
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


공학박사 학위 논문

기계적 동력 인출 장치를 이용한 파력 에너지 변환기

개발 :모델링 및 실험

DEVELOPMENT OF A WAVE ENERGY CONVERTER 
WITH MECHANICAL POWER TAKE-OFF: MODELING AND 

EXPERIMENTS

울산대학교 대학원

기계자동차 공학과

DANG TRI DUNG

[UCI]I804:48009-200000218963[UCI]I804:48009-200000218963



DEVELOPMENT OF A WAVE ENERGY CONVERTER WITH MECHANICAL 
POWER TAKE-OFF: MODELING AND EXPERIMENTS

A thesis submitted in partial fulfillment of the requirement for the Degree of

Doctor of Philosophy to the School of Mechanical and Automotive

Engineering, University of Ulsan, Korea

By

DANG TRI DUNG

May 2019



기계적 동력 인출 장치를 이용한 파력 에너지 변환기

개발 :모델링 및 실험

DEVELOPMENT OF A WAVE ENERGY CONVERTER 
WITH MECHANICAL POWER TAKE-OFF: MODELING AND 

EXPERIMENTS

지도교수   안경관

이논문을 공학박사 학위 논문으로 제출함

2019 년 05 월

울산대학교 대학원

기계자동차공학과









i

Acknowledgements

I would like to express my sincere gratitude to my advisor, Prof. Kyoung Kwan Ahn, for his 

guidance, advice and support during my study in University of Ulsan. My works in this dissertation 

cannot be accomplished without his support.

I would also like to thank to Prof. Lee, Byung Ryong, Prof. Yang, Soon Young, Prof. Koo, Weon 

Cheol and Prof. Chang, Kyoung Sik for serving on my graduate committee and providing 

suggestions and comments throughout this thesis.

I would like to thank Dr. Phan Cong Binh and Dr. Nguyen Minh Tri for their help and guidance 

during my study. I also would like to thank my friends, all members of FPMI Lab., for their

friendship, help, guidance, and co-working during the time I study in University of Ulsan.

Above all, I would like to express my love to my parents, my sister and my Jenny. Thank you for 

everything!

Ulsan, May 2019

Dang Tri Dung



ii

Contents

Acknowledgements ..................................................................................................................... i

Contents ..................................................................................................................................... ii

List of figures ............................................................................................................................. v

List of tables............................................................................................................................ viii

Abbreviations ............................................................................................................................ ix

NOMENCLATURE ................................................................................................................... x

Abstract.................................................................................................................................... xii

Chapter 1. INTRODUCTION..................................................................................................... 1

1.1 Overview.......................................................................................................................... 1

1.2 Research objectives .......................................................................................................... 3

1.3 Limitation of the dissertation............................................................................................ 5

1.4 Dissertation outline .......................................................................................................... 6

1.5 Originality and author contributions ................................................................................. 7

Chapter 2. WAVE ENERGY CONVERTER CLASSIFICATION............................................ 10

AND STRUCTURE ................................................................................................................. 10

2.1 Category on location of wave energy converter .............................................................. 10

2.1.1 Offshore devices:...................................................................................................... 10

2.1.2 Onshore devices: ...................................................................................................... 11

2.1.3 Nearshore devices:.................................................................................................... 11

2.2 Category on structure design of wave energy converter .................................................. 11

2.2.1 Oscillating water column (OWC).............................................................................. 12

2.2.2 Overtopping devices ................................................................................................. 14

2.2.3 Attenuators ............................................................................................................... 15

2.3 Category on transmission of wave energy converter ....................................................... 17



iii

2.3.1 WEC using linear generator ...................................................................................... 17

2.3.2 WEC using hydraulic transmission ........................................................................... 18

2.3.3 WEC using mechanical transmission ........................................................................ 19

2.4 Interaction Between Oscillations and Waves [27] ........................................................... 20

Chapter 3. THE PROPOSED WEC USING MECHANICAL POWER TAKE-OFF................. 28

3.1 The Proposed WEC using Mechanical PTO.................................................................... 28

3.2 Analytical model ............................................................................................................ 32

3.2.1 Floating buoy dynamic model................................................................................... 32

3.2.2 Hydrodynamic model ............................................................................................... 33

3.2.3 PTO model ............................................................................................................... 35

3.2.4 Linear flywheel model .............................................................................................. 37

3.3 Wave energy conversion ................................................................................................ 37

3.4 Test rig construction....................................................................................................... 38

3.5 Performance test............................................................................................................. 42

3.5.1 Setting PTO parameters for test rig ........................................................................... 42

3.5.2 Test types ................................................................................................................. 44

3.6 Experimental test results................................................................................................. 46

3.7 Simulation results and discussion ................................................................................... 56

3.7.1 Model Validation...................................................................................................... 56

3.7.2 Simulation results and discussion.............................................................................. 58

3.8 Chapter summary ........................................................................................................... 65

Chapter 4. SUPPLEMENTARY INERTIA CONTROL OF WEC ............................................ 66

4.1 Optimum Control Strategy ............................................................................................. 66

4.2 The hydraulic flywheel accumulator (HFA).................................................................... 67



iv

4.2.1 The hydraulic flywheel accumulator (HFA) .............................................................. 67

4.2.2 HFA model............................................................................................................... 68

4.3 The hydraulic flywheel-based electro hydrostatic actuator HFW-EHA ........................... 70

4.3.1 The hydraulic flywheel-based electro hydrostatic actuator HFW-EHA...................... 70

4.3.2 HFW-EHA model..................................................................................................... 72

4.4 Control Design ............................................................................................................... 74

4.5 Simulation results and discussion ................................................................................... 79

4.6 Chapter summary ........................................................................................................... 82

Chapter 5. CONTROL STIFFNESS MECHANISM OF WEC ................................................. 83

5.1 Introduction.................................................................................................................... 83

5.2 Design Concept and Working Principle .......................................................................... 84

5.3 The CSM model ............................................................................................................. 87

5.4 Simulations and Results.................................................................................................. 88

5.5 Chapter summary ........................................................................................................... 96

Chapter 6. CONCLUSIONS AND FUTURE WORKS............................................................. 97

6.1 Conclusions.................................................................................................................... 97

6.2 Future works .................................................................................................................. 98

LIST OF PUBLICATIONS ...................................................................................................... 99

REFERENCES....................................................................................................................... 102



v

List of figures

Fig. 2.1 WECs location [1]............................................................................................. 10

Fig. 2.2 Off-shore wave energy test sites [1]................................................................... 12

Fig. 2.3 An illustration of the oscillating water column [2] ............................................. 13

Fig. 2.4 Limpet instrumentation coverage [30] ............................................................... 13

Fig. 2.5 An illustration of the overtopping devices [29] .................................................. 14

Fig. 2.6 Wave Dragon deloyed and tested in the sea [32]................................................ 14

Fig. 2.7 An illustration of the point absorber [40]. .......................................................... 16

Fig. 2.8 OPT PowerBuoy system [37] ............................................................................ 16

Fig. 2.9 The concept of the Pelamis with hydraulic converter system [42]. ..................... 17

Fig. 2.10 Typical WEC using  linear generator [5].......................................................... 18

Fig. 2.11 Typical WEC using hydraulic PTO [17] .......................................................... 19

Fig. 2.12 Typical WEC using mechanical PTO [29] ....................................................... 20

Fig. 2.13 Body of mass mm suspended in water through a spring Sm and a damper Rm [27]
................................................................................................................................................. 21

Fig. 2.14 Frequency response of absorbed power for two different values of damping factor 
δ/ω0 [27] ................................................................................................................................... 27

Fig. 2.15 Representation of the wave spectrum (solid curve) compared with power 
absorption responses for the two cases given in Figure 2.14 (dashed curves) [27] ..................... 27

Fig. 3.1 A simplified schematic of the mechanical PTO ................................................. 30

Fig. 3.2 The basic schematic of the BRMC..................................................................... 30

Fig. 3.3 Configuration of the BG-coupled rack and pinion gear mechanism ................... 31

Fig. 3.4 Conceptual design description of the WEC........................................................ 31

Fig. 3.5 The schematic diagram for analytical model of the PTO.................................... 32

Fig. 3.6 The completed test layout of the PTO deployed in the wave tank ...................... 40

Fig. 3.7 A MR brake, the torque transducer, the flywheel, the BRMC driven by rack and 
pinion gear power transmission ................................................................................................ 40

Fig. 3.8 Excitation force measurement corresponding to water level............................... 41



vi

Fig. 3.9 Experiment on power capture in heave and surge combination mode of the PTO
................................................................................................................................................. 41

Fig. 3.10 The buoy displacement (B.disp.) and the generated energy under different resistive 
loads [0.05; 0.1; 0.125] [Nms/rad] in wave case 1..................................................................... 48

Fig. 3.11 The buoy displacement (B.disp.) and the generated energy under different resistive 
loads [0.05; 0.1; 0.2] [Nms/rad] in wave case 2......................................................................... 49

Fig. 3.12 The buoy displacement (B.disp.) and the generated energy under different resistive 
loads [0.1; 0.15; 0.2] [Nms/rad] in wave case 3......................................................................... 50

Fig. 3.13 The buoy displacement (Mx Disp.) and the generated energy under different 
supplementary masses in wave case 2....................................................................................... 53

Fig. 3.14 The buoy displacement and the generated energy in different sliding angles in 
wave case 2 .............................................................................................................................. 54

Fig. 3.15 The buoy displacement and the generated energy in different sliding angles in 
wave case 3 .............................................................................................................................. 55

Fig. 3.16 Comparisons of the buoy displacements, torques and speeds between the actual 
test and model in case 2 ............................................................................................................ 57

Fig. 3.17 Simulation results on the effect of load conditions for buoy with mass M1 with 
various wave periods T and wave heights H ............................................................................. 61

Fig. 3.18 Simulation results on the effect of load conditions for buoy with mass M2 with 
various wave periods T and wave heights H ............................................................................. 62

Fig. 3.19 Simulation results on the effect of load conditions for buoy with mass M3 with 
various wave periods T and wave heights H ............................................................................. 63

Fig. 3.20 Comparison of system performance with different masses for wave periods T= 2s, 
T=3s and wave height H=0.2m................................................................................................. 64

Fig. 4.1 Configurations of the proposed WEC with controllable inertia .......................... 68

