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ABSTRACT

Ocean wave aa renewable energy soungessesses grepotential for solving the world
energy crisiand benefit human beingBhe total theoretical potential wave power on the
oceanfacing coastlines of the world is around 30,000 TWiihough cannot all be adopted
for generating electricitythe amount of the power can be absorbed stilbcanpy a lage
portion of the wor | dHowevar,anuligple reesons hageystoppenln s u mp t
the ocean wave energy from being widely adopsedl among those reasons, the most
important one is the immatucd the Power Takeff (PTO)technology.

In this disertation a selfreactive two body wave energy point absorber that is embedded
with anovel PTOusing theunique mechanisraf Mechanical Motion Rectifier (MMR) is
investigatedthrough design,analysis andtesting b improve the energy harvesting
efficiency and the rkability of the PTO. The MMR mechanismcan transfer the
reciprocated bdirectional movement of the ocean wave into unidireetiootation of the
generabr. As a resultthis mechanism brings two advantages towards the PTO. The first
advanage it possess is that the alternating stress of the PTO is changed into normal stress,
hence the reliability of the components are expected to be impsmyreficantly. The other
advantage it brings in isunique phenomenon ehgagement and disengagertduring

the operation, which lead ® piecewise nonlinear dynamic propedfythe PTO This
nonlinearity of the PTO cacontribute toan expaned frequency domain bandwidémd
better efficiency, which are verifiethrough both numerical simulation ard-lab
experimentDuring the inlab test, the prototyped PTO achieved energy transfer efficiency
as high as 81.2%, armver 40% of efficiency improvement compared with the traditional
nonMMR PTO under lowspeed condition, proving the previously propoaddantage.
Througha morecomprehensivetudy theMMR PTO is further characterized and a refined

dynamic model The refined modetan accurately predict the dynamic response of the



PTQO. The major factors that can influence the performance of the MMR Rfich are
the inertia of the PTO, the damping coefficient, and the excitation frequenexoeed
through analysis and experiment comprehensivihg results show that thecrease on
the inertia of the PTO and excitation frequency, and decreatte afamping coefficient
can lead to adnger disengagement of the PTO and can be expressed analytically.
Besides the research on the RTi® body structure of the point absorber is analyRed

to thelow-frequency of th@cean wavexcitation,usuallya very large body dimension for
the floating buoy of the point absorber is desired to match with that frequBncplve
this issue, a selfeactive two body structure is designed whereadditional frequency
between the two interactive bodies are adtieagnatch the ocean wave frequency by
adopting an additionakactivesubmerged body. The seHactive two body structure is
tested in a wave to compare with the single body design. The results show that the two
body structure can successfully achieve fiegmuency matching funicn, and it can

improve more than 50% of total power absorption comparedthgtisingle body design
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GENERAL AUDIENCE ABSTRACT

Ocean wave as a renewable energy source possesses great potential for solving the world
energy crisis and benefit human beinfjse total theoretical potential wave power on the
oceanfacing coastlines of the world is around 30,000 TWhalgh impossible to be all
transferred into electricity, the amount of the power can be absorbed still can cover a large
portion of the worldoés total energy consumpt
the ocean wave energy from being widely adopted among those reasons, the most
important one is immature of the Power Take(PTO) technology. In this dissertation, a

novel two body wave energy converter with a PTO using the unique mechanism of
Mechanical Motion Rectifier (MMR) is investigateddugh design, analysis, and testing.

To improve the energy harvesting efficiency and the reliability of the PTO, the dissertation
induced a mechanical PTO that uses MMR mechanism which can transfer the reciprocated
bi-directional movement of the ocean wawm& unidirectional rotation of the generator.

This mechanism brings in a unique phenomenon of engagement and disengagement and a
piecewise nonlinear dynamic property into the PTO. Through a comprehensive study, the
MMR PTO is further characterized andedined dynamic model that can accurately predict

the dynamic response of the PTO is established. The major factors that can influence the
performance of the MMR PTO are explored and discussed both analytically and
experimentally.

Moreover, as it has beedheoretically hypothesis that using a two body structure for
designing the point absorbers can help it to achieve a frequency tuning effect for it to better
match with the excitation frequency of the ocean wave, it lacks experimental verification.

In thisdissertation, a scaled two body point absorber prototype is developed and put into a
wave tank to compare with the single body structure. The test results show that through the

use of two body structure and by designing the mass ratio between the twsogdrogexly,



the point absorber can successfully match the excitation frequency of the wave. The highest
power capture width ratio (CWR) achieved during the test is 58.7%, which exceeds the

results of similar prototypes, proving the advantage of the prdmtesagn.
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1.l ntroducti on

1.1Background

1.1.1 Ocean wave energy source

The world has an increasing demand for renewable enatlythe growing concerns for

the climate changdy]. In the year of 2019, the total renewable en@apyacity around the
world is 2.536TW, which increased more than%ompared with the 1.692VN capacity

5 years ago in 2014ndicatingthe importance of the renewable enefgly Ocean wave
energy stands out among various renewable energies for itatagea of high power
density [3]. The total global wave power resource is characterized to be around 2.11TW,
4.6% of which can be extracted by the Wave Energy Converters (WECE)ddie 1-1

shows a scheme on the gross wave gnpajential for different ocean location points
around the world5], where different levels of wave power density is painted in different
colors If narrow down to the United States, the available wave energy resource along the
United States coastline2s640 TWh/year, which can occupy nearly thirds of the 4,000

TWh of electricity used in the United States each year (2011) [6].

Figure 1-1 Annual global gross theoretical wave power for all grid powtsidwide [5]

Unlike tidal energy that is mainly sourced from tgevitational attraction exerted from

the celestial bodieqyr the ocean current energy that niggneratedy multiple sources

1



including theCoriolis effect and differences in temperatunel galinity,the wave eneng
mainly comes from the wind induced surface waves of the okleavever, due to multiple
reasonsncluding the irregularity of the wave forces and the harsh ocean envirgrthreent
technology of ocean wave energy harvesting ils reft mature enough to reach to an
acceptabld_evelized Cost of Energy (LCOE) to be commercially deployed and adopted
widely.

1.1.2 Classification ofwave energy converter (WEC)

The history for adopting ocean wave energy can be traced back to the yead,oi&&®

a father and his son patented their design for harvesting energy from oceafpAjvaYest

after that, the research on extracting energy from ocean wave did not brought much
attention until the 1970s when the world oil crisis happened and pstapied to looKor

other resources of energy to replace the8pilThe European countries are the most active
ones, the earliestountries that foster the advancement of this technology through
governmentunding with planinclude Norwegian, Portugal drihe United KingdomAs

a result, a lot ofconceptswith different ideasfor harvesting wave energy have been
developed andhanyprototypes are developed and tested since $iene these concepts

adopted different designs and principles, tagfurther classified into suzategories.
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Figure 1-2 Classification of wave energy converters based on Falcao [9]

According to Falcao, who is one of th&ost weltknown pioneers in thdield of wave
energy conveien, most types of wave energy converter can be classified into three
categoriesthe oscillating water column, the oscillating body device and the overtopping
device which can be found iRigurel-2.

The oscillating water colum(OWC) is the earliest concept for wave energy conversion
[10]. The OWC uses a chamber that is half submerged in the ocean, when the ocean wave
raises and falls, the inner air pressure of the chaoftzrges with the water level, and the
pressure change cée used to power an air turbine airive the generator tgenerate
electricity [11]. The OWCcan eitherbe a floating type or a fixed typeased on the
supporting structure it posse3#e top ofFigure1-3 showsa fixed type oflOWC wherea
structure is fixed to the seabed for mounting the device, wherdlas bottom ofFigure

1-3, the device is floating on the surface of the ocean with an floater to provide extra
buoyance force.
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Figure 1-3 Top: Fixed type of OWC; Bot: Floating type of OWC

The oscillating body device is another widely used concept vihefgody (either floating

or submerged) is driven by the natural oscillatory movement of the oceas e
kinematic energy stored in the body during that moisatien transferrethto electricity

using other approacheghich may be hydraulic motor, linear generator or hydraulic
turbines. The oscillating body device can also be furtlaegorized, iher based on
whether it is floating of the surface, or based on which wave motion it majorly adopts to
harvest energy. For examplayaical point absorber illustrated figurel-4 on the leftis

the one that float on the sucaof the oceaand harvest theaveenergy in heave motion

a surge devices illustrated in Figure 4 on the rigbtthe one with a flap that adopts the

surge motion of the wave to generate electridi}] [13].



Figure 1-4 Left: Wavebob, a typical point absorber; Right: Oyster, a wave surge device

designed for shallow waterse

A overtopping device is the one which usually with long arms to concentrate the wave so
that the concentrated paof water carhave higher crest, the crest is then stored to the
device and the potential energy stored in the high water level is then used to generate
electricity.A highly representative one is thigaveDragonthat was deployed in Denmark

for several year, which iustratedin Figurel1-5 [14].

Figure 1-5 Overtopping device Wave Dragon prototyjsployed in Denmark as proof of

concept

1.1.3 Detailed introduction to point absorbers
Among all thedifferent concepts, the author specifically focused on one typeET W
which is the point absorbefhe point absorber, which takes advantage of the oscillatory
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up-anddown heave movement of the ocean waves, is one of the most prominent and
widely adoptedVECs for ocean power extraction. In 1975, Budal and Falnes raised the
concept of extracting energy from ocean waves using a point absbshdrgter optimal
conditions for point absorber power absorption were presented by BH6haad Mei [L7],
concluding that the maximum is achieved when the natural frequency of the floating buoy
matches the excitation frequency of the incident waves. In real applications, however, the
frequency of the incident wave can be as low as 0.1Hz, so the floating buoy demands
large body structure to match with that frequency, which is difficult, expensive, and even
unrealistic P]. To overcome this difficultyand try to match the natural frequency of the
point absorber with the excitation frequency of the ocean wasny ickas were explored.

In 1982, Budal et all[8] proposed the design of a point absorber with optimum phase
control using latching strategy. The power taike(PTO) in their design is an air turbine.
French and Bracewell §] designed an internal mass to magminst the heaving point
absorber, and introduced springs with different stiffness to achieve phase control and to
increase the total energy extraction. Later, various latching and declutching methods were
proposed to reinforce the device to move in cehee with the wave and fulfill the
frequency matching0][21][ 22][ 23]. In addition to the theoretical studies, prototypes have
been deployed and tested, these pioneering prototypes includes the one buoy with
hemispheric bottom built by Falcao with hydiiaicylinders for energy conversio24],

the IPS buoy tested at Sweden in 1984],[and the AWS prototype which uses a linear
directdrive generator that later deployed in 2004 after two unsuccessful 2Gal&igure

1-6 illustrates theconcept where multiple &&WS buoytogether build a wave farf27].



Figure 1-6 A wave farm consist of multipfé/Sbuoy

Besides the singlbody designs with control that attempt to achieve feegy matching,
another point absorber concept is to connect the floating buoy with a submerged body to
form a twebody WEC. The twdbody point absorber generates power from the self
reactive relative motion between the floating buoy and the submergednlitbdwut the
requirement for an additional supporting frame. The natural frequency of the energy
harvesting motion can be tuned through multiple approaches including changing the mass
ratio between the two bodies and tuning the PTO damping coefficiente @dgantages

give the seHreactive twebody point absorber certain flexibility and simplicity during the
design and deployment. Researchers have analyzed thbotlyoselfreactive point
absorbers. As a pioneer on this topic, Falnes investigated tHaotlyoVEC system and
concluded that, for an axisymmetric system utilizing heave motion, it is possible to achieve
the maximum power absorption and that the equivalent excitation force can exceed the
excitation force on either body§]. Beatty et al 29] calculated the optimum natural
frequency for the submerged body and found a significant energy increase by altering this
natural frequency. Liang and Zu&(] explored the effects of different mass ratios between
the submerged and floating bodies and fourdiiitimum and subptimum conditions for
energy absorption for both reguknd irregular waves. KordeIB Babarit B2], Candido

and Justino33], Yu and Li [34] and Shami et al3p] also contributed to the theoretical
7



study of the system in different ects. At the same time, large prototypes using the
concept of the selfeactive structure have been tested or deployed in the ocean. The most
well-known prototypes include those developed by WaveB@h SeaBeavl 36], and
Ocean Power Technologiesichis illustrated inFigure1-7 [37].

Figurel-7An Ocean Power Technol ogyds PB3 power

1.1.4 Power takeoff (PTO)

The power takeff (PTO), which is the mechanism wkby a WEC extracts energy from

the waves and converts it into electricity, is widely recognizeshasofthe most critical
component in the ocean wave energy techno[@§). A PTO must have the following
features: high energy conversion efficiency, higitformance predictability, high system
reliability and low maintenance. These properties are essential for potential
commercializatio39]. Knowing the importance of PTO, researchers have come up with
a broad range of concepts. Some of those ideasdti@azly been adopted and prototyped
and have yielded reasonable res[8]§40]. With its high load capacity and maturity, the
hydraulic PTO has been a popular choice. It is typically composed of hydraulic pumps,
high-pressure pipes, pressure accumulatoyslraulic motors, and electrical generators
[41]. Henderson has developed a WEC named Pelamis using a hydraulic PTO, the 1/7 scale

prototype was tested in a water tank and achieved satisfying energy conversion efficiency

8



[42]. More contributions of hydrdie PTO can be found in the work publishieg Falcao

[43], BjarteLarsson and Falnegl4], and Gaspar et g#5]. Another widely adopted
concept is a direct drive PTO implemented with a linear generator. Research on this typical
PTO usually include a poimbsorber where the direct drive PTO can take advantage of the
motion without intermediate mechanisms, simplifying the system and helping reliability.
Elwood et al[46] developed a twdody WEC with a specially designed linear generator
PTO and tested irhé ocean, yet the results were not satisfying. Lejerskog et al designed
and tested a direct drive single body point absorber where the rope drives tijé7/RTO
Uppsala University built a full scale point absorber with linear generator as PTO and
conductedsea trial which is illustrated inFigure 1-8 [48]. Muller [49], Vermaak and
Kamper[50], and Erikssor{51] also made contributions on this issue. However, the
different PTOs all have notable defects. The hydraulic PTOs all sirarehallenge of
system complexity that reduces the efficiency and creates reliability concerns for the
components. Direct drive PTOs gain from a simpler structure, but the permanent magnetic
generator suffers from the low speed operation due to thegeatprg motion of the ocean

waves, undermining the overall PTO efficiency.

~  Translatoe

Staar

Figure 1-8 Linear generator PTO used in a point absorber built by Uppsala University
[48]



1.2 Objective

The overall objective for thidissertation is to improve the power absorption of the WECs
from ocean wawve through innovative design, theoretical analysis and optimization. To
achieve this target, multiple objectives need to be achieved.

