ed 4-order subsystem.
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4.3.2 State-space model of the excitation force

Similar to the radiation force, a linear subsystem is identi�ed to approximate

the convolution term of the excitation force. As observed from Figure 4.5, the

excitation force kernel function ke(t) appears to be non-causal. To overcome this,

ke(t) should be �rst causalized. This can then be formulated as:

fe(t) =

∫ ∞
−∞

ke(t− τ)η(τ)dτ

=

∫ ∞
−∞

ke(t− tc − τ)η(tc + τ)dτ.

(4.19)

It can be seen from Eq.(4.19) that an appropriate tc time-shift of excitation force

kernel function and a wave prediction in tc horizon are required for the causal-

ization. Then, a following question should be solved: "what is the magnitude of

tc?"

To solve this, the errors of the causalized ke(t) with respect to the original data

against varying causalizing time tc are calculated based on Figure 4.5. Figure 4.7

shows the corresponding results. Referring to Figure 4.5, ke(t) is negligible for t

< 1 s. This con�rms the data shown in Figure 4.7 that the causalized ke(t) would

be appropriate enough to retain the information of the original ke(t) with an error

of less than 0.065% when tc is larger than 1 s. Consequently, tc = 1 s is chosen in

this work.
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Figure 4.7: Error of the causalized ke(t) related to the original data against
the causalizing time.

By applying tc = 1 s, a 6-order linear state-space form is used to approximate

the causalized excitation force. The corresponding matrices of the subsystem are

given as:

Ae =



−0.2484 1.7791 −0.5596 −0.5514 −0.3012 −0.1659

−1.7791 −0.9521 3.1112 1.1397 0.8203 0.4191

−0.5596 −3.1112 −1.9824 −4.2878 −1.6059 −0.9585

0.5514 1.1397 4.2878 −3.1706 −5.2740 −1.9340

−0.3012 −0.8203 −1.6059 5.2740 −4.3491 −6.2398

0.1659 0.4191 0.9585 −1.9340 6.2398 −4.9418


,

Be =
[
17.2019 25.7057 24.1690 − 17.5354 10.6572 − 5.7122

]T
,

Ce =
[
17.2019 − 25.7057 24.1690 17.5354 10.6572 5.7122

]
,

De = 0.

(4.20)
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As seen in Figure 4.8, the identi�ed 6-order state-space model can be feasible to

approximate the causalized subsystem.
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Figure 4.8: Comparisons of the IRFs from the original excitation force ke(t),
the causalized term with tc = 1 s and the corresponding approximation by the

6-order linear subsystem from Eq. (4.20).

In addition to the causalized ke(t) mentioned above, a tc horizon of wave prediction

is also required to obtain a suitable approximation of the wave excitation force,

as described in Eq. (4.19). This means the input of the 6-order linear subsystem

shown in Eq. (4.20) should be the wave elevation at a future time of tc = 1 s.

Various approaches have be applied to realize wave prediction (Schoen et al.,

2011, Fusco and Ringwood, 2010). As reported by Fusco and Ringwood (2010),

autoregressive (AR) model shows great ability for predicting the waves in Irish

sea. Hence, AR approach adopted in (Fusco and Ringwood, 2010) is applied in

this work to predict the 1 s wave. The sample frequency is 100 Hz and hence the

prediction horizon is 100 for 1 s prediction. Finally, the AR order is selected as

50 by keeping the goodness-of-�t index (Fusco and Ringwood, 2010) larger than

90 %. The order number is large due to the high sampling frequency and it can
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be reduced by decreasing the sample rate. Figures 4.9 and 4.10 demonstrate two

representative wave predictions via the 50-order AR model. The selected wave

conditions are the irregular waves as described in Figure 3.12 with Hs = 0.01 m,

ωp = 4.83 rad/s and r = 0.5/8. As observed, the 50-order AR model shows great

ability in predicting the waves by �tting well with the real data, especially for

a wave with narrow bandwidth (e.g., r = 8). More details of the corresponding

study can be found in Guo et al. (2018b).
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Figure 4.9: The real wave elevation and the predicted data based on the use
of the 50-order AR model at Hs = 0.01 m, ωp = 4.83 rad/s and r = 0.5.

To clearly illustrate the requirement of wave prediction and the feasibility of the 6-

order linear subsystem for the wave excitation force identi�cation, a representative

example is given in Figure 4.11. Referring to Figure 3.14, under wave condition of

H = 0.08 m and T = 2s, the magnitude of fe is approximately 37 N and the force

is nearly in phase with the incident wave. As demonstrated in Figure 4.11, the

excitation force can be properly identi�ed by using the 6-order model with 1 s of

wave prediction. By contrast, the predicted excitation force totally loses accuracy

in presenting the phase information in the absence of the wave prediction.
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Figure 4.10: The real wave elevation and the predicted data based on the use
of the 50-order AR model at Hs = 0.01 m, ωp = 4.83 rad/s and r = 8.
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Figure 4.11: Time series of predicted wave excitation force with and without
1s wave prediction. Wave condition is H = 0.08 m and T = 2 s.

To summarize, when accompanied by an appropriate wave prediction, the iden-

ti�ed 6-order causalized model can be e�ective in representing the relationship
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between the wave and the wave excitation force, as formulated in Eq. (4.19).

4.3.3 LSSM of the PAWEC

Following Eq. (4.11) and the subsystems described in Sections 4.3.1 and 4.3.2, the

LSSM representing the PAWEC hydrodynamic responses with respect to incident

waves can be simulated by using a Simulink model, as shown in Figure 4.12. As

it can be seen, two state space matrices (one for excitation force and one for

radiation force) are constructed in order to clearly demonstrate the structure of

the hydrodynamic model. The parameters applied in the LSSM can be found in

Table 4.1.

Figure 4.12: General Simulink scheme of the LSSM to represent the PAWEC
hydrodynamic response with respect to the incident wave.

To demonstrate clearly the PAWEC performances described by the LSSM, the

following representative data are given:

1. RAO and phase response



76

Table 4.1: Parameters of the 1/50 PAWEC for the LSSM.

Mt [kg] 26.28
Ks [N/m] 692.72
Ae,Be,Ce,De Eq. (4.20)
Ar,Br,Cr,Dr Eq. (4.18)

From Figure 4.13, the PAWEC device motion response is frequency dependent in

the linear theory. The motion reaches "resonance" at a natural frequency of nearly

ω0 = 5.14 rad/s, resulting in the maximum amplitude response and nearly 90° of

phase lag relative to the incident wave. It is clear that the device will de�nitely

leave and then drop back into the water when the wave amplitude is larger than

approximately 0.03 m. In this situation, energy consumption is generated and

would lead to the decrease of RAO. However, this case cannot be presented by the

LSSM. In other words, linear theory loses e�ectiveness in predicting the PAWEC

motion response at large oscillations.
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from LSSM.
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2. power absorption e�ciency

From Figure 4.14, the maximum power absorption e�ciency appears at ω/ω0 = 1

and BPTO/Bhyd = 1 in the linear theory. Additionally, the maximum e�ciency of

125% is found, which can be unrealistic in practice. This is one major limitation

of the LSSM, namely that it would over-estimate the PAWEC power performance

near resonance by employing an appropriate PTO damping (e.g., e�ciency is larger

than 110% with ω/ω0 approximate to 1).

Figure 4.14: PAWEC power absorption e�ciency against dimensionless PTO
damping coe�cient for di�erent wave conditions of ω/ω0 from LSSM, at H =
0.073 m. The white point represents the maximum e�ciency of 125%. Bhyd =

4.3kg/s is the inviscid radiation damping at ω/ω0 obtained from Figure 4.2.

To summarize, the PAWEC performances are dependent on frequency in the linear

theory. The optimal motion response and power capture can be achieved at reso-

nance ω/ω0 = 1. However, as observed from Figures 4.13 and 4.14, the predicted

values are over-estimated and even unrealistic near resonance. These phenomena

have also been reported by Jin et al. (2018), De Backer (2009) suggesting that
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linear theory is not able to present the practical behaviors of the point absorber

near resonance or at large oscillations. This can be associated with the exclusion

of the non-linear dissipative factors (Guo et al., 2018a, Jin et al., 2018). There-

fore, to predict practically the PAWEC behaviours at large oscillations, a NSSM

is required, as discussed in the following section.

4.4 Non-linear state space model (NSSM) design

for the 1/50 scale PAWEC

It is indicated by Journée and Massie (2000) that viscosity would inevitably dis-

sipate the hydrodynamics of a slender structure whose physical property satis�es:

e�ective diameter/wave length < 0.2 (i.e., D/λ < 0.2). For the designed 1/50 scale

PAWEC, the dominant frequency to achieve e�cient performance is in the range

of ω ≤ 6.24 rad/s (see Figure 4.13). According to λ ≈ 2πg/ω2 (McCormick, 2013),

the minimum wave length applied to the device is approximate to 1.5 m. This

implies that the designed PAWEC device with D = 0.3 m needs to be considered

as a slender structure. In other words, the viscose e�ect can be indispensable and

essential during the wave-PAWEC interaction. In this study, the quadratic viscous

term in the Morison equation (Morison et al., 1950) is employed:

fv(t) = −1

2
ρπ(

D

2
)2Cd

(
ż(t)− u(t)

)∣∣ż(t)− u(t)
∣∣ . (4.21)

u(t) represents the vertical �ow velocity around the PAWEC device. In the fol-

lowing 1
2
ρπ(D

2
)2Cd is substituted by Kv. For regular waves, this value can be

approximate to ωA sin(ωt). Practically, the adjacent wave elevation and wave

velocity can be recorded by a "wave follower". Cd is the viscous coe�cient, an
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empirical value. Experiments or CFD tests are widely used to predict Cd. In this

thesis, numerical testing in CFD model is employed to identify the PAWEC Cd

which is also validated by experiment.

Figure 4.15: General Simulink scheme of the NSSM to represent the PAWEC
hydrodynamic response with respect to the incident wave.

Adding the quadratic viscous force fv into the linear Simulink structure shown in

Figure 4.12, the NSSM can be achieved, as shown in Figure 4.15. Referring to Eq.

(4.10), the non-linear RAO considering viscosity can now be considered equivalent

to a linear form:

RAO =
|Z(jω)|
A

=
F̂e(ω)

|−ω2Mt(ω) +K + jω[Bhyd +BPTO(ω)]|
. (4.22)
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It should be noted that Bhyd represents the total hydrodynamic damping coe�cient

by the inclusion of both the inviscid and viscous terms, which can be described

as: Bhyd = Binv(ω) +Bvis.

From Eqs. (4.21) and (4.22), both the viscous drag fv and the corresponding

equivalent viscous damping coe�cient Bvis show positive relationship with the

motion response of the device, e.g., the relative velocity vr between the wave and

the device. In other words, a larger vr may generate a larger fv and Bvis. It is

clear that the magnitude of vr is related to both variables of ω and H. Therefore,

by including the viscose term in the non-linear model, both ω and H would be

the factors to a�ect Bvis and Bhyd, which can be described as Bvis(ω,H) and

Bhyd(ω,H). In this case, the non-linear model is completely di�erent from linear

model which is only frequency dependent, e.g., Bhyd(ω) (i.e., Binv(ω) shown in

Figure 4.2). This implies that PAWEC hydrodynamic behaviors in response to

incident waves should be non-linear under varying wave height.

According to Eq. (4.21), the existence of the viscosity during WEC device os-

cillations can be re�ected by the generation of relative velocity vr. In order to

clearly prove the existence of viscosity, the CFD snapshots of the velocity vectors

of both the device and the adjacent wave are given to observe the generation of vr

at di�erent wave conditions:

Wave state 1: H = 0.073 m, ω = 3.14 rad/s (T = 2s)

This wave state corresponds to the condition known as "low wave frequency" (see

Figure 4.13). As described in Figure 4.16, the PAWEC device shows to operate

as a "wave follower" under this case. During oscillating in a period, the PAWEC

device arrives the peak together with the adjacent wave at t = 17 s; afterwards the

device shows synchronous tracking of the downward �ow and reaches the trough

at t = 18 s; then the device tracks the upward movement of the �ow and reach
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the peak again at t = 19 s. Clearly, in a period, the device motion is almost in

phase with the wave motion by generating a negligible vr. Based on Eq. (4.21),

this implies the insigni�cant e�ects of the viscosity at low wave frequencies.

Figure 4.16: Velocity data of the PAWEC device and the adjacent wave within
a period under wave condition of ω = 3.12 rad/s, H = 0.073 m. (a) Snapshots of
the velocity vector distributions. (b) Time series of the corresponding velocities.

The device shows synchronous tracking of the evolution of the �ow.

Wave state 2: H = 0.073 m, ω = 4.83 rad/s (T = 1.3 s)

This test condition is related to the case that the wave frequency closely matches

the device natural frequency ω0 (see Figure 4.13), known as "near resonance".

As described in Figure 4.17, the PAWEC lags behind the adjacent wave with the
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production of noticeable relative velocity vr at this situation. During oscillating in

a period, the PAWEC device moves down from the equilibrium position whereas

the adjacent wave begins upward movement at t = 14.95 s; afterwards the device

turns back to the equilibrium and begins to move upwards to the peak, while the

adjacent �ow starts opposite movement at t = 15.65 s. Clearly, in a period, there

exists a signi�cant phase shift between the motions of the device and surrounding

wave. This would de�nitely result in �ow separation and the generation of vor-

ticity. As shown in 1.10, the similar phenomenon was physically recorded in the

experiential tank testing conducted by Zang et al. (2018). They indicates that the

signi�cant viscosity generated from the oscillations of a �at-bottom WEC device

should be carefully removed to reduce the related energy losses.

In summary, based on Figures 4.16 and 4.17, the vr is insigni�cant when the wave

frequency is relatively lower than the device natural frequency, whereas signi�cant

vr does exist around resonant condition. This indicates that an obvious viscosity

may be generated to a�ect the PAWEC hydrodynamics in the conditions close to

resonance. Therefore, a non-linear modeling including viscosity should be devel-

oped to represent the device dynamic behaviors.

4.5 Veri�cation and validation of the NSSM

Recalling the NSSM, it can be found that the remaining uncertain parameter is

the viscous coe�cient Cd. In this work, based on the least-squares technique, Cd is

veri�ed by comparing the results from the NSSM and CFD simulation, expressed

as:

pe = min
p

∑
i

(
zNSSM(ti, p)− zCFD(ti)

)2
, (4.23)
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Figure 4.17: Velocity data of the PAWEC device and the adjacent wave within
a period under wave condition of ω = 4.83 rad/s, H = 0.073 m. (a) Snapshots of
the velocity vector distributions. (b) Time series of the corresponding velocities.