Fig. 4.2 Configuration of the proposed WEC with controllable inertia hydraulic flywheel 
based electro-hydraulic actuator: 1- Buoy; 2- Main shaft; 3- Generator; 4- Conventional flywheel; 
5- Bidirectional gearbox; 6- Piston; 7- Controllable inertia hydraulic flywheel; 8- EHA system; 9-
Fluid lines; 10- Rack and pinions; 11- Rotary union; 12- Frame. .............................................. 71

Fig. 4.3 HFW-EHA system: 1- Rotary union; 2- Hydraulic flywheel; 3- Bearing; 4- Pilot 
check valve; 5- Relief valve; 6- Check valve; 7- Oil filter; 8- Servo motor; 9- Oil pump........... 72

Fig. 4.4 Rotary union component allows fluid to be pumped into chamber with rotating 
shaft [55]. ................................................................................................................................. 72

Fig. 4.5 Hydraulic flywheel device. ................................................................................ 74

Fig. 4.6 Schematic control diagram for supplementary mass closed-loop control............ 78



vii

Fig. 4.7 MF design for the inputs and output of the fuzzy controller ............................... 78

Fig. 4.8 Response comparisons between uncontrolled and mass-controlled systems in 
regular wave case 2 .................................................................................................................. 80

Fig. 4.9 Response comparisons between uncontrolled and mass-controlled systems in 
irregular wave case ................................................................................................................... 81

Fig. 5.1 Configuration of the WEC with the control stiffness mechanism (CSM): 1-Floating 
buoy; 2-Hydraulic cylinder; 3-Main shaft; 4-Fluid pipe; 5-Generator; 6-Flywheel; 7-Bidirectional 
gearbox; 8-Pinions; 9-Rack....................................................................................................... 86

Fig. 5.2 WEC behavior under wave elevation: at equilibrium position (1) and (3), upward 
motion (2) and downward motion (4). ...................................................................................... 87

Fig. 5.3 The cylinder spring force counteracts the hydrostatic force................................ 87

Fig. 5.4 The wave elevation, measured values and simulation values of buoy motion and 
energy under: (a) case 1; (b) case 2; (c) case 3 .......................................................................... 90

Fig. 5.5 The wave elevation, buoy motion and absorbed energy under different spring forces 
in: (a) case 1; (b) case 2; (c) case 3 ........................................................................................... 92

Fig. 5.6 Schematic control diagram for optimal spring force........................................... 93

Fig. 5.7 The buoy motion and absorbed energy under optimal spring force in: (a) case 1; (b) 
case 2; (c) case 3....................................................................................................................... 95



viii

List of tables

Table 3.1 Setting PTO parameters for testing................................................................. 42

Table 3.2 Identification parameters of the MR brake...................................................... 43

Table 3.3 Identification parameters of the system friction .............................................. 44

Table 3.4 Different regular waves for testing ................................................................. 45

Table 3.5 Different total masses for testing .................................................................... 45

Table 3.6 Different conditions for simulations ............................................................... 56

Table 4.1 Rule table of the fuzzy controller.................................................................... 78

Table 4.2 Comparisons of energy absorption ................................................................. 81

Table 5.1 Setting PTO parameters for testing................................................................. 88

Table 5.2 Different wave conditions for testing.............................................................. 89

Table 5.3 Different conditions for simulations ............................................................... 91

Table 5.4 Comparisons of energy absorption ................................................................. 96



ix

Abbreviations

WEC Wave energy converter

EHA Electro-hydraulic actuator

PTO Power take-off

OWC Oscillating water column

DOF Degree of freedom

PID Proportional–integral–derivative

HFA Hydraulic flywheel accumulator

HFW-EHA Hydraulic flywheel-based electro hydrostatic actuator

CSM Control stiffness mechanism



x

NOMENCLATURE

a Phase difference (rad)
a Buoy radius (m)

A Wave amplitude (m)

0A The water plane area of the buoy at rest (m2)

dA The characteristic frontal area (m2)

wA The water plane area of the buoy (m2)

b The draft of initial position (m)
b The angle between the buoy shaft and the vertical direction

dC The drag coefficient

gc The group velocity (m/s)

vfc Force transition approximation coefficient (s/rad)

vtc Torque transition approximation coefficient (s/rad)

( )D kh The depth function

d The captured width (m)

E The mean wave energy density per unit horizontal area (J/m2)

gE The generated energy (J)

e The non-dimensionalised radiation resistance

bF Hydrostatic force (N)

brF The breakaway friction force (N)

cF The Coulomb friction force (N)

eF The excitation force (N)

fF Friction force from the PTO system (N)

hF The hydrodynamic force (N)

ptoF The resistive force from the PTO system (N)

rF Radiation force (N)

uF User’s force (N)

vF Viscous force (N)

f The excitation force coefficient

vf The viscous friction coefficient

g Gravitational acceleration (m/s2)

H Wave height (m)
h Water depth (m)

flI Equivalent inertia of the flywheel (kg.m2)

K The memory function
k The angular repetency (rad/m)



xi

gk The gear ratio

k The dimensionless excitation force coefficient
l Buoy displacement (m)

aM The added mass (kg)

bM The original buoy mass (included support structure) (kg)

1rM The added mass in surge (kg)

3rM The added mass in heave (kg)

sM Supplementary mass (kg)

m The flywheel mass (kg)
n The rotational speed of driving shaft (rad/s)
h Wave elevation (m)

ah The capture width ratio efficiency

ptoh The PTO efficiency

Oh The overall efficiency

rR The radiation damping coefficient

uR The electric torque coefficient (Nms/rad)

r The flywheel radius (m)

pr Pinion radius (m)

1P The gravity on the surge displacement (N)

aP The absorbed power (W)

cP The capture power (W)

gP The generated power (W)

wP The mean wave power (W)

r Water density (kg/m3)

bS The buoyancy stiffness (N/m)

brT The breakaway friction torque (Nm)

cT The Coulomb friction torque (Nm)

flT Flywheel torque (Nm)

inT The input shaft torque (Nm)

outT The output shaft torque (Nm) 

uT User’s torque (Nm)

j The phase angle (rad)

w Angular frequency of wave (rad/s)

q Angle of rotation of the output shaft (rad/s)



xii

Abstract

This thesis presents an experimental investigation on the hydrodynamic performance and 

energy conversion efficiency of a highly efficient wave energy converter using a simple conceptual 

design. The system is based on a novel mechanical device power take-off (PTO) so-called a 

bidirectional rotary motion converter (BRMC), which can absorb wave energy by converting 

bidirectional motion of ocean waves into one-way rotation of an electric generator. First, a 

prototype system is designed, fabricated and assembled in the Research Institute of Small & 

Medium Shipbuilding (RIMS). The tests are carried out under different conditions, such as wave 

profiles, the resistive load coefficients and supplementary masses. A wave simulator is controlled 

to make harmonic waves with different amplitudes and frequencies. Some metal plates are added 

and fixed on the buoy as supplementary masses. Torque close-loop control has been applied on 

the Magneto-Rheological (MR) brake to simulate the induced torque of an electric generator. 

Moreover, the rotary angle compared to vertical direction, is adjusted to investigate the influence 

of surge mode and heave mode combination on the absorption energy. Next, the output power is 

calculated and compared with maximum absorbed power in heave mode to evaluate the efficiency 

of the prototype under different conditions. Finally, at some optimum conditions, the efficiency of 

the PTO system can reach 80.4% included frictional loss, and the capture width ratio is up to 41.6%.

Secondly, the mathematical model of the proposed PTO system is then derived. A combined 

hydrodynamic and mechanical simulation of the WEC based on the time domain using pre-

computed hydrodynamic coefficients is used to investigate the system operation. The 

hydrodynamic forces are calculated using precomputed hydrodynamic coefficients that were 

obtained by WAMIT. The friction behavior is considered to increase the accuracy of the simulation 

model. A comparison of the analytical model and recorded experimental data indicate reasonable 

agreement on the buoy elevation, induced torque, torque simulator speed, and generated energy.
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Finally, optimum control strategies are analyzed to improve the performance of the current 

WEC under different experimental cases. Changing the natural frequency of the PTO, finding the 

optimum external load, calculations of inertia for suitable flywheels, and machinery improvements 

are taken into account in this study. Consequently, the results indicated that the performance of 

the system was improved significantly, and the great potential of the new configuration means it 

can be applied in practical WEC applications.
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Chapter 1. INTRODUCTION

1.1 Overview 

Due to the oil crisis in 1973, renewable energy resources have been gained more attention 

by increasing of human energy demand. The ocean waves which are performed by wind and hence 

are indirect form of solar energy are the most promising form of the ocean energy. Besides, the 

wave energy density is about 10 times higher than solar and 5 than wind [1], ocean wave has high 

utilization time, predictable properties and costless in fuel so that it is considered as the most 

potential source to solve energy crisis. Many researchers have deployed this subject from patent 

to test the wave energy converter (WEC) in the sea [1]. The development of wave utilization since 

the 1970s has been examined in [2], which involves in the characteristic of the wave energy 

resources, the hydrodynamic behavior, and construction and deployment prototype into the real 

sea. Wave Energy Converter (WEC) is known as the device system which has the possibility of 

converting wave energy into a different kind of usable source, i.e. electricity. The number of 

studies and researches about WEC has been being rapidly increasing since 1970s. Several methods 

and technologies have been proposed and numerous prototypes have been deployed. Irade [1] and 

Falcão [2] presented their own reviews on wave energy technologies and WEC systems also. WEC 

have various types, shapes, sizes and methods. Both indicated that we can classify WEC according 

to three characteristics: by location (onshore, nearshore and offshore) or by size (attenuator, 

terminator and point absorber) or by working principle (three main configurations of WEC are 

based on overtopping devices, oscillating water column and oscillating body system) [1-2]. 

Floating buoys which are known as oscillating body system and frequently conceived as 

point absorber (i.e. its diameter in horizontal direction is significantly smaller in comparison to 

wavelength) are received more attention for use in WEC [1]. It is indicated that the point absorber 

type of converters has gained more attention since it is less complex and expensive than other 
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technologies. Whose heaving oscillation in waves can be used to extract wave energy for electricity 

generation. It is one of the simplest wave energy converters from the hydrodynamic perspective 

[3]. Under wave form motion, a device is forced to move up and down in a bobbing or pitching 

motion. Then, the movements of these devices can be easily transmitted into a rotary or linear 

motion of the generator to generate electricity. 