The first objective of this dissertation isdome up with a design of the PTO that can solve
the current issue on the PTAs it is brought up in the last section, and the pioneer of the
ocean wave energy research Falcao denoted T
single most important elememt wave energy technology, and underlies many (possibl
most) of the failures to daig9]. It is selftevident that the designing a PTO with high
reliability and energy transfer efficiency for harvesting the ocean wave energy is of great
importance.

Thesecond objective of the dissertation ivéwify thefrequency matchingffect ofusing

a selfreactive structure for the point absorber. Due to the low excitation frequency of the
ocean wave, the floater need to tbesigned with huge dimension so it cachieve
frequency matchingy adding a reactive body, the structure should be able to match any
frequency through parameter adjustiygt this hypothesis still lack of verification and
need to be proved

The last objective of the dissertation isachieve optmum powerabsorption through
parameter optimization. By tuning the parametethiéendesign of PTO and the WE@Qd

find the optimized parameter either analytically or numeric#ligan be expectetiat the

optimum power for different wave conditis can be acquired.

1.3 Contribution
Themajor contribution of the dissertati@onsist of several aspects:

1 The design ba compact mechanical PTO using MMR mechanism which can
transform the reciprocating -directional linear motion of the ocean wave
excitaion into unidirectional rotation of the generator is introduced in the
dissertation.

1 A comprehensive study on the MMR PTO is conducted both analytically and
experimentally. Multiple prototypes in different scale are developedested in

various envionment including dry lab and wave tank. The major design parameters
10



that can influence the performance of the MMR PTO is explored and discussed
with the support of the experiments

1 A selfreactive point absorber is designed to assemble with MMR PTO, the
optimum power absorption for the point absorber under different wave conditions
are derived.The influence of the inertia of the PTO and the drag damping
coefficient of the second body is explored.

1 Through wave tank test, a point absorber with differenttcains is tested under
different wave conditions. Thedvantage of the seléactive structure for the point

absorber is experimentally verified.

1.4 Overview

The dissertation is organized as follows

In chapter two, the design of the sedaictive with MMR PTO is introduced, the working
principle and advantages for both the MMR PTO and thersatitive point absorber are
explicitly explained.

In chapter three, the dynamic analysis for the-ssdictive point absber with MMR PTO

is establishedand thetheoretical optimum for the proposed WHE@der different wave
conditionsis derived.

In chapter fourthe dry lab experiments of the MMR PTi®©conductedThrough dry lab
bench testing, the MMR mechanism is verified, the dynamic model of the MMR PTO is
refined withthe observed test results.

In chapter five, a wavtank test for the proposed se#factive point absorber with MMR
PTO is conducted.

In chapter six, the dissertation isncluded and the potential works that can be extended
from the dissert#on are introduced.

11



2.Desi gdevaenldo p mesiéd doafc ttihvee poi nt a
wi MMR PTO

2.1 Chapter Introduction

As the pioneer of the ocean wave energy T ese
(PTO) is possibly the single most important elementvave energy technology, and
underlies many (possiplmost) of the failures to daid9]. It is selfevident that the
designing a PTO with high reliability and energy transfer efficiency for harvesting the
ocean wave energy is of great importance. éndmapter, a PTO using mechanical motion
rectifying (MMR) mechanism is introducedlhis mechanism can transform the bi
directional linear motion of the ocean wave into the-directional rotation of the
generatorlt is designed to improve the efficien@g well as reliability of the current
existing PTOs with a simple compact structufee working principle as well as the
advantage of the design are introduced explicitly, multiple prototype types are developed
to prove the concept and verify the perfone.

Besides the PTO desigdue to the low excitation frequency of the ocean waves in nature,

it is impractical and economically unworthy to build a single body floating strutttate

has a natural frequency that matches with the wave excitation fyd@h To solve this
problem, a two body seleactive structure is adopted in the design of the point absorber
by adding a submerged body. Through analysis, the effect of a two body structure is
introduced analytically anthe WEC is prototyped for furer verification.

12



2.2Design of the MMR PTO

2.2.1 Detailed design of the MMR PTO

—

— Push Tube
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Cylinder Frame

Ball Screw Nut

]
I

Linear Guide Rail ———4 \
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/
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Ball Screw
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MMR PTO ——
: Seal Plate

Figure 2-1 Design of a point absorber with MMR PTO
The design of the proposed PTO is showRigure2-1. A point absorber ifrigure2-1(a)
is designed to harvest energy from the heave motion of the ocean wave as illustrated, with
the buoy floating on the ocean surface and the cylinder fixedji¢body WEC) or
connected to a submerged body (#eady WEC). The buoy can move along the cylinder

under the excitation of the incident wave to generate relative motion between the buoy and
the cylinder. A pustpull tube connected with the buoy will deithe ball nut on the bull

screw, as illustrated iRigure2-1(b). The proposed MMR PTO consists of a ball screw for
linearto-rotary motion transforming, an MMR gearbox for changing the bidirectional
rotation into unidirectional rotation, and a permanent magnet synchronous generator
(PMSGQG) for generating electricity. The relative heave motion between the floating buoy
and the cylinder drives a tube to perform linear push and pull motion, in which the tube is
rigidly connected with the ball screw nut. The ball screw is then driven reversely and

generates bidirectional rotation from the oscillatory wave motion. The bidirectional
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rotation is then rectified through the MMR gearbox into unidirectional rotation, and,at las

rotates the PMSG for generating electricity.

Input Shaft —— =

Support Bearings \C One-way Clutch

Side Shaft

Bevel Gears

A
/O

Q\

] O _\
4 Detachable Flywheel

< Support Bearings

Output Shaft ———— =

Support Bearings

Figure 2-2 The detailed design of the MMR gearbox;
The detailed schematic of the MMR gearbox is illustratddgnre2-2. The MMR gearbox
consists of one input shaft, one output shaft, one side shaft, three bevel gears;wwayg one
clutches, and several supportive bearings. The input shaft is connected to the ball screw
and inputs the bidirectional rotation into thewd#ox. The onavay clutches are embedded
between the input shaft and the bevel gears in opposite directions. Thaepmtutch
allows only relative rotation in one direction and locks the other direction. As illustrated
in Figure2-2, when the input shaft is rotating in one direction, the topveene clutch is
engaged, and the bottom eway clutch is disengaged. Through the transmission of the
three gears, the rotation direction is changed into a reversed diragiionst the input
shaft. When the input shaft is rotating in another direction, however, the tepagrautch
will disengage and the bottom enay clutch will engage, so the input shaft is capable of
driving the gear directly, and the output of tharpex is still in the same direction as the
input shaft. As a result, the bidirectional rotation input towards the gearbox is transmitted
into the unidirectional output of the gearbox. One noticeable phenomenon of the MMR

gearbox is that the ongay clutchlocks the relative motion rather than the absolute motion.
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So when the output side of the MMR gearbox has a higher rotating speed than the input
side, both onavay clutches are disengaged and the generator will continue rotating
(freewheeling) under thetational inertia till the input speed and the generator speed are
the same again. This phenomenon of decoupled freewheeling motion grants the MMR
gearbox with unique dynamic performance that can improve the efficiency at low rotation
speed and higher ralbility on components, which is introduced in detail in the next

paragraph.

2.2.2 Reliability analysis on the MMR PTO

The reliability of the PTO can be separated into two topics, one is the system level of
reliability, and the other is on the component I§68]. On the system level, the MMR
system, apparently, has more components, and may bring the system some disadvantages,
for instance, more failure modes and higher failure chances if all the components all share
same designed lifespan and distribution afufa chances. However, it is also very
important to improve the reliability of each components individually, so that it statically
can service longer time period and not fail due to fatigue under the similar load, and the
advantages of the MMR mechanisonte from that. Firstly, for the neMMR PTO, the

load is in alternating condition, whereas the components of the MMR PTO are unrder uni
directional torque load. The Goodman Diagram is presented below to further explain the

case,

A

Fatigue failure likely

Safe from fatigue

Alternating Stress, o,

Su

Mean Stress, o,

Figure 2-3 The Goodman Diagram.
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Figure2-3 shows theGoodman diagram which shows the safety region for the component
under either the alternating stress or regsiig@sq54][55]. Thestraight line is the dical
safe line. The zone below the line is considered to be safe and above the line is considered

likely to fail of fatigue

In the figure,
1 ., Iisthe alternating stress
1 . Iisthe endurance stress limit
1 ., isthe mean stress
! , istheultimate stress

For most of the components, the ultimate stjess larger than the endurance stress
limit ,, . If we assume the components are working under the stress of the endurance stress,
for the noAMMR system, the mean stress is zero Hredalternating stress is the same as
the endurance stress. For the MMR case, however, the mean stress is half of the endurance
stress and the alternating stress is also half of the endurance stress for the torque is rectified

and on one direction only hE relationship can be presented as below:

, , ,

” ”_ F]’ ”_
S S

This relatioship is illustrated in Figur2.4.

Component Stress
o
Component Stress
o

-0 | | -0 |
€ €
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Figure 2-4 Left: The stress plot of nedMR PTO; Right: The stress plot of MMR PTO

If draw two points of the both MMR PTO and nMMR PTO on the Goodman Diagram,
the pont of the noAMMR PTO is on the point of (Q, ) whereas the MMR PTO is on

(—h—), As the ultimate stress is larger than the endurance stress ljmjtthe point of
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MMR PTO should be below the straight line and om $hfe zone as illustrated kigure
2-5. Indicating that on the component level, the design of MMR mechanism can help to
i mprove the component so f avayiclgtches ahdigéassof | n  ad

the MMR PTO, the degned load is only on half of the cycles, which can also improve the
lifespan of the MMR PTO.

Non-MMR PTO

GE

o Fatigue failure likely
m“\

vl

@

.
A

o o MMR PTO
ﬁ Safe from fatigue

c

=

@
=

<L

Mean Stress, o,

Figure 2-5 NonrMMR PTO and MMR PTO on the Goodman Diagram

2.2.3 Developed prototypes
Three prototypes with variousizes are developed during the project. The first one is a

small size prototype rated at 50W and worked as the proof of combégt is shown in
Figure 2-6. Figure 2-7 and Figure 2-8 shows another two prototypes developed, one at
500W and another at 10kW. These prototypes are used at different stages of the projects

and tested to verify theoretical analysis.
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Ballscrew Nut

MMR Gearbox

Generator

Figure 2-6 A 50W MMR PTQrototype that works as proof of concept

As illustrated inFigure2-6. The 50W prototype is the earlist prototype developed to verify
the concept of MMR PTOUnlike the structure introduced above, the ball screnois
embeded ingde a push tube. Two push tubes on the side are connected with the ball screw
nut through a supporting structure. This design is more complicated than the design
introduced above, hence more components are requiredcomponents for the 50W
prototype aremostly machined using a-lab CNC and not much measurement was
conducted onto the machine. As a result, the pi@tiof the prototype is not very good

and the prototype is only used for proof of concept.
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MMR Gearbox
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Generator

Figure 2-7 A 500W MMR PTO prototype

Figure2-7 shows the prototype of the 500W PTO, which is the one depicted in the start
session of this chapter. Different from the 50W prototype that used more as a proof of
concept, the 500Wsed a more compact design and more commercial comgotent
guarantee the precison of the mechanical parts so the mechanical efficiency of the PTO can

be improved.
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Figure 2-8 A large scale 10kW MMR PTOggled in horizontal direction

Figure 2-8 shows the largest prototype introduced in this dissertation, which is a 10kwW
prototype that is designed for reliability testing. Different from the previous two
prototypes, the 10kW prototype designed to be deployed in horizontal direction. The
reason is the hydraulic linear actuator that is capable of testing the prototype in this scale
need to be placed in horizontal direction. As a result, the supporting structure is redesigned

to matchwith the testing condition.
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2.3 Design of the SeHreactive Point Absorber

2.3.1 Design and analysis on the single body point absorber
One of the most direct and simple concept for harvesting energy from ocean wave is by
applying to floater on the surfacétbhe ocean tonove along with the wave. The kinematic

energy of the floater came used to drive a generator for electricity

1

A
[

Incident Wave

777777777

Figure 2-9 Concept illustration of the single body point absorber

Figure2-9 illustrates the concept of a single body point absorber, where the floating buoy
moves along a fixed structure under the excitation of the ocean wave. The free body

diagram for the single body point absorber can be firkigaore2-10.
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Figure 2-10 Free body diagram for the single body point absorber

In the free body diagraifb6],

1 wis the vertical coordinate (heave) of
1T ais the dry mass of the buoy

1T 6is the heave induced added mass

T ®&is the heave induced radiation dampi ng
T Ois the heave induced excitation force
f Qis the hydrostatic stiffness

f @ is the PTO |inear damping coefficient

1 Q is the PTnQy Isitniefafrn esspsr i
The equation of motion can then be described as:

~

4 0w O O Q Qo O E.2-1

Assuming the single btolly mpegwmltarabwavrdecaswo,r
domain excitation force of and the response

descri bed as:
O "M E.2-2

(AN AO) E.2-3

With this assumpti on, dihseplaancaelnyetnitc adf stoheutfil

written as:

W E.2-4
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To resonant natwural frequency of the point a

1T S E.2-5

To achiopve mumplpwgveirn the equation for natura

0 -0

E.2-6

l'ts easy to derive that the optimum power (
efficient ithethadsame eifdempand t hec pmower it

reaccahn be described as:

0 - @ LW -0 E.2-7

This result shows that forophiemsmngodwerbodgn
acquired rwhgeune ntchye dependent par amgethdd$ . of t he
However, i n real world situations, athg exci
verythewtypi cal wasamingbeteepnO0n ldzyand®.25hiche

will lead to a huge dimension for the point absorber to achieve fregumeatch with the

ocean wavey]. For the increase in dimension does not only change theandsadded

mass of the point absorber, but also change the hydrostatic stifitessding to Falcao

[9], for a hemispherical buoy, the optimal radius to achieve resonance in regular waves

with a frequency of 0.1 Hz is 26.2Building a buoy with that sewill bring in difficulties

in manufacturing, transportation, deploying, as well as maintenance. As a result, it is
impractical for the single body pdirabsorber to be adopted widely for readrld

applications.
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2.3.2 Design and analysis on théwo body self-reactive point absorber

Incident Wave

Figure 2-11 Concept illustration for the two body se#factive point absorber

As a result, another approach has been c¢come
excint aotfi &« he ocean wave. By adding a submer g
relative motion between the two bodies, ano
motion of the two bodies is added and can b

Si ntchee added submerged body is a part of t he
WEC is between the floating buoy and the sul
as -seadad¢ti ve pbigure-llaheswsbam. erdrfgpdcet iovfe ap od n
absorber where a tank shape second body i s a
The free body diagr amefacn i av et pwii mal atbworhedy
Figure2-12Si nce it is considelredas®, bteheaevoirkfilngen
the two bodies are considered small and th

simpliff5@€Jati on
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Figure 2-12 Free body diagram for the two body sedfictive point absorbe
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O 0 T0Q E.2-11