The device shows to lag behind the �ow.

where zNSSM(ti, p) is obtained PAWEC displacement by solving the NSSM via the

default solver ODE45 in MATLAB®, which is easy and e�ective to generate the

results; zCFD(ti) is the device displacement obtained from the CFD simulation; p

is the uncertainty and pe represents the veri�ed value with best �t. Clearly, in

this work, Cd represents the uncertain value p in Eq. 4.23. Based on Eq. 4.23,

the free decay test with initial released displacement of 0.2 m is implemented here

to verify Cd. As a result, Cd equal to 1.4 is identi�ed for the designed 1/50 scale

PAWEC device.
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Figure 4.18 describes the device displacements obtained from the LSSM, NSSM

and CFD simulations. As observed, with Cd = 1.4 and Mt = 26.28 kg (note that

the value of Mt is extracted from the BEM, referring to Table 4.1 or Figure 4.2),

the amplitude responses achieved via the NSSM and CFD simulation �t with each

other to a great degree. The exception is the signi�cant discrepancy in oscillation

period after t = 2 s. This can be associated with the under-prediction of the total

mass (26.28 kg) by the linear theory (see Figure. 4.2). This concurs with the

study from Davidson et al. (2015b). They also indicate that the practical total

mass would be larger than the predicted value from the linear theory, especially for

the large oscillations. Therefore, a more representative Mt should be determined.
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Figure 4.18: Comparisons of the free decay motions extracted from the numer-
ical methods (e.g., LSSM, NSSM and NWT) and the physical tank test under

initial released displacement of z0 = 0.2 m.

To �gure out this problem, both Cd and Mt are set as uncertainties. By recalling

the above identi�cation procedures, Cd = 1.4 and Mt = 28.35 kg are identi�ed.

As expected, by using Cd = 1.4, Mt = 28.35 kg, the data from NSSM shows great
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accordance with the CFD output under both amplitude response and oscillating

period (see Figure 4.18).

Furthermore, experimental data is also o�ered to evaluate the e�ectiveness of the

proposed NSSM, as seen in Figure 4.18. Clearly, the numerical results from both

the CFD and NSSM simulations �t well with the experimental results, whereas a

slight deviation occurs after t = 3.5 s. The amplitude response from experiment

shows to be slightly lower than that from CFD/NSSM. This arises from the prac-

tical friction e�ect induced by the roller bearing (see Figure 3.6). Details of the

friction e�ect in the designed PAWEC system can be found in Guo et al. (2018a).

In this work, this factor is not further discussed.

In contrast with the NSSM, the decay motion predicted from the LSSM shows

signi�cant discrepancy relative to the CFD/experimental data, e.g., the amplitude

response is considerably larger. This re�ects clearly the general drawback of the

linear theory that it would over-estimate the device motion amplitude response. In

addition to this, the deviation of the predicted oscillation period implies that the

LSSM may predict inaccurate phase response during the wave-WEC interaction

in contrast with the non-linear approaches (i.e., NSSM/CFD/experiment).

Table 4.2: Fit goodness of LSSM/NSSM relative to the CFD results. Note:
the value for �tting varies between -Inf (bad �t) to 1 (perfect �t).

LSSM NSSM (Mt = 26.28 [kg]) NSSM (Mt = 28.35 [kg])

-0.4418 0.9182 0.9875

To summarize, the �t goodness of LSSM/NSSM relative to the CFD results are

o�ered (see Table 4.2). Note that: the �t goodness is calculated by 'normalized

mean square error' and the value varies between -Inf (bad �t) to 1 (perfect �t).

It can be concluded that the NSSM with Cd = 1.4, Mt = 28.35 kg shows great
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superiority over the LSSM in representing the PAWEC free decay motion by in-

creasing the �t goodness from -0.418 to 0.9875. This highlights the dissipative

e�ect caused by the viscosity during the PAWEC device interacting with the �ow,

which should be considered carefully. Hence, NSSM with Cd = 1.4 andMt = 28.35

kg is adopted to represent the PAWEC performance in the following work.

4.6 Case studies

In order to demonstrate clearly the non-linear characteristics of PAWEC perfor-

mances caused by viscosity e�ect, three representative case studies including free

decay, forced oscillation and power conversion e�ciency tests are completed via

LSSM, NSSM, CFD and experiment. Table 4.3 lists the corresponding tested

parameters. Comparisons of the PAWEC performances achieved from di�erent

approaches are summarized, as described in following.

4.6.1 Viscosity e�ect on PAWEC free decay motion

As described in Table 4.3, in the free decay test, the PAWEC device is released

from two representative non-zero initial positions z0 = 0.2 m and 0.12 m, and the

device motions then decay to the equilibrium. The corresponding displacements

are recorded and normalised, as shown in Figure 4.19.

As observed, the normalised results keep consistent under di�erent zo from the

linear theory. It has been indicated by the experimental free decay motion study

in Guo et al. (2018a) that the PAWEC device would experience a larger energy

dissipation resulting in a smaller normalised displacement under a higher initial
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Table 4.3: The test conditions for di�erent case studies. Abbreviation: EXP
= Experiment, SIM = numerical simulations, e.g., LSSM, NSSM and NWT.

Free Decay motion test

EXP z0 [m] 0.2
SIM z0 [m] 0.2, 0.12

Forced oscillation test

EXP
H [m] 0.08
ω [rad/s] 3.14, 3.77, 4.85, 5.03, 5.34, 5.97, 6.28

SIM
H [m] 0.02, 0.073, 0.15

ω [rad/s]
3.12, 3.6, 3.84, 4.52, 4.59, 4.8, 4.83
4.91, 5.04, 5.14, 5.52, 6.24

Power conversion e�ciency test

SIM BPTO [kg/s] 3, 4.3, 5, 6, 7, 8, 10, 15, 20, 25, 30

Parameters from BEM

Mt [kg] 26.28
ω = ω

′
0 [rad/s] 5.14

Bhyd(ω0) = Binv(ω0) [kg] 4.3

released displacement. This suggests that the linear model LSSM totally loses

e�ectiveness in describing non-linear free decay dynamics.

By contrast, the NSSM and CFD can be capable of representing the non-linear free

decay dynamics. It shows that a higher z0 results in a quicker motion dissipation.

Clearly, the �ow is viscous in practice. Therefore, a larger z0 will disturb more

adjacent �ow to generate more vorticity. In this case, a larger relative velocity

between the device and adjacent �uid will be induced during device oscillation.

This will lead to a larger viscous drag to resist the PAWEC motion and produce

energy losses. The results of the work from the NSSM and CFD simulations �t

well with the work described in the experimental study from Guo et al. (2018a).

In addition, as observed the proposed NSSM considering the viscous term closely

reproduces the non-linearities in free decay test by �tting the CFD data to a

high extent in both the amplitude and oscillation period responses under di�erent
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Figure 4.19: Comparisons of the normalised free decay motions obtained from
the numerical methods (e.g., LSSM, NSSM and NWT) and the physical tank

test under initial released displacement of z0 = 0.2 and 0.12 m.

zo. Davidson et al. (2015b) identi�ed a linear parametric hydrodynamic modeling

from the CFD data. They indicates that the identi�ed added mass and radiation

damping have to be tuned with di�erent initial released position in order to closely

represent the non-linear free decay dynamics. By contrast, the developed NSSM

in this work demonstrates great capability of adaptively performing the free decay

dynamics under di�erent initial positions as shown in Figure 4.19.

To summarize, the above observations regarding the result discrepancies between

the LSSM and non-linear methods (e.g., NSSM and CFD) as well as the accordance

of the predictions from NSSM and CFD highlight that:

(i) in contrast to the conventional linear model, the designed NSSM is capable of

adaptively describing the non-linearities in free decay motions;

(ii) there exists potential value to use the proposed non-linear model for represent-

ing the operation of the PAWEC device in response to the incident wave, which is
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detailed in the following Sections.

4.6.2 Viscosity e�ect on wave-PAWEC interaction

As described in Table 4.3, in the forced oscillation test, the PAWEC device is

stimulated into heaving oscillations by the incident waves. As seen in Table 4.3,

the generated regular waves are speci�ed with various wave frequencies under

three di�erent wave heights (corresponding to the practical waves of small, mod-

erate and high states (Crewe, 1990)). In addition, two di�erent irregular wave

conditions are tested. The tests are carried out to reveal the degree to which

non-linearities in PAWEC hydrodynamic performance caused by viscosity e�ect

should be considered as well as to demonstrate the capability of the developed

NSSM in describing the non-linearities under varying wave conditions. First of

all, the viscous e�ects on the PAWEC hydrodynamics, e.g., the amplitude and

phase responses are discussed as follows in Section 4.6.2.1.

4.6.2.1 Viscosity in�uence on the PAWEC amplitude response

Under regular waves, according to Eqs. (4.10) and (4.22), there are two crucial

characteristics (i.e., the maximum value RAOmax and the wave frequency ω
′
0 oc-

curring RAOmax) for RAO. These parameters re�ect the e�cient condition for the

achievement of the optimal PAWEC performance. In order to investigate the vis-

cous e�ect on the characteristics of RAOmax and ω
′
0 under various wave conditions,

forced oscillation tests are conducted. As shown in Figure 4.20, the RAO vari-

ation versus wave frequency are summarized under three di�erent wave heights

(corresponding wave conditions are detailed in Table 4.3). Following �ndings can

be summarized:
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Figure 4.20: Comparisons of the RAO responses under various wave frequen-
cies and wave heights. The data are obtained from the numerical methods (e.g.,

LSSM, NSSM and CFD) and physical tank test.

� When the wave frequency is away from the device natural frequency in the range

of ω ≤ 3.84 rad/s, the obtained RAO values from all approaches (LSSM, NSSM,

CFD and EXP) are approximately equal to 1. This can be explained by the fact

that at relatively low frequencies the hydrostatic sti�ness term Kz(t) (shown in

Eq. (4.11)) is the dominant force imposed on the PAWEC device. This force

stimulates the device to synchronously follow the motion of the adjacent �ow

with negligible phase lag resulting in negligible viscosity e�ect. In other words,

the PAWEC device operates as a "wave follower". This phenomenon is captured

by the CFD simulation, as shown in Figure 4.16. Therefore, as expected, with

insigni�cant viscosity e�ect under these wave conditions (ω ≤ 3.84 rad/s), the

device hydrodynamics can be approximately linear, and thereby the RAO data are:

(i) almost wave height independent; (ii) more or less the same from all methods.

� In comparison, when the wave frequency is close to the device natural frequency,
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the LSSM fails to predict the RAO responses. As observed, �rst of all, LSSM

over-predicts the RAOmax by approximately 5.3 times of the experimental value

under H = 0.08 m (as quanti�ed in Table 4.4). By contrast, both the NSSM and

CFD modeling provide better abilities in predicting RAOmax, shown as slightly

higher predictions relative to the physical data. These discrepancies mainly arise

from the existence of the friction in physical tank test. Secondly, LSSM predict

consistent RAOmax and ω
′
0 under di�erent wave heights. Conversely, from NSSM

and CFD, both RAOmax and ω
′
0 show signi�cant dependence on the wave height.

A larger wave height can result in smaller RAOmax and ω
′
0. These observations can

be attributed to the di�erent Bhyd from the linear and non-linear methods. When

the device operates close to resonance, the reactance term in Eqs. (4.10) and (4.22)

will abruptly vanish. This would result in the damping term Bhyd to dominate the

device response (Journée and Massie, 2000). In the linear model, it is clear that

the dissipative term Bhyd corresponds to the inviscid radiation damping B(ω),

which is only frequency dependent and considerably slight (as show in Figure 4.2).

This will of course yield: (i) the over-predicted RAOmax; and (ii) the invariant

RAO and ω
′
0 under varying wave height. In comparison, by applying non-linear

approaches (e.g., NSSM and CFD), the signi�cant viscous term is involved and

acts on the PAWEC device, which would result in the enhancement of the total

resistance damping. This phenomenon is recorded through the CFD simulation

as shown in Figure 4.17. Additionally, as described in Eq. (4.21), a larger viscous

damping can be induced with increasing wave height. As a result, both RAOmax

and ω
′
0 would show (i) smaller values relative to the linear predictions; and (ii)

inverse relationships with the wave height (see Figure 4.20 or Table 4.4).

� The NSSM closely reproduces the non-linear PAWEC hydrodynamic amplitude

performance achieved through the CFD method. This indicates that the developed
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Table 4.4: Variation of RAOmax and ω
′
0 against wave height. It should be

noted that ∗ represents the physical tank test under H = 0.08 m.)

H [m] 0.02 0.073 0.15

LSSM
RAOmax 10.5 10.5 10.5
ω

′
0, rad/s 5.14 5.14 5.14

NSSM
RAOmax 4.46 2.77 2.17
ω

′
0, rad/s 4.91 4.80 4.59

CFD
RAOmax 3.78 2.58 2.24
ω

′
0, rad/s 4.83 4.80 4.59

EXP
RAOmax \ 1.97∗ \
ω

′
0, rad/s \ 4.85∗ \

NSSM can be capable of adaptively representing the device dynamic motions re-

sponding to di�erent wave heights (see Figure 4.20). By contrast, in the studies

conducted by Son et al. (2016), Beatty et al. (2015), a linearization of the quadratic

drag tern was applied. However, as indicated in their work, the linearized viscous

coe�cient has to be tuned against di�erent wave heights. This highlights that the

model with linearized viscous term is not as adaptive as the proposed NSSM in

this work.

To summarize, since the device operates as a "wave follower" under low wave

frequencies resulting in negligible viscosity, the linear method is as capable as the

non-linear approaches for representing the PAWEC amplitude dynamics. However,

with the existence of the signi�cant viscosity under large oscillations, the NSSM

considering viscosity provides a better capability compared to LSSM, by having

the ability to predict the non-linearities of the PAWEC amplitude dynamics. In

addition, it can be seen that a larger wave height yields a larger deviation of

ω0 relative to ω
′
0. This implies that the power capture response may also be

wave height dependent and more importantly, the practical optimal condition for

maximizing power capture may shift away from the linear prediction of ω = ω0,

which is discussed in 4.6.3.
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4.6.2.2 Viscosity in�uence on the PAWEC phase response

Under regular wave conditions, in addition to amplitude response, the phase re-

sponse can be essential to represent the PAWEC hydrodynamics. This Section

focuses on illustrating the variation of the phase response caused by viscose e�ect.

Figure 4.21 summarizes the phase responses achieved from di�erent approaches.

As observed:

Figure 4.21: Comparisons of the phase responses under various wave frequen-
cies and wave heights. The data are obtained from the numerical methods, e.g.,

LSSM, NSSM and CFD.

� The phase responses predicted from LSSM show clear deviation relative to the

non-linear methods, e.g., NSSM and CFD, in particular for the highest wave height

of 0.15 m. With the consideration of the viscosity, NSSM shows better accordance

with CFD model in representing phase response, in contrast to the LSSM. As

observed, in contrast to the frequency dependent phase response from the linear

theory, wave height also shows signi�cant e�ect on the phase response, as seen in

the NSSM and CFD results.
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� The conventional "resonance" condition (ω = ω0 = 5.14 rad/s, RAOmax ob-

tained) re�ected by the buoy having an approximately 90° phase lag (see Figures.

4.13 and 4.21) relative to the �ow is not applicable in the real non-linear PAWEC

system. As observed from Figure 4.22, the phase lag for the frequency achieving

RAOmax shifts further away from 90° with increasing wave height, as predicted via

NSSM and CFD. This indicates that the conventional optimal criteria (from linear

theory): RAOmax and nearly 90° phase lag of the PAWEC motion relative to the

�ow cannot be achieved at the natural frequency ω0 in practice. In other words,

natural frequency ω0 cannot be the criterion for optimal PAWEC performance.