Several studies have been carried out on the point absorber types [4-16] to indicate the 

performance and the power absorption of WEC. Point absorber includes three main PTOs type to 

absorb energy from waves. The first type is direct drive devices using linear generators [5, 9, 13], 

whose large permanent magnets can be costly and there is no provision for any energy storage to 

smooth the output. In fact, the energy output of a linear generator varies significantly over time 

and will thus almost always need a rectifier-inverter to provide useful power. The second type 

involves hydraulic devices [4, 7, 8, 12], in which the motion of the buoy is converted to drive 

hydraulic actuators. A hydraulic motor driven by the hydraulic actuator is then employed to drive 

a conventional electric generator. In this type, too many components cause low efficiency and care 

must also be taken with closed-loop devices to prevent leaks of hydraulic oil into the surrounding 

environment. The third type involves purely mechanical structure devices, which typically offers 

high conversion efficiencies and allow for simpler generators (rotational instead of linear) to be 

used. Thus, this study presents a WEC with new mechanical PTO design with simple structure and 

high efficiency to convert wave energy to electrical energy.

WEC using mechanical PTO has showed more advantages due to simple structure, scale 

down capacity, whereas many of other current technologies have shown their low efficiency, 

complex structure, expensive device, etc… Moreover, it can be good candidate for using the 

exploitable wave energy resource in the nearshore whose characteristic has been analyzed in [1], 

which are low costs for maintenance, repair and electricity transmission lines to the shore.
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Several current typical studies have taken into account the mathematical model and test 

results. Some involve linear generator [5,9,13], or hydraulic system [12,14,17]. Meanwhile, other 

tests have been exploited using submerged plates for energy production purposes in [18] or a 

floating breakwater with asymmetric pneumatic chambers for wave energy extraction in [19]. 

However, there is a lack of study involving the tests with mechanical PTO. Experimental work on 

the performance of mechanical PTO devices under the change in hydrodynamic behavior and 

different loads condition has not been deployed sufficiently. This is the main motivation of this 

study.

1.2 Research objectives

This study presents an experimental study on the efficiency and hydrodynamic performance 

of a wave energy converter design using a novel mechanical PTO. Here, a bidirectional rotary 

motion converter (BRMC) is employed to convert the upward and downward of wave motion into 

electricity via a rack and pinion gear mechanism coupled with a floating buoy. A coupled 

mechanical and hydrodynamic performance in time domain simulation model is introduced 

generally. Then, a prototype system is designed, fabricated and assembled in the Research Institute 

of Small & Medium Shipbuilding (RIMS). The tests are carried out under different conditions to 

investigate the performance of the system sufficiently. First, a wave simulator is controlled to make 

harmonic waves with different amplitudes and frequencies. Next, the suspended length of the buoy 

is adjusted by placing the supplementary masses on it manually, which can change the 

hydrodynamic behavior of the buoy. In the following, a magneto-rheological (MR) brake which is 

employed to simulate for the generator torque is controlled to adjust the resistive load. Moreover, 

the rotary angle, compared to vertical direction, is adjusted to investigate the influence of surge 

mode and heave mode combination on the absorption energy. The generated power is calculated 

and compared with that of maximum absorbed energy in heave mode motion to evaluate the 

efficiency of the prototype under different conditions.
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The problem of maximizing the extraction energy has been dealt either by suitably choosing 

the hydrodynamic and mechanical characteristics of the devices to achieve resonant motion or by 

applying specific control strategies to properly guide the motion of the floating buoy [6]. The 

second approach includes several methods as latching control (known as phase control) which 

firstly proposed by Falnes [20-21], French [22] and Guenther [23] or declutching control presented 

by Falcao [24]. Both methods in second approach are required a predictive model which can be 

found similarly in [25-26]. 

According to Falnes in [27], the maximum energy absorption can be achieved by bringing 

the natural frequencies to resonance with the incident waves and controlling the resistive load from 

the PTO system. To match the relatively low frequency of the wave, either the mass of the buoy 

must be increased, or the stiffness of the buoy must be decreased. 

First approach studies the optimal control of a WEC using a mechanical PTO system. The 

hydrodynamics of the WEC was modeled in the time domain and validated by experiments which 

were carried out under different regular waves. Based on the validated model, a supplementary 

mass was incorporated to change the natural frequency of the system. A conceptual design of the 

inertia supplementary device is presented. Here, a hydraulic flywheel accumulator-based electro-

hydraulic actuator (HFW-EHA) was employed to adjust the equivalent inertia of the WEC. The 

natural frequency could be tuned to resonance with the wave frequencies. Then, the 

hydrodynamics of the WEC was controlled by adjusting the HFW-EHA. A fuzzy proportional-

integral-derivative (PID) controller was designed to improve the working performance and the 

absorbed energy. The working stroke limitation of the buoy motion was constrained by the 

mechanical design [28]. Based on the physical limitations or mechanical limitations of the real 

device, the supplementary mass closed-loop control was applied to maximize the absorbed energy. 

Finally, a simulation was carried out in MATLAB/Simulink to investigate the performance of the 
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WEC. Consequently, the performance of the WEC was improved to increase the capture width 

ratio and the overall efficiency significantly.

In other approach, as investigated and indicated in conclusion by Garnaud in [3], compared 

with a single large buoy built with the same amount of material, the compact array of small buoy 

is potentially more efficient in natural seas. Therefore, this approach considered reducing the 

stiffness of the floating buoy by modifying the structure of the float. By designing the array of 

hydraulic springs, the equivalent stiffness of the float can be reduced to match the relatively low 

frequency of the wave. So that the buoy is at resonance with the wave, also achieve the highest 

performance of the operating system. In this approach, the high efficiency WEC is presented to 

investigate the performance under some regular waves. Then, the development of the presented 

WEC is carried out by coupling the current system with the stiffness control system. Analytical 

model is built in Matlab/Simulink by using the wave linear theory. The simulation results are 

compared with that of the basic WEC system. Finally, an PID controller is designed to control the 

stiffness so that the developed WEC can capture wave power with the highest efficiency.

1.3 Limitation of the dissertation

In this study, the modeling and simulation are carried out with some limitations as follows:

There is some disturbance at the peak of torque and speed due to imprecision in the 

mechanical structure. Imprecision in the mechanical structure can be due to some handmade parts. 

Some flashbacks occurred in locations where the relative speed direction of the transmitted parts 

is changed, which may change the friction behavior and the twisted torque. Also, non-linear 

characteristics of hydrodynamic behavior are not incorporated into the analytical model. Therefore, 

the most significant differences can be found by locating the larger or smaller value compared to 

that of the model in these cases. However, mean values are approximated with the model. In 
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general, the model can be validated by based on reasonable agreement between the simulation and 

test results.

The proposed mechanisms and system (HFW-EHA and CSM) in Section 4 and 5 are only 

investigated in simulation approach. The experiments need to be conducted to verify the 

effectiveness of the proposed systems in near future.

1.4 Dissertation outline

The remainder of this dissertation is organized as follows:

Chapter 2 reports the current research trend and state-of-the-art of wave energy converter.

Some basic knowledge about interaction between oscillations and waves is introduced.

Chapter 3 presents the configuration of the WEC using mechanical PTO. The conceptual 

design of the WEC is introduced to increase the energy conversion efficiency. The working 

principle is presented to investigate the performance of the proposed WEC under different 

conditions. This chapter also reports the modeling and identification of a wave buoy interaction 

under the incident wave. The characteristic of the ocean wave is introduced to calculate the 

potential ocean energy. The energy conversion mechanism is also described to evaluate the 

performance of the WEC device. Section 3.2 presents the analytical model in time domain by using 

the wave linear theory. Due to the incident wave, the hydrodynamic forces and the resistive force 

are simulated in the time domain.

Chapter 4 presents the optimum control strategy using supplementary inertia control. The 

proposed hydraulic flywheels are modeled and investigated. The performance of the system under 

this control strategy is obtained by simulation method.
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Chapter 5 presents the control stiffness mechanism of WEC. The design concept and 

working principle are presented. The CSM model is explained and the simulation is performed to 

investigate the effectiveness of the proposed mechanism.

Chapter 6 presents the conclusions and proposes the future works.

1.5 Originality and author contributions

The thesis can be highlighted as following: 

- This thesis proposed an investigation of a wave energy converter (WEC) using a new 

mechanical power take-off (PTO).

- The hydrodynamic of the WEC and mechanical PTO system were modelled in the time 

domain and validated by experiments.

- A real water tank for wave generation was used and test rig was fabricated to do 

experiment in variety of wave conditions.

- This thesis investigated the performance of the WEC by numerical study and experimental 

test. 

- The results showed effect of the wave profile, the resistive load coefficient, and 

supplementary masses on the power capture and efficiency.

- A novel conceptual design of a hydraulic flywheel-accumulator based electro-hydraulic 

actuator was presented.

- The HFW-EHA is employed to adjust the overall inertia of the WEC in accordance with 

the wave period.

- A novel conceptual design of control stiffness mechanism was presented.
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- The control stiffness mechanism is employed to adjust the equivalent stiffness of the WEC. 

- Simulation is carried out in MATLAB®/Simulink® to investigate the performance of the 

WEC.

The natural frequency of the WEC can be turned to resonance with the wave frequencies 

then the capture bandwidth is increased. An optimum control strategy was presented.

Consequently, performance of the WEC is improved to increase the capture width ratio and 

the overall efficiency significantly.

Originality of the thesis can be showed as:

- Proposed system has all advantages of conventional mechanical PTO.

-  Simpler system structure.

- Bidirectional gearbox are used to convert bidirectional motion into one-way rotary motion. 

Then only one generator needed. 

- The flywheel is used to store and release rotational energy, which keeps the speed of the 

output shaft smoother.

- The hydraulic flywheel-accumulator based electro-hydraulic actuator (HFW-EHA) is 

employed to adjust the overall inertia of the WEC in accordance with the wave period.

- The control stiffness mechanism is employed to adjust the equivalent stiffness of the WEC. 

The natural frequency can be turned to resonance with the wave frequencies then the power capture 

bandwidth is increased.

Author Contributions: 
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- In chapter 2, I studied the literatures and theories all by myself.

- In chapter 3, I co-worked with some other members. My contributions in this chapter are:

+ Co-worked in studying about Hydrodynamics model of the wave and buoy interaction, 

PTO model, wave power calculation.