The solution for the displacement of the bod
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regardl ess of what mass ratio is picked. T
coefficient and pttheni REQ, stihfef sasnglies body an
absorber shares wthhe hs ame dpowekelll ieo the Vv éry, Fiar
real world cases, the mechanical PTOs discus
spring composentffhesproihedreeRore whealPTY Bei
At this time, if the wave condition is decic
of the single body WEC. Comp arreeadc twivteh stthreu ch
i nduacdeddi t i onal frequency, by choosing the ma
reactive point absorber can[BOAEB8]o the the
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Mass Ratio - (m2 + A22)/m1

Figure 2-13 Power output solved analytically ftine single body and two body point
absorber
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floating buoy has a relambeddsedaiwl tkBi aer eal
wi t hout,itstiisf fdrtldéed sl a ploisessve t he theoretical opt
The previous analysis proved the advantage
absorber, hence the submerged bodyFiguuse added
221 4shows the manufactured flkbaeitn@l|l bmonumhi
designed with an inner chamber so the dry m

filling in extra materials based on differen
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Figure 2-14 The manufactured floating buoy for the gelactive point absorber

The s ulboekrygeevdriguiell5i s built by assembling a cc
with two metal sheecttabri dheedeason $§bapeh:
wi || be introduced inftlhatli atgehbuolyapt dr. witn
the submergelde bfoidlyl €ed nwiatt s oot her materi al s,
can be adjested in a rang

Figure 2-15 The manufactured submerged body for thersgl€tive point absorber
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24Shape Optimization for the Submerged Bo
Through frequency domain approachesdy the po:
sefldactive point absorber can be acquired.

di fferent parameters to achieve optimum powe
There exists multiple shapes for ttd gsnubmerg
For example, the Powerbuoy of the Ocean Pow
shape second body, whereas the Wavebob used

consistent conclusion to decide whdarcghy one ¢
absorption. To decide this, three submerged
usi ng-SWeCin both regular and irregular wave
bet ween the different submerged botdkeshape

WECOGs performance.
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The three different submerged body selected

shape. The simulation is done based on the 1
for the fl oatgiungarb uwoay.e Ftoers tt,het ree wave i nput
of 6s and the wave height is 1.5m. Different
find out the influence. I n addition, simil al
as wel |

Thesults arFe g@&heéawmi gA*I2 and sever al concl us
observed as foll owing:

The mass ratio between the submertgaendt bfoody

obtaining the optimum power absorption and s
performance in the consideration of the typi
| ocati on.

Drag damping can have a mggatrom ehéewhven

increase of the drag damping coefficient, tF
decreased dramatically, which indicates that
and keep the constant as small as possible.

Thtank shape has the best performance as the
|t possesses the highest power generation co
bodies regardless of which drag damping coef
As a r esnkl ts,h atphee its chosen as the standard su

and has been used in all the prototype.

2.5 Chapter Summary

I n this chapter, t hree adcettiavie epdo idnets i aglns oorfb etrh ew
introduced.primaeiwdmrlkei MMR PTO is explained e
phenomenon of engagement and disengagement
di scussed. aMadl gsver ont hdne di fference bet weer
point absorbhhe amammhdtséefhlkbbsebfstructure can
absorber to achieve theoretical optimum powe
study on the different body s haspheasp ea rsee cnoandde ,

body can hdvecttha moengt al | the three second |
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3Modelamal,gsd sopt ionfi dahtled aat i ve
point absorber with MMR

3.1 Chapter Introduction

The design and development of the MMR PTO is introduced in the last chapter. To better
understad the mechanism of the MMR PTO and how receive best results for absorbing
power from ocean when it is paired with a gefctive point absorber. It is necessary to
conduct analytical study and build dynamic model to simulate the performance.

In this chaper, the dynamic modeling of the se#factive point absorber with MMR PTO

is established. Simulations based on the model are conducted to analytically describe the
phenomenon that camappen during the operation. Through the simulation, the
engagement andisengagement can be observed. The major parameters that can influence
the performance of the MMR PTO are derived, and the influence of those parameters are
solved analytically59].

At last, through numerical optimization approdtig optimum power thaan be achieved

by a selfreactive point absorber hitselected size is acquirebhe optimum power for

both the MMR PTO and the naiMR PTO is compared, it can be found that the MMR
PTO can help the point absorber to expand the frequency domain pseeptain The
influence of different inertia of the PTO and drag damping coefficient are also explored. It
is noticed that in@asing the inertia can attribute to better power absorption for the MMR
PTO, and the increase of the drag dampefficient carbe harmful for extracting power

and should be reduced during the design process.

3.2Modeling of the MMR PTO

The mechanical motion rectifying mechanigsed in the MMR PT®as granted the PTO
with some unique phenomenon and dynamic propeartg a uniquelynamic model is

desired to depict the performance of the MMR PTO numerif@llf61]. The scheme for
the MMR PTO is illustrated ifigure3-1.
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Figure 3-1 Scheme for MMR PTO

where,
1 "Q isthe force on the PTO
1  isthe input speed from thielative motion of the WEC to the ball screw
1 1 isthe input rotation speed from the ball screw to the MMR gearbox
11 is the output rotation speed from the MMR e to the generator

1 Y is the reactive torque from the generator

The mathematical expression betwgen andw involves the lead length of the ball

screwd  as:

1 S E.3-1

When the nut on the screw travels with a distanae of, the ball screw rotates exactly
one turn. When the rotation is directed to the tipleese AC generator, the voltage

expression on each phase of the generator can be wrifen as

6 q i Qe o
6 O Qo - E.32

6 o iQeo -
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where,

1 6 0 ando are the induced electromagnetic forces (EMF) of each phase
f Qs the voltage constant of the generator, unit V/rpm or V/rad/se
T1 is the voltage angul ar frequency of

rotation speed multiply by the pairs of the poles of the generator

The electric current on each phase of the generator shunted with a resistive load can be

expressed by:

~

0 h ¢ plitlo E.3-3

whereQis the current on each phase of the generatotYanand'Y are the internal and
external resistances on each phase of the generator. Meanwhile, the currarisinsd

simplified to be zero to keep constant flux. The torque can then be expressed as:

Y BQQ — E.3-4

whereQ is the torque constant of the generator, urinM. Introducing a linear PTO
damping coefficiento to represent #n damping when the generator is driven by the

WEC gives

® E.35

When the MMR gearbox is engaged, which is, when eithem@yeclutch is engaged, the
PTO has $ |. With the input forcéQ to the system, the PTO system equation

can be writteras:

aw oo Q E.3-6

whered i s the equivalent inerter due tp, the
or called PTO inerter. Specifically, the equivalent inerter of the PTO system can be

expressed as:

a v v — E.3-7
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Here the term inerter is used instead of inertia because the force is proportional to the

relative acceleratiot of the two bodies

E.35 describes the PTO dynamicsthe engaged condition when either one of the one
way clutches is engaged, whehe generator is driven by the input shaft. In such a case
the PTO will couple the input motion with the generator through the ball screw. However,
when the output speed of the MMR gearbox exceeds that of the inputispeed,

the oveall PTO decouples into two subsystems: one is the ball screw without load driven
by the nut, another is the generator rotating under the moment of inertia stored in the inerter.

The equation of such disengaged case is then written together as:

R n ) (M) ¢ E. 3-8
& & T m L] 1 .

In the disengaged condition, both emay clutches are disengaged, the MMR gearsox i
disconnected from the generator. The energy stored in the inertia of the generator and
flywheel will drive the generator until the speed of the input shaft, which is driven by the

WEC motion, catches up.

For the noAMMR PTO, however, the ball screw arftetgenerator are always directly
connected, so the PTO force can always be described using the PTO equation for the

engaged condition.

The simulation results for the MMR PTO compared with the-MdfR linear PTO are
illustrated inFigure 3-2. It can be found thawhen it is disengaged, the generator and the
ball screw will be decoupled, and the reactive PTO force become zero as illustrated in the
top figure. However, the energy stored in the equivalent mass will continue rotating th
generator, keeping the output voltage greater than zero. Combining two figures, the MMR
PTO is able to continuously output power when the input force is almost zero, indicating
that the MMR PTO has a potential to produce more power outpough the

disengagement mechanism
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Figure 3-2 Simulation results of the PTO force and output voltage for the MMR PTO in

comparison with linear PTO under sinusoid excitation 0.1Hz

From the previous analysis, it can berd that thelisengaged time during one period of

the operation for the MMR PTO can be influenced by three factors, one is the inertia which
decides how much total energy can be stored, one is the damping coefficient of the
generator which decides how fabe energy dissipates, the last one is the excitation
frequency which dedes how fast the speed of disengaged parts can catch up each other.
As a result, the disengagement ratio, which represents how much time the MMR PTO is
disengaged during one periaihn be solved numerically to find out the influence of the
three parameters.

From Figure 3-3, it is easy to observe that when the equivalent mass (inertia) of the
disengaged pais large, or when the damping coefficient of te@erator is smalbr when

the excitation frequency is high, the disengagement ratio is lalgeh watches with the
intuition. However, further verification on the relationship of these three parameters with
the disengagement ratio need to be exploreautih test. The results of the exploration

will be presented in the following chapter.
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Figure 3-3 Disengage ratio with different equivalent mass and damping coefficient under

different excitation frequemyc

3.3Modeling of the Selfreactive Point Absorberwith MMR PTO
The equations of the proposed WEC in heave can be described as following:
aw Q Q Q Q Q

E.3-
adw N M Q Q Q 39

a anda are the physical mass of the floating buoy and the submerged body

"Q are the hydrodynamic excitation force on ey and submerged body, (i=1, 2)

1

1

1 "Qare the radiation force on the buoy and submerged body, (i=1, 2)

1 "Qare the hydrostatic force on the buoy and submerged body, (i=1, 2)
1

"Q are respectively the drag damping induced force ofltagifig and submerged
body, i=1, 2

39



The operation condition of the proposed WEC is in matgesea state. Beatty et lahve
experimentally verified that by using the linear wave theory, the wave forces can be
acquired accurately except for the viscous dirad) dampind62]. According to the linear
wave theory, the incident wave induced radiation force can be written in the frequency

domain as%6):

QPW(‘D?W(‘D E.3-10
0 w O W

0 1 1

RO
€ €
€ g
e e

where,

1 1 isthe frequency of the excitation wave.

T 6 1 ando 1 are the frequenecgependent added mass of the floating buoy
and the submerged body.

T 6 1 andd 71 are the frequenecgependent added mass of the floating buoy
and tke submerged body due to the motion coupling with the other body, as the
result, these two terms share same value.

T o 1 and @ ] are the frequenegiependent hydrodynamic damping
coefficients of the floating buoy and submerged body.

f @1 and @ 7 are the frequenegependent hydrodynamic damping
coefficients of the floating buoy and submerged body due to the motion coupling

with the other body, as the result, these two terms share same value.

—_—
Incident Wave

X5

Figure 3-4 Schematic of the proposed sedactive WEC in heave
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The wave forces described above are usually utilized to study the performance of the WEC
in frequency domaing3]. However, for the nonlinear system, a time domain approach is

commally used and the radiation force in time domain is usually described by the
Cummins equationcd:

"Q 6 b 0 W . Qo totQt . Q o tw T’QTE
Q6 bhd 6 Hbe . Qo totQt. Vo totaQt
311
No - 1 ©0EiNo "f(Q plt E.3-12

where,

& b isthe added mass when thegiiency approaches to infinitffiQ pit .

The frequencydependent hydrodynamic parameters in Equations (8) and (9) are acquired
by the commercial software WAMIT using Boundary Element Method (BESH) [The
meshed plot and results are showFRigure3-5 andFigure3-6, and the dynamic equations

are solved numerically

Here, the PTO force for the MMR PTO applied on the two bodies are presented as
following to be in coherenagith Equation (5):

4 @& o O O o ] g S
T 1 1

Q E.3-13

where,

1 & isthe inerter from the rotary inertia of the generator and flywheel.

@ is the equivalent PTO damping from the generator, which can be calculated
with Equation (3).
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Figure 3-5 The meslplots for calculating the hydrodynamic parametesing WAMIT
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Figure 3-6 The WAMIT calculated hydrodynamic parameters for the-sedttive point
absorber

Besides the MMR PTO, the power takeoff force frsvta hoaAMMR PTO without using

the mechanical motion rectifying mechanism can be shown as:

Q a o o W 0 ® E.3-14
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The radiation damping calculated from the linear wave theory for a submerged body is
usually very mall [62]. As a result, the relative motion acquired from the simulation is
huge when the wave frequency approaches the natural frequency of the WEC. In reality,
however, the existence of the additional nonlinear damping term prevents that from
occurring.Experimental results have proven that the real damping is much larger than the
results acquired by the WAMIT6f]. This damping term is considered to be the
consequence of the drag effect and should be considered in simulation. Generally, the drag
dampingcaused force can be expressed as a quadratic term:

Q O 6 o f oW ts

. ‘ E.315
Q w0 0w I w *s

where,

1 ” is the density of the ocean water.

@& andw are the drag coefficients for the floating buoy and submerged body,
which depends on the geometric shapes of the bodies.

1 © and0 are the characteristareas for the floating buoy and submerged body.

1  andw are the velocity for the floating buoy and submerged body.

1 % andt are the velocity of the surrounding water for the floating buoy and

submerged body.
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Figure 3-7 Simulation results of the proposed WEC with MMR PTO and Non
MMR PTO under regular wave. Wave peridd 1i, wave heightO ¢a,
inerter & p TTQ Cequivalent damping p ™0 z i fa, drag coefficien
O ™.

Theanalyzed time domain dynamic performance of the point absaiiteMMR PTOis

then simulated using the WE&Im, which is a time domain solvéased on MATLAB

built by National Renewable Energy Laboratory (NREL) and Sandia Nationatdtabp

of United State$66][67]. Figure.5 illustrates model built into MATLAB Simulink for the
WEC-Sim analysis. Since the MMR PTO has a piecewise nonlinear property, a separate
block is used for describing the correct dynamic property of MMR PTO whejetiezator

has been coupled/decoupled to the system. In addition to that, all the frequency dependent
hydro-parameters has been included in the Simulink model so the real time simulation is

reasonable.
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Figure 3-8 The Simulink model used for the WB®n analysis

The choices for the value on the floating buoy from different researchers are not always
consistent and it is usually considered to be small, so it is ignored in this paper. In addition,
based on thexperiment results presented in the work of Zurkinden, 68phhd Engstrdm

et al p9], the drag coefficient of the second bafly should depend on the shape and
surface roughness. As the consequence, a series of different valueschorbisisveen

0.25 and 2 are selected to study the differences of the system performance as what Babarit,

et al has donerp).