More importantly, in addition to wave frequency, wave height can also a�ect the

PAWEC performance.
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Figure 4.22: The phase di�erence (the PAWEC device lags behind the wave)
versus wave height at RAOmax.

In order to clearly show the superiority of the developed NSSM over LSSM in

representing the PAWEC hydrodynamics, two representative examples are given

as bellow:
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Firstly, Figure 4.23 describes the time series of the velocities for the device and

the adjacent wave under wave condition of ω = 4.91 rad/s, H = 0.15 m. As seen,

there exists substantial discrepancies between the LSSM and CFD for predicting

the PAWEC device velocity, shown as an approximately 80° of velocity phase

di�erence and twice the amplitude. By contrast, the prediction from NSSM �ts

the CFD data to a high degree for both the amplitude and phase responses.
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Figure 4.23: Time series of the velocities of the PAWEC device and the adja-
cent wave at wave condition of ω = 4.91 rad/s, H = 0.15 m.

Secondly, the time series of the velocities for the PAWEC device and the adjacent

wave under wave condition of ω = 4.59 rad/s, H = 0.15 m are described in Figure

4.24. Di�erent from the severe deviation shown under ω = 4.91 rad/s, the PAWEC

velocity response via the LSSM closely reproduce the CFD data, whereas the

exception is an approximately 48.6° of phase di�erence. In comparison, the NSSM

provides better accordance with the CFD model in predicting both the amplitude

and phase responses.
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Figure 4.24: Time series of the velocities of the PAWEC device and the adja-
cent wave at wave condition of ω = 4.59 rad/s, H = 0.15 m.

To summarize, the proposed NSSM can be capable of representing the non-linear

hydrodynamic performance of the designed PAWEC under various regular wave

conditions.

4.6.2.3 Viscosity in�uence on the PAWEC performance under irregu-

lar wave

In addition to the regular wave condition, it is also important to investigate the

e�ectiveness of the designed NSSM under irregular wave conditions. As found in

Sections 4.6.2.1 and 4.6.2.2, the linear model clearly loses e�ectiveness to represent

PAWEC performance around resonance. Hence, the peak frequency of the tested

irregular waves is speci�ed to be consistent with the PAWEC natural frequency of

4.83 rad/s. Two representative irregular waves with Hs = 0.1 m, ωp = 4.83 rad/s

and r = 0.5/8 are discussed here. The corresponding PAWEC hydrodynamics

under these wave conditions are shown in Figures 4.25 and 4.26.
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Figure 4.25: The PAWEC displacement with respect to the irregular wave at
Hs = 0.1 m, ωp = 4.83 rad/s and r = 8.
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Figure 4.26: The PAWEC displacement with respect to the irregular wave at
Hs = 0.1 m, ωp = 4.83 rad/s and r = 5.
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Clearly, by involving the wave prediction, excitation casualization and identi�-

cation, radiation identi�cation and the most important non-linear factor i.e., the

quadratic viscous term (as described from Sections 4.3 to 4.5), the proposed NSSM

shows great superiority over the conversational LSSM in describing the PAWEC

hydrodynamic performance not only in amplitude response but also in phase re-

sponse. This is of fundamental importance to the control strategy implementation,

where the NSSM can be applied as the basic hydrodynamic plant. This NSSM

would be employed for the PSO-FLC design, as detailed in Section 6.

4.6.3 Viscosity e�ect on PAWEC power conversion e�ciency

As described in Table 4.3, in the power conversion e�ciency test, a PTO system

is applied to the PAWEC system to study the power capture characteristics (see

Figure 3.7). A variety of damping coe�cients are applied to the PTO system. The

absorbed power is measured by the product of the PAWEC velocity and the PTO

damping force (determined by the device velocity and PTO damping coe�cient),

as given in Eq. (4.16). The viscosity e�ect on the PAWEC power conversion

e�ciency are summarized regarding varying PTO damping and wave condition.

Figure 4.27 shows the results, the power conversion e�ciency (as given in Eq.

4.16) as a function of dimensionless PTO damping coe�cient and wave frequency

through the LSSM and NSSM. Following �ndings can be seen:

� As expected by the classic linear theory, the maximum power conversion e�ciency

is wave height independent and can be achieved at ω/ω0 = 1 and BPTO/Bhyd = 1

(see Figure 4.27a). Note that an e�ciency larger than 100% is predicted which is

considerably unrealistic. According to the linear model, the wave frequency enor-

mously a�ects the e�ciency value. As observed, the power conversion e�ciency

decreases sharply when the wave frequency shifts away from the PAWEC natural
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Figure 4.27: PAWEC power conversion e�ciency against the dimensionless
PTO damping coe�cient and wave frequency. It should be noted that (i) Bhyd
is equal to 4.3 Ns/m when the resonance is achieved via linear theory (see Figure.
4.2) and (ii) the marked white point is the maximum conversion e�ciency Cmax.
(a) Under H = 0.073 m via LSSM; Cmax = 125% (b) Under H = 0.02 m via
NSSM; Cmax = 66.6%.(c) Under H = 0.073 m via NSSM; Cmax = 52.5%. (d)

Under H = 0.15 m via NSSM; Cmax = 33.5%.

frequency, in particular under small PTO damping coe�cients. In addition, the re-

quired PTO damping coe�cient for the optimal power e�ciency can be determined

by the wave frequency. Around resonance (shown as the region inside the dash line

in Figure 4.27a), the power conversion e�ciency declines gradually when the PTO

damping value departs from BPTO/Bhyd = 1. Di�erently, in the frequency range
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outside resonance (shown as the region outside the dash line in Figure 4.27a), the

power conversion e�ciency increases with increasing PTO damping. Similar �nd-

ings have been reported by De Backer (2009). This observation can be explained

by the RAO predictions via the linear theory. That is overrated/abruptly de-

creased motion responses inside/outside the resonance, respectively(see Fig. 4.13

or 4.20).

� By contrast, the NSSM presents di�erent power absorption performance by con-

sidering viscosity (see Fig. 4.27b-d). At H = 0.073 m, the maximum power con-

version e�ciency predicted by the NSSM is 52.5%, which is far more reasonable in

comparison to the 125% via LSSM. Additionally, the power capture characteristics

show to be wave height dependent. In other words, the conversion properties are

non-linear. As observed, when the wave height increase, the optimal damping for

maximizing increases, whereas the optimal wave frequency decreases. This sug-

gests that the conditions for maximum e�ciency are not consistent at di�erent

wave height as predicted by the linear theory. With a increasing wave height,

the optimal conditions shift further away from the theoretical linear predictions.

This �nding in turn con�rms that the linear theory can only be applicable under

small oscillations. Under large oscillations, non-linearities occur and linear models

are not capable of predicting the power capture in an accurate way. Similar �nd-

ings have been reported in the CFD and experimental studies by Davis (1990),

Anbarsooz et al. (2014). This phenomenon can be explained by:

(i) The involved viscous damping in the NSSM would a�ect the BPTO character-

istics to be wave height dependent, especially under large oscillations. Under a

small wave height, the magnitude of the device velocity with respect to the inci-

dent wave velocity is small. This would lead to insigni�cant viscous damping Bvis.

Hence, Bhyd could be dominated by the frequency dependent radiation damping

Binv and thereby can be considered approximately to be linear. This results in the



101

optimal condition at small wave heights close to the theoretical value. As shown

in Figures 4.27b-d, at the smallest wave height H = 0.02 m, the optimal BPTO

and ω/ω0 are close to the theoretical values shown in Figure 4.27a. Conversely,

due to the indispensable wave height dependent viscous term Bvis, Bhyd increases

signi�cantly with increasing wave height, which requires a larger optimal PTO

damping to reduce energy losses (as shown from Figures 4.27b-d).

(ii) As generally known, the optimal conversion e�ciency may correspond to the

largest amplitude response of the PAWEC. As described in Section 4.6.2.1, when

the wave height increases, the wave frequency for largest amplitude response de-

creases. Therefore, the wave frequency for optimal power capture shows to de-

crease with increasing wave height.

By comparing the power conversion e�ciency at di�erent wave heights (see Fig-

ures. 4.27b-d), it is found that a larger wave height would result in a smaller

e�ciency. This is related to a larger energy losses caused by the signi�cant vis-

cosity e�ect under a larger wave height. In practice, we suppose that the optimal

PAWEC operation range (corresponding to the region inside the dash line, as

shown from Figures 4.27a-d) is a decrement of 10% power conversion e�ciency

relative to the maximum value. Then, it can be found that the range for the

e�cient power conversion e�ciency is expanded under the non-linear model, com-

pared to the narrow optimal range predicted by the linear theory. As observed,

the optimal condition for the designed PAWEC varies in the range: 10.75 Ns/m

< BPTO < 24.7 Ns/m together with 4.7 rad/s < ω < 5.0 rad/s (under the wave

conditions and PTO damping coe�cients studied in this work).
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4.7 Conclusions

This Chapter focuses on developing a more overall non-linear mathematical mod-

eling for the designed 1/50 scale vertical oscillating PAWEC, compared with the

conventional linear modeling. Note that the viscous force is considered automat-

ically in the CFD model and experiments. For the developed non-linear math-

ematical model, the viscosity is involved by using the quadratic viscous term in

Morison equation. Then, the viscosity e�ect on the PAWEC performance is veri�ed

by comparing the predictions via LSSM and NSSM with CFD and experimental

data. Some conclusions can be drawn as follows:

� For the linear model, a 4-order state-space model is applied to approximate the

convolution term of the wave radiation force (see Figure 4.6). A 6-order state-space

model for the causalized IRF of the excitation force together with a 50-order AR

model for the wave prediction is used to represent the excitation force in response

to the incident wave (see Figures 4.8 and 4.11).

� To develop the non-linear model, the viscous e�ect is involved by applying a

quadratic viscous term from the Morison equation. The viscous coe�cient of 1.4

and total mass of 28.35 kg for the designed PAWEC are veri�ed for the NSSM by

the CFD data from free decay testing (see Figure 4.18). As a result, a satisfying

correspondence is found between the motion response from the NSSM and the

experiment. More importantly, the developed NSSM shows the adaptive ability

of presenting the non-linearities of the free decay motion under di�erent initially

released displacements (see Figure 4.19).

� Under the forced oscillation testing, the amplitude and phase responses exhibit

signi�cant non-linearities. With the exception of wave frequency, the wave height is

seen to be an indispensable factor a�ecting the PAWEC performance. As the wave
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height increases, the RAO response decreases and the wave frequency correspond-

ing to the maximum RAO shifts to a lower value. It is found that the conventional

LSSM loses capability in describing these non-linearities. Conversely, the devel-

oped NSSM closely reproduce the CFD and experimental testing in describing the

PAWEC non-linearities at di�erent wave heights. The results indicate that the

conventional optimal performance criteria at the resonance frequency such as the

maximum oscillation and an approximately 90° phase lag between PAWEC and

regular wave motion are not valid as the wave height increases (see Figs. 4.20 and

4.21). With the viscosity in�uence, the PAWEC RAO and phase responses have

di�erent performances under di�erent wave heights.

� An unreasonable power conversion e�ciency of 125% is predicted by the linear

model at a wave height of 0.073 m (shown in Figure 4.27a). In addition, the wave

frequency shows to be the most crucial factor a�ecting the conversion e�ciency.

Of next importance in this context is the PTO damping coe�cient. By contrast,

based on the NSSM, the maximum e�ciency of 52.5% is predicted at a wave height

of 0.073 m. In addition to the wave frequency and PTO damping, the power

conversion e�ciency is also dependent on the wave height. More importantly, the

optimal condition for the maximum e�ciency is no longer consistent as predicted

by the linear theory. It shows a clear dependence on the wave height. An increasing

wave height yield the optimal condition to shift to a higher PTO damping and a

lower wave frequency (see Figures 4.27b-d).

To summarise, this Chapter shows that for the designed 1/50 scale PAWEC, the

LSSM fails to accurately predict the hydrodynamic performance and power con-

version e�ciency, especially at large oscillations. Conversely, the non-linear model

with careful modeling of the viscous force provides better ability to closely repro-

duce the PAWEC non-linearities. This study indicates that the viscose e�ect is
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signi�cant for the designed PAWEC, especially for large oscillations (e.g., close to

resonance or under high wave height).

As shown from the power conversion results, for the designed �at-bottom cylin-

drical 1/50 scale PAWEC, viscosity could clearly dissipate the mechanical energy

leading to the decrease of the power absorption e�ciency. Therefore, in Chapter

5 geometry optimization is studied to reduce viscous e�ects and thereby to im-

prove the power capture. More importantly, as generally known, the optimal PTO

damping for power absorption maximisation is related to the device hydrodynamic

performance. Viscosity has been validated to signi�cantly a�ect the PAWEC per-

formance. Therefore, it would of course generate an e�ect on the PTO damping

characteristics. This would also be discussed in Chapter 5.



Chapter 5

Power capture enhancement by joint

tuning of geometry and power

take-o� damping

5.1 Introduction

As described in Chapter 4, for the designed 1/50 scale cylindrical heaving point

absorber wave energy conversion (PAWEC) device, the viscosity plays an impor-

tant role in dissipating the device kinetic energy (see Figure 4.27). This �nding

concurs with the numerical and experimental studies by Zang et al. (2018), Yeung

and Jiang (2011). Therefore, it is necessary to design a PAWEC device to reduce

viscous dissipation for power capture enhancement. One method to achieve this is

through geometric optimization. As suggested by Vantorre et al. (2004), applying

wave energy conversion (WEC) devices with rounded edges can reduce the energy

losses resulting from high viscosity and vortex shedding.

105
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In addition to the viscous e�ect, the interaction between the WEC device and

the external PTO system is also considerably important for the PAWEC perfor-

mance. In practice, varying PTO system has been used by considering di�er-

ent WEC system con�guration, e.g., direct-drive linear generator, air or water

turbine, hydraulic pump and dielectric elastomer, etc. (Henriques et al., 2016a,

Chiba et al., 2013, Antonio, 2010). For simpli�cation, a spring-damper system

is generally used as PTO substitute to study the power absorption performance.

Power tuning can be achieved by adjusting the spring and damper coe�cients of

the PTO (Zang et al., 2018, López et al., 2017, Davis, 1990). It has been indicated

by Falnes (2002), the maximum power absorption is achieved when the wave fre-

quency matches the device natural frequency (ω/ω0 = 1) and the PTO damping

equals the hydrodynamic damping (BPTO = Bhyd). In other words, there is a

form of resonance involved in maximizing energy capture allied with a mechanical

form of impedance matching. Theoretically, introducing the spring component can

realize optimum WEC performance under varying wave conditions, as the PTO

can work as a motor for part of the operation cycle. However, this is realized

at the expense of generating bidirectional power �ow, which is still a challenging

phenomenon requiring further experimental and modeling studies. In this study,

to generate unidirectional power �ow, the PTO role is only simulated by a damper

operating just as a generator.