+ Co-worked in design, fabrication and assemble of the mechanical WEC devices.

+ Co-worked in doing experiments, investigation, analysis the results and validation of the 

simulation model. 

+ Did the simulation, investigation and analysis the simulation results all by myself.

+ Co-wrote the original draft.

- In chapter 4, I proposed the design, built the additional mathematical model, did the 

investigation, methodology, analysis, and the validation, control design, made the MATLAB 

model for both the hydraulic flywheel accumulator (HFA) and the hydraulic flywheel-based 

electro hydrostatic actuator HFW-EHA, and wrote the original draft.

- In chapter 5, I proposed the design, built the additional mathematical model, did the 

investigation, methodology, analysis the working principle for the control stiffness mechanism, 

and the validation, control design, made the MATLAB model, and wrote the original draft. 

Both chapter 4 and 5 are done by me.
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Chapter 2. WAVE ENERGY CONVERTER CLASSIFICATION

AND STRUCTURE

Wave energy resources have been exploited since 1973 due to the oil crisis. It is sustainable, 

persistent and significantly greater in power density (2-3 kW/m2) compared to solar (0.1-0.3 

kW/m2) or wind (about 0.5 kW/m2) energy. Thousands of patents for wave energy converters 

(WECs) have been recorded [1]. Wave energy utilization was examined by Falcão [2] to 

investigate the conception, construction and deployment into the sea of WEC prototypes. 

According to Iraide [1], the most suitable locations to exploit the global resource using WECs have 

been identified, and the different types of WECs along with their features and working principles 

have been described in detail. Therefore, each WEC can be classified into several groups 

depending on its feature. A description of each of them is presented as below:

2.1 Category on location of wave energy converter

As a function of the distance from the coast there are three types of converter (as Fig. 2.1): 

onshore, nearshore and offshore devices. The most important aspects of each one is:

Fig. 2.1 WECs location [1]

2.1.1 Offshore devices: 

These converters are located in deep waters (more than 40 meters), far from the shore, and 

built in floating or submerged structures moored to the seabed. The advantage of siting a WEC in 
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deep water is that it can harvest greater amounts of energy because of the higher energy content in 

deep water waves. However, offshore devices are more difficult to construct and maintain, and 

because of the greater wave height and energy content in the waves, need to be designed to survive 

the more extreme conditions adding cost to construction. Despite this, it is argued that with more 

powerful waves, floating devices in deep water offer greater structural economy.

2.1.2 Onshore devices: 

These converters are located at the shore and can be places above the sea (in shallow water), 

integrated in the breakwater likes, in a dam, or fixed to a cliff. Onshore devices have the advantage 

of being close to the utility network, are easy to maintain, and as waves are attenuated as they 

travel through shallow water, they have a reduced likelihood of being damaged in extreme 

conditions. This leads to one of the disadvantages of shore mounted devices, as shallow water 

leads to lower wave power (this can be partially compensated by natural energy concentrated 

locations). Tidal range can also be an issue. In addition, by nature of their location, there are 

generally site-specific requirements including shoreline geometry and geology, and preservation 

of coastal scenery, so devices cannot be designed for mass manufacturing.

2.1.3 Nearshore devices: 

These converters are installed a few hundred of meters from the shore in moderate water 

depths (10-25 meters). Devices in this location are often attached to the seabed, which gives a 

suitable stationary base against which an oscillating body can work. Like shoreline devices, a 

disadvantage is that shallow water leads to waves with reduced power, limiting the harvesting 

potential.

2.2 Category on structure design of wave energy converter

Figure 2.2 classifies the devices in function of working principle and location [1,29]:
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Fig. 2.2 Off-shore wave energy test sites [1]

2.2.1 Oscillating water column (OWC) 

An OWC, illustrated in Fig. 2.3, consists of a chamber with an opening to the sea below the 

waterline. As waves approach the device, water is forced into the chamber, applying pressure on 

the air within the chamber. This air escapes to atmosphere through a turbine. As the water retreats, 

air is then drawn in through the turbine. A low-pressure Wells turbine is often used in this 

application as it rotates in the same direction irrespective of the flow direction, removing the need 

to rectify the airflow. It has been suggested that one of the advantages of the OWC concept is its 

simplicity and robustness [29].
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Fig. 2.3 An illustration of the oscillating water column [2]

There are examples of OWCs as point absorbers, as well as being built into the shoreline, 

where it acts as a terminator. An example of a shoreline mounted device is the Wavegen Limpet

[30]. The device is installed on the island of Islay, Western Scotland, and produces power for the 

national grid. Fig. 2.4 shows the design of the Limpet. The OWC concept has also been proposed 

by Oceanlinx [31], an Australian wave energy developer, in a nearshore tethered device.

Fig. 2.4 Limpet instrumentation coverage [30]
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2.2.2 Overtopping devices 

As shown in Fig. 2.5, an overtopping device captures sea water of incident waves in a 

reservoir above the sea level, then releases the water back to sea through turbines. An example of 

such a device is the Wave Dragon [32], which is shown in Fig. 2.6. This device uses a pair of large 

curved reflectors to gather waves into the central receiving part, where they flow up a ramp and 

over the top into a raised reservoir, from which the water is allowed to return to the sea via a 

number of low-head turbines.

Fig. 2.5 An illustration of the overtopping devices [29]

Fig. 2.6 Wave Dragon deloyed and tested in the sea [32]
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2.2.3 Attenuators

Attenuators are devices where the water physically pushes and induces motion in the wave 

energy converter structure and energy is converted by dampening this motion. The devices are 

often constructions that float on and interact with the ocean waves without being physically fixed 

in place [33]. There are two kinds of attenuators:

· Point absorbers: 

The point absorber (Fig. 2.7) is a type of wave energy device that could potentially provide 

a large amount of power in a relatively small device, compared to other technologies. While there 

are several different designs and strategies for deploying these types of devices, they all are 

working in essentially the same manner. Point absorbers are relatively small compared to 

wavelength and may be bottom mounted or floating structures. The conversion of power in the 

system can take many forms, depending on the conformation of the device [34]. The vertical 

motion of the buoy is utilized to alternate the compression of a gas or liquid in some form of 

container, converted into rotational movement of the power generator, or converted in other similar 

ways [35].

Typically, a point absorber is either a single-body that generates energy by reacting against 

a fixed seabed frame, or it is a multiple-body device that generates energy from the relative motion 

between the two bodies. There are many popular devices such as the Wavebob [36] and OPT 

PowerBuoy (Fig. 2.8) [37], and Inter Project Service buoy [38-39].
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Fig. 2.7 An illustration of the point absorber [40].

Fig. 2.8 OPT PowerBuoy system [37]

· Hinged attenuators:

Hinged attenuators are made up of several body parts linked horizontally by universal joints 

which allow flexing in two directions (Fig. 2.9). Taking Pelamis as the most known example, it 

floats semi-submerged on the surface of the water and faces the direction of waves. As waves pass 

down the length of the machine and the sections bend in the water, the movement is converted into 

electricity via hydraulic systems housed inside each joint of the machine tubes, and power is 

transmitted to shore using standard subsea cables and equipment [33,41].
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Fig. 2.9 The concept of the Pelamis with hydraulic converter system [42].  

2.3 Category on transmission of wave energy converter

Based on the transmission, wave energy converters can be classified into three types as 

following:

2.3.1 WEC using linear generator

The linear generator is the most direct method for harvesting this energy, as it converts the 

linear motions between the buoy and its reference directly into electricity. The basic form of a 

linear generator involves a piston containing a set of permanent magnets and a stator consisting of 

coils arranged in tubular form around the piston. Typically, one part of the point absorber (either 

the oscillating or the damped portion) will form or be connected to the piston, and the other will 

be the stator. This design possesses substantial advantages in that it brings the number of moving 

parts as well as the overall complexity of the power take-off system down to a minimum. There 

are also, however, disadvantages with this design, as large permanent magnets can be costly and 

there is no provision for any energy storage to smooth the output. In fact, the energy output of a 

linear generator varies significantly over time and will thus almost always need a rectifier-inverter 

in order to provide useful power. An example of a point absorber buoy employing a linear 

generator can be seen in Fig. 2.10.
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Fig. 2.10 Typical WEC using  linear generator [5]

2.3.2 WEC using hydraulic transmission

For a great number of wave energy devices, pressurized hydraulics is the most popular

method of power take-off, using either hydraulic oil in closed-loop systems or seawater in open-

loop configurations as shown in Fig. 2.11. This method of power takeoff is suited not only to point 

absorber buoys but also to a variety of other devices that are based on pitching or horizontal 

movements, including inverted pendulums and directional absorber floats. The popularity of using 

pressurized hydraulics for power take-off is partly due to its particular suitability for the 

movements of wave devices; the pitching of a lever arm or the vertical motion of a buoy against a 

stationary reference can easily be used to drive a piston in a pump or a hydraulic ram. Another 

advantage is the ease of incorporating energy storage, which can be done using a high-pressure 

accumulator or a set of high-pressure/low-pressure accumulators.
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The generation of electricity is usually done by draining the pressurized accumulator via a 

variable speed hydraulic motor with variable geometry. This aspect presents the final advantage, 

flexibility, in that the output of multiple devices can easily be combined into a single accumulator 

and generator or directed to an onshore facility. Using a smaller number of larger generators 

increases efficiency and decreases the amount of maintenance required, and placement of the 

generation equipment onshore can provide for even easier maintenance and monitoring.

In seawater-based devices, the pressurized output can also easily be used for desalination 

via reverse osmosis or even for aquaculture. The disadvantage of aggregating multiple device 

outputs, or directing the output onshore, is that pressure losses along a long pipe can be significant; 

however, as long as pipeline lengths are minimized in the design, pressurized hydraulics can still 

provide high efficiencies. Care must also be taken with closed-loop devices to prevent leaks of 

hydraulic oil into the surrounding environment, and to use fluids with minimal environmental 

impact when possible.

Fig. 2.11 Typical WEC using hydraulic PTO [17]

2.3.3 WEC using mechanical transmission
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Mechanical and various other power take-off systems are also used both in point absorber

buoys and in other wave energy converter designs. Mechanical power take-off systems have many 

forms, including worm gears or rack-and-pinion type systems for converting vertical motion into 

rotation, as well as clutch-flywheel or rectifying systems that convert oscillating rotation into 

unidirectional rotation. While mechanical systems by definition require a fair number of moving 

parts, potentially increasing maintenance, they can also offer high conversion efficiencies or allow 

for simpler generators (rotational instead of linear) to be used. The storage capabilities depend on 

the design of a specific system; those that incorporate flywheels may have the potential to provide 

filtered power output. A mechanical power take-off system is illustrated in Fig. 2.12.