The simulaibn results in time domain for the proposed WEC with MMR system and non
MMR system are illustrated iRigure 3-7. The inerter is exaggerated to be larger than
common so disengagement can be observed more cleashywa in the figure. Another
concept adopted here is to divide one full time period of the MMR WEC into two separated
time periods, one isY where the MMR PTO is disengaged, and the othér yghere the

MMR PTO is engaged. The ratio between the disengaged p&raotd one full period

("Y 7Y) is defined as the disengaged ratio. This ratio works as an indicator of the

capaility of the MMR PTO to stay disengaged. The three major parameters that could
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influence the disengage ratio are the inerter of the rotation inertia of flywheel and
generation, equivalent PTO damping and the period of the excitation wave, the detailed
deirivatives can be found ir7[l]. Figure3-9illustrates the disengaged ratio of the proposed
MMR PTO under different conditions. When the ratio between the equivalent damping and
the inerter is small, the energy stri@ the inertia will dissipate slower, thus a higher
disengage ratio is acquired. In addition, when the wave period is smaller, the disengage
ratio will also be higher as the energy dissipate speed is constant, thus the smaller wave
period lead to a largelisengage ratio.

0.5

I
i

o
w

Disengage ratio

0 2 4 6 8 10
Ratio between the equivalent damping and equivalent mass

Figure 3-9 Disengage ratio of the MMR PTO under different wave conditions. Results in
the Figure use wave heigld cd& , inertera p TQ Cequivalent damping

p TO z i ¥a, drag coefficientd  T®.
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3.4 Optimization of Power Absorption
With the dynamic properties of the PTO and the WEC explored in the previous sections,
optimizationfor the proposed PTOs is necessary for maximum power absorption.

N
l—_an ky Feq
‘m1 + All _T xl
|
= Me
Cpto kpto |
m2 ‘l‘ A22 _T Xz
tjczz k, Fey
-

Figure 3-10 Free body diagram of the sekactive point absorber with PTO inertia

cosidered

Figure 3-10 illustrates the scheme of the designed WEC, the model is simplified by
neglecting multiple factors including the phase difference of the excitation force and the
hydro parameters generated from the interference between the two bodies, the reason is
that these terms are usually small and the error caused by neglecting such terms is
acceptabledQ]. The results obtained from the simplified model serve as the starting point

of the optimization to improve the optimization efficiency. The objective fanabf the

optimization can be presented as:
D OOQATWG I © E.3-16

Here, the WEC is assumed to be under excitation of sinusoid wave input, so by maximizing
the PTO powerd , the total energy absorption can reach its maximum as well.
Combining the dynamic modeling of the PTO and WEC together. The equations of motion

of the proposed WEC oscillating in heave can be derived through the scheme as:
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E.3-17
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Here, theE. 3-17 can only be used for describing the WEC with-hdMIR PTO, because
the equation describes a linear system. The system equation is then written in frequency
domain to solve a close form solution, when the WEC is excited under regular wave. The

system is rewritten with the assumption ti& "OQ h'O 0Q , ®
OQ fw &'Q ,andthenitisescribed as,

1 b6H Y Sae O E.318
where,
o a 0 a a
e © 0 E.3-21
) NQ 'rQ 'rQ . O-
. D s O
w o hO 0 E.3-22

Rewritten the equation in the form of solution,

D) 1 0 Q ouv O E.3-23
Define:

GQ 1 6 W 0 E.3-24

AR
AR

And the expanded form is:
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The soluton can be written as:
o @ —h — E.3-26

Knowing the solution for the equationsthe system, in the frequency domain, the power

absorbed can be expressed as:

0 = AT AR AR E.3-27

By expanding which, thequation can be rewritten as:

0 -l W E. 3-28
where:
. i Q0 QO-r (@ +6 YO ¥ (& +b )O
e R *O O ¥ O
o G1 4 4 8 b8 1 @ 0
. o A ] &) &)V
I’p 0w —-hQ -hQ —hQ —
:;Q 1 4 & 4 b 1 4 6 0 a4 b6 0 oo Q0
o M 1] a4 0 a4 o0 ® 1 Qun Qo

E.3-29

Since the studied PTO is a rigid system with solid connection, the stiffness of th@PTO

is chosen to be zero constantly. Since the mass ratio between the two bodies can also
influence the power absorption, it is set as constant that the masssabtinerged body is

10 times of tle floating buoy here

By taking the partial derivative of thie anda  for the E.328:
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E.3-30

E.3-31

It is certain thay 1 1. The minimum can be acquired when the two partial

derivatives are zero:
O o a DR O OQGQ E.3-32

"Q ® Q0 T E.3-33

gl
o
&

From the equation (29), it is easy to acquire an addition condition that:

OO OQ T E.3-34

Bring in E.3-34 andsolve E.332 and E.333 can obtain the optimal inerter of the PTO

rotation inertia and the optimal PTO damping:

a — E.3-35

Al E.3-36

The®  can be simplified by using the condition tiéat & © Q7 ,the
eguation become:

W S E.3-37

Through the previous equations, the freqyedomain optimized inerter and equivalent
dampingd  andd&@  can be acquired. Knowing the ~ andd& |, the
monotonic property is checked for the derived equations that the results obtained is the
optimumcondition instead of a saddle point, and the optimum condition for the inerter and
damping coefficient of the neMIMR PTO is obtained. The results acquired from the
closedform solution for simplified system can be used as initial guess for the numerical

optimization process and give great improvement on the compute efficiency. If a drag
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damping term is linearized for simplification, the solution can give good prediction.
However, in this paper, the author choose to use the numerical approach for better

aacuracy.

For WEC with MMR based PTO, however, due to its nonlinearity, there is no dlmsed
solution for the optimal inerter and the optimal damping. The modified constrained
complex method is adopted to find the optimum condition for the MMR based AfEC (

for nonMMR PTO also) ¥2)[73].

Using the same WEC with MMR PTO, different choice on the PTO parameters, mainly on
the damping coefficient and equivalent inertia, can lead to different power absorption
results. Moreover, the optimum damping coefficisntlifferent under various dominant
wave periods. As a result, if the optimum damping coefficient used in the prototype
changes as the wave condition changes, the power absorption will significantly increase

and further benefit the overall power absonptio
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Figure 3-11 (a) Optimum power of the MMR system (b) Optimum PTO damping
coefficient of MMR system with various designs of inerter under regular wave excitation.

For the results shown in this Figurevave heightO ¢d , the drag coefficient®
™® VO M.

In the real design process, the damping coefficient can be changed conveniently by
adjusting the dutgycle of the DC/DC electric converter connected with the generator. The
equivalen inerter, however, is usually constant and difficult to be tuned. In order to give
practical guidance to the design of the WEC, different equivalent inerter are adopted and
are regarded as constant once chosen. The equivalent damping coefficientpotréng,

is set to be the variable that need to be optimigepire3-11(a) shows the optimal power
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of a twobody selfreacting WEC with MMR PTO under regular wave excitation. The
corresponding optimal equivalenamping coefficient is plotted ifigure 3-11(b). It is

easy to observe that there are two peaks for the optimal output power. One is around 4s,

which is close to the natural frequency of the floating buoy ( —— p&® X I}

and the corresponding period¥ — 1ti.). Therefore, the motion of the floating buoy

is very large around 4s. The other peak power happens around 8s, which is the damped
natural frequency of the twody system. The corresponding optimal damping is
maximum inFigure3-11(b). When the inerter increases from G top Q" (the optimal

power between the two peaks increases as well. The disengagement raincralsses

with the increase of inerter. At large excitation wave periods, the optimum equivalent
damping is large. According to the results illustrated in Figure 7, the large equivalent
damping will lead to a small disengage ratio, which makes the systsmtola notMMR

system. As the consequence, the optimal power around 8s does not change with different

inerter.
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Figure 3-12 (a) Optimum power of the néiMR system, (b) Optimum PTO damping
coefficient ®nonMMR system with various selection of inerter under regular wave
excitation. For the results shown in this Figure , wave hé@ht ¢a , the drag

coefficientsh TR v  TA.

Figure3-12(a) shows theptimal power of WEC with naMMR PTO under regular wave
excitation. The corresponding optimal power takeoff damping is plottedjure3-12(b).

It is easy to observe that the effect of inerter in aM&fR systemis different from what

is shown in the MMR system. The inerter appeared in the power takeoff force in Equation
(15) is related with the relative acceleration of the floating buoy and submerged body. As
a result, it acts as an inerter. Therefore, diffesefgction of inerter in a neMMR system
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change the mass of the WEC and therefore influence the peak and period of the response.
In Figure3-12(a), when the inerter increases from @ fop TQ Qhe optimal waveeriod
corresponding to left peak power increases. At the same time, the left peak power increases
as well. However, the power decreases fast when the excitation wave period is smaller than
the left peak period at low excitation wave period. On the ditwed, for a MMR system,

due the disengagement mechanism, the peak power on the left does change much for

various inerter.

For the influence of the inerter on MMR and AdMR PTO. FromFigure3-11andFigure

3-12, due to the disengagement mechanism of MMR system, the PTO inerter helps to
increase the power absorption at small wave periods. The peak period of MMR system is
not sensitive to the variation of inerter. For a4\l R system, however, different inerter

will lead to a different period where first peak shows up, the maximum power can be
changed as well. Therefore, when the inerter increases, the absorption power decreases
dramatically when the excitation wave periodas always for the peak period in ron

MMR system.
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Figure 3-13 (a) Optimum power of the MMR system (b) Optimum PTO damping
coefficient of MMR system with various selection of drag coeffigientnder regular
wave excitation. For the results shown in this Figure, wave h&ghtca ; inerter

4  T2zp mQhe drag coefficient®  T& v

In addition to the inerter, another factor that could significantly influence the power
absorptionis the drag damping coefficient. As described in the previous section, it is
difficult to determine the drag coefficient accurately in reality. However, the influence of
the drag coefficient can still be explored by selecting various drag coefficieand
investigate the effect on the power absorptieigure 3-13 and Figure 3-14 shows the
optimal power and corresponding equivalent damping of MMR anedMidR PTO under
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various drag coefficient® . With the increase of drag dampieg, the optimal power

and corresponding damping for the first peak have little change. This is due to the first peak

is induced by the floating buoy, so the results will not changeh since the property of

the floating buoy doesnot

change.

The

opti ma

the contrary, is affected significantly by the drag coefficient, indicating that the motion of

the second body is large, thus the drag daghpould has greater effect.
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Figure 3-14 (a) Optimum power of the ndiIMR system (b) Optimum PTO damping

coefficient of the noVIMR system with various selection of drag coefficientunder

regular wave excitation. For the results shown in this Figure, wave h€ghtd ;

inerter & 1 2 p TQ Ghe drag coefficient®
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Previous results are all acquired based on the regular wave, yet the more meaningful results
are the power absorption under the irregular wave. To further explore the optimum power
absorption of the proposed WEC, the irregular wave condition are used for optimization.
The irregular waves is approximated with the superposition of regular wavesvare
spectrum. A PierseMoskowitz spectra shown in Equation (38), which is an empirical
eqguation that defines the distribution of energy with wave frequency in the fully developed

sea, is used here to describe the irregular wave sédjfas].

“Y| COPOY]T Qwnp miv) E.3-38

where,

1 'O is the significant wave height.
1 “Yis the energy period.

1 1 isthe wave frequency.

For time domain simulation, the irregular wave force is approximated with the sim of

components, as shown in the following equation,

MO B Q1 0 GEl o | [ E.3-39

where,

1T Q1 is the excitation force at under regular excitation.

q 0 Yl 3 isthe amplitude of wave componentat“y] is the spectra
compment at .3y is the frequency step length, which is 0.01rad/s in this paper.

1 1 isthe frequency component

1 T isthe phase of excitation ford@ ] at] under regular excitation.

§ | isarandom phase in the intat 1" .
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Figure 3-15 (a) Optimum power of the MMR system (b) Optimum PTO damping
coefficient of MMR system with various selection of ine@rteunder irregular wave
excitation. For the resultshown in this Figure, significant wave heigbt ¢a ; the

drag coefficientso T v  T.

Figure 3-15 shows the optimal power and damping coefficient of the WEC with MMR
PTO in irregular waves wht different dominant wave energy period. Due to the
nonlinearity brought from the random phase used in the simulation, the results are not
smooth curve. However, similar trend with the regular wave results can be found. At the
first peak where the floatinuoy matches the dominant energy period, the optimal

damping coefficient is small and the larger inerter can benefit the system with larger
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disengage ratio. As the result, the MMR system with larger inerter can have better energy
absorption performanceirge the irregular wave can be regarded as a superposition of a
series of regular waves, it will weaken the difference brought by the different inerter as
shown inFigure3-15, the optimal power is close with differeinerter.
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Figure 3-16 (a) Optimum power of the ndiIMR system (b) Optimum PTO damping
coefficient of the neMMR system with various selection of inerder under regular
wave excitation. For theesults shown in this Figure, significant wave height & ;

the drag coefficient®&/  T& v  T®.

Figure3-16illustrates the optimal power and damgitoefficient under irregular wave of

the WEC with noiMMR PTO. For the notMMR system, the inerter is directly connected
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with the floating buoy and can change the resonant frequency of the floating buoy. As the

result, the optimal power can be absorpti@ar the first peak is different for the WEC

with different inerter. It should be noted that although the optimal power near the first peak
is different for both the MMR and neMMR PTO, the principle behind the scene is

different. The MMR system is resatt from the different disengage ratio and the-non

MMR system is resulted from the change of the resonant frequency of the floating buoy.
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Figure 3-17 (Top) Power heat map for the WEC with constant dampoedficient;

(Bottom) Power heat map for the WEC with optimized damping coefficient

To verify the difference between using the optimized damping and a constant damping

coefficient, simulation has been conducted using the wave conditions at the Pacifie Marin
Energy Center South Energy Test Site (PMERETS) [76]. The prototype scale used in
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the simulation is the same with the one used in the previous figure, that the WEC has a 5m
diameter buoy floating on the ocean surface.

Figure3-17shows the comparison of the power generation between the WEC with constant
damping coefficient and optimized damping coefficient. By using the optimized damping
coefficient for each wave condition, the yearly power acquired can bédicagty
improved. Using the wave condition for the PMHSETS, the yearly power generation

with all the wave conditions considdrean be improved by over 43%.

3.5Chapter Summary

In this chapter, the dynamic modeling for the MMR PTO and thersatitive pint
absorber is establishethrough modeling and simulation, the unique dynamic property of
engagement and disengagem@atthe MMR PTO is observed. It is noticed that this
unique phenomenon can contribute to better energy harvesting effect of théHeTtree

major parameters that can influence the disengagement ratio of the MMRMRIED are

the inertia, the damping coefficient and the excitation frequesdgund.