Ideally, it should be possible to jointly optimize the designs of the WEC hydro-

dynamics, PTO system and control strategy to produce the most e�cient wave

energy conversion. Optimization of the hydrodynamics should consider the opti-

mal design of the WEC geometry. The geometry design may a�ect the designs of

the PTO and control systems since these WEC subsystems are in�uenced by the

hydrodynamic interaction between the WEC device and the wave motion. Hence,

if possible these design issues should be considered in one "co-design" package
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when developing a prototype WEC system.

To basically study the "co-design" concept, this Chapter provides a derivation of

the optimal PTO damping coe�cients considering the WEC geometry optimiza-

tion under expected wave conditions. Optimization of the interaction between the

device geometry and the PTO damping is studied for the maximization of the

power performance of the tested 1/50 scale heaving PAWEC at UoH wave tank

(see Figure 3.6). The study is tested in the three dimensional (3D) computational

�uid dynamics (CFD) wave tank constructed in Chapter 3 (see Figure 3.7a). The

main contributions of this Chapter are summarized as follows:

� Two further counterparts are proposed to compare with the original tested cylin-

drical PAWEC design. The hydrodynamic parameters of these three di�erent ge-

ometric PAWECs are quanti�ed by free decay tests in the CFD wave tank and by

simulations from the linear software package ANSYS/AQWA. The results clearly

show the variation of the viscous damping against the geometric design. Thus it is

necessary to consider geometry optimisation for the design of the PAWEC system.

� There exists clear joint e�ects of the structural geometry and PTO damping on

the WEC dynamic performance and power absorption. Although, a number of

studies on WEC geometry con�guration and PTO performance have been con-

ducted (Zang et al., 2018, Goggins and Finnegan, 2014, McCabe, 2013, Yeung and

Jiang, 2011, De Backer, 2009, Eriksson et al., 2005, Vantorre et al., 2004), few

studies discuss the joint e�ects of these two factors. A series of power absorption

tests have been conducted under di�erent geometric designs and PTO damping

coe�cients. The results show that by applying an appropriate PTO damping,

a streamline-bottom device can signi�cantly enhance the PAWEC amplitude re-

sponse and power capture under both regular and irregular wave conditions, com-

pared with the original �at-bottom PAWEC.
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The remainder of the this Chapter is described as: the numerical test setup is

provided in Section 5.2; Section 5.3 describes the results and discussion and study

is concluded in Section 5.4.

5.2 Test setup

As generally known, the most promising operating range for a WEC device is

around resonance or at high wave heights. Therefore, in this Chapter, the joint

e�ects of the geometry and PTO damping on the PAWEC performance are studied

mainly in this region. Appropriate parameters are selected as follows.

5.2.1 PAWEC geometric con�guration

From the experimental free decay test, Guo et al. (2018a) has suggested that

excepting the mechanical friction, of next importance in this context is the viscosity

resulting in non-linearities and energy losses at large oscillations for the PAWEC.

According to the studies by Hager et al. (2012), Yeung and Jiang (2011), geometry

optimization for a WEC device could be an e�ective way to reduce the viscosity

e�ect leading to the reduction of the energy loss.

Referring to work in Chapters 3 and 4, it is known that a cylindrical �at-bottomed

PAWEC is built and tested at UoH. It is validated that there exists signi�cant

viscosity e�ect based on this �at-bottomed device, as discussed in Chapter 4.

Additionally, it is found that the viscosity hinders the PAWEC hydrodynamics a

lot at large oscillations. As generally known, device geometry can in�uence the

viscosity term (Journée and Massie, 2001). Therefore, a study of viscosity e�ect

in terms of device geometry is conducted here. Two further counterparts with
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streamlined bottoms are studied (see Figure 5.1) in addition to the experimental

prototype of the 1/50 scale cylindrical �at-bottomed PAWEC (de�ned as CL) as

shown in Figure 3.6. One is a cylindrical buoy with a hemispherical cap (de�ned

as CH). Another one is with a 90°-conical bottom (de�ned as CC). Note that the

two streamlined devices CH and CC studied here are not the optimal devices. The

study here is just to claim the PAWEC hydrodynamics related to geometry e�ects.

Hence, three di�erent geometric devices are discussed. Geometry optimisation will

be studied in future in order to �nd the optimal design for a speci�ed PAWEC

device.

Figure 5.1: 3D view of the three geometric PAWEC pro�les.

As generally known, natural frequency, e�ective water plane area, device geometry

pro�le are crucial parameters to determine the PAWEC performance. The study

here focuses on merely demonstrating the geometry e�ect on PAWEC performance.

Therefore, natural frequency, e�ective diameter and volume are kept the same as

shown in Table 5.1. To achieve this, the free decay testing is implemented in the

numerical wave tank (NWT) by continuously tuning the densities of CH and CC

until they match the density of CL. As a result, the physical parameters for the

three PAWEC devices are summarized, as shown in Table 5.1.
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Table 5.1: Corresponding parameters for the three geometric devices.

CL CH CC

Diameter D [m] 0.3 0.3 0.3
Volume [m3] 0.04 0.04 0.04
Natural frequency ω0 [rad/s] 4.83 4.83 4.83
Density [kg/m3] 500 602 630
Mass M [kg] 19.7 23.2 24.3

5.2.2 PTO damping con�guration

According to the linear theory, by ignoring non-linear e�ects, only the frequency

dependent inviscid radiation resistance Binv(ω) and reactance X(ω) (equalling

ωMt(ω) − K/ω) (see Eq. (4.9)) will contribute to the optimal PTO damping

for passive control, which can be calculated by B
′
PTO = [B2

inv(ω) + X2(ω)]1/2

(Falnes, 2002). Figure 5.2 demonstrated the hydrodynamic parameters of the

three geometric devices, achieved through ANSYS/AQWA.

According to the data shown in Figure 5.2, the impedance of the CL device and

the corresponding optimal PTO damping against wave frequency (the data are

computed via ANSYS/AQWA) are given to clearly illustrate the relation between

the optimal PTO resistance B
′
PTO and the hydrodynamic impedance (Binv(ω) and

X(ω)), as shown in Figure 5.3. It can be seen that the reactance will vanish at

resonance and remain low in magnitude close to resonance. As a result, inviscid

resistance (radiation damping) becomes the dominant factor a�ecting the optimal

PTO damping at resonance. As observed, the value of this factor is generally

small, which results in a "trough" prediction of the optimal PTO damping (see

the line with blank circle in Figure 5.3).

However, as indicated in Chapter 4, non-linearities caused by viscosity are indis-

pensable especially at large oscillations. It has also been suggested by Son et al.



111

0 2 4 6 8 10 12
0

4

8

12

16

20

  CL damping   CL added mass   CL, CH, CC stiffness
 CH damping   CH added mass
 CC damping   CC added mass

Wave frequency (rad/s)

H
yd

ro
dy

na
m

ic
 d

am
pi

ng
 B

in
v 

(k
g/

s)

0

2

4

6

8

10

A
dd

ed
 m

as
s 

m
 (k

g)

600

620

640

660

680

700

H
yd

ro
st

at
ic

 s
tif

fn
es

s 
K

s 
(N

/m
) 

 

Figure 5.2: Hydrodynamic parameters of the three di�erent geometric PAWEC
devices. The data are computed via ANSYS/AQWA.

(2016), non-linear viscous damping is signi�cantly larger than the inviscid radi-

ation damping. These imply that the practical optimal PTO damping used for

passive control may di�er from the predictions through the linear theory shown

in Figure 5.3. Therefore, it is necessary to obtain the "practical" PTO damping

characteristics, taking into account of the non-linearities. In this case, CFD mod-

eling can be capable of predicting more practical PTO damping characteristics in

contrast to the linear modeling. This is the focus of this chapter.

For the three di�erent geometric devices, optimal PTO damping obtained from the

linear theory are primarily adopted to predict the range for the study (see Figure

5.4). As a result, the PTO system (see Figure 3.7a) in the NWT are designated

with: 5, 7, 10, 15, 20, 25, 30, 40, 60, 70, 80 kg/s for the CFD study. As shown in

Figure 5.4, the device geometric design has insigni�cant e�ect on the variation of
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Figure 5.3: Impedance and corresponding optimal PTO resistance for passive
control for CL device. The data are obtained from linear theory using software

ANSYS/AQWA.

the optimal PTO damping against wave frequency according to the linear theory.

Then the following question must be answered: "what is the practical prediction

of the PTO damping by considering non-linearities?" This is discussed in Section

5.3.3.

5.2.3 Wave climate

The three PAWEC devices are tested under both regular and irregular waves. As

aforementioned, this work focuses on the PAWEC characteristics around resonance

or at large oscillations. In this case, the natural frequency can be a critical factor

for the wave frequency selection. Regarding the device natural frequency ω0 of

4.83 rad/s (see Table 5.1), the wave frequencies are designed around this value as

detailed in Table 5.2. Referring to the report by Met O�ce (Crewe, 1990), the

moderate to high wave heights for the fully developed open sea is de�ned in the
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Figure 5.4: Optimal PTO damping against wave frequency for CL, CH and CC
devices obtained from linear theory using software ANSYS/AQWA. The results
are used to predict optimal PTO damping versus wave frequency for passive

control.

range from 2.5 m to 10 m. Two wave height samples are discussed here with values

of 3.65 m and 7.5 m. According to the scaling 1/50, wave height of 0.073 m and

0.15 m are simulated in the numerical wave tank to represent the moderate and

high wave heights in practice. The irregular wave is generated according to the

Ochi spectrum described in Figure 3.4.



114

Table 5.2: Parameters of the simulated wave climates.

Regular wave

Wave height H [m] 0.073, 0.15
Wave frequency ω [rad/s] 3.14, 3.92, 4.52, 4.59, 4.80, 4.83,

4.91, 5.04, 5.51, 6.28
Wave frequency ratio, ω/ω0 0.65, 0.81, 0.94, 0.95, 0.99, 1.00,

1.02, 1.04, 1.14, 1.3

Irregular wave

Signi�cant wave height Hs [m] 0.1
Peak frequency ωp [rad/s] 4.83
Wide and narrow wave sharpness r 0.5, 8

5.3 Results and discussion

5.3.1 Geometric e�ect on hydrodynamic parameters

The free decay test is conducted in the NWT, in which the device is dropped from

an initial position in still water. The device motion then decays to its equilib-

rium position. The important hydrodynamic parameters for the free decay test

corresponding to all three geometric devices are the hydrodynamic added mass

a and damping Bhyd. The values can be quanti�ed following the mathematical

formulations (Falnes, 2002):

z(t) = z0e
−γt(cosωdt+

γ

ωd
sinωdt), (5.1)

where the coe�cient γ can be given as:

γ = Bhyd/[2(M + a)]. (5.2)
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According to the NWT test, both inviscid radiation damping Binv and viscous

damping Bvis are considered in Bhyd. The device natural frequency ω0 can be

calculated by:

ω0 = [K/(M + a)]1/2. (5.3)

Then the damped oscillation frequency ωd (equalling 1/Td) can be achieved by:

ωd = (ωn
2 − γ2)1/2. (5.4)

The logarithmic decrement of the decay motion can be calculated according to Eq.

(5.1) and expressed as:

γTd = ln
z(t)

z(t+ Td)
. (5.5)

It is clear that if the time series of the displacement z(t) is available, the damped

oscillation period Td and the logarithmic decrement will be measured. As a result,

the hydrodynamic parameters (a and Bhyd) can then be derived based on Eqs.

(5.2) to (5.5).

In order to compare the hydrodynamic parameters of the three di�erent geometric

devices, free decay tests are conducted by releasing all these devices from an initial

position z0 of 0.2 m in the NWT. The displacements are recorded. Figure 5.5

shows the normalised results corresponding to the di�erent geometric models. As

observed, the natural periods T0 of these three devices are maintained more or less

the same at 1.3 s (ω0 = 4.83 rad/s) as expected in Section 5.2.1. The di�erences

of the decay motion responses can be attributed to the geometric variations.
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Figure 5.5: The normalised results against the initial displacement of 0.2 m
for the three devices under free decay tests.

Figure 5.6: The amplitude di�erence against phase di�erence at troughs and
peaks.
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Figure 5.6 is transferred from Figure 5.5, which clearly shows the phase di�erence

of CH and CL devices relative to the CL device, respectively. As seen, there

still exists phase discrepancies among the three geometric devices although the

objective is to keep them de�nitely consistent. In particular, for the CH device,

the phase di�erence shows to be a bit larger compared to the CC device. Clearly,

the phase deviations are controlled under 10%, which is acceptable for the current

study by expecting the oscillating periods for the three geometric devices are

consistent. In order to reduce the phase di�erence, in particular for the CH device

(showing bigger phase di�erence), the free decay test can be repeated by changing

the device density, which is not further discussed in the work.

Based on Figure 5.5, Td and ln
(
z(t)/z(t+ Td)

)
are measured, as described in Table

5.3. Referring to Eqs. (5.1) and (5.5), the added mass and the hydrodynamic

resistance against di�erent PAWEC pro�les are calculated, as detailed in Table

5.4. As observed, the device with more streamlined bottom results in smaller

added mass and hydrodynamic damping. For the three geometric designs, the

most streamlined device CC possesses the smallest a and Bhyd.

Table 5.3: Measured logarithmic decrements and damped oscillation periods
according to Figure 5.5. T d is the average oscillation period.

ln(z0/z1) ln(z1/z2) ln(z2/z3)

CL 0.73 0.52 0.56
CH 0.40 0.32 0.42
CC 0.26 0.32 0.40

Td1 [s] Td2 [s] Td3 [s] T d [s]

CL 1.32 1.29 1.36 1.32
CH 1.30 1.35 1.30 1.32
CC 1.28 1.31 1.30 1.30
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Table 5.4: Quali�ed added mass and hydrodynamic damping. a and Bhyd are
the corresponding average values.

a1 [kg] a2 [kg] a3 [kg] a [kg]

CL 10.41 9.240 12.44 10.70
CH 5.740 8.100 5.720 6.520
CC 3.792 5.162 4.632 4.529

Bhyd1 [kg/s] Bhyd2 [kg/s] Bhyd3 [kg/s] Bhyd [kg/s]

CL 33.41 23.27 26.40 27.69
CH 18.05 14.95 19.16 17.39
CC 11.86 14.60 18.16 14.87

The linear hydrodynamic damping Bhyd and added mass a at wave frequency of

4.83 rad/s, according to the linear theory, are obtained, as illustrated in Fig-

ure 5.2. Table 5.5 shows the comparison between the linear (obtained from AN-

SYS/AQWA, see Figure 5.2) and non-linear (achieved from NWT, see Table 5.4)

predictions of the hydrodynamic parameters for the three devices under natural

frequency of 4.83 rad/s. Clearly, there exists substantial discrepancy between the

linear and non-linear predictions. The non-linear predictions of a and Bhyd are

considerably larger than the linear predictions. This can be attributed to the fact

that the viscous damping is involved in the NWT, which is ignored in the linear

theory. As observed from Table 5.5, the viscous damping is signi�cantly larger

than the radiation damping. This is consistent with the indication by Yeung and

Jiang (2011). In addition, it is clear that a more streamlined design will lead

to a smaller viscous damping, such as the most streamlined design CC generates

the smallest viscous damping. This in turn con�rms the expection that geometric

con�guration will a�ect the viscous e�ect.