Fig. 2.12 Typical WEC using mechanical PTO [29]

2.4 Interaction Between Oscillations and Waves [27]

Considering a wave-tank laboratory where such an immersed body of mass mm is suspended 

through a spring Sm and a mechanical resistance Rm as indicated in Fig. 2.13 [27]. Assume that an 

external force is given by:
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ˆ( ) Re{ }i tF t Fe w= (2.1)

The body is forced to oscillated with velocity

ˆ( ) Re{ }i tu t ue w=   (2.2)

The power consumed by the mechanical damper is (in time average)

21
ˆ

2
m mP R u=   (2.3)

The oscillating body generates a wave which carries away a radiated power rP . In analogy, 

the radiated power is presented in agreement with equation (2.3)

21
ˆ

2
r rP R u=   (2.4)

where rR is the so-called radiation resistance.

Fig. 2.13 Body of mass mm suspended in water through a spring Sm and a damper Rm [27]

As a result of the radiated wave, a reaction force Fr acts on the body in addition

to the externally applied force F. Assuming that linear theory is valid, we find
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that Fr is also varying as a harmonic oscillation; that is, Fr = Re{Freiωt}. The

dynamics of the system is then described by the following extension 

늿늿 ( / )m m m ri m u R u S i u F Fw w+ + = +   (2.5)

or, in terms of the mechanical impedance Zm,

늿ˆ
m rZ u F F= +   (2.6)

Setting

ˆ ˆ,r rF Z u= -   (2.7)

we define an added impedance, or the so-called radiation impedance Zr.

In general, Zr is a complex function of ω:

( ) ( ) ( )r r r rZ Z R iXw w w= = +   (2.8)

which depends also on the geometry of the radiating system. Now we have 

ˆˆ( ) ,m rZ Z u F+ =   (2.9)

which gives the complex velocity amplitude

늿
ˆ

( ) ( ) ( / )m r m r m r m

F F
u

Z Z R R i m X Sw w
= =

+ + + + -
  (2.10)

we observe that the oscillatory motion is modified because the oscillating mass has been 

immersed in water. The motion of the immersed body results in motion of the water surrounding 

the body. Some energy, represented by the radiated power Eq. (2.4), is carried away. Moreover, 

some energy is stored as kinetic energy, caused by the velocity of the water, and as potential energy, 
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caused by gravity when the water surface is deformed and water is lifted from troughs to crests. 

The energy stored in the water is added to the energy stored in the mechanical system itself. We

may thus relate the radiation reactance Xr(ω) to the difference between the average

values of the added kinetic energy and the added potential energy. The radiation reactance Xr(ω) 

is frequently written as ωmr, where

( ) ( ) /r r rm m Xw w w= =   (2.11)

is the so-called added mass.

we may write the radiation impedance as

( ) ( ) ( )r r rZ R i mw w w w= +   (2.12)

radiation impedance has the dimension of force divided by velocity, and hence the SI unit 

is [Zr] = [Rr] = Ns/m = kg/s.

· Resonance Absorption

Let us now assume that this force is applied through an incident wave. We shall adopt the

term “excitation force” for the wave force Fe which acts on the immersed body when it is not 

moving, that is, when u = 0. For this case we replace F̂ by ˆ
eF . According to Eq. (2.10) the body’s 

velocity is then given by

[ ]

ˆ
ˆ

( ) ( ( ) / )
e

m r m r m

F
u

R R i m m Sw w
=

+ + + -
  (2.13)

The power absorbed in the mechanical damper resistance Rm is

2

2

2 2

ˆ( / 2)
ˆ

2 ( ) ( / )

m em
a

m r m r m

R FR
P u

R R m m Sw w w
= =

+ + + -
  (2.14)
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Note that Rm could, in an ideal case, represent a load resistance and that Pa correspondingly 

represents useful power being consumed by the load resistance. We note that Pa = 0 for Rm = 0 and 

for Rm = ∞, and that Pa > 0 for 0 < Rm < ∞. Thus, there is a maximum of absorbed power when 

/ = 0a mP R¶ ¶ , which occurs if

{ }
1/ 22 2

,( / )m r m r m m optR R m m S Rw w w= + + - º   (2.15)

for which we have the maximum absorbed power:

{ }

2

,max 1/22 2

ˆ / 4

( / )

e

a

r r m r m

F
P

R R m m Sw w w
=

+ + + -
  (2.16)

Furthermore, we see by inspection of Eq. (2.14) that if we, for arbitrary Rm, can choose mm

and Sm such that

/ 0m r mm m Sw w w+ - =   (2.17)

then the absorbed power has the maximum value

2

2

ˆ / 2

( )

m e

a

m r

R F
P

R R
=

+
  (2.18)

If we now choose Rm in accordance with condition (2.15), which now becomes

,m r m optR R R= º   (2.19)

the maximum absorbed power is

2

,
ˆ / (8 )a MAX e rP F R=   (2.20)
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and in this case Eq. (2.13) simplifies to

ˆ늿 / (2 )e r OPTu F R u= º   (2.21)

When condition (2.17) is satisfied we have resonance. We see from Eq. (2.13) that the 

oscillation velocity is in phase with the excitation force, because the ratio between the complex 

amplitudes û and F̂ is then real. We may refer to Eq. (2.17) as the “resonance condition” or the 

“optimum phase condition”. Note that this condition is independent of the chosen value of the 

mechanical damper resistance Rm, and the maximum absorbed power is as given by Eq. (2.18). 

If the optimum phase condition cannot be satisfied, then the maximum absorbed power is 

as given by Eq. (2.16), provided that optimum amplitude condition (2.15) is satisfied.

If the optimum phase condition and the optimum amplitude condition can be satisfied 

simultaneously, then the maximum absorbed power is as given by Eq. (2.20), and the optimum 

oscillation is as given by Eq. (2.21). 

Let us now, for simplicity, neglect the frequency dependence of the radiation resistance Rr

and of the added mass mr. Introducing the natural angular frequency (eigenfrequency)

0 / ( )m m rS m mw = +   (2.22)

we rewrite the absorbed power as

2

2 2 2
0 0 0

ˆ ( ) 1
( )

2( ) 1 ( / 2 ) ( / / )

m e

a

m r

R F
P

R R

w
w

w d w w w w
=

+ + -
  (2.23)

Where
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2( )
m r

m r

R R

m m
d

+
=

+
  (2.24)

is the so-called damping coefficient of the oscillator

we see that the relative absorbed-power response

2

2 2 2
0 0 0

0 0

ˆ( ) / ( ) 1

1 ( / 2 ) ( / / )ˆ( ) / ( )

a e

a e

P F

P F

w w

w d w w w ww w
=

+ -
  (2.25)

which has its maximum value 1 at resonance (ω = ω0), exceeds 1/2 in a frequency interval 

ωl < ω < ωu, where

( ) ( )2 / ( )u l m r m rres
R R m mw w w d- = D = = + +   (2.26)

The relative absorbed-power response versus frequency is plotted in Figure 2.14 for two 

different values of the damping factor:

0 02 ( ) 2 ( )
m r m r

m r m m r

R R R R

m m S m m

d

w w

+ +
= =

+ +
  (2.27)

Note that 
2

ˆ ( )eF w is a representation of the spectrum of the incident wave. An example is 

indicated in Figure 2.15, where 
2

ˆ ( )eF w is maximum at some angular frequency ωp and exceeds 

half of its maximum in an interval of length ( )
res

wD . Assume that an absorbing system has been 

chosen, for which ω0 = ωp. If a sufficiently large damping factor δ/ω0 is chosen, we have that 

( ) ( )
res E

w wD > D . If we wish to absorb as much wave energy as possible, we should choose Rm ≥ 

Rr according to Eqs. (2.15) and (2.19). Then from Eq. (2.26) we have

( )
2

( )
r

res
m r

R

m m
wD ³

+
  (2.28)
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Fig. 2.14 Frequency response of absorbed power for two different values of damping factor

δ/ω0 [27]

Fig. 2.15 Representation of the wave spectrum (solid curve) compared with power absorption 

responses for the two cases given in Figure 2.14 (dashed curves) [27]

The two dashed curves in Figure 2.15 represent two different wave-absorbing oscillators, 

one with a narrow bandwidth, the other with a wide one. Evidently, the narrow-bandwidth 

oscillator can absorb efficiently from only a small part of the indicated wave spectrum.
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Chapter 3. THE PROPOSED WEC USING MECHANICAL POWER 

TAKE-OFF

Mechanical PTO WEC system shows high efficiency due to low losses. This chapter 

presents an experimental investigation on the hydrodynamic performance and energy conversion 

efficiency of a highly efficient wave energy converter using a simple conceptual design. The 

system is based on a novel mechanical device power take-off (PTO) so-called a bidirectional rotary 

motion converter (BRMC), which can absorb wave energy by converting bidirectional motion of 

ocean waves into one-way rotation of an electric generator. First, a prototype system is designed, 

fabricated and assembled in the Research Institute of Small & Medium Shipbuilding (RIMS). The 

tests are carried out under different conditions, such as wave profiles, the resistive load coefficients 

and supplementary masses. A wave simulator is controlled to make harmonic waves with different 

amplitudes and frequencies. Some metal plates are added and fixed on the buoy as supplementary 

masses. Torque close-loop control has been applied on the Magneto-Rheological (MR) brake to 

simulate the induced torque of an electric generator. Moreover, the rotary angle compared to

vertical direction, is adjusted to investigate the influence of surge mode and heave mode 

combination on the absorption energy. Next, the output power is calculated and compared with 

maximum absorbed power in heave mode to evaluate the efficiency of the prototype under 

different conditions.

3.1 The Proposed WEC using Mechanical PTO

A simplified schematic of the PTO which allows power capture to be investigated under 

different conditions is shown in Fig. 3.1. The motion of the buoy is limited along the thrust shaft 

by a guiding mechanism. Absorption energy can be maximized by adjusting the restraining torque 

of MR brake and the supplementary mass. As shown, the PTO consists of the following main parts: 
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a hemi-sphere floating buoy, a rack and pinion gears system, the BRMC coupled with a flywheel, 

a MR brake and a linear actuator.