A numerical optimization approach is used to optimize the power absorption fahboth
MMR and nonMMR PTO. It is found that due to the mechanism of engagement and
disengagement, when the wave period is small and close to the natural frequency of the
floating buoy, the increase of the inerter in the MMR PTO can help the WEC to stabilize
the optimum power generation. For the #MdNR system, however, the increase of the
inerter will change the mass property of the system and mitigate the frequency where the
first peak happens to a larger wave period; the peak power will be larger yeisgatngch

faster. At large wave periods, the MMR PTO have similar performance with tid Méh

PTO. The dominant factor is the sed#factive structure design. In conclusion, in real ocean
situations, the MMR PTO is more preferable as the performance istabte with a wider
bandwidth.

In addition, the influence of the drag damping is investigated. Since the first body is
floating on the ocean surface, the major variance is the drag coefficient on the second body.
It can be concluded that the drag dampgegerally will have a negative effect for the
energy absorption, especially when the WEC reaches its natural frequency. Generally, the
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design of the reactive body should take in consideration of the drag effect and minimize

the drag damping coefficient tmprove the performance of the WEC.
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4.Dr y | aobf ttehset MMR PTO

4.1 Chapter Introduction

In this section, the prototyped MMR PTO is tested on a test bench in the dry lab
environment to verify the simulated results. Through the test, themiymaodel is revised

and refinedor more accurate prediction on the performance of the propbseddition,

the parameter choicesuch as damping coefficient, inertia of the PTO and the excitation
frequency of the MMR PTO, are explored and concludealthh the test. The test results
show that the MMR can achieve high improvement compared with thdiiMiRR PTO,
confirming the analyzed results in the previous sectiddast, a 10kW large scale
prototype is sent to the National Renewable Energy LalgréiREL) to conduct break

down test and find the weak parts in the design.

4.2 Dynamic Performance Verification on 50W Prototype

4.2.1 Test setup
The first prototype which is the smallest rated at 50W was tested firstly as the proof of
conceptFigure4-1lillustrates the test seip for the50W prototype.

Power Take-off

Electric Load

Ball Screw

Actuator Motion

Hydraulic Actuator

Figure 4-1 50W MMR PTO prototype test agi

The prototype is assembled inside an aluminum cylinder and mounted upside down on a

platethat is locked on the top of the test machine. The push rod of the PTO is actuated by
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the hydraulic actuator at the bottom of the test machine. The actuator provides a linear
excitation to the PTO. The sensor embedded in the test machine measurest tfoecapu

and displacement to the PTO. And the voltage output of the generator is measured on the
electric load connected to the generator. All the signals are recorded by the DAQ system

of the Instron machine.

Figure 4-2 Impedance analyzeeading of the inner resistance of the generator

Tablel Parameters for the components used in the 50W prototype

Value Component parameter
™ T @ &T0 torque constant of the generator
T7 N@w electric constant of the generato
8 €@ inner resistance of the generator

- outer resistance of the generator

P @ "Q mass of the push rod
pg W "Q mass of the ball screw nut
T8 p 1T LD moment of inertia of the ball scre
PX T p T U " moment of inertia of the coupling
¢8tp p1m L moment of inertia of the MMF
gearbox
L8 T p 1T O "M moment of inertia of the generatt

By using anmpedance analyzer as illustrated-igure4-2, the inner resistance and inner

inductance of the generator is measured. Because the impedance of the imducor |
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much smaller than the inner resistance at low frequency, thetmaljpage of the generator

can be calculated using the measured voltage on the electric load. Unlike to other
prototypes that used 3 phase AC generator, the 50W scale prototype used a DC generator,
hence the output voltage during the test is always pesitablel listed all the parameters

used in the 50W PTO, different outer resistors with various resistance are used during the

test to creatdifferent damping coefficient of the generator.

4.2.2 Test result analysis

The timedomaintest results of the MMR PTO are illustratedFigure 4-3. The test is
conducted with a relatively large outer resistor that can give the system small electrical
damping to create a more obvious MMR effect. The test machine iatedtat the
frequency 3Hz with a sinusoidal displacement of 8mm, which makes the total stroke
16mm. Based on the recorded forcesrigure 4-3, disengagement happens when the
absolute value of the force is around 100N. The conteace of the system should come
from the dynamic friction of the system. Whenever the movement of the system changes
the direction, the friction force also changes direction. The raised parts of the force figure
primarily come from the equivalent mass sumlering the small electric damping used in

the test. When the MMR gearbox reengages from the disengagement, the equivalent mass
of the generator will be dragged to accelerate, which will cause the force to raise; when the
system is disengaged again, thecé from the mass will become zero and the force will be

pure friction again.

200 T T
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o

~— Engage

-200 | e A ‘ ‘
9 91 92 93 94 95 96 97 98 99 10

Disengage:u »i

_____________________________________________________ --=>/Minimmum Voltage
L 1 L
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Time (s)

Figure 4-3 Input force and output voltage of the 50W MMR PTO in dry lab test
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In addition to the force results, the voltage tessalso show the obvious phenomenon of
the MMR effect. The output voltage on the outer resistor is always larger than zero. Thus,
when disengagement happens the MMR PTO will keep outputting powestoyrior

better energy harvesting performance.

4.2.3 Dynamic model refinement

Although the engagement and disengagement phenomena are capturedrigalien-3

based on the test results, an obvious discrepancy between the modeling and simulation
results can be observed. To better chareeteghe MMR PTOand make the simulation
match bettera classic friction model based on Armstr¢rg|[ 78] is considered as,

"0 CQoifp 0zQol — z— 0z0dR— QU E.41

0 gL E.4-2
N 0 Tp T E.43

where,

"OE O EAO E AE) EOIAIA

"OEOE#Al O1 EDEAOET 1

"OE OEGRE O MEOEA OET 1

'O EOEMOAMEAMEDEAQET 1

0 EOEMOAMEAMEDE HABTITAEOU
0 EOERO O ORA EEGMOET 1 A

0 EOE#Al O1 DRAATGECANOET 1 A
VEOEGRAT AOGRHGAAEOU

"(E OEGRE O MEOEGAD AIAAEAEAT O

=4 =4 4 -4 4 -5 8 5 -9

67



| Viscous friction -
rer —
/ | E ‘
P% ) S v
Coulomb friciion
) v

——-"f \
Figure 4-4 The components of the pure frictibased on the Stribek friction model []

As the friction mainly consists of three parts, the Coulomb friction, the viscous friction and
the Stribek friction, the model is built into the dynamic model of the MMR PTO and the
unknown parameters are decidedtigh the empirical data and using the minimum square
principle. Figure4-4 shows how each component of the friction contribute to the overall
friction. The simulation results with friction compensation are illustrateBigure 4-5

along with the test results. The friction model matches with the test results better. The
model could be used to furthanalysethe composite of the friction terms and further

improve the efficiency of the further prototypes.

200 s |

100

Force (N)
o

-100

i—Test result

i- =Simulation result with compensation
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Figure 4-5 Test result and simulation result for the 50W MMR PTO with friction terms

-200

added to the dynamic model
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The efficiency of the system is calculated and evaluated by two separate criteria. One is
the owerall efficiency calculated by dividing the output electrical power on the external
resistor by the total input power of the PTO. The total input power is calculated by
integrating the transient power over one time period.

The overall efficiency is the imcation of the ratio between the input power and the usable

electric power generated from the generator.
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Figure 4-6 Mechanical #iciency of the 50W MMR PTO under various testing conditions

Another criteron is referred to as the mechanical efficiency, which is used to evaluate the
mechanical transmission efficiency from ball nut to the generator. By taking the electricity
lost on the inner resistor of the generator into account, all the energy lost hyilben
mechanical energy caused by friction and mechanical damping of the motion transmission.
Compared with the overall efficiency, the mechanical efficiency is a more viable criterion

to evaluate the motion transmission efficiency and thus is adopteid ipeiper.

Figure4-6 shows the mechanical efficiency of te8W MMR PTO under different test
conditions in the lab. As expected, the efficiency increases along with the decrease of the
resistance of the load or the increase ofR©® load. For larger PTO load, the portion of

the friction lost will be relatively small and thus the mechanical efficiency will be better.

On the other hand, when the test frequency increases, the mechanical efficiency increases
as well. Two major reasarcause this result. Firstly, as the excitation frequency increases,

the disengagement ratio is higher. In addition, when the friction increases, the force input
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from the test machine towards the PTO is larger, and the friction caused loss will be

relativdy smaller, thus the MMR PTO efficiency increases.

4.3 Dynamic Performance Evaluation on 50W Prototype

4.3.1 Updated model of the MMR PTO

From the 50W prototype test, the concept of MMR PTO is verified. In addition, the
dynamic model is refined through the tdwittit can give further guidance to the following
testing. Due to some design issudee friction can be a large source of efficiency loss for
the MMR PTOand lead to an efficiency result that is not very satisfying. As a result, the
design is further imved withmore compact structure and better machining precision to
build a larger prototype which is rated at 500W. The prototype is used to not only test on
the efficiency, but also teerify how the three major parameters derived in the previous
chapter which are the equivalent mass, the damping coefficient and the excitation
frequency, can influence the performance of the MMR PIi®s comprehensive study on

the prototype can give further guidance for the future design on a utility scale and achieve
better outcome.

Since the dynamic modeling with the friction terms added can predict the performance of
the 50W MMR PTO accurately. In this section, a refined model is built for the 500W PTO
so the experimental results can have more religigences ttook for.

Figure 4-7 Schematic of the ball screw, which is capable of transforming the linear

motion into rotary motion
70



A. Ball screw

The ball screw serves the f uncwherethelioehr i Mot i

motion input of the PTO is transformed into the rotation motion. From the relationship

illustrated inFigure4-7, the kinematic transform using the ball screw can be described as:

—_— — E.4-4

ais the displacement of the ball screw nut and the jpudlitube, & is the lead length
of the ball screw, and- is the rotation angle of the ball screw. As the consequence of the
motion change, the input PTO force on the push tube is transferred into the torque on the
ball nut of the ball screw. The ball nut and pysii tube will also be driven, and the
governing equation can be expressed according to the energy conservation law:

O Qa Y Q— a a aQa E. 45
Here 'O s the linear PTO force and is the external torque on the ball net from the
ball screwd anda are the mass of the ball screw and ppsh tube. By plugging
E.44into E450 Q& "Y'O— & 4 aQa E. 4-5,
the relation between the PTO force and the torque on the ball screw can be written as:

o Y — & & & E.46

The torque on the ball nut will drive the ball screw and balance the torque transmitted

through the MMR gearbox, which can be presented as:

Y 00— Y E.4-7

Here, 0 is the moment of inertia of the ball scréw, is the external torque on the ball

screw from the MMR gearbox.

71

(0]



B. MMR gearbox
The MMR gearbox is the most important component of the proposed PTO. It is capable of
converting the bidirectional rotation input into unidirectional rotation output and driving
the generator. With the design of the MMR gearbox, the genesatapiable of always
rotating in one direction. The unique phenomenon of engagement and disengagement can
be presented as the following condition:

oMme— — O 0¢& QOQQa Q¢ o

E.4-8
L'Me— — O 00 Q& QuQQAaQE o

Here,— and— are the rotation speed of the input shaft and output shaft respectively.
When the MMR gearbox is in the status of engagement, the equation for gearbox
transmission can be presented as:

YooY o 0 — Y E.4-9

Here,”Y is the input torque of the MMR gearbox from the ball sciéfv, is the torque
on the output shaft of the MMR gearbax, and0 are respectively the moment of inertia
of the input shaft and coupling, afidis the friction torque in the MMR gearbox and
generator bearings.
When the input shaft and output shaft are disengaged, however, the PTO system is
separated inttwo subsystems that works independently with each other. One is the push
pull tube, ball nut, and the ball screw connected with the MMR input shaft. Another is the
MMR output shaft, the generator and three bevel gears. Then, the input torque on the MMR
geabox from the ball screw can be presented as:

Y 0 0 — Y E.4-10

Here, the output shaft is decoupled with the gearbox, hence it will be excluded from the
dynamts of the gearbox. Since the main friction comes from the rotation transmission of

the gears, the friction on the shaft can be smaller ‘tHanm the engaged case and is

represented by .
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C. Generator
The generator used in the test is a thplease PMSG. The torque on the generatofrom
the MMR output shaft can be broken down into two major sources: one is the rotation
induced electric resistive torql¢ to generate electric energy, and the other is mechanical
resistive torquéY majorly from the momerof inertia of the generator

Yoy vy E.4-11

To acquire the electric resistive torque, thetelewoltage on each phase of the generator

(annotated as Phase a, b and c) is expressed first as:

0 0—i Q-
o o—i™ — E.4-12
g
yO 0—i 08 —

v

Here,O, 0, andO are the phase voltages of the generatoerand— are the rotation
angle and speed of the generator respectilis the voltage constant of the generator,
* is the electrical phase and it can be expressed by:

S E.413

Here,n is the number gpoles of the generator. Each phase of the generator is wired with
an external resistor with same resistance uswshapewhich is illustrated irFigure4-8,

the electric current on each phase can be expressed by:

k L _h F OFRORO ,I=(ia i, ic) B-14

Here,"Q, "Qand™Qare respectively the current on each phase of the genéyats,the

internal resistance on each phase of the generatoy ansl the resistance of the external
resistor connected to each phase of the generator, with the assumption of impedance from
the internal inductance being much smaller than the suvh addnd’Y .
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Figure 4-8 Y-shape wiring for the three phase generator

The electric torque load can be found by superposition of the output electric load on the

three different phases, which isittgn as:

Y — E.4-15

Here,Q is the torque constant of the generator. Since the electric torqupstonal to
the angular speed of the generator, an equivalent rotary damping coeflidgeatiopted
here to describe the relationship between the electric torque and rotation speed of the

generator:

o @ — E.4-16

In addition to the electric torque, the inertia of the generator can induce torque as well. As
the output shaft of the MMR gearbox and the cehneupling is constantly rotating in the

same speed with the generator, the moment of inertia caused torque is considered here
together with the generator, the mechanical resistive torque from the inertia is then

represented as:

Y b 0 v U0 U0 0 — E.4-17

Here, ,0 ,0 ,0 andyu are respectively the momenttinertia of the generator core,
the transmission gears which are the three bevel gears inside the MMR gearbox, the

flywheel, the side shaft, and the output shaft of the MMR gearbox.
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D. Friction
The friction of the PTO comes from the interactions and atiores of the mechanical
components, which includes the revolution friction between the ball screw and ball nut, the
friction from the gear meshing and bearings, etc. It is the major source for the energy loss
in mechanical components for the designed RTthis paper compared with other factors
including the impact force from backlashes and possible misalignment during the
assembling. As a result, it is added to the modeling of the PTO for the previous work of
Penalba et al. has pointed out that the -@u@iplified PTO model can lead to large over
estimation of the total power absorptiaf9]. In the proposed MMR PTO, the friction is
mainly dominated by the rotation transmission of the gears. The friction from different
components of the PTO are combineddame term and presented using the following
equation:

o O O 0Q O QW m E.4-18

O QW

where'0, "0, "Q & and’Oare the total friction force, the Coulomb friction, the Stribeck
friction, the viscous friction coefficient, and the maximum static frictipandv arethe
velocity of the PTO and the relative velocity threshold for the Stribeck friction. The model
introduced is used to describe the PTO under constant movement, when the PTO

movement speed is zero, however, the static friction can be any value thatiés #mal

"Odepending on how much force is cast to start the PTO.