In Figure 5.5, the most streamlined device CC and to a less extent CH (i.e.,

devices with streamlined bottoms) exhibit slower decays compared with the CL

device (with �at-bottom). This can be associated with the clear decreases in
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Table 5.5: Added mass, hydrodynamic damping obtained from linear and non-
linear simulations.

alinear [kg] anonlinear [kg] Binv [kg/s] Bhyd [kg/s] Bvis [kg/s]

CL 6.45 4.25 4.54 27.69 23.15
CH 4.08 2.44 3.22 17.39 14.17
CC 3.01 1.519 3.65 14.87 11.22

added mass and hydrodynamic resistance of CC relative to CL, nearly 58% and

46%, respectively (see Table 5.4). As a result, the streamlined device (e.g., CC)

will disturb less �ow in its neighbourhood during oscillation, compared with the

�at-bottom buoy CL. In other words, less vortex can be formed resulting in less

energy losses. This result can be supported by the experimental study from Zang

et al. (2018). They recorded clear vortex formation around the corner of a heaving

�at-bottom buoy and emphasized the energy loss mechanics caused by the viscous

e�ect related to the device geometry con�guration.

The data from free decay tests highlight that the geometry optimization can be

an e�cient method to reduce the energy losses and thereby to improve the wave

energy conversion e�ciency. Further investigations are provided in Sections 5.3.2

and 5.3.3.

5.3.2 Geometric e�ect on free motion dynamics

In the NWT without the PTO system, the three devices are excited by a series of

regular waves at wave height H = 0.073 m (corresponding properties are shown in

Table 5.2), respectively. Using ideal response amplitude operator (RAO) response

as a requirement, the free motions of the three devices are recorded to specify the

most e�cient geometric model. The RAO as a function of wave frequency and

geometric con�guration are plotted in Figure 5.7.
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Figure 5.7: The variation of heave RAO against wave frequency for the three
geometric devices at H = 0.073 m, BPTO = 0 kg/s.

As observed:

� At relatively low or high wave frequencies (ω < 4.5 or > 5.5 rad/s), there is little

or no di�erence in the RAO results for all the three devices. In other words, the

geometric design has insigni�cant e�ect in this frequency range. This is related

to the characteristics of the device RAO responses at relatively low frequencies,

as described in Section 4.6.2.1. At these wave conditions, the hydrostatic sti�ness

term Kz(t) (shown in Eq. (4.11)) imposed on the PAWEC device is the dominant

force. This results in the device synchronously following the motion of the adjacent

�ow with negligible phase lag. As a result, the viscous and geometric e�ects can be

negligible. To express this more clearly, the time series of the vertical velocities for

the devices as well as for the local water particles are provided at one representative

wave frequency of 3.14 rad/s, as shown in Figure 5.8. As expected, all the three

devices operate as "wave follower", by synchronously tracking the wave motion.
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More importantly, the velocity responses of the three di�erent PAWEC devices

have little or no di�erence. Thus, all the devices appear to have more or less the

same amplitude response relative to the incident wave, at low wave frequencies,

as shown in Figure 5.7.
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Figure 5.8: Time series of velocities for the three geometric PAWECs and the
local water particles at the free surface under H = 0.073 m, ω = 3.14 rad/s.

Note that PTO system is not involved.

� With the wave frequency approaching the device natural frequency at 4.5 < ω <

5.5 rad/s, substantial improvements in RAO can be observed for the streamlined

devices CH and CC, compared with CL device. Particularly, the CC model en-

hances the RAO response by nearly twice that of the CL device at resonance. To

demonstrate this more clearly, Figure 5.9 gives the snapshots of the wave-PAWEC

interaction within a half period at ω = 4.83 rad/s (wave period of 1.3 s). As

observed, the three devices arrive at the trough simultaneously at time = 15 s

and reach the peak at time = 15.65 s after a half period. Then the di�erences of

the displacement excursions for the three geometric devices can be seen clearly.

The displacement excursions of the CC and CH devices are approximately 1.8,
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1.4 times that of the CL structure, respectively. This highlights the geometric

in�uence around resonance. This phenomenon can also be explained by the am-

plitude response properties summarized in Section 4.6.2.1. Near resonance, with

the abrupt vanish of the real part (see Eq. (4.22)), hydrodynamic damping force

including the inviscid radiation and viscous forces would become dominant. Based

on the parameters determined from the free decay test (see Table 5.5), the dif-

ferences in inviscid radiation damping of the three devices are insigni�cant. In

contrast, the di�erences in viscous damping are signi�cant with the CC device

generating the smallest viscous damping whereas CL having the largest values. It

follows therefore, under the same wave excitation, CC will have the largest am-

plitude response. Figure 5.10 shows one example of the velocity response around

the device natural frequency at ω = 4.83 rad/s. As observed, CC demonstrates

the largest velocity amplitude, followed by CH and CL. Also, approximately 90°

of phase lags are found between the devices and wave motions. As a result, CC

has the largest relative velocity, followed by CH and CL. As generally known, the

viscous force has positive relationship with the relative velocity and the viscous

damping coe�cient. Therefore, the velocity responses suggest that compared with

CL and CH, a considerably small viscous damping is required for the CC device to

maintain the largest amplitude response and the smallest hydrodynamic damping

force. This in turn con�rms the results achieved through free decay tests, as shown

in Table 5.5.
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Figure 5.9: Wave-PAWEC interaction snapshots within a half period at H =
0.073 m, ω = 4.83 rad/s. ∆z is the displacement excursion from the trough to

the peak.
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Figure 5.10: Time series of velocities for the three geometric PAWECs and
the local water particles at the free surface under H = 0.073 m and ω = 4.83

rad/s. Note that PTO system is not involved.

According to the above results, considering the three di�erent geometries described

in Figure 5.1, CC appears to be the optimal geometric structure for hydrodynamic

response maximization. Hence in Section 5.3.3, only CL and CC devices are

investigated further to develop a discussion of the joint e�ects of geometry and

PTO damping on energy conversion e�ciency.

5.3.3 Joint e�ects of geometry and PTO damping on power

absorption

5.3.3.1 In regular waves

As indicated by Falnes (2002), under regular waves, the optimal power absorption

can be achieved at "resonance" and PTO resistance identical to hydrodynamic

damping. The so-called "resonance" is generally re�ected by the fact that the
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device velocity is in phase with the wave excitation force. In other words, the device

velocity lags the velocity of a regular wave by nearly 90° under the assumption

that the phase of the wave excitation force is nearly zero degree for this frequency

range (as indicated by Guo et al. (2018b)).

As generally known, the resonant frequency is a constant for a given WEC device.

This leads to a narrow power absorption bandwidth, as shown in Figure 4.14. In

order to broaden the bandwidth, the PTO control method is generally introduced

(i.e., control for the PTO spring and damper components). This approach is the so-

called optimal control or reactive control. However, this method needs to address

a bidirectional power �ow, which is complex and still under investigation. In this

work, the passive control (a sub-optimal control approach) is applied, aiming at

studying the interaction between the geometry design and PTO damping and the

resulting joint e�ects on PAWEC power absorption performance. As shown in

Figure 3.7a, a linear damper component is introduced into the NWT to simulate

the PTO action. Through the numerical tests, the PTO force and the device

velocity can be recorded. Then the resulting average absorbed power can be

calculated based on Eq. (4.16).

To generally illustrate the resonant power absorption and the absorption charac-

teristics away from resonance, representative CL dynamic performances are given

as follows:

� Figure 5.11 shows two examples close to resonance condition of ω/ω0 ≈ 1. As

seen, under this wave condition, no matter at PTO damping of 30 kg/s or 60 kg/s,

the velocity phase lags of the CL device relative to the local wave particles are

shown to be close to 90°, as calculated by 360∆t/T . However, there exists clear

di�erence in velocity magnitude caused by PTO damping variation. Signi�cant

decrease in device velocity is introduced by changing the PTO damping from

30 kg/s to 60 kg/s. This can be associated with the over-damped motion at
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BPTO = 60 kg/s. Referring to Figure 5.13, it can be seen that the maximum

power absorption is nearly achieved around ω/ω0 = 1 and BPTO = 30kg/s. By

comparison, clear decrease in power absorption can be noticed when PTO damping

increases to 60 kg/s around ω/ω0 = 1. As a result, near resonance wave conditions,

there exists an optimal PTO damping to maximize the power capture whereas the

decline of the power capture will be generated with the PTO damping departing

from this point.
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Figure 5.11: Velocity data for the CL device and the local water particles at
the free surface under H = 0.073 m, ω/ω0 ≈ 1. PTO system is involved.

� Figure 5.12 shows two examples away from resonance at ω/ωn = 0.81. As

observed, under this wave condition, a larger PTO damping reduces the response

amplitude but increases the velocity phase lag between the device and the wave to

be further close to 90°. This �nding corresponds to the experimental indications

by Zang et al. (2018). As a result, a much larger PTO damping is required for the

power absorption maximization at this relatively low wave frequency condition.
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Figure 5.12: Velocity data for the CL device and the local water particles at
the free surface under H = 0.073 m, ω/ωn = 0.81. PTO system is involved.

To demonstrate the joint e�ect of the geometry and PTO damping on power

capture more clearly, the average power absorption e�ciency as a function of

PTO damping under varying regular wave conditions for the CL and CC devices

are summarized, as shown from Figures 5.13 to 5.16. Solid �tting lines are plotted

to show the trends. It can be noticed, under both moderate and high wave heights

of 0.073, 0.15 m:

� Wave frequency shows to be a critical factor in a�ecting the power absorption

e�ciency. As observed, when the wave frequency is around the device natural fre-

quency (e.g., ω/ω0 = 1.02, 1, 0.95), the power absorption e�ciencies are generally

higher than that in the wave conditions away from this region (corresponding to

ω/ω0 = 1.14, 0.81, 0.65) for both CC and CL under both moderated and high wave

heights. This concurs with the fundamental theory and numbers of experimen-

tal results, which indicates that the maximum power absorption could be achieved

when the incident wave frequency matches the device natural frequency De Backer
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Figure 5.13: Variation of wave energy conversion e�ciency against the PTO
damping coe�cient under di�erent wave frequencies under H = 0.073 m for CL.

The solid �tting lines are plotted for trending references.

Figure 5.14: Variation of wave energy conversion e�ciency against the PTO
damping coe�cient under di�erent wave frequencies under H = 0.073 m for CC.

The solid �tting lines are plotted for trending references.
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Figure 5.15: Variation of wave energy conversion e�ciency against the PTO
damping coe�cient under di�erent wave frequencies under H = 0.15 m for CL.

The solid �tting lines are plotted for trending references.

Figure 5.16: Variation of wave energy conversion e�ciency against the PTO
damping coe�cient under di�erent wave frequencies under H = 0.15 m for CC.

The solid �tting lines are plotted for trending references.
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(2009), Vantorre et al. (2004), Falnes (2002).

� The joint e�ects of the geometry and PTO damping on the power absorption are

signi�cant when the wave frequency is around the natural frequency of the device.

For example, at H = 0.073 m, ω/ω0 ≈ 1, the CC device achieves the maximum

e�ciency at PTO damping of 10 kg/s, which is only one third of the optimal

damping of 30 kg/s for CL. In addition, the CC device demonstrates apparent

superiority over CL in harvesting wave energy. As observed, at H = 0.073 m,

maximum e�ciency of 53.3% is achieved for CC device in contrast with that of

37.7% for CL device. At H = 0.15 m, the maximum e�ciency of CC device is

62%, by up to 70% increase with respect to that of CL.

� The geometry e�ects on the optimal values of the PTO damping and absorption

e�ciency turn out to be insigni�cant when the wave frequency is away from the

device natural frequency (e.g., ω/ω0 = 1.14, 0.81, 0.65). As observed, for the

di�erent geometric device, the power capture trends against PTO damping are

shown to be more or less the same at given wave conditions. Furthermore, a

high PTO damping is expected to reach the optimal power absorption for both

CL and CC devices at a given wave condition. For example, at a relatively low

wave frequency ω/ω0 = 0.65, the required optimal PTO damping would exceed

80 kg/s. This is consistent with the result described for Figure 5.12, suggesting

that a relatively high resistance load is required to damp the device motion for

power absorption improvement at wave frequencies away from the device natural

frequency.

The optimal applied PTO damping versus wave frequency obtained via CFD sim-

ulations is plotted in Figure 5.17, in comparison with the predictions by the linear

theory. Clear discrepancy can be noticed around ω/ω0 = 1. As observed, the

predicted optimal PTO damping coe�cients via CFD simulations are higher than

those gained from the linear theory, especially for the �at-bottom device CL. For
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Figure 5.17: Optimal PTO damping versus wave frequency for CL and CC
devices obtained via CFD analysis. The solid �tting lines are plotted for trending

references.

the CL device close to ω/ω0 = 1, the optimal damping is more or less 30 kg/s,

nearly 5 times larger than the predicted value from the linear theory. For the CC

device close to ω/ω0 = 1, the optimal damping predicted through CFD method

is still larger than the linear prediction but the discrepancy shows to be some-

what smaller in contrast with the CL device. This is mainly due to the inviscid

�uid applied in the linear theory. Hence, only the inviscid radiation damping con-

tributes to the PTO damping. However, this is impractical especially around ω/ω0

= 1 where the device would experience indispensable viscous e�ect as mentioned

above. By considering a viscid �uid, in the CFD simulation, viscous damping

would account for a proportion of the hydrodynamic damping. Hence, this leads

to a larger requirement of the optimal PTO damping than the linear theory close to

ω/ω0 = 1. Furthermore, as observed, the CL device requires a larger PTO damp-

ing (nearly 30 kg/s) than the CC device (approximately 10 kg/s). This in turn



132

con�rms the indication that the more streamlined device would produce a smaller

hydrodynamic damping compared with the �at-bottomed PAWEC, resulting in

less energy losses as discussed in Sections 5.3.1 and 5.3.2.

Figure 5.18: Comparison of the shift in maximum power absorption between
CL and CC device as the wave height increases. The zone circled by the black

solid line represents the maximum power absorption e�ciency.

To further illustrate the joint e�ects of geometry and PTO damping on the char-

acteristics of the maximum absorption e�ciency at varying wave heights, Figure

5.18 is given. As observed, for the CL device it is clear that the maximum e�-

ciency shifts towards a lower wave frequency and a higher PTO damping as the

wave height increases. These CFD results correspond with the experimental and

CFD data given in Davis (1990), Anbarsooz et al. (2014). By contrast, for the CC
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device, no discrepancies are apparent in the optimal values of the PTO damping

and wave frequency, corresponding to the two wave heights shown. The maximum

power absorption e�ciency seems to be maintained consistently around ω/ωn = 1

rad/s and BPTO = 10 kg/s. These observations can be supported by:

(i) The optimal PTO damping and wave frequency are related to the hydrodynamic

damping including viscous damping in practice.