Motion of the floating buoy is determined based on the hydrodynamic behavior under the 

incident wave. The buoy and the thrust shaft are forced to move together under the up and down 

motions of the wave. Then, the translational motion of the buoy is converted to bidirectional rotary 

movements of two input shafts in the BRMC thanks to the rack and pinion system. The basic 

working principle of BRMC is presented in Figs. 3.2 - 3.4. Here, two driving shafts coupled with 

two one-way bearings are employed to transmit rotational motion to the driving gears in one-way 

direction. Since they engage teeth on the driven gear, the bidirectional rotary motions of the input 

shafts are transmitted to one-way rotation of the output shaft. The flywheel is coupled with the 

output shaft to store and release rotational energy. Therefore, power on the input shaft is 

transmitted to drive the flywheel when the result of multiplying its instantaneous velocity and the 

gear ratio is the same or higher than the flywheel velocity. In contrast, the flywheel coupled with 

the MR brake is driven by the stored energy in its rotational inertia. The main purpose of the MR 

brake is to produce the resistive torque of the PTO system. To simulate the load for the generator, 

the MR brake was then attached to the output shaft from the gear box and flywheel. By employing 

the MR brake with ability to change its viscosity corresponding to the applied current, any desired 

load torque profile could be achieved by only adjusting the current supplied to this brake through 

a voltage/current converter. Finally, although the WEC design is for heave point absorber, the 

linear actuator is used to adjust the angle compared to the vertical direction to investigate the power 

capture in heave and surge combination mode. The purpose is to check if the system performance 

improves in this mode.

Moreover, some measurement devices are installed to obtain the test results directly. An 

industrial computer is setup within Simulink environment combined Real-time Windows Target 
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Toolbox of MATLAB. A data acquisition Advantech National Instruments (NI) 6289 card is 

installed on the PCI slots of the PC to perform the peripheral interfaces.

Buoy

Thrust shaft

BRMC Flywheel
MR-Break

Rack and 
pinion gear 
mechnism

Linear 
actuator

Stationary Platform 

Rotational bearing

Front view

Rack and 
pinion gear 
mechnism

Side view

Fig. 3.1 A simplified schematic of the mechanical PTO

The input shaft

One-way bearing

The driving gear

The output shaft

The driven gear

Fig. 3.2 The basic schematic of the BRMC
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Fig. 3.3 Configuration of the BG-coupled rack and pinion gear mechanism

Fig. 3.4 Conceptual design description of the WEC
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Flywheel MR brake

Fig. 3.5 The schematic diagram for analytical model of the PTO

3.2 Analytical model

3.2.1 Floating buoy dynamic model

Regarding the schematic diagram in Fig. 3.5, the nomenclature has been given and the 

analytical model is calculated according to hydrodynamic behavior and the resistive load of the 

PTO system. The motion of the floating buoy is usually simulated in the frequency domain using 

boundary integral equation methods (BIEM); however, it is also modeled in time domain originally 
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by Cummins [43]. The system mainly works in heave motion, but the model will be expressed in 

both heave and surge. The floating buoy dynamics are obtained by solving equation:

b h ptoM l F F= +&& (3.1)

3.2.2 Hydrodynamic model

In time domain, the simplified hydrodynamic forces acting on the buoy are calculated by 

the following equation, which combines the excitation force, the radiation force, the viscous force 

and the hydrostatic restoring force: 

1 3sin cosh h hF F Fb b= + (3.2)

1 1 1 1 1h e r vF F F F P= + + + (3.3)

3 3 3 3h e r v bF F F F F= + + + (3.4)

The indexes 1 and 3 in the symbol are denoted the surge (horizontal) and heave (vertical) 

part, respectively; b is the angle between the buoy shaft and the vertical direction. The first terms 

on the right side of the equations (3.3) and (3.4) are the excitation forces which can be evaluated 

by the Wave Analysis at Massachusetts Institute of Technology (WAMIT) [44] directly or 

computed by using method described by Eidsmoen [45] for particular geometries. The excitation 

forces for the heave mode and surge mode are calculated in Eqs. (3.5), (3.6) which is significantly 

dependent on force coefficient, wave profiles and a phase angle: 

1 1 1( ) ( ) sin( )eF f A tw w w j= + (3.5)

3 3 3( ) ( ) sin( )eF f A tw w w j= + (3.6)
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where kf is the excitation force coefficient; A is the wave amplitude and kj is the phase 

angle between the incident wave and the induced force.

The second term so-called radiation force is the required force to move the floating buoy. 

It is commonly decomposed into two components: the added inertial force, due to the water volume 

moving with the floating buoy, and the radiation damping force, due to the induced wave by the 

floating buoy oscillations.  

1 1 1( ) ( ( ) ( ) ) sinr r rF M l R lw w w b= - +&& & (3.7)

3 3 3( ) ( ( ) ( ) ) cosr r rF M l R lw w w b= - +&& & (3.8)

where 1 3,r rM M are the added mass in surge and heave, respectively; which can be 

evaluated with WAMIT [44], and rR is the radiation damping coefficient. For some particular 

bodies, it is possible to obtain hydrodynamic parameters in term of real part and imaginary part of 

the radiation impedance [27, 46-47]. For a highly nonlinear PTO system, memory function is 

useful in order to apply a time domain simulation [43]. A memory function ( )K t can be obtained 

by inverse Fourier transform of the radiation damping coefficient and added mass.

( )
0

( ) ( )r aF M l K l t dt t t
¥

= - ¥ - -ò&& & (3.9)

The third term is the viscous damping force. In reality, non-linear effects and viscous effects 

can be modeled similar to the drag term in Morison’s equation and studied in [13], [48], and it is 

presented in the following equation:

1 1

1

2
v dF C A x xr= - & & (3.10)
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3 3

1

2
v dF C A z zr= - & & (3.11)   

where dC is the drag coefficient which is function of several parameters like shape of the 

body, and it is mostly resulted from experiments; kA is the characteristic frontal area which 

depends on the body area projected on the water plane; x and z are the buoy displacements in 

surge and heave, respectively.

The fourth term is the hydrostatic force which is governed by Archimedes’ Principle. And, 

it is the difference between the volume of displaced water and calculated in Eq. (3.12)

b bF S z= - (3.12)

where bS is the buoyancy stiffness.

And the influence of gravity on the surge displacement 1P is expressed in the following 

equation

1 sinbP M g b=- (3.13)

3.2.3 PTO model

For simplicity, the resistive force from the PTO system can be comprised of two 

components: user force and friction force, which is presented in the following equation:

pto u fF F F= + (3.14)

In the first term on the right side of Eq. (3.14) represents the user force which is induced by 

the resistive torque from the flywheel coupled with the MR brake. As introduced before, the 

resistive force is only taken into account when the instantaneous speed of the input shaft n, caused 
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by the velocity of the floating buoy, is larger than the MR brake speed. Otherwise, in reversely, 

there is no resistant force on the buoy. The user force can be calculated in Eq. (3.15). 

0

u
g g

p pu

T z
k for n k

r rF

for otherwise

q
ì

£ =ï
= í
ï
î

&&
(3.15)

The user torque or the resistive torque uT from the MR brake is assumed in the first order of 

the angular velocity of the output shaft q& and given in Eq. (3.16). The resistive toque which is 

identified by the curve fitting the results of (3.16) with measurement values is a function of static 

friction torque, Coulumb friction torque and the transition approximation coefficient. Among them, 

the load resistive coefficient uR [Nms/rad] is selected to apply torque control on MR brake.

( )
( ( ) ) ( )vtc

u c br c uT T T T e sign R
q

q q
-

= + - +
& & & (3.16)

The second term on the right side of (3.14) represents the mechanical friction and viscous 

forces from the PTO mechanism acting on the floating buoy which can be modelled by using a 

method described by Armstrong B. [49]. Then, the friction force is calculated in Eq. (3.17) where 

cF is the Coulomb friction that opposes motion with a constant force at any velocity; brF is the 

breakaway friction force, which is the sum of the Coulomb and static frictions at zero velocity; vf

is the viscous friction coefficient and 
vfc is the transition approximation coefficient, which is used 

for the approximation of the transition between the static and the Coulomb frictions. 

( )
( ( ) ) ( )vfc z

f c br c vF F F F e sign z f z
-

= + - +
&

& & (3.17)
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3.2.4 Linear flywheel model

As shown in Fig. 3.5, the flywheel motion is calculated by using Newton’s second law for 

rotational body. The flywheel inertia can represent for the body inertia which includes the flywheel 

coupled with the MR brake. Then, the rotational motion of the flywheel is determined by 

combining the driving torque and resistive torque in Eq. (3.18). 

out u flT T I q- = && (3.18)

where outT is the driving torque which is induced by the hydrodynamic force of the floating 

buoy in both upward and downward movement, and it can be expressed in the following:  

/out in g h pT T k F r= = ´ (3.19)

3.3 Wave energy conversion

The buoy mainly absorbs energy in heave direction so only one mode of motion is shown in 

the power calculation. The mean wave power is given in [27] which is a function of the mean wave 

energy density per horizontal unit area and the group velocity: 

w gP Ec= (3.20)

where E is the mean wave energy density which is the sum of kinetic and potential energy

21

8
E gHr= (3.21)

and, the group velocity for constant depth depends on the depth function and wave frequency; 

it can be expressed by:

( )
2

g

g
c D kh

w
= (3.22)
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The mean power transmitted to the device is calculated in the following:

c wP P d= (3.23)

The mean power absorbed by the floating buoy is obtained in Eq. (3.24): 

21 1ˆ 늿cos
2 2

a e rP F z R zj= -& & (3.24)

The generated power going to the MR brake and energy can be obtained in Eqs. (3.25) and 

(3.26) respectively. 

g uP T q= &   (3.25)

0

t

g gE P dt= ò (3.26)

The capture width ratio, the PTO efficiency and the overall efficiency are expressed in the 

following equations (3.27), (3.28) and (3.29) respectively.