E. Dynamic analysis for the PTO

The components of the PTO system are assembled in series, and the MMR gearbox has a

gear transmission ratio of 1:1, the relationship between the components cauibeda

uY "Y ﬁ_ .
y N L E.4-19
When the MMR gearbox is at the status of engagement, — , by combining the

separated dynamics of each component in series, the dynamic equation for the MMR PTO

can be presented as:
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O O O 0 0 ¢v U 0 O vV — «a a a
o E.4-20

Here, O s the overall friction fothe entire PTO. At the time when the system is engaged,
the PTO force on the push tube will drive all the components to move together as one
system. The shafts, gears, and couplings used in the prototype all have large stiffness that
they are treated agyid body, so there exists no spring term in the dynamic equation. The

friction term™Ois from the whole system which relates with the friction tofguas™O
Y—.

When the MMR gearbox is at the status of disengagement, — , however, the
overall system is separated into two subsysteone is the ballscrew and MMR input shaft
driven by the PTO force, and the other is the generator which uses the kinetic energy stored
in the inertia in exchange for the electric energy and continue generating power. The

dynamic equation for the two ssystems under disengagement can be described as:

O 0 0 0 O VU — a4 a & 'Yobi oiiéewa
E.
6 0 0 0 b — Y ——— Yo hi iV R4
4-21

Here,"O is the friction term on the subsystem one, which majorly exist in the ballscrew
and puskpull tube, and it is small comparedth the friction in the engaged case dominated

by the MMR gearbox. The two subsystems are independent to each other so each of them
can be solved individually. By considering only the viscous dampingdeonequivalent
viscous damping for the fiion model’Y @— , which is the electric damping. The
solution for the rotation speed of the subsystem two is an exponentially decaying curve,

which can be expressed as:

—  —Q hQ E.4-22

Here,— is the rotation speed of the generator at the time when disengagement happens.
With the dynamic equations for theNUR PTO when it is both engaged and disengaged,

another important task is to find out the timing when MMR system disengages and its
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corresponding influence factors. Here, we assume that the MMR PTO is driven by a
sinusoid input with an excitation frequenoy™Q "Q80Qi1 and the maximum rotation
speed is defined by- . Attimed the disengagement happens, and the equation for the
disengaged time can be described as:

— Qo Yo o— (&6 QY Yoo nm E.4-23
It is easy to acquire the following equation by using trigopnometric expansion to the left
side of the equation:

— OEd"Q o ¥

— OEd Qo zAT © QYo OEFg QYo zAT ©Q0
E.4-24

WhenY6© 11 it can be assumed thatEG“"Q Yo ¢“"QYoand AT ©@QYo p,
replace these conditions back ift@+24 and it becomes:
p ¢QYorde g Qo QY E.4-25

Use Taylor expansion fdR Y when¥00 Tt

y y

-~ Y AYS =
QY p o — — E E.4-26

Plug in E.4-26 back into the previous equation and ignore kiigh order infinite small
terms from the Taylor expansion, the timevhere disengagement happens can be solved

analytically and can be expressed as:

~

0 — O QWED ¢ ‘R mipkhloE E.4-27

It is easy to observe from the equation that the initial disengage time is related to the
excitation frequenciQ , the equivalent dampingpefficient of the generatep &, and
theinertia b U 0 0 U thatcan store energy during the excitation motion.

As it can be found out by further interpreting the equation, the initial disengage timse tu

to be earlier when the excitation frequency is higher, the inertia is larger, or the equivalent
damping coefficient is lower.

After a certain time, the exponentially decayed speed of the generator will equal the speed

of the input speed of the MMR gdax, and the two subsystems will reengage into one.
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This meeting time, however, is governed by a transcendental equation that can only be
solved numerically. It can be assumed that the increase of the inertia and the decrease of
the electric damping coéffent can smooth the decay curvature and increase the
disengaged time. This assumption is verified later in the testing part. Additionally, the

disengage time in the period can be further interpreted using the nondimensionalized term

T and disengagement ratio — whereo is the period time

ando is the total disengaged time in one period. The relationship between these two
terms can bedund inFigure4-9
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Figure 4-9 Nondimensionalized tefminfluence on the disengagement rédtio

4.3.2 Test setup

Figure 4-10 shows the 500W prototype mounted tre Inston 8801 hydraulic test
machine Different from the 50W prototype that the two push rod can counter the torque
generated during the testingia linear guide rails are used on the test machine to prevent
the possible rotation of the linear actuatio guarantee the test accuracy. The force and
displacement measurements are recorded with a sampling frequency of 100Hz by the
Coco80 data recorder and DSA from the Crystal Instruments. A power resistor is
connected with each phase of the generatohe@®lectric load, whose resistance can be
tuned based on the test requirement to bring in different damping coefficient for the PTO.
Electric current and voltage on each phase of the generator are also recorded using Coco
80. The values of all the paramesteelated to the PTO prototype are listed @le?2.
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Linear Actuator

Figure 4-10 Dry lab test setp for the 500W MMR PTO

4.3.3 Test result analysis

Figure4-11 shows the inpuforce of the testing machine towards the prototype under the
excitation of triangle displacements of 2Hz (squstieped speed). The generator works in
openterminal state without any external resistance, so the recorded force can only be the
friction from the PTO. Through multiple test conditions under different strokes and speeds,
the unknown terms of the friction can be determined using the least square method for
refining the dynamic model of the PTO system. It is noticeable that some force fluctuation
still exists when the velocity is constant, this phenomenon can be explained from two
reasons. Firstly, since multiple mechanical transmission components are used in the PTO
design, some impact and shock can happen due to the backlash or the misakgmment
can cause some unexpected force; Secondly, since the testing machine used a PID
controller, some overshoot and fluctuation can also influence the input force towards the
PTO, especially when the speed input wave forms are in square and the drivetigrdire

can change suddenly.

79



Table2 Parameters for the components used in§8@Wprototype

Physical meaning Symbolic expressiot Value
Moment of inertia of ballscrew 0 ¢t pnEQ
Moment of inertia of input sift 0 X1 pTECQ

Moment of inertia of transmission gea 0 gmpnEQ
Moment of inertia of couplings 0 pea mpmnEQ
Moment of inertia of generator 0 vdo ptEQ
Moment of inertia of fywheel 0 6 0i HER Q0
Moment of inertia of side shaft 0 ¢ pmEQ

Moment of inertia of output shaft 0 o8t pmmECQ
Mass of the ballscrew nut a px & C
Mass of the push tube a CHOE C
Lead distance of the ballscrew a @i
Electric constant of the generator 0 P& © ATAO6
Torque constant of the generator o] X oit. d M
Internal resistance of the generator Y P8 M
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Figure 4-11 Force, velocity, and displacement of the MMR PTO under the excitation of a

constant speed with no electric load

Figure4-12 shows both the test results of the actuating force applied to the PTO under the

excitation of a sinusoid wave with frequency of 3Hz and a displacement of 5mm. The

wiring for the PMSG is in Yshape and the external resistor attached to each phase of the

generator

S

10Y.

N o

fl ywheel

S

tasidetohh c h e d

Figure4-12is the force of the MMR PTO, and the right figure is the force ofMMR

PTO where the MMR gearbox is replaced by a traditional direct transmission gearbox

which uses one shatft to directly transmit the motibcan be observed from the experiment

that the MMR PTO is consisted of two statuses of engagement and disengagement. When

MMR PTO is disengaged, the dominant force is the friction. When it is engaged, the system

operates with the PTO load again, softiree increases sharply. For the fdiMR PTO,

however, the force follows the pattern of the sinusoid excitation and is smoother regardless
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of the fluctuation caused by the meshing of the mechanical components and the control
over shoot f r odraulic aceatdr costrolleron dés hy
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Figure 4-12 The tested and simulated force of (a) MMR PTO and (b)\vigiiRk PTO
under the excitation of a sinusoid wave with a displacement of 5mm at 3Hz, the external

resistors 10Y with no flywheel attache

The simulation results with the friction characterized are also shokigune4-12in dash

lines. The simulation results match well the performance of the test results, indicating that
the dynamienodel could work well on predicting the performance of the PTO. In addition,
the results proves that the except for some impact force, the friction model achieved good
match with the real force, and the friction can be identified as the major factorefor th
energy loss in the mechanical system. It is also noticeable that the force on the MMR PTO
is not identical when it is operated in two different directions. This is because the
transmission process is not the same, one direction of the MMR PTO is ttedsiiméctly
through one onavay clutch, whereas for the other direction, the transmission has to go
through three bevel gears to change the rotation direction. However, if the gearbox is well
designed and aligned well, the force difference between thesittes can be reduced
because the gear transmission efficiency is high.

After the disengagement (freewheeling) phenomenon is verified through the comparison
between the MMR PTO and ndiMR PTO, further tests are conducted to explore how
different equivalen mass, damping, and excitation frequency would influence the
performance of the MMR PTO.

Further tests are conducted with different flywheel attached on the MMR side shaft. The

moment of inertia of the two different flywheels are showmable3.
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Figure4-13illustrates the force and voltage output of MMR PTO with a flywheel attached

on the MMR side shaft, the moment of inertia of the two different flywheels are shown in

Table 3. We give harmonic displacement excitation of 10mm amplitude and 3Hz
frequency. The electric | oad i Bigue#lBiton each
can be observed that the one with the larger moment of inertia has air@ugeforce,

which matches well with the dynamic modeling for the MMR PTO.

Table3 Moment of inertia for different flywheels used in the experiment

(The baseline moment of inertia without any flywheelgsp p mEQ )

Flywheel Moment of Inertiale GI )
No flywheel 0
Flywheel No.1 g v p
Flywheel No.2 PH X pTT
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Figure 4-13Top: Force and voltage response of BHEO with flywheel No.1 attached
Bottom: Force ad voltage response of tRO with flywheel No.2 attachednder
sinusoid excitation of 20mm amplitude and 3Hz frequency, with external resistance is

10Y on each phase
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The right side ofigure4-13 shows the voltage signals on goiease of the generator. It

can be seen that the voltage output of the MMR PTO with larger flywheel inertia has a

relatively steadier overall envelope line, which means that the generator with larger

flywheel in the MMR PTO has a slower voltage decayimgjraore steady rotation speeds.

The damping influence to the reaction of the MMR PTO is illustraté&dgare4-14. The

flywheel used in the test is flywheel No.2 with the harmonic excitation of 10mm and 3Hz,

and the external resit an c e

on

t he

two test groups

PMSG. The electric damping increases as the external resistance becomesRmaker.

4-14 (left subfigures) shows that the PTO force with smaller external ressstarger

i s 1C

which is because of the large electrical damping force. Figure 8 right subfigures also shows

the voltage fluctuation with small electric damping is smaller, indicating that the

disengagement ratio can be negatively affected by the increaampimd).

2000

1000 H |

15F

= S ‘ | ”“‘
P I | | I\
g 0 '§) f\ \14 | { /\ [ (\
S r~ < N 0 W A. f\“y / Ay \[ || {
S [T A N \ I
g AT ARV RVARANARIAIR AV
-1000 | / RIBVRRRAIE L
1 TR ‘\, F Ty R | \ 1. | \
bl | VPV Y P LUty
-2000L . . . . ol L1y N1 8 ) O O ! ) |
0 02 0.4 06 038 1 0 02 04 06 08 1
Time (s) Time (s)
2000 il 1
1000 ‘ I i
> | S1of, i ﬁV i “,A .
Y S |, I : N ‘
3 o 1B AN A A
& s || 1 S [ 17 RIR
> \ I IR [ AW
-1000 { } \ Il | h | \ 3 \ |
ERYRERR TR ERVRRE
-2000 " . 0 | AWM. ~ " [ . \ ]
0 02 04 06 038 1 0 02 04 06 08 1
Time (s) Time (s)

Figure 4-14 Top: Force and voltage response of the PTO it
Bottom: Force and voltage response of tigPwith5Y

externa.l

exter nalUndere s i

resi st

St ance

sinusoid excitation of 20mm amplitude and 3Hz frequency, flywheel No.2 attached

The damping not only changes the disengaged ratio, but also bringerdiffeto the

dynamic response to the systegure 4-15 shows the forcelisplacement loop of the

MMR PTO under the excitation of 3Hz. The figure shows that different external resistance

load not only influence the disengage raliot also the position where the maximum PTO
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force appears. When the external resistance is large, the disengagement happens earlier, re
engagement is late, and this the disengagement ratio is large. In such case the peak force

also appears late in the de.

2000 | : ‘
—10Q outer resistance
/ PN S ---502 outer resistance
/ A = 2Q2 outer resistance
1000 /TR '
g 0
LE =
N ~:“'\ (_;/ £ . .
-1000 ok /Disengage Point
-2000 - : e ; R
-15 -10 -5 0 5 10 15

Displacement (mm)
Figure 4-15 Displacementorce loop of the MMR PTO under the excitation of a
sinusoidwave with a di splacement of 10mm at 3Hz,
and 2Y

At last, the influence of thexcitation frequency is shown kigure4-16. The flywheel
used in the test is flywheel No. 2, and the e
on each phase of the PMSG. The two frequency choices are 0.5Hz and 3HzaA\bet
observed from the figure, when the excitation frequency is 0.5Hz, the force reaction of the
MMR PTO is similar to the naMMR PTO, indicating that there is no disengagement or

the disengagement ratio is very small. When the excitation frequencifzs tBe
disengagement is more obvious, showing the increase of the excitation frequency can help
the MMR PTO to achieve higher disengagement ratio.