(ii) The viscous e�ect on a �at-bottom device is much larger than that on a

streamlined design.

(iii) The viscosity magnitude is highly dependent on the oscillation magnitude.

Thus, in contrast to the CC design, the optimal power e�ciency characteristics

of the CL design have a clearly higher dependence on wave height. This shows

that the hydrodynamic behaviour of the CL device has signi�cantly stronger non-

linearity than that of the CC counterpart.

Figures 5.19 and 5.20 illustrate the power absorption e�ciency increase of the CC

device relative to CL at the two di�erent wave heights. It can be noted that the CC

PAWEC presents clear superiority over the CL device in extracting wave energy, by

up to 200% increase under both wave heights. Additionally, the e�ciency increase

shows an inverse relationship to the PTO damping. This can be explained as the

resistance caused by the PTO turns out to be dominant with increasing BPTO,

thus weakening the hydrodynamic damping in�uence caused by the geometrical

design. In other words, at a su�ciently large BPTO, the geometry e�ect on the

device power absorption and the prediction of the optimal PTO damping would

become negligible. However, this situation could be achieved at the expense of a

relatively small power absorption e�ciency, as shown from Figures 5.13 to 5.16.

In summary, when considering a new PAWEC device design it is necessary to

investigate initially the most e�cient con�gurations of the device geometry and
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PTO damping for high energy absorption. It is therefore important to consider a

"co-design" approach based on the device geometry, PTO damping and expected

wave conditions.
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Figure 5.19: The variation of the absorption e�ciency increase (CC relative
to CL) against PTO damping coe�cient.

5.3.3.2 In irregular waves

Two series of Ochi spectral (corresponding parameters are detailed in Table 5.2)

are applied in the NWT to generate irregular waves. The di�erence of these two

irregular waves is on the selection of the spectral bandwidth coe�cient r. A narrow

spectrum will be generated at r = 8, in contrast to a wide spectrum produced at

r = 0.5.

The device motions and wave elevations in time series at BPTO = 0 kg/s are

obtained (see Figures 5.21 and 5.22). In a similar manner to the observations

corresponding to regular wave excitation (see Figure 5.7), the CC device still shows
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Figure 5.20: The variation of the absorption e�ciency increase (CC relative
to CL) against PTO damping coe�cient.

more e�cient dynamic performance compared with the CL under these two kinds

of irregular waves. In the case of CC larger oscillation magnitudes are evident,

thus implying the higher energy e�ciency.
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Figure 5.21: Time series of the CL, CC and wave motions under irregular
waves of Hs = 0.1 m, ωp = 4.83 rad/s and r = 8. BPTO = 0 kg/s.

Under these two types of irregular wave conditions, the instantaneous power out-

puts are obtained by the product of the device velocity and the PTO damping
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Figure 5.22: Time series of the CL, CC and wave motions under irregular
waves of Hs = 0.1 m, ωp = 4.83 rad/s and r = 0.5. BPTO = 0 kg/s.

force. Figures 5.23 and 5.24 demonstrate an example at PTO damping of 10 kg/s.

Clearly, the captured power using the CC device is larger than that of CL device

for these two wave conditions.
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Figure 5.23: Instantaneous powers of the CL and CC devices under irregular
waves of Hs = 0.1 m, ωp = 4.83 rad/s and r = 8, respectively. BPTO = 10 kg/s.

Furthermore, the variations of the average captured power against the applied

PTO damping are shown in Figure 5.25. As observed, the CC device shows

prominent superiority in extracting wave energy almost over the whole studied

PTO damping range of 0 to 80 kg/s, in contrast to the CL device at r = 8. Re-

garding a wide spectrum at r = 0.5, a smaller extent of superiority of CC over CL

can be found from 0 to 30 kg/s. These �ndings imply that to highly exploit the
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Figure 5.24: Instantaneous powers of the CL and CC devices under irregular
waves of Hs = 0.1 m, ωp = 4.83 rad/s and r = 0.5. BPTO = 10 kg/s.

advantage of applying the streamlined-bottom device for the reduction of energy

loss and the enhancement of power absorption, it is of fundamental importance to

match the majority of wave frequencies with the device natural frequency (e.g., at

r = 8). This con�rms the requirement of considering the "co-design" concept. In

other words, it is necessary to jointly consider the device geometry, PTO system

and wave conditions to enhance the power capture.

5.4 Conclusions

This Chapter aims at studying the joint e�ects of geometry and PTO damping on

the power absorption under both regular and irregular waves. A series of numerical

tests are conducted in the NWT, e.g., free decay test, free motion test and power

absorption test. According to the simulated results, the conclusions can be drawn

as below:

� Added mass a and hydrodynamic damping Bhyd are quanti�ed for the three

geometric devices from free decay tests. Up to 60% decrease in both a and Bhyd is

observed as the geometry changes from CL to CC. As a result, compared with the
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Figure 5.25: Variation of average power (for 40 s) with PTO damping coef-
�cient under irregular waves of Hs = 0.1 m, ωp = 4.83 rad/s and r = 0.5, 8,

respectively.

�at-bottomed CL, signi�cantly slower decay in motion is found for the streamlined

CC.

� From free motion test without PTO, it can be seen the geometry design has a

prominent a�ect the device amplitude response, especially around resonance. The

streamlined device CC results in up to 100% increase of amplitude responses com-

pared with the CL device near resonance. In addition, the geometry optimization

with streamlined bottom leads to remarkable decrease in viscous damping, which

contributes to the increasing amplitude response.

� Conducting the PAWEC performance with PTO action under regular waves, it

can be found that the joint e�ects of geometry and PTO damping on the power

absorption e�ciency characteristics are signi�cant. For the CC device, the max-

imum power absorption e�ciency is maintained consistently at a PTO damping

of 10 kg/s and near resonance for di�erent wave heights. In contrast, for the CL
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device, the maximum e�ciency shifts towards a larger PTO damping (changing

from 30 to 60 kg/s) and a lower wave frequency (changing from ω/ωn = 1 to 0.81)

with increasing wave height. The maximum power e�ciency is enhanced to 53.3%

and 62%, respectively for wave heights H of 0.073 and 0.15 m for CC, relative to

that of 37.7% and 36% for CL.

� With PTO action under irregular waves, the joint e�ects of geometry and PTO

damping on the power absorption can also be seen. The superiority of the CC

device over the CL device is clearly shown in enhancing the captured power over

a large range of PTO damping (ranging from 0 to 80 kg/s), at a narrow wave

spectrum condition with the peak wave frequency matching the device natural

frequency. Under a wide wave spectrum condition, the advantage of using the

streamlined device still exists but reduces to a smaller extent with the PTO damp-

ing ranging from 0 to 30 kg/s.

In summary, parameters considered, such as the geometry, the PTO damping, the

wave frequency and the wave height show clear mutual interaction with each other

in a�ecting the heaving PAWEC performance. This suggests the application of

"co-design" in optimizing the device performance for power generation. In the

future, based on the numerical study in this work, a further study on the PAWEC

performance optimization would be extended to physical experiments in the UoH

�ume tank.

The non-linear power capture characteristics of the CL device against PTO damp-

ing and wave condition are summarized in this Chapter, as shown from Figures

5.13 to 5.18 and Figure 5.25. It is clear that it can be possible to �nd an appropri-

ate PTO damping for optimal power capture regarding di�erent wave conditions

via large numbers of tests. Although the wave condition is stochastic in practice,

it is not realistic to apply large numbers of trials. To solve this, control method
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(PSO-FLC) is implemented to adaptively achieve e�cient PAWEC performance

with respect to the stochastic wave conditions, as discussed in the Chapter 6.



Chapter 6

PSO-FLC implementation on

PAWEC

6.1 Introduction

By conducting series of numerical tests, the optimal power take-o� (PTO) damp-

ing can be found for power capture maximisation under di�erent wave conditions

regarding the designed point absorber wave energy converter (PAWEC), as sum-

marized in Chapter 5. This method is de�ned as the passive control with constant

PTO damping (PCCD) in this work. The corresponding results concur with the

experimental study conducted by (Zang et al., 2018). However in practice, it is

unrealistic to conduct numbers of trials for achieving the optimal PTO damping

with respect to a stochastic wave. Hence, it is important to adaptively adjust the

PTO damping regarding the stochastic irregular waves. To achieve this, a fuzzy

logic controller accompanied by particle swarm optimization (PSO-FLC) (Bouar-

roudj et al., 2017, Debnath et al., 2013) is implemented on the PAWEC device (via

simulations) to address the tuning problem, as discussed in this Chapter. Fuzzy

141
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logic controller has been successfully used in many �elds due to its easy imple-

mentation from human experts (Lee, 1990, Azadegan et al., 2011). However, the

main disadvantage of this controller is that the tuning of the membership functions

(MFs) is time consuming. To overcome this, various techniques have been used to

automatically optimize the parameters of MFs, such as genetic algorithm or PSO

(Fang et al., 2008, Messai et al., 2011). In this work a PSO based FLC is used to

adaptively tune the PTO damping for power adsorption improvement.

Figure 6.1 shows brie�y the corresponding concept. As shown, the controller sets

the PTO damping as the control variable. To self-adjust the controller regarding

the incident wave condition, the PSO algorithm is integrated into FLC for the

membership functions (MFs) optimization of the fuzzy rules.

Figure 6.1: General sketch of the PSO-FLC method applied on the PAWEC.

The main contributions of this Chapter are summarized as follows:

� First of all, the FLC method is implemented on the PAWEC device (in simula-

tions) to indicate its capability of tuning the PTO damping for power absorption

maximisation. In this work, the fuzzy inference system (FIS) is designed according
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to the power capture characteristics summarized from the numerical tank tests, as

described in Chapter 5. The results show clearly that applying the FLC can yield

adaptive PTO damping tuning with respect to the incident wave condition.

� The PSO algorithm is then applied to the control system to adaptively tune

the parameters of the FIS in order to further improve the control action. In the

proposed PSO process, each particle is designed to represent the crucial parameters

(the mean value and standard deviation) of the Gaussian MFs for the inputs and

outputs. The results show that each particle will be updated to search for an

optimal set of MFs after numbers of interation. As a result, the amount of the

absorbed wave energy is increased.

The rest of this Chapter is described as: Section 6.2 provides the system structure;

The designs of the FLC and the PSO-FLC are detailed in Section 6.3; Section 6.4

describes the results and discussion; study is concluded in Section 6.5.

6.2 System structure

The designed 1/50 scale PAWEC consists of a cylindrical buoy reacting against

the incident waves and the PTO force. In this work, the device is constrained to

operate only in heave mode. The motion of the device obeys Newton's second law,

expressed as:

Mz̈(t) = fe(t) + fr(t) + fv(t) + fs(t) + fPTO(t). (6.1)

The proposed non-linear state-space model (NSSM) in Section 4.4 is used to de-

scribed the PAWEC hydrodynamics, as demonstrated in Figure 4.15. Then by
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involving the PSO-FLC method to tune the PTO damping, the whole system can

be given in Figure 6.2.

Figure 6.2: PAWEC system architecture.

As shown, for the considered PAWEC, the wave excitation force fe is related to the

incident wave elevation. It is approximated by a 6-order state-space model with

a 1 s of wave prediction, as detailed in Section 4.3.2. For the radiation force fr,

a 4-order state-space model is derived to approximate its convolution term with

the PAWEC oscillating velocity as the input (see Section 4.3.1). The non-linear

factor, i.e., the viscosity force fv is considered according to the quadratic term in

the Morison equation. Corresponding viscous coe�cient Kv is identi�ed by the

computational �uid dynamics (CFD) tank tests, as described in Section 4.5. The

hydrostatic force fs is expressed by −KsZ, where Ks is the hydrostatic sti�ness
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coe�cient given by ρgπ(D/2)2. fPTO is the PTO control force. In order to avoid

bidirectional power �ow, the PTO role is simulated only by a damper operating

just as a generator (expressed as BPTOŻ). Hence, the PTO damping coe�cient

BPTO is the control variable in this system.

FLC is proposed to adapt the PTO force by continuously controlling the damping

coe�cient BPTO. The control variable is computed based on the predicted wave

excitation force with 0.01 s horizon. The prediction of the excitation force is

realised by an AR model, which is similar with the method applied for the wave

elevation prediction, as described in Section 4.3.2. System identi�cation (SI) is

applied to o�er a state-space model for simulating the PAWEC hydrodynamics

under the predicted wave excitation force. To search more e�cient MFs parameters

(θ1, θ2, θ3) for the control action improvement, PSO algorithm is involved aiming

at maximizing the absorbed energy E.

6.3 Controller design

6.3.1 FLC

As discussed in Chapter 4, the dynamics of the PAWEC are actually non-linear

with respect to the incident waves, di�ering from the conventional linear descrip-

tion. In other words, the system su�ers from modeling complexity regarding dif-

ferent wave conditions. Therefore, instead of the model based controller, the FLC

method is applied to control the PAWEC device which is independent of the math-

ematical modeling of the hydrodynamic plant. However, this control method has

a main drawback that an e�cient rule base of the FIS needs to be determined by

trial and error.
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Section 5.3.3 details the non-linear power capture properties of the PAWEC device

summarized from numerical wave tank tests. The data are used here to guide the

design of the fuzzy rules. According to the results discussed in Section 5.3.3, it can

be found that the power absorption e�ciency is dependent of the PAWEC hydro-

dynamic performance, i.e., the device's amplitude and phase responses against the

incident wave. Clearly, for the designed cylindrical PAWEC, the optimal power

absorption is achieved when the device reaches nearly 90° phase lag relative to

the wave motion at BPTO approximately equalling 30 kg/s. Additionally, when

the phase lag is away from 90°, a larger PTO damping is required to enhance the

power absorption.

Therefore, for the proposed FIS controller, two inputs are de�ned to tune the con-

trol variable PTO damping. As shown in Figures 6.1 and 6.2, one is the magnitude

di�erence between the incident wave elevation and the PAWEC displacement, de-

�ned as |ẑ − η|. The other is the phase di�erence between the incident wave ex-

citation force and PAWEC oscillating velocity, de�ned as
∣∣∣φ̂∣∣∣. The Mamdani type

of FIS is applied with two inputs and one defuzzy�ed output, as demonstrated in

Figure 6.3. Note that the defuzzy�cation is realized by using the centroid of the

output membership function.

Figure 6.3: PAWEC FIS structure.

The two inputs and the one output are processed using a set of di�erent MFs. As

generally known, selecting MFs can be quite time consuming. There are lots of
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functions can be used, such as Gaussian, Triangular and Generalized bell-shaped

type, etc. In this work, Gaussian MFs are applied as examples to validate the

feasibility of using FLC for controlling WEC performance. Other types of functions

can be considered by PSO algorithm to search the optimised function for the

WEC device. This is not discussed in this work. All the MFs are described

by Gaussian type curve. The symmetric Gaussian function is dependent of the

standard deviation σ and the mean value c, given by:

f(x;σ, c) = exp
(
− (x− c)2/2σ2

)
. (6.2)

The crucial parameters σ and c of these MFs are decided according to the data

summarized from Figures 5.11 to 5.18.
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Figure 6.4: MFs for the inputs and output.