/a a cP Ph = (3.27) 

/pto g aP Ph = (3.28)

/o a pto g cP Ph h h= ´ = (3.29) 

3.4 Test rig construction

To carry out the test on investigation dynamic performance of the PTO system, a laboratory 

prototype system is designed, fabricated and assembled in the Research Institute of Small & 

Medium Shipbuilding (RIMS). Here, a complete layout of the test is shown in Fig. 3.6. It includes 

the buoy along with supplementary mass, the PTO system and the peripheral interface devices.
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As shown in Fig. 3.7, the PTO system consists of the MR brake, the torque transducer and 

the BRMC coupled with the flywheel driven thanks to the rack and pinion gear power transmission. 

The MR brake is closed loop controlled to simulate for the induced torque by the electric generator, 

and these values can be adjusted responding to the resistive coefficient. The induced torque and 

speed of the MR brake are measured using the torque transducer along with speed sensor MP-981 

continuously.

Moreover, an experimental setup for measurement the excitation force is described in Fig. 

3.8. A load cell is installed on the floating buoy kept stationary relative to the platform. At the 

equilibrium position of the buoy relative to free water surface, the load cell is calibrated to zero. 

A water level sensor is placed in phase with the floating buoy.

Finally, a linear actuator is installed to adjust the rotary angle of the thrust shaft relative to 

vertical direction in Fig. 3.9. Position control is applied to extend or retract its rod. Consequently, 

the WEC system rotates around the given axis when the buoy movement sweeps in plane to wave 

direction.
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Fig. 3.6 The completed test layout of the PTO deployed in the wave tank

Fig. 3.7 A MR brake, the torque transducer, the flywheel, the BRMC driven by rack and pinion 

gear power transmission
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Fig. 3.8 Excitation force measurement corresponding to water level

Fig. 3.9 Experiment on power capture in heave and surge combination mode of the PTO
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3.5 Performance test

3.5.1 Setting PTO parameters for test rig

Regarding to experimental setup in Fig. 3.6, some input parameters must be defined and 

given in Table 3.1. The experimental test rig is for the small-scale laboratory testing. Here, some 

values are obtained by measurement directly, and others are estimated by calculation.

Table 3.1   Setting PTO parameters for testing

Specifications a(m) pr (m) gk 2( . )flI kg m h (m)

Parameters 0.6 0.05 4 0.0175 1.2

To simulate the dynamic behavior of the MR brake and the equivalent friction of the system 

transmission, a method described by Armstrong [49] is employed and presented in previous section. 

As stated in Eq. (3.16) and (3.17) the friction parameters must be identified in advance. As shown 

in Fig. 3.7, a torque and speed transducer was installed to measure the simulated torque of the MR 

brake. The static torque was obtained by acting on the shaft with a torque that will increase slowly. 

When the shaft starts moving, the maximum value measured by the transducer can be represented 

for the breakaway friction torque brT . The shaft kept moving and increasing its velocity slowly, 

and the minimum value measured by the transducer can be represented as the Coulomb friction 

torque cT . The transition approximation coefficient vtc was proposed by Brian Armstrong for the 

general case, and then validated by experiment. Identification progress using curve fitting and 

optimization algorithms is generally described in the following:
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Training data included speed and torque of the MR brake are obtained by different test 

conditions measurement (multiple speeds, multiple torques, multiple values of Ru). The set of 

input data speed and output data torque are recorded by using Matlab/Simulink interface with 

Advantech National Instruments (NI) 6289 card.  

Eq. (3.16) is expanded so that each fitting term ( , )br cT T is fitted separately.

Curve fitting using the standard tool ‘lsqcurvefit” in Matlab is performed to identify the best 

fit of parameter vtc . Here, training data are fitted to the expanded Eq. (3.15) by optimization 

algorithms (least squares method). After that, the transition approximation coefficient vtc was 

obtained.

The results of the fit parameters of MR brake are shown in Table 3.2:

Table 3.2 Identification parameters of the MR brake

Specifications brT (Nm) cT (Nm) vtc (s/rad)

Parameters 0.15 0.11 10

Applying the same method described above for MR brake, identification progress for the 

friction parameters is performed to find the best fit values which are given in Table 3.3. 
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Table 3.3 Identification parameters of the system friction

Specifications brF (N) cF (N) vfc (s/rad)
vf (Ns/m)

Parameters 30.55 22.51 10 0.01

3.5.2 Test types

There are four different test types which involve the investigation of dynamic performance 

and the energy conversion efficiency.

In the first type, the test is carried out under different regular waves which are made by a 

wave simulator. The wave simulator works to implement the sine wave with different amplitudes 

and frequencies. Three experimental cases are shown in Table 3.4. As shown, there are three 

different amplitudes, frequencies and the angular repetencies.

In the second type, the tests are performed in the different resistive load coefficients uR

[Nms/rad]. Based on the given resistive load coefficients, torque close-loop control has been 

applied on the MR Brake to simulate the induced torque under different external load conditions. 

In the third type, the tests are carried out under different floating buoy masses. Here, change 

in buoy mass is performed by adding supplementary masses. Some metal plates are employed to 

increase the mass of the system as shown in Fig. 3.6. Three different total masses which are 

included the floating buoy and support and supplementary masses are shown in Table 3.5. The 

original mass of the buoy is 78 kg (included support structure).



45

In the final test type, the influence of the rotary angles on the dynamic performance is taken 

into account. When the PTO system rotates an angle related to the vertical coordinate, the buoy 

motion is not only being worked in the heave mode, but also in the surge mode. This test 

contributes an argument about working on combination mode of the prototype. 

Table 3.4 Different regular waves for testing

Specifications H (m) w (rad/s) k(rad/m)

Case 1 0.084 3.142 1.1445

Case 2 0.17 2.618 0.8876

Case 3 0.151 2.244 0.7294

Table 3.5 Different total masses for testing

Specifications M1 (kg) M2 (kg) M3 (kg) 

Parameters 78 178 278
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3.6 Experimental test results

First of all, experimental results in the first and second test types with the original buoy 

mass M1 are plotted in Figs. 3.10-3.12. These tests data are recorded in 10 seconds at steady state 

of working condition. Wave elevations, the buoy displacements (B.disp.) under different resistive 

load coefficients Ru and the excitation forces are measured and plotted on the top of figures. In 

each wave case, three different B.disp. curves with respect to three different resistive load 

coefficients Ru are chosen to show in each figure: [0.05; 0.1; 0.125] [Nms/rad] in wave case 1 

(Fig. 3.10), [0.05; 0.1; 0.2] [Nms/rad] in wave case 2 (Fig. 3.11) and [0.1; 0.15; 0.2] [Nms/rad] in 

wave case 3 (Fig. 3.12). Then, haft of the mean wave energy, which is the maximum absorbed 

energy in heave mode motion, and the generated energy under respective resistive load coefficients 

are calculated and plotted on the bottom floor. The generated energy which is defined by 

integrating the generated power over the working time is obtained from the set of equation (3.25) 

and (3.26). The influence of the wave profiles on dynamic behavior of the buoy can be found in 

these figures. Percentage change in elevation of the buoy compared to wave is about 60% in case 

1, 100% in case 2 and 80% in case 3. Probability, the natural frequency of the PTO system is closer 

to the wave frequency in case 2 (resonance behavior) than the others. The generated energy in case 

2 is also the highest among three cases in any values of resistive load coefficients. 

Moreover, the change in resistive load coefficient has an effect on the buoy motion and the 

generated energy. The magnitude of the buoy motion is inversely proportional to the resistive load 

coefficient. When Ru increases, the buoy elevation decreases. Since the torque induced by the 

generator increases, resistive force induced by the PTO system also increases. The magnitude of 

the buoy motion is decreased according to the hydrodynamic performance. However, the generated 

energy is not proportional to the resistive load coefficient though in case 2 and 3, the higher load 

has the higher energy. In each test case, the best resistive load can be found at 0.1, 0.2, 0.2 Nms/rad 
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in wave case 1, wave case 2 and wave case 3, respectively. Therefore, the test results indicate the 

influence of the wave profiles and resistive load on the dynamic performance of the PTO system 

significantly. The resistive load must be optimized in order to maximize the generated energy. The 

simulation results in next section will express this in detail.
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Fig. 3.10 The buoy displacement (B.disp.) and the generated energy under different resistive 

loads [0.05; 0.1; 0.125] [Nms/rad] in wave case 1



49

-0.06

-0.03

0.00

0.03

0.06

0.09

0.12

0.15

Wave elevation [m] Excitation force x10 [kN]
B. disp. L0.05 [m] B. disp. L0.1 [m] B. disp. L0.2 [m]

E
le

v
at

io
n

Case 2_M1_L1L2L3

0 2 4 6 8 10
0

50

100

150

200

250

300

350

400
R. Load 0.05 R. Load 0.1 R. Load  0.2
1/2 mean wave energy

G
en

er
at

ed
 E

n
er

g
y 

[J
]

Time [s]

Fig. 3.11 The buoy displacement (B.disp.) and the generated energy under different resistive 

loads [0.05; 0.1; 0.2] [Nms/rad] in wave case 2
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Fig. 3.12 The buoy displacement (B.disp.) and the generated energy under different resistive 

loads [0.1; 0.15; 0.2] [Nms/rad] in wave case 3
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Next, to investigate the influence of the supplementary mass on the PTO system 

performance, the tests are carried out in wave case 2 and these results are plotted in Fig. 3.13. Here, 

wave elevations and the buoy displacements under different supplementary mass [78; 178; 278] 

[kg] are recorded and plotted on the top of this figure. Since these tests are carried out with the 

same resistive load Ru=0.15 [Nms/rad], the larger displacement implies more generated energy. 

Then, these values are plotted on the bottom of figure. And the best performance of device can be 

found in case of the mass M3. In this study, the draft of the buoy is lower than semi-sphere surface. 

Therefore, the buoyancy stiffness is non-linear characteristic according to Eq. (3.12) which is a 

function of the draft. Apparently, the change in the buoyancy stiffness, the buoy mass and the 

added mass all causes the change in natural frequency of the PTO system. When the natural 

frequencies of the PTO system are closed to the excitation frequencies, the more power can be 

absorbed by following the condition of resonance. As the results of testing with case M3, it brings 

the natural frequency of the PTO system closer to wave frequency than that of the mass M1 or M2. 

Finally, the generated energy is reached to 25W in wave case 2, meanwhile the optimized absorbed 

energy in heave and estimated captured energy in this case are about 37.5W and 31.1 W, 

respectively. Therefore, the PTO system efficiency defined as ratio of the generated energy and 

the absorbed energy of the buoy is about 80.4% (included frictional loss). Besides, the capture 

width ratio is about 41.6%. 