From the test results, the analytical solution is verified that the increase of rotation inertia
and excitdion frequency and the decrease of the damping coefficient can contribute to a
larger disengagement ratio.
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Figure 4-16 Force of MMR PTO under the excitation of a sinusoid wave with a
displacementof 10mmt 0. 5Hz i n (a) and 3Hz in (b), the
attached flywheel is flywheel No.2

The influence of the three parameterstation inertia, damping coefficient and excitation
frequency are discussed individually for their influereéhe disengagement of the MMR

PTO. As we see ithe modeling partthe combined influence can be represented using a

dimensionless terin . Figure4-17 shows the relationship of

the disengaged ration and the dimensionlessfteach point in the figure represents one
group of test results with different combinations of rotation inertia, damping coefficient
and excitation frequency in termsjo¥alue. The results show that the dimensionless term

T has an influence on the disengagement fatiand the trend of the influence is close to
the simulation result previously introducedFigure4-9. The difference at smallmight

be from the imperfection of the mechanical system and the judgement on the

disengagement. The overall results shows the increasejohti®ea positive effect on the
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disengagement ratio. From the test results, it can be observed that by decgeaghe
disengagement ratio can be increased. However, it can be noticed that the maximum ratio
for disengagement achieved in the experiments is around 0.4. This is because in the real
test situation, the existence of the higher order terms of thiefrictthe decoupled system

can result in large resistive force and reduce the total disengagement period. As a result,
the disengagement ratio is limited to a certain value. Considering that in the real working
conditions, the MMR PTO does not expect &awvé a very large disengagement ratio, and
since the current model has proved that it can predict the performance well. Consequently,
modelling of the higher order term factor in the friction is not considered in this paper.
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Figure 4-17 Nondimensionalized terminfluence on the disengagement rdtibased on

test results

In addition to the disengaged ratio, the mechanical energy transfer efficiency is also an
important factor for evaluating the performanaf the PTO. The efficiency is calculated
by dividing the total electric power on both internal and external resistors over the

mechanical power input:

0"QQNH V& —— E.4-28

where,0 is the average mechanical input power from the actuator to the prototype,

0 is the average electric output power on the external poweroresist
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Figure 4-18 compares the efficiencies between the MMR and-MdR PTO without

flywheel. The test used the same prototype and the only difference between the two groups

of test is the gearbox to achieve the variable controltli®test results shown Kigure

418 a) , the test is conducted with an externa
whereas the external resistanceFagure4-18( b) is 10Y. From the prev
concluded that when the electric damping is lam @disengage ratio is small, the MMR

PTO has similar performance with the AdMR PTO. The energy transfer efficiency test

proves this conclusion. However, when the electric damping is small, the MMR PTO can

have a much higher efficiency compared withtbeeMMR PTO because the MMR PTO

has a large disengage ratio and the generator can have a steady rotation speed, indicating
another benefit of having large disengagement ratio. The highest mechanical efficiency
detected is about 81.2% during the test, ecx@mme previous desigshowing that the

MMR PTO canachieve good energy conversion performance.
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Figure 4-18 Comparison of the efficiency between MMR PTO andWibtR PTO under
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It can be noticed frorRigure4-18that the efficiency is influenced not only by the external

resistance, but also by the linear velocity the test can achieve. Tor faplain the

conditions that can influence the performance of the PTO effici&ngpyre4-19illustrates

the efficiency of the PTO under different load and excitation conditions. It can be read from

the figure that two factors nagreatly influence the efficiency: one is the external

resistance, and the other is the linear velocity that the PTO reaches. When the external

resistance is large, the force from the electric damping is low and the friction dominates.

As a result, the &tiency becomes low. When the linear velocity is low, the PMSG works

at its low efficiency zone, thus the overall efficiency is influenced as well. It is also
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noticeable that the optimum efficiency results showed irFigare4-19is slightly lower

than the one showed Figure4-18, this is because some components broke during the test
and the replaced component caused larger friction. So the test result of the efficiency is
about 6.8% lower than the rétsushowed irFigure4-18.
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Figure 4-19 The efficiency of the designed MMR PTO under different test linear

velocities with different external resistance

From the bench tesf the 5@W PTQ the dynamic model for the designed MMR PTO is
verified and unknown parameters are characterized. The mechanically driven PTO

achieved good energy transfer efficiency and have advantages over {kdORTO.

4.4 Reliability Test on Larger Scale Protaype (10KW PTO)

In addition to the smaller scale testing of the 50W and 500W scale, the 10kW prototype is
developed for further testing on the reliability improvement of the prototype. Due to the
stroke limit and power limit of the small scale test machbah the 50W and 500W
prototypes are only tested with small stroke, which can only be used for characterizing the
dynamic property of the PTO but not mimicking the +&alld input from the ocean. As a
result, the 10kW scale prototype is designed to herge input stroke that can pair with

the horizontal linear hydraulic actuator to achieve large force input and large stroke limit.
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Figure 4-20 The test setip of DkWscale MMR PTO prototype
Figure 4-20 shows how the 10kW prototype is tested in NREL, with a hydraulic linear
actuator used to drive the prototype and provide input to the system. The design of the
10kW prototype is similar to the previous prototypes placed in horizontal direction.
The floor of the testing facility is strengthened to provide support that can hold the PTO
with acceptable deformation, so that the test results are not influenced and distorted. A
50kW rated load bank is used to dissipéie energy generated during the test. Multiple
sensors are adopted to monitor different parameters during the test and recorded by the
DAQ. These parameters include the linear input displacement, the force, the temperature
of the generator and the gearbthxe rotation speed and the torque of both the input and
output side of the MMR gearbox.
Figure4-21 illustrates the time domains of the input power, input force and linear input
speed from the hydraulic actuatowards the MMR PTO witirregular inputwaveform.
The input towards the PTO is simulated using time domain approach with the consideration
of the characterized dynamics of the PTO. The irregular wave is generated with Bret

Schneider spectrum with a domimiavave period of 3s and significant wave height of 1m
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(power flux density 1.47KW/m). The peak to RMS average ratio of the velocity is 4.2 times
with the maximum linear velocity of 1.08m/s and RMS average velocity of 0.26m/s. The
characterization is achied through the previous regular wave tests. At the electrical load
condition L5 (load is chosen to allow generator to achieve 5kW of power when rotated at
rated speed), the peak output power it reached is 18.85kW. The average output power is
1.51kW, and th peak to average ratio is 12.5, which is a reasonable number for irregular
wave conditions. In addition, the peak force is 30.84kN and the average force is 3.91kN
with a peak to average ratio of 7.9.
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Figure 4-21 Input power, force and linear speed to the MMR PTO using irregular wave

condition with 5kW electric load
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From the previous irregular wave test, it can be found that the peak to average ratio can be
very large and lead to an extremely high valugedk force, which is harmful for the

reliability of the system.
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Figure 4-22 Input power and force to the MMR PTO using irregular wave condition
when the break mode detected

We gradually increase the elecal load (reducing the load resistance) and drive the
gearbox to failure-igure4-22 shows the time domain of the input power and force towards
the MMR PTO when the break happened where half cycle of power gsathsd is
detected. The peak power achieved at the test is 45.8kW and the peak force is 40.4kN,
which is about 9 times of the designed input power, showing that the design was robust yet
the strategy for countering the high peak to average ratio needtother improved.
Through the dry lab testing of the 10kW ratio prototype, the performance of the MMR PTO
is verified again. The first failure mode is detected, and design experience is gained. The
design of the MMR PTO and new strategy, either thrazagttrol or through more robust
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design, for solving the issue of high peak to average ratio will be the main target for the
future work.

Figure 4-23 shows the failed part of the MMR gearbox. The input sideveae clutch

broke. All the gears survived well. The gears were supported by the bearings on the gearbox

housing.

Figure 4-23 The failed one way clutch
From the figure, it can be observed that both theveae cluch and the shaft it set on have
failed. The insert element of the emay clutch break, and the surface of the shaft is
scratched. There are two major possible reasons for this situation. The first reason is due
to the misplacement of the clutch, in thet shere exist some room for the consideration
of heat expansion of the clutch component, however, the spare room granted the clutch
some freedom to move, and it may result the clutch to move to undesired place and fall
during the operation. The secon@sen is there may exist some misalignment, the input
shaft and the input side gear are aligned with separate reference, so there may exist some
misalignment during the manufacturing process, as thewamyeclutch is the link
component between the input #hand the input gear, it may be damaged due to

misalignment.

4.5 Chapter Summary

In this chapterthrough a series of dry lab testing of the MMR PTO in different scales,
multiple achievements have been accomplished

The tests have verified the performandettle MMR PTO, as the engagement and
disengagement effect can be found from the test. The unique phenomenon is able to
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improve the efficiency of the PTO when the speed is low or the damping coefficient is
small. A 50% of efficiency improvement comparedhtitaditional linear notMMR PTO

can be detected through the test.

The dynamic model of the MMR is refined through the tests. A more accurate model with
friction considered is established and have matched well with the test results. The refined
model carpredict the performance of the MMR PTO well under different load conditions,
which is very useful when it is assembled together with the WEC for deployment.

The defects of the design are found during the testing process that the design improvement
have bemr constantly ongoing. The structure of the prototype is simplified with more
compact design. Moreover, the reliability is improved by adopting several approaches on
improving the maintenance. In addition, the potential failure modes under the irregular
wave conditions are detected and can be further improved for a more reliable PTO design

in the future.
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5. Wave tank -rteeasctt iovfe speolifnt absor be

PTO

5.1 Chapter Introduction

The performance of the MMR is verified throughlat tes, yet further verification is
desired to test it with a WEC. In thikapter two major work is done: One is to conduct
experiment on the WEC with MMR PTO to find out how the MMR PTO can perfibren,;
other is to explore how different configurations ofaanp absorber can influence the total
energy absorption. Through the work described in this section, the WEC with MMR PTO
proved its quality through the water tank test with different configurations. The comparison

between the configurations are also cadeld.

5.2Wave Tank TestSetup

To verify the performance of the proposed WEC, the prototype of ddap WEC was
assembled and tested in the water tank at the Alfond W2 Ocean Engineering Lab in the
University of Maine. The water tank is 30 meters long,e®ars wide with the water depth

as 4.7 meters. The beach of the water tank has a porous structure and is able to minimize
the influence the reflection wave to the WEC. A wave probe was set at 4.88 meters away
from the wave maker to monitor the wave comditduring the test. The WEC prototype

was placed 11.15 meters from the wave maker. The column of the second body is guided
to only allow heave motion with linear bearing mounted on a bridge across the water tank.
A load cell was assembled between the badies to record the force input towards the
PTO. In addition, the relative motion between the two bodies was monitored by a string
pot. The output voltages from the generator at different electrical resistances were recorded
as well. All the signals frorthe sensors were loaded into a DAQ systeigure5-1 shows

the tank layout with general dimensions.
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Figure 5-1 Wave tank layout and dimensions
A 1:30 scalepoint alsorber that assembled with the 50W PT¥@as selected to
accommodate the wave tank capabilifi@8]. The model consists of a floating buoy, a
PTO column (which houses the PTO components) and a submerged body, which is
connected to the bottom of the PTO eotu During setup, additional buoyancy was added
to keep the submerged body afloat while additional weight was added to the bottom to
ensure its center of gravity was below its center of buoyance. The dewnitgurationare

shown on the left oFigure5-2.

Floating
Buoy

PTO
Column

Additional
Buoyancy

= Submerged
Body

Additional
Weight

Figure 5-2 Configuration of the tested sebactive point absorber
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To characterize the WEC dynamic precisely and verify the previous simulation results,
body mas property test and free decay tests were conducted separately for both bodies to
identifying the unknown terms. The process is illustrateignire 5-3. Figure5-3(a) and
Figure5-3(b) describe the body identification for the buoy and the second body, they were
lifted by a forklift and swung in air to acquire the property of center of the gravity and the
dry massA breakdown of the physical properties for the floating buoy andubmerged

body (including the PTO column) is givenTable4.

R

Figure 5-3 Body identification and free decay test of the water tank test

In the free decay test ftine buoy, the floating buoy was pushed into water with an initial
displacement first. Due to the hydrostatic restoring force, the body started to move in heave
when it was release@he motion gradually decayed as the result of radiation damping and
dragdamping. A similar approach was used for the second body as-welle5-4 shows
the free decay test results for the two bodies. The result was then used through curve fitting
to verify the hydro parameters. The added mass paeesnmaatch well with the simulation
results, the damping terms, however, is larger. This is due to the drag damping, as a result,
additional viscous damping coefficient is added based on the curve fitting results as
compensatiof8l].
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Table4 Properties of the 1:30 scale WEC model

Floating Submergec

uantit
Q y Buoy Body
Mass (kg) 60.10 334.20
CG (cm from

35.63 57.71
bottom)

Pitch Period (sec.) 2.87 3.54
Pitch MOI (kgm?) 29.10  410.70

0.2 -
—Test result
- -Fitting result

0.15

0.1-
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Figure 5-4 Left: Free decay test results and fitted results for the buoy; Right: Free decay
test results and fitted results for the second body
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There are three configurations tested in the water tank, as illustratigaire5-5. The first

one illustrated irFigure5-5is the typical design for a single body point absorber, where a
floating buoy moves along the incident wave. The buoy is guided by a rigid structate whi

in the figure is represented by a column. The buoy moves along the structure and is
constrained only to the heave direction. Thus, only one degree of freedom ¢D&ded

to be taken into consideration. The motion of the buoy is then adoptedéeaitzipower

takeoff (PTO) and generate electricity.