Figure 6.4 details the designs of the MFs for the two inputs and one output. As

observed:

� Each variable is de�ned by three MFs.

� For the �rst input, magnitude di�erence |ẑ − η|, the MFs are categorized as:

"small", "medium" and "large".

� For the second input, the phase di�erence
∣∣∣φ̂∣∣∣, the MFs are categorized as: "op-

timal", "small" and "large". According to data shown in Figures 5.11 and 5.12,

the optimal power capture performance can be achieved when the wave excitation

force is approximately in phase with the device oscillation velocity. Therefore, the

mean value c for the "optimal" MF is set at 0.
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� For the control output, the PTO damping BPTO, the MFs are categorized as:

"optimal", "more" and "large". Referring to the optimal PTO damping BPTO

shown in Figure 5.18, the c for the "optimal" MF is located at 30 kg/s. The range

of the control output is set as [0 100].

Then the fuzzy rule base is constructed as follows:

(1) If (Phase is optimal) then (PTO-damping is optimal);

(2) If (Phase is small) and (Amplitude us small)then (PTO-damping is more);

(3) If (Phase is large) then (PTO-damping is large);

(4) If (Amplitude is medium) then (PTO-damping is optimal);

(5) If (Amplitude is large) then (PTO-damping is large);

Figure 6.5: Overall surface description of the designed fuzzy rules for the
PAWEC device.
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As a result, the overall fuzzy rules can be transferred to a surface description, as

shown in Figure 6.5. Clearly:

� When the phase di�erence is nearly 0 and the oscillation amplitude is small, the

PTO damping is controlled approximately at 30 kg/s;

�When the phase di�erence is nearly 0, a larger optimal PTO damping is required

with increasing oscillation amplitude;

� when the phase di�erence is far away from 0, the PTO damping will be controlled

at a considerably larger value.

The control actions described above concur with the PAWEC power capture char-

acteristics summarized in Figure 5.18. In other words, the designed FIS obeys the

physical laws of the PAWEC system for e�cient power absorption.

The parameters of the input and output MFs described in the FIS are determined

by referring the numerical tank test results in Section 5.3.3. However, it cannot be

guaranteed if the proposed FIS provides the most e�cient control action for the

PAWEC system regarding the varying wave conditions. Therefore, by contrast, a

controller with updating MFs with respect to the wave condition will be proposed

to further enhance the power absorption. This method is discussed bellow.

6.3.2 PSO-FLC

As mentioned in Section 6.3.1, there may exist a better FIS to improve the control

action for an improved power absorption. In order to search for a better FIS, the

PSO algorithm is applied here.

Proposed by Eberhart and Kennedy (1995), the PSO algorithm is inspired from

the �ocking behaviours of birds or insects swarming. Naturally, to search the food
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in an area, the birds in a group will share their own experience with each other and

then follow the bird which is closest to the food. If any of the other birds comes

closer to the food than the �rst bird, it will attract the others to veer toward the

new position. This pattern continues until all the birds get the food. In the PSO

algorithm, each bird is viewed as a "particle".

Figure 6.6: General concept of PSO algorithm for the ith particle. ~Xi(t) and
~Xi(t + 1) represent the current and the updated position for the particle. ~Vi(t)
and ~Vi(t + 1) are the corresponding velocities. ~Pi(t) is the best position the
particle has achieved so far. ~G(t) represents the global best value achieved so

far by the group of particles.

Learned from the birds swarming scenario, the PSO is successfully used for solving

optimization problems. In the PSO, a group of initialized particles are used to

search for the optima by self-learning and communicating with each other. In

every interation, the population is evaluated by a cost function. As a result, each

particle is updated with new information by pursuing the maximum or minimum

value of the cost function. Figure 6.6 depicts the action of the ith particle in

one interation. It can be seen that in every interation, each particle updates its
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position ~Xi(t) and velocity ~Vi(t) by considering two "best" values. One is the

previous best position ~Pi(t) that has been obtained for this particle to lean toward

the optimal solution. Another "best" value is the global best position ~G(t) that

has been obtained so far for all the particles in the population. Following Figure

6.6, the particle's updated position and velocity can then be formulated as:

~Xi(t+ 1) = ~Xi(t) + ~Vi(t+ 1)

~Vi(t+ 1) = Ω~Vi(t) + α1β1
(
~Pi(t)− ~Xi(t)

)
+ α2β2

(
~G(t)− ~Xi(t)

)
,

(6.3)

where Ω is the inertia weight coe�cient; β1 and β2 are the acceleration coe�cients.

Ω~Vi(t) represents the inertia term; α1β1
(
~Pi(t) − ~Xi(t)

)
and α2β2

(
~G(t) − ~Xi(t)

)
are the cognitive and social component, respectively. c1 = α1β1, c2 = α2β2.

In practice, Clerc and Kennedy (2002) have summarized Ω, c1 and c2 by the

constriction equation:

χ =
2K∣∣∣2− 2Φ−
√

4Φ2 − 8Φ
∣∣∣ , (6.4)

where K and Φ are commonly set to 1 and 2.05. Then, Ω = χ, c1 = c2 = χΦ.

As described in Section 6.3.1, Gaussian curves (determined by parameters σ and

c) are used to describe the MFs of the inputs and output in the FIS. By applying

the PSO algorithm, the aim is to search better MFs parameters for FLC action

improvement (see Figure 6.7). The procedure of the PSO algorithm interacted

into the FLC of the PAWEC system is described in Figure 6.8. As shown, each

particle is designated with the information of the MFs parameters σ and c for the

two inputs and one output. Therefore, for the PAWEC system the dimension of

each particle Dp should be 18, namely 3×3×2. Eq. (6.3) is applied to update the

dynamics of the particles at each interation. A cost function is used to evaluate the



153

e�ciency of the updated particles by computing the amount of absorbed energy

by PAWEC system. The objective is to maximize the energy absorption E.
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Figure 6.7: An example of the updated Gaussian MF.
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Figure 6.8: Flow diagram illustrating the PSO-FLC.



155

6.4 Results and discussion

Two irregular wave conditions are applied (corresponding data can be found in

Table 5.2) for these simulations. In order to evaluate the performance of the FLC

and PSO-FLC on the PAWEC, PCCD approach is used as a counterpart. The

PCCD method has been discussed via the CFD tank tests, as shown in Figure

5.25.

6.4.1 By FLC

Figures 6.9 and 6.10 describe the energy absorption of PAWEC device by using

the FLC and PCCD. As observed:

� Through the PCCD, the optimal power capture is achieved by trial and error

at di�erent wave conditions. For an irregular wave with a narrow bandwidth (r

= 8), the captured power can be maximized at PTO damping equalling 30 kg/s;

while a larger damping of 50 kg/s is required for the wave with a wider bandwidth

(r = 0.5). These results concur with that shown in Figure 5.25. This highlights

the limitation of using the PCCD. This control method is incapable of maximizing

power absorption at di�erent wave conditions by designating with a constant PTO

damping.

� On the contrary, it is clear that the proposed FLC can adaptively achieve e�cient

power absorption at di�erent wave conditions. For both irregular wave conditions

at r = 0.5 and 8, it can be noticed that by applying the designed FIS (see Figure

6.5) the absorbed energy is more or less the same as the optimal absorbed energy

with PCCD method. Figure 6.11 shows an example of the dynamic control action

by the FLC. As seen, the PTO damping is adjusted with the change of the incident



156

inputs. As a result, in contrast to the constant PTO damping used in PCCD, the

adaptive value is determined by the FLC, as shown in Figures 6.12 and 6.13.
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Figure 6.9: Comparison of the absorbed energy with di�erent control methods
for wave condition: Hs = 0.1 m, ωp = 4.83 rad/s and r = 0.5.
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Figure 6.10: Comparison of the absorbed energy with di�erent control meth-
ods for wave condition: Hs = 0.1 m, ωp = 4.83 rad/s and r = 8.
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Figure 6.11: Representative snapshots of the fuzzy rules and corresponding
output at di�erent time instant for wave condition: Hs = 0.1 m, ωp = 4.83 rad/s

and r = 8.

To summarize, the above results indicate the superiority of the FLC over PCCD.

By applying FLC, the PTO damping can be adaptively tuned for power capture

maximization regarding di�erent wave conditions.
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Figure 6.12: Comparison of the PTO damping dynamics with di�erent control
methods for wave condition: Hs = 0.1 m, ωp = 4.83 rad/s and r = 0.5.
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Figure 6.13: Comparison of the PTO damping dynamics with di�erent control
methods for wave condition: Hs = 0.1 m, ωp = 4.83 rad/s and r = 8.
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6.4.2 By PSO-FLC

There is a possibility that the applied FIS is not the optima one. Thus, the PSO

is included into the FLC to search for a better FIS. As generally known, increasing

the PSO swarm size N and interation size T can improve the possibility to reach

the global optima. However, this will increase the computational burden. In this

work, the N and T are set to 30 and 15, respectively.
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Figure 6.14: Comparison of the absorbed energy by the use of the FLC and
PSO-FLC for wave condition: Hs = 0.1 m, ωp = 4.83 rad/s and r = 8.

As shown in Figure 6.14, the amount of the absorbed energy increases by up to 30%

by using the PSO-FLC in comparison with FLC. Figure 6.15 describes the update

of the FIS by using the PSO. Clearly, the MFs are tuned after 15th interation.

Figure 6.14 together with Figure 6.15 can be used to show the e�ectiveness of PSO

algorithm in searching better FLC controller parameters. The study is conducted

under wave condition of Hs = 0.1 m, ωp = 4.83 rad/s and r = 8. Figure 6.15

demonstrates the change of the FLC parameters after 15th interation with the use
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of PSO algorithm. As shown, after 15 ineration, the PSO algorithm adaptively

tune the fuzzy controller to perform as a new system (shown in the right of Figure

6.15) in contrast to the initialised system (shown in the left of Figure 6.15). After

15th interation, the PTO damping output for phase di�erence larger than 0.5

are clearly di�erent from the initial design. As a result, the absorbed energy is

substantially increased by up to 30% (see Figure 6.14) by using the updated control

algorithm after 15th interaction. As for di�erent sea states, the PSO algorithm

would adaptively adjust the FLC control algorithm for better performance after

N interactions.

Figure 6.15: Comparison of the updated FIS by PSO algorithm. Wave condi-
tion is Hs = 0.1 m, ωp = 4.83 rad/s and r = 8.

6.5 Conclusions

This Chapter focuses on studying the FLC performance of controlling PTO damp-

ing for power capture maximization. According to the simulated results, the fol-

lowing conclusions can be given:

� The designed FLC can adaptively tune the PTO damping in response to di�erent

incident waves for power absorption e�ciency maximization. The Mamdani-type
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fuzzy inference system is applied to manage the PTO damping adjustment with

respect to incident waves. The fuzzy rules are proposed by considering the PAWEC

power capture characteristics described in Figure 5.18.

� Adding the PSO algorithm into the designed FLC can clearly increase the amount

of the absorbed power by up to 32% (under wave condition Hs = 0.1 m, ωp = 4.83

rad/s and r = 8). In this work, the PSO is applied to optimize the parameters of

the Gaussian type MFs in the FIS.

To summarize, this Chapter indicates the capability of using control strategy to

further improve the power absorption e�ciency. As expected, the controller as a

subsystem of the whole PAWEC system is highly dependent of the device hydro-

dynamic properties, which are discussed in Chapters 4 and 5. This fact con�rms

the importance of considering "co-design" concept for the PAWEC development,

as mentioned in Chapter 5. A summary of the research study from Chapter 3 to

Chapter 6 is given in the next Chapter.



Chapter 7

Conclusion and future work

7.1 Introduction

This Chapter summarizes the �ndings of the research study from Chapters 3 to

6, as described in Section 7.2. Additionally, the future research inspired from the

current work is outlined in Section 7.3.

The thesis is completely focussed on the 1/50 scale heaving point absorber wave en-

ergy conversion (PAWEC) device designed and constructed by Binyong Guo (Guo,

2017). The main contributions are encapsulated in the following four objectives

of the current study:

(1) to develop an e�ective computational �uid dynamics (CFD) numerical wave

tank (NWT) in order to closely reproduce the PAWEC hydrodynamic tests con-

ducted in the physical wave tank (see Chapter 3);

162
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(2) to demonstrate the degree to which the non-linearity in the PAWEC hydro-

dynamics should be represented and furthermore to identify a non-linear mathe-

matical modeling to closely represent the PAWEC non-linear hydrodynamics (see

Chapter 4);

(3) to study the joint e�ects of the PAWEC geometric con�guration and power

take-o� (PTO) damping on wave energy absorption in order to optimize the

PAWEC power capture (see Chapter 5).

(4) to implement the fuzzy logic controller (FLC) on the PAWEC device in order

to further maximize the power absorption e�ciency (see Chapter 6).

The �ndings and conclusions related to the above research objectives are summa-

rized in the next Section.

7.2 Summary and conclusions

A brief summary of the research study from Chapters 3 to 6 is given in this

Section. Furthermore, the conclusions and the potential impact corresponding to

WEC applications or other (similar) research studies are outlined.

� Development of a NWT validated by experiments

The detailed techniques used to develop a CFD NWT, which can e�ciently gen-

erate both regular and irregular waves are described in Chapter 3. As generally

known, it is of fundamental importance to produce stable waves for a wave tank.

To achieve this, a layer of nodes designated with prescribed angular displacement

is allocated in the inlet of the NWT to simulate the paddle wave-maker for wave

generation. In addition, an arti�cially sloped "beach" is located in the downstream

of the NWT to dissipate the propagating wave energy for generating stable waves.
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When using NWT, another key challenge which should be taken into account is the

trade-o� between the computational cost and precision. With no doubt, a higher

density of grid solution would generate a corresponding higher precision but lead

to a larger computation cost. A radiated grid solution is applied in this work to

save the computation while guaranteeing the computation precision. Large num-

bers of grids are distributed in the region where the wave dynamic is considerably

concerned. Away from this zone, the mesh density is gradually decreased towards

the boundaries of the NWT.

In addition to wave dynamics, the NWT is applied to simulate the wave-PAWEC

interaction, including the PAWEC dynamics under conditions of free decay, wave

excitation and free motion testing. Furthermore, the NWT has enhanced capabil-

ity (due to non-linear approach) to capture the splashing phenomena during the

wave-WEC interaction. The numerical data are validated by the physical data

obtained from the experimental wave tank tests.

Overall, the proposed NWT is capable of reproducing the physical wave tank test

for studying the PAWEC dynamic behaviors considering non-linearities. It can

be concluded that a well designed NWT can be an e�ective tool for accurate

simulation of the physical hydrodynamic performances of di�erent types of WEC

devices. Therefore, the use of numerical modeling can be an appropriate alterna-

tive to studying the non-linear response of the PAWEC with respect to the waves

(even under extreme waves) in contrast to costly physical testing.

� Veri�cation of a non-linear modeling using CFD data

In Chapter 4, a non-linear modeling involving a quadratic viscous term is veri�ed

to describe the PAWEC hydrodynamic behaviors. For a given PAWEC device, it

is of fundamental importance to facilitate an understanding of the hydrodynamics.