Incident Wave ~—

o lzl Nzt

Incident Wave

TI7TITTI7

Figure 5-5 Three configurations of sefp used in the wave tank test
The second one is the two body wave energy point absorber, consisting ofatimg flo
buoy and a neutrally buoyed submerged body. Energy is absorbed through the relative
motion between the two bodies. Such design has the advantage that the natural frequency
of the system has high flexibility for adjustment. The study of the two boidy @bsorber
usually regards the system as a two body system. Only two QCdEnda , is considered.
For the idealized case shown in the figure, the column is constrained in all rotary, surge
and sway motion to simplify the dynamic analysis.
Thelast subfigure oFigure5-5 shows the general situation where mooring is added to the
two body point absorber. The energy abstraction remained comes from the relative motion

between thé& andd . The indvidual body is free to move in all DOF. The mooring lines
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will provide soft constrain to the system. For, @, & ," ,—ande , each of them
represents the surge, sway, heave, pitch, row and yaw motion of the floating body.
Similarly, forw,®,a ,n ,—ande , each of them represents motion of the submerged
body respectively.
For all these configurations, the MMR PTO is adopted in the design. However, due to time
constraint, the ncMMR PTO is not testé as comparison. Thus, only the data with MMR
PTO is acquired for the test.
Table5 Wave conditions used in the water tank test
Wave 1:30 Scale Full Scale
Run Period Height Period Height

Type

(s) (m) (s (m)
Mono 1.64 0.0583 9.00 1.58
Mono 1.83 0.065 10.00 1.95
Mono 2.01 0.079 11.00 2.36
Mono 2.19 0.094 12.00 2.81
Mono 2.37 0.110 13.00 3.30
Mono 2.56 0.128 14.00 3.83
Mono 2.74 0.146 15.00 4.39
Poly 2.83 0.173 1550 5.20

0 N| O O &~ W N B

Table5 listed all the wave conditions that has been tested on the different configurations.
Here, the mono wave refers to the regular wave input towards the WEC, and the ploy wave
refers to the irregular waves. The irregular wave used in thareegenerated by using the
Bret-Schneider wave spectrum. For regular mono waves, the total test time is 5min per
wave condition due to the fact that it usually take 30~50 seconds for the WEC to reach to
steady state. For the irregular wave, however dta tested time length is 30min to avoid

the high standard deviation caused issue.
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Linear Guides ==

Floating Buoy

Second Body

Figure 5-6 The setup for the three different configurations: sindgdledy WEC in heave
motion (1 DOF), twebody WEC irheave motion (2 DOF), and twandy WEC with
three-point mooring (6DOF)

Figure5-6 illustrates the setp for three different configurations during the test. For the
single body 1DOF saip, the column is fixed on ¢hbridge through clamps and only the
floating buoy is able to move in heave. Similarly, for the 2DOF test, a linear guide system
is used for the second body as illustrated in the figure. Both the floating buoy and the
second body is restricted to the heewaion only. At last, the subfigure on the right of the
figure shows the test setup for the 6DOF system, three mooring lines are fixed on the

proposed prototype to provide the mooring force as illustrated.
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Figure 5-7 4" order lowpass Butterworth filter used for processing data

The DAQ collected signals during the test are later procésséatther analysisA fourth

orderlow-passButterworth filterwith the cutoff frequency of 20Has illustrated irFigure
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5-7 is used when processing the dataeliminate the noises generated from the inner
impedance of the DAQ and other sourcBse comparisometween the data before and

after theprocessed by the filter is illustratedfigure5-8.
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Figure 5-8 Time domain data before and after processed with filter

5.3Compare Between the Single Body Point AbsorbeflDOF) and the Two

Body Selfreactive Point Absorber(2DOF)
There are two separate criteria used for comparing the performance of the 1DOF and 2DOF
point absorber. One is the power absorption from the waves, which is the total mechanical
power the prototype extracted from the wave. The other is the power outpt wh
considered the power loss during the transmission process, which includes the mechanical
loss due to the friction and impact loss of the mechanical components afelcthie loss
due to the existence of the impedance in the generator andivrdirst criteria is more
important for theoretical studyecausehe nonideafactors are neglectednd the second

one is more important fothe real applicatiorbecause it takes the usable power into
consideration
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Figure 5-9 Left: Total power absorption of the 1DOF point absorber from the wave;

Right: Total power absorption of the 2DOF point absorber from the wave

Figure5-9 shows tle compare between the total power absorption optbttype in the

1DOF and 2DOF configurationsder different wave conditions listed Trable 5. The

label in the figure represents different external resistance used during the test, which are

4Y, 5Y, 7Y, 10Y, 20Y, and 40Y.

From the left ofFigure5-9, it can be observed that for the 1DOF configuration, the power
absorption follows the trend of the wave power flux and no obvious peak can be observed

It can also be nated that the optimal external resistance for most of the wave conditions

are 40 Y, which | mping coefiicient feom thé RTQ,eéndigatitigama | | d a
the maximum power is achieved when the damping coefficient of the PTO is small and the
movenent stroke of the point absorber is large.

The right side of thé-igure5-9 shows the power absorption from waves for the 2DOF
configuration, and it is easy to observe that one peak cagabbed near the wave with

2.6s ofperiad. In addition, the power absorption increases with smaller external resistance,

which indicate that the larger the damping coefficient, the highgraWwerextracted from

the wave. While he performance of 4Y external resi st
it can be told that the optimum power absort
potential for better performangcget it also means more energy will be waste on the electric

components
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Figure 5-10 Normalized poweabsorptionof the 1DOF and 2DOF setp

To address the peak more clearly and avoid the different wave height caused influence.
Figure5-10illustratedhenormalized power on the 2DOF agi bydividing the absorbed
power by the square of the wave height. From the normalized powerbiti@misthat the

peak has been achieved by adopting the two bodyessitive structure.

Comparing the 2D regular wave results to the 1DOF resoltsthe power absorption

from waves shown inFigure5-10, the 2DOF model produced over twice the amount of
power as the 1DOF model, consistent with the simulation results in Sectoon?2the
figures, it can be observed that the 2DOF can almost double the pbsa@ptioneven

when the optimal damping coefficient is not achieved and still has potential for further
improve
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Figure 5-11 Left: Total electric power output of the 1DOF point absorber from the wave;

Right: Total electric power output of the 2DOF point absorber from the wave

However, when the other criteria, the electric power outpun ftlke point absorber is
adopted,he perfomance evaluation can be changeemFigure5-11, it can be observed

that for the output electric power, the optimal exteresilstance is different from the power
absorption. For the 1DOF configuration, the optimal dampingdow@e r o ut put i s
for the 2DOF c dhsfisibgcausetheiexistenceé of the7irfpedance in the
generator and wire can aldwvide voltage, the smaller the external resistance, the higher
the voltage loss and lead to smaller electric pow#ppud. The optimal external resistance

on the electric powesutput isalsoused in therregular wave teswhich is introduced later

to achieve the highest possible power generation.

In addition to the frequency domain data, the time domain model alsbdned well with

the refined PTO dynamic model from the previous bench test.

Figure5-12 compares the test results of regular wave test with wave No.5 anadiNa.7

2DOF test configuratigrthe results show that as the wave heig higher, the WEC has

larger relative displacement, larger PTO force as well as larger output voltage from the
generator. The external resistance used in the tests shdwgune5-12is 20/ for both

cases. In addition, somatthing phenomenon where a flap shows up at the maximum
displacement can be observed for both group of tests, this is resulted from the existence of

the static friction and can be simulated well using the previously introduced friction model.
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Figure 5-12 Compare of the test results between wave No.5 and wave No.7

Figure 5-13 illustrates the compared simulation and test results for both tests that are
introduced in the previous figuré can be observed that with the friction terms added
towards the dynamic modeling, the simulation results can predict the latching phenomenon
as well as the PTO force accurately and unanimously, indicating that the dynamic model
of the PTO is characteed well and capable to be adopted for performance prediction of
the WEC.

However, it is worth noticing that the predicted voltage is higher than the actual voltage
measured during the test. This may result from several reasons. First of all, the paramete
used in the simulation are constant, however, due to the small wave height of the test, the
rotation speed of the generator is not able to reach its rated condition, and that may lead to
low efficiency of the generator. Secondly, it can be observedhbatoltage signal has

some uneven shapes during the test, this may be resulted from the meshing and paring of
mechanical components in the gearhead of the generator and caused some energy loss.
Lastly yet importantly, although the sealing for the PTOka&drwell during the test, the
environment inside the cylinder where the generator is located is very humid, this can also

bring in some unexpected impact on the generator.
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Figure 5-13 Left: Compare of snulation and test results for wave No.5; Right: Compare

of simulation and test results for wave No.7

In Figure5-13, the disengagement phenomenon of the MMR PTO observed during the
water tank test is not obvious. This situationutesl from several reasons. Firstly, the
excitation frequency at the wave tank test was low, and disengage ratio was small.
Secondly, when the PTO is disengaged, the friction from the geared generator and the
transmission gearbox will slow down the rotatigpeed of the generator quickly. Lastly,
the rotatory inertia of the generator for the test is small and not able to store enough energy
to continue power the generator during disengagement.

Table6 Capture width ratio results fahe 2DOF seup in the wave tank test

Full-Scale 2DOF

Test Energy Mechanical
Flux Power

2 36 kW/m  51.06

3 59 kW/m  58.69

4 91 kW/m  57.45

5 135 kW/m 51.87

6 196 kW/m 36.13

7 276 kW/m 21.01
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Through the comparison between the 1DOF and 2DOF modelks3thecale model WEC

was used to compare a teody WEC to a singbody WEC. Instead of varying the size

of the submerged body during the experiment, the regular wave period was varied to find
the optimal period for the submerged body. Experimental seshtiw for regular waves

the twebody WEC can produce twice the amount of power as a diuglg WEC.
Simulation shows that the power can be further increased by PTO design and power
electronics optimization. The capture width ratios shownhable6 also met or exceeded
similar two-body WEC designs. The twaody WEC also produced a quarter more power
than a singldody WEC in irregular waves using the same optimal resistance value found
for regular waves.

Besides thb regular wave conditions, tiest on irregular wave also proved the advantage

of the 2DOF design. Figure? Shows the resulthefpower output from the two point
absorbers in the same irregular wave condition listedaible 5. The outer resistance
chosen in the irregular wave test is the optimal outer resistance acquired during the
previous testo guarantee the fairness of the compbkoe the single body point absorber,

the peak power achieved during the tast83.82W and the average power is 2.04W,
whereas for the two body design the peak power is 44.88Wthe average power is
2.61W, indicating that the two body design have extract more power in a more realistic
wave condition.
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Figure 5-14 Power output of the single body point absorber in irregular wave test
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Figure 5-15 Power output of the two body se#factive point absorber in irregular wave

test

5.4Compare Between theFixed Two Body Point Absorber (2DOF) and the
Moored Two Body Point Absorber EDOF)

In addition to the comparison between the 1DOF and 2DOF, the comparison between the

2DOF setup and 6DOF satp is also conducted to evaluate how a two body WEader

more realisticinstallation with mooring The detailed saip is previously introduced in
Figure5-6.

4

—_—04

35

3+

N
o

Power (W)
~N
Power (W)
N

1.8 19 2 21 22 23 24 25 26 27 28 1.6 18
Period (s)

Period (s)

Figure 5-16 Left: Total electric power output of the ZIF point absorber from the wave;

Right: Total electric power output of tB®OF point absorber from the wave

Figure5-16 shows thecompare of the total power output on the 2DOF and 6DOEset
It can be observed that under the mag constrain, the seleactive point absorber can

still achieve thdrequency matching effect and have the similar peak as the 2D@p.set
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Figure 5-17 Compare of 2DOF and 6DOF in regular wave

Figure5-17 shows theoomedime domain test resultomparisorfor the relative motion

bet ween the two bodies under the excitation
can be observed that due to the free motion in all degrees of freedom, the 6DOF has a larger
relative motiorbetween the floating buoy and teebmerged bodwhich leads to higher

total input power. This is because the other motions of the WEC, for example, the pitch
and sway, can contribute to a larger relative motion between the floating buoy and the
submerged body. Therefore, the total eneaggorption can be increased with the extra
boost from the other motions.

Similar results can be observed in the irregular wave Fegiye5-18 shows the zoomed

time domain test results comparison between thecovidigurations in irregular waves.

With same PTO damping coefficient applieds i€asy to observe that the 2DOF and 6DOF
share similar dynamic responget follows the pattern of the irregular wave excitation.

The 6DOF configuration has a larger diggment, indicating the same conclusion that it

can benefibn energy absorpticinom the other motion
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Figure 5-18 Compare of 2DOF and 6DOF in regular wave

5.5Chapter Summary

In this Chaptey through the \ave tank test, the WEC assembled with the MMR PTO is
verified with its performance argkveral conclusions can be draw.

The effect and performance of the MMR PTO is satisfying and achieved as high as 58.69%
of the CWR, which is superior to the other simpaototypes. Indicating the directly drive

PTO with MMR can have a good advantage over other designs.

Compared with the single body design of the WEC, the two body WEC can successfully
achieve the peak tuning on the natural frequency of the WEC. ThgsthelgVEC to match

with the frequency of the wave to achieve better energy absorption performance.

Using the 2DOF model to predict the power generation of the 6DOF WEC with mooring
configuration is applicable. If the mooring is designed well, the othéobmon the other
degree of freedom can boost the relative motion of the bodies in heave, leading to a better

performance on absorbing power.
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6.Concl usFonumaeadWor k

6.1 Conclusion

In this dissertatiora selfreactive point absorber with a mechanical Powake off (PTO) which

adopts themechanical motion rectifyingqMMR) mechanism is introduced and investigated.
Through the MMR mechanism, the-directional motion of the ocean wave excitation is rectified
mechanically into unidirectional rotation of thergerator, whicltanchang the alternating stress

on the components into normal stress, and improve the service life and reliability of the
components. Moreover, during the rectifying motion, the energy stored in the inertia of the PTO
can create a flywhéenotion and decouple the PTO with excitation source to creat@cae
phenomenon otlisengagement. During the disengagem#rg generator can maintain certain
speed by absorbing the stored kinematic energy and avoid the low efficiency zone and improve
the total energy transfer efficiency.

The detailed design are introduced and multiple prototypes are developed in different scale
including a 50W prototype, a 500W prototype and a 10kW protofyipese prototypes on PTO

are tested under the-lab environnent, the test results show that the MMR PTO can achieve
energy transfer efficiency as high as 81.2% and over 40% of improvement compared with the
traditional noAaMMR PTO. In addition, through a series of test, the weak components for the
design are detedaédor further improvement.

The dynamic model on the MMR PTO are established with the piecewise nonlinear property of
the engagement and disengagement considéhedugh the data from the-lab experiment on

the MMR PTO, the unknown parameters on the ehaglcharacterized and the model is refined

for better simulation accuracy. The refined model can predict the performance of the PTO well
under different test conditions.

Moreover, the MMR PTO is assembled with a point absorber. Aaattive twabody structure

is adopted for the point absorber with a reacting submerged body added. Through both theoretical
analysis and experimental verification, by adjusting the second body shape and mass properly, the
two body structure can successfully match the feegy of the ocean wave and hence significantly
improve the total energy absorption. Three representative second body shape is chosen and the

tank shape is chosen as it performed best in the simulation.
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Three configurations including a single body poird@ber in only heave motion (1DOF), a two
body selfreactive point absorber in only heave motion (2DOF), and a two boelesetive point
absorber with mooring configuration (6DOF) are compaidte results show that the 2DOF
configuration can almost dble the power absorption compared with the 1DOF configuration near
the resonant frequency, proving the advantage of theesadfive structure once again. In addition,
with the motion boost from other coupled motion, the 6DOF configuration can perfgimtysli
better than the@OF under certain circumstance, indicating the importance of the mooring design.
The two body point absorber developed in this dissertation achieved higihvest@apture Width
Ratio (CWR) of 58.6%, which can be considered impressiv

6.2 Future Work
6.2.1 Applying MMR PTO to other wave energy devices

The advantage of MMR PTO mn multiple aspects, in this dissertation, these advantages are
introduced more on the point absorber type of Wave Energy Converter (WEC). Hothever,
MMR PTO can ke usedfor different types of WEC that are designed forimas typical wave
conditions to take the advantage of its high efficiency and reliability, especially for the oscillating

wave energy devices.

Figure 6-1 A typical wave surge devi¢82]
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