As generally known, the PAWEC device is tuned to be resonant oscillation for the
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achievement of the power absorption maximization. Then the main challenge to

be overcome is the degree to which non-linearities in the device hydrodynamics

should be considered. Currently, a number of studies by various investigators are

based on the use of linear modeling, e.g. using the boundary element method

(BEM) to describe the PAWEC hydrodynamics. By contrast, this thesis focuses

on indicating the non-linearities of the PAWEC device caused by the non-linear

viscosity. Therefore, a non-linear approach considering viscosity is proposed. The

superiority of the proposed non-linear model over the linear counterpart in repre-

senting the PAWEC dynamic behaviors is validated by comparing with the data

from the NWT and the physical wave tank. It is concluded that the linear hy-

drodynamic representation leads to signi�cant errors in predicting the PAWEC

dynamic responses which may mislead the PTO and control strategy designs.

By contrast, the proposed non-linear model o�ers much more realistic predictions

of the PAWEC hydrodynamics. Additionally, the non-linear model provides a

considerably quicker and more convenient solution to represent the PAWEC hy-

drodynamics in the time domain in contrast to the time-costly and complex CFD

model. Furthermore, the model can be integrated straightforwardly into the con-

trol strategy design for further power capture optimization as the hydrodynamic

plant of a PAWEC device. Overall, the non-linear model can be used as a feasible

analysis tool for the initial concept design and parameter optimisation regarding

the engineering and structural design of a PAWEC device.

� Power capture enhancement by joint tuning of geometry and power

take-o� damping

The power absorption e�ciency is a crucial factor which should be carefully con-

sidered in the design of a PAWEC device. This is the motivation of Chapter 5. A

methodology for maximizing the power capture is presented by optimizing the geo-

metric con�guration of the 1/50 scale PAWEC via NWT tests. More importantly,
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the joint e�ects of the device geometry and power take-o� (PTO) damping on the

wave energy absorption e�ciency are also discussed. Two other geometric coun-

terparts (the cylindrical PAWEC with a hemispherical streamlined bottom and a

90°-conical streamlined bottom, de�ned as CH and CC, respectively) are proposed

with respect to the original �at-bottom cylindrical PAWEC device (CL). A PTO

force via varying damping coe�cient is applied to compare the power conversion

performances of the aforementioned devices. Free decay, wave-PAWEC interaction

and power absorption tests are conducted via the CFD model. It is found that the

streamlined devices (CH and CC) can generate by up to 60% of decrease in the

hydrodynamic added mass and damping, compared to the CL device. Moreover,

the CC design is the best among the three studied geometries as evidenced by

its capability of enhancing the amplitude response by up to 100% in contrast to

the CL design. Additionally, applying an appropriate PTO damping to the CC

device prominently increases the achievable optimal power by up to 70% under

both regular and irregular waves (compared with the CL device).

The study detailed in Chapter 5 provides a critical idea, which is that the parame-

ters considered, such as the geometry, the PTO damping, the wave frequency and

the wave height show clear mutual interactions with each other in a�ecting the

heaving PAWEC performance. Therefore, it is necessary to balance the design and

optimization among the PAWEC hydrodynamics, PTO system, wave conditions

and the control strategy. In other words, the application of "co-design" in opti-

mizing the device performance for power generation should be carefully considered

at the initial study stage of a PAWEC system.

� PSO-FLC implementation on PAWEC

In Chapter 6, a model-free controller, the fuzzy logic controller (FLC) is imple-

mented on the PAWEC device for the maximisation of the power absorption e�-

ciency. It should be noted, instead of using laws achieved from the linear model,
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the corresponding fuzzy rule-base is constructed based on the numerical power

capture characteristics obtained from the NWT tank tests. Furthermore, the par-

ticle swarm optimization (PSO) algorithm is integrated into the FLC to optimally

tune the rule-base in order to further maximize the power absorption e�ciency.

The simulations are conducted by using Matlab/Simulink. Two di�erent irreg-

ular wave conditions are used to test the capability of the FLC and PSO-FLC.

The analysis demonstrate the ability of the FLC in adaptively tuning the PTO

damping for maximizing the absorbed energy with respect to di�erent wave con-

ditions. Additionally, applying PSO algorithm into FLC can optimally tune the

fuzzy rule-base for further power capture enhancement.

The model-free controller (FLC) does not require a reference tracking strategy, i.e.,

no optimum PAWEC velocity trajectory is required. Hence, using FLC provides

the user a relatively easy way of optimally tuning the PTO damping for power

absorption maximization.

7.3 Recommendations for future work

Following the current study, there are several related topics which can be explored

in the future:

(1) In the thesis, the PAWEC performances under safe operating wave condi-

tions are discussed. In addition to this, it is considerably important to study the

load cases and even the survivability of the PAWEC device under extreme wave

conditions. The application of CFD NWT for analyzing the extreme loads on

the PAWEC can be explored. It should be noticed that smoothed particle hy-

drodynamics (SPH) method may need to be introduced if the CFD method has

di�culties in handing the large mesh deformation for particularly extreme cases.
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(2) It is validated that the linear predictions lose e�ectiveness and there exists

signi�cant non-linearities for the designed PAWEC, particularly around resonance

or at large oscillations. However, it should be noted the corresponding �ndings

and conclusion are validated for the 1/50 scale cylindrical model with 0.3 m of

diameter. It is necessary to scale up the NWT model in order to validate the

non-linearities and their full scale signi�cance for a prototype PAWEC, capable of

operating at sea. In other words, attention should be paid to a study of the e�ect

on hydrodynamics cause by scaling (up or down). The development of studying

the hydrodynamics of the prototype can be explored in the NWT.

(3) As validated from the current study, the hydrodynamic design has signi�cant

e�ects on the design of the PTO system and the development of the control system.

It should be possible to jointly optimize the designs of the WEC hydrodynamics,

PTO system and control strategy to produce the most e�cient wave energy ex-

traction. In future work, more hydrodynamic parameters, e.g. water plane, draft,

added mass, etc. can be considered in addition to the bottom pro�le of the device.

In the study from WETFEET project, they propose an idea of 'negative spring' by

changing the water plane diameter so as to tune the device natural frequency for

resonance (Gradowski et al., 2017). Additionally, they propose 'enhanced added

mass' to reduce the device natural frequency to tune it in accordance to the fre-

quency of the predominant incoming waves (Teillant et al., 2016). Hence, these

design issues should be considered in one "co-design" package when developing a

prototype WEC system in future.

(4) The designed PSO-FLC in the work can be extended to physical tank tests.

As for real application, it would be quite important to solve the discontinuous

changes of PTO damping with time as shown in Figures 6.12 and 6.13.

(5) The waves considered in this work are uni-directional. In addition, the WEC

devices discussed in this work are quite simple and axisymmetrical. However,
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the real ocean waves are directionally spreading. It is worthy of studying the

WEC performances with more complex shapes, particularly, in the real directional

spreading sea conditions. As reported by McCabe et al. (2010), with the use of

genetic algorithm it is found the optimized WEC device with unisymmetric shape

can improve the absorbed power quite a lot compared to the bisymmetric shape.



Appendix A

Half NWT

The computation time for a full NWT requires approximately 27 hours for a 22

s simulation of the wave-PAWEC interaction. Since the designed PAWEC is a

axisymmetric device, a half NWT constructed along the symmetrical plane (with

re�ective boundary condition) is introduced to reduce the computation. Figure

A.1 shows the designed half NWT.

Figure A.1: A half NWT built in the software package ANSYS/LS-DYNA.

To validate the feasibility of the half NWT, the PAWEC displacements achieved

through both the full and half NWTs are provided under wave condition of H =

0.073 m, T = 1.3 s. Figure A.2 demonstrates the results. It can be seen that the
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half model �ts well with the full model in presenting the PAWEC performance

with discrepancy less than 5.5 %. More importantly, the computation time has

been reduced to 14 hours by employing the half NWT. As a result, the developed

half NWT can be used to simulate the interaction between the PAWEC and the

incident wave.
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Figure A.2: Comparison of the simulated PAWEC displacements via full and
half NWTs. Wave condition: H = 0.073 m, T = 1.3 s.



Appendix B

Physical and CFD results of

Mocean Energy device

B.1 Small scale WEC from Mocean Energy Ltd.

Figure B.1 shows the hinged-raft WEC proposed by Mocean Energy Ltd. The

WEC device is composed of two hulls, the front and the rear one. In contrast

to the one degree freedom PAWEC device (acting in heave motion) designed at

the UoH, this device can achieve 7 degrees of freedom, including surge, sway,

heave, roll, pitch, yaw and the relative angular displacement at the hinge. This

novel WEC device has been involved in the stage 2 of the Wave Scotland Novel

Wave Energy Converter Program. More details can be found in http://www.

moceanenergy.com/.
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Figure B.1: Scheme of the hinged-raft WEC from Mocean Energy Ltd. http:
//www.moceanenergy.com/

B.2 Validation viaWEC fromMocean Energy Ltd.

In addition to the NWT validation via the 1/50 heaving PAWEC system, a more

complex device (possessing a more complicated geometry pro�le and operating in

multi-degrees) is provided by Mocean Energy Ltd. The study focuses on verifying

the ability of the numerical model in reproducing the surge and heave forces, pitch

moment and even the water splashing phenomenon.

The analysis described here are carried out on one hull of this device. Referring

to the physical experimental wave tank set-up, the device is constrained in the

numerical �ume tank and experiences regular waves with varying wave frequency

and wave height, as shown in Figure B.2. Three wave gauges are installed along

the �ume tank (corresponding to the experimental installation sites) to monitor

the wave propagation, as shown in Figure B.3. To record the forces and moments

imposed on the device, pressure sensors are designated on the whole surface of the

device, as shown in Figure B.4. In addition, the output time step of the numerical

simulation is set to the same value as the experimental sample frequency in order

to compare the numerically recorded dynamic videos with the experimental high

speed videos. First of all, the validation of the mesh convergence is conducted,

http://www.moceanenergy.com/
http://www.moceanenergy.com/
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Figure B.2: Scheme of the numerical model for the Mocean Energy WEC.

which is not detailed here. As a result, the mesh solution with 10 mm × 10 mm

× 10 mm in the interaction zone is used.

Figure B.3: Distribution of the wave gauges in the �ume tank for the Mocean
Energy WEC test.
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Figure B.4: Pressure sensor distribution (shown as the black segments) on the
device surface.

Step 1: wave generation validation

Two representative regular waves are generated in both the NWT and the physical

�ume tank. The wave data are:

(1) Wave No.1: H0 = 11.38 mm, f = 0.734 Hz;

(2) Wave No.2: H0 = 13.09 mm, f = 0.688 Hz.

As shown in Figure B.3, three wave gauges are distributed along the NWT and the

physical wave tank. They are used to measure the wave development regarding

Wave No.1 and Wave No.2. Figures B.5 to B.7 show the comparisons of the

monitored wave elevations from the NWT and the physical wave tank.

Table B.1 summarises the amplitude discrepancies of the numerically generated

wave with respect to the experimental data. It is apparent that the waves are well

generated in the NWT, in good agreement with the physically generated waves.

Step 2: wave excitation forces validation
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Figure B.5: Comparisons of the wave elevations monitored by WG1 from the
NWT and physical tank.
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Figure B.6: Comparisons of the wave elevations monitored by WG2 from the
NWT and physical tank.
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Figure B.7: Comparisons of the wave elevations monitored by WG3 from the
NWT and physical tank.

Table B.1: Discrepancies between the experimental (HEXP = average of the
experimentally measured wave amplitudes from WG1 to WG3) and numerical
(HNWT = average of the numerically measured wave amplitudes from WG1 to

WG3) wave data.

Ho HEXP HNWT Increase [%]
[mm] [mm] [mm] HNWT toHEXP

Wave No. 1 11.38 9.77 10.59 8.39
Wave No. 2 13.09 11.14 13.01 16.79

By applying the two types of regular waves (mentioned in Step 1), the corre-

sponding surge and heave forces and the pitch moments acting on the device are

recorded, as shown from Figures. B.8 to B.10.
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Figure B.8: Comparisons of the surge forces from the NWT and physical tank.
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Figure B.9: Comparisons of the heave forces from the NWT and physical tank.
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Figure B.10: Comparisons of the pitch moments from the NWT and physical
tank.

Tables B.2 and B.3 summarise the amplitude discrepancies of the numerically

measured surge and heave forces and pitch torque with respect to the experimental

data under the two wave conditions. Clearly, the corresponding data from the

numerical simulations and experiments get accordance with each other to a high

degree. This suggests that the developed CFD model can be capable of simulating

the hydrodynamics not only in heave but also in surge and pitch.
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Table B.2: Discrepancies of the measured forces and pitch moments between
experiment and numerical simulation under regular wave No.1.

Physical Numerical Average
value value increase [%]

Surge force [N]
peak 5.6124 4.6180

-17.72
trough -3.0511 -2.5100

Heave force [N]
peak 2.3756 2.2960

-4.38
trough -5.5438 -5.2764

Pitch torque [Nm]
peak 1.5914 1.3580

-3.16
trough -1.6507 -1.7817

Table B.3: Discrepancies of the measured forces and pitch torques between
experiment and numerical simulation under regular wave No.2.

Physical Numerical Average
value value increase [%]

Surge force [N]
peak 5.5274 4.2367

-25.38
trough -3.5028 -2.5020

Heave force [N]
peak 5.1701 4.1120

-17.54
trough -4.9424 -4.2269

Pitch torque [Nm]
peak 1.8840 1.3956

-13.52
trough -1.6532 -1.6634
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Step 3: water splashing validation

The dynamic water splashing phenomena corresponding to the aforementioned two

wave conditions are obtained, as shown in Figures B.11 and B.12. As observed,

the evolutions of the water splashing occurring along the boundary of the device

are well reproduced by using the CFD model compared to the experimental data.

In summary, in a similar manner to the observations corresponding to the val-

idation by the 1/50 scale heaving PAWEC in Section 3.5, the developed CFD

model still shows great capability in reproducing the physical dynamic interaction

between the incident wave and the Mocean Energy WEC device.



182

Figure B.11: Comparison of the water splashing evolutions from the NWT
and physical wave tank at regular wave No.1.
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Figure B.12: Comparison of the water splashing evolutions from the NWT
and physical wave tank at regular wave No.2.



Appendix C

Keyword �le for the wave-PAWEC

interaction

This section provides the keywords used to model the wave-PAWEC interaction in

LS-DYNA. A lot of useful examples for building numerical models in LS-DYNA

are available from https://www.dynaexamples.com.

Following is the keywords for the wave-PAWEC interaction with PTO con�gura-

tion of 10 kg/s under wave condition of Hs = 0.15 m, ω = 4.83 rad/s. To simulate

other wave conditions, corresponding curves to represent the wave-paddle displace-

ment in time series can be modi�ed under ∗ DEFINE_CURVE. In addition, di�er-

ent damping con�guration can be changed from ∗ MAT_DAMPER_VISCOUS.

The detailed setting descriptions for di�erent keywords can be found in LS-DYNA

keyword user's manual.
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