Finally, to investigate the PTO performance in combination mode (heave and surge), the 

recorded data in the fourth test type are plotted in Figs. 3.14-3.15. The buoy displacements are 

shown in different rotary angles, such as 5o, 10o and 15o. Then, the responding generated energies 

are calculated and plotted in these figures. The test results indicate that two different approaches 

can be found in Fig. 3.14 and Fig. 3.15 which are carried out the tests in wave case 2 and wave 

case 3, respectively. As shown in Fig. 3.14, when the rotary angle is increased, the smaller 

generated energy can be absorbed. In contrast, in Fig. 3.15, the larger generated energy can be 
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achieved when the rotary angle is increased. Exceptionally, test results with more than 15o have 

not taken into account in this study yet, due to mechanical limitation. With the boundary of 15o, it 

can be argued that dynamic performance of the PTO system is affected by motion modes. For 

example, the PTO system works in heave motion better than surge mode case 2, but the contrasting 

result is found in case 3. This result is similar with our previous works’ results [27-29] although 

in these references, the hydraulic PTO was deployed. The phenomenon is still the same. The 

optimal rotary angle depends on the vector of the net force which is the sum of the heave force 

and surge force. Some methods to obtain the optimal angle were also proposed in [28-29]. One 

used a learning vector quantitative neural network (LVQNN) algorithm to detect wave conditions 

and directly produces the optimal titling angles [28]. While in [29], a set of loadcells were installed 

to measure and calculate the component heave and surge forces. Then the optimal angle was also 

obtained. Finally, the linear actuator (Fig. 3.9) is controlled to bring the WEC to the desired rotary 

angle. The small value of optimal angles in Figs. 3.14-3.15 and in [12, 50-51] expresses that the 

heave force contributes much more energy to the system than the surge force. However, the 

combination mode still can improve the absorbed energy of the proposed WEC.
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Fig. 3.13 The buoy displacement (Mx Disp.) and the generated energy under different 

supplementary masses in wave case 2
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Fig. 3.14 The buoy displacement and the generated energy in different sliding angles in wave 

case 2
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Fig. 3.15 The buoy displacement and the generated energy in different sliding angles in wave 

case 3
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3.7 Simulation results and discussion

3.7.1 Model Validation

To show the effect of wave parameter, resistive load and buoy mass on the hydrodynamic 

performance and energy conversion efficiency, a simulation program is built to study the effect of 

these parameters. The simulation does not cover the effect of sliding angle since it was already 

investigated in previous works [12, 50-51]. The simulation is performed based on the presented 

equations in Section 3.2 under different conditions as shown in Table 3.6. The hydrodynamic 

parameters in Section 3.2 are precomputed using WAMIT software. The simulation is built in 

MATLAB/Simulink environment. A simple test is performed in order to validate the simulation 

model of hydrodynamic behavior coupled with resistive torque. Fig. 3.16 shows the test result with 

a regular sinusoidal wave profile in wave case 2. The actual test and model of the buoy 

displacements are plotted on the top of this figure, meanwhile the generated torque and speed are 

depicted on the middle and bottom of the figure, respectively. It can be seen that the magnitude of 

the actual buoy oscillations is in reasonable agreement with the model. Although some unstable 

positions of measured torque, probably due to non-linear wave hydrodynamic behavior, the 

frictional forces or imprecise mechanical parts, the mean value is approximated with the model.

Table 3.6 Different conditions for simulations

Specifications Parameters

Wave period - T 1.5; 2; 3; 4; 6 [s]

Wave height - H 0.05; 0.1; 0.15; 0.2 [m]

Resistive load coeff. – Ru
0.05; 0.1; 0.2; 0.3; 0.4; 0.5; 

0.6; 0.7; 0.8; 0.9; 1.0 [Nms/rad]

Buoy mass - Mb 78; 178; 278 [kg]
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Fig. 3.16 Comparisons of the buoy displacements, torques and speeds between the actual test 

and model in case 2   
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3.7.2 Simulation results and discussion

The effect of the wave profiles, characterized in terms of the wave period T and wave height 

H, along with the resistive load coefficient Ru on dynamic behavior of the buoy can be found in 

figures 3.17-19. The performance is assessed through calculating the dimensionless amplitude 

ratio (buoy amplitude versus wave amplitude), the average generated power and the WEC 

efficiency in heave mode (average generated power versus ½ mean wave energy), respectively.

First, buoy mass M1 was applied and the results are plotted in Fig. 3.17. It can be easily 

seen in four subfigures that the change in wave height H slightly causes any change in the 

characteristics of the system performance. In all four values of wave height, the system responses 

are quite similar. The only significant argument can be achieved is that with higher wave height, 

the system can absorb more power since the wave input energy is higher (Eqs. (3.20) and (3.21)).

Note that in case of wave height H=0.05 m and T=1.5 s (Fig. 3.17(d)), the buoy does not move at 

all and there is no energy absorbed. It can be explained that in this short wave (T=1.5 s) and small 

wave height, the excitation force acts on this buoy mass M1 is not enough to force the buoy move 

under the fast frequency wave motion. This does not occur in case of buoy mass M2 and M3.

The amplitude ratio strongly depends on the wave frequency and the load resistance Ru. 

Shorter waves (smaller period values) have smaller amplitude ratios. When Ru increases, the 

amplitude ratio decreases monotonically as shown in the top of each subfigure. It was already 

explained in the experimental results section. When Ru increases, the induced PTO force also 

increases. The net force acts on the buoy decreases since the hydrodynamic force is the same. It 

reduces the buoy motion. This phenomenon happens in all simulation conditions (also for M2 and 

M3).

As for the average generated power, the optimal power point varies for different wave 

period T as shown in the middle and bottom of the subfigure. As wave period T increases, the 
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optimal power occurs at higher values of Ru. For example, in Fig. 3.17(a) the optimal point of 

resistive load coefficient [Nms/rad] for T=1.5 s is Ru= 0.1; for T=2 s is Ru=0.2; for T=3 s is 

Ru=0.4; for T=4 s is Ru=0.6 and for T=6 s is Ru=1.0. The value of Ru for each T case slightly 

decreases when wave height decreases. The highest generated power was 17.81 W for wave period 

T= 3 s and the highest wave height H=0.2 m, which corresponds to an efficiency of 32.8%. The 

highest efficiency (32.9%) was obtained for T=2 s with the same wave height. It can be said that 

the system frequency is close to that of these two wave periods. Note that although the highest 

power for T=4 s was approximately equal to that for T=3 s, the efficiency for T=4 s was quite 

lower than that for T=3 s or T= 2 s. This is because longer wave has more energy density than 

shorter wave.

The outcomes obtained above is still in good agreement in case of buoy mass M2 and M3 

as presented in Figs. 3.18-3.19. Higher mass has higher performance (generated power and 

efficiency) than that of the case with same wave profiles (T, H) and resistive load (Ru) as shown 

in these figures. The highest generated power of buoy mass M2 was 29.84 W for T=3 s, H=0.2 m 

and Ru=0.6 Nms/rad; this value represented 47.2 % of the heave wave power. The most efficient 

condition yielded 48.8 % and corresponded to T=2 s, H=0.2 m and Ru=0.2 Nms/rad. In case of 

buoy mass M3, the highest generated power was 39.6 W (58.6% efficiency) for the same wave 

and load conditions with the highest power in case M2. While the most efficiency value achieved 

was 77.1% and corresponded to T=2 s, H=0.2 m and Ru=0.3 Nms/rad. For easily comparison, the 

system performance with different masses for wave periods T=2 s, T=3 s and wave height H=0.2m 

was presented in Fig. 3.20. The optimal load conditions are quite similar in same wave condition 

despite different masses. Fig. 3.20 shows that the change in the mass can improve the generated 

power and efficiency by two times (M3 compared to M1). As same as the results of testing with 

case M3, it brings the natural frequency of the PTO system closer to wave frequency than that of 

the mass M1 or M2. The natural frequency of the WEC depends on the stiffness of the system, 
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added mass and buoy mass. Therefore, the natural frequency needs to be shifted by changing not 

only the mass to achieve resonance. One more thing, increasing the mass also improves the system 

performance in the shortest wave case (T=1.5 s). The efficiency improves from about 15% in case 

M1 to 30% in case M2 and 70% in case M3. While in the longest wave (T=6 s) the improvement 

was insignificant.

  The simulation was performed under regular wave cases and the resonance condition is 

not considered yet. Future works will focus on investigating the resonance condition of the system 

and system performance under realistic irregular wave and survival mode also. Full-scale test rig 

with a real generator should be fabricated and investigated further in the future.
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Fig. 3.17 Simulation results on the effect of load conditions for buoy with mass M1 with various 

wave periods T and wave heights H
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Fig. 3.18 Simulation results on the effect of load conditions for buoy with mass M2 with various 

wave periods T and wave heights H
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Fig. 3.19 Simulation results on the effect of load conditions for buoy with mass M3 with various 

wave periods T and wave heights H
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Fig. 3.20 Comparison of system performance with different masses for wave periods T= 2s, 

T=3s and wave height H=0.2m
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3.8 Chapter summary

This chapter describes the configurations and working principle of the proposed WEC using 

mechanical PTO. An experimental investigation of the hydrodynamic performance and the 

generated energy has been presented sufficiently. The test result indicates that the overall 

efficiency of the PTO system (included frictional loss) is about 80.4%, and the capture width ratio 

is 41.6%. These test results are realistic and satisfactory with [27]. Additionally, these results are 

applied to calibrate simulation model in time domain. Consequently, the performances of the 

actual test are in reasonable agreement with that of the model. Moreover, when the tests are 

performed under different rotary angles, two different results are found. It is interesting to argue 

that the generated energy can be increased or decreased based on the hydrodynamic behavior of 

the PTO in heave and surge mode motion.    

Apparently, it is difficult to increase the generated energy in the current PTO device. Even 

though the resistive load coefficients are adjusted to find an optimized value. Therefore, future 

works are going to focus on optimization the PTO device. A milestone solution has been 

considered to tune its inertia in order to bring natural frequency of the PTO close to wave excitation 

frequencies (resonance behavior). Then, the dynamic performance of the PTO can adapt the 

requirement in the real application. Optimization control strategies are going to be applied on the 

test rig to increase the capture width ratio.
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Chapter 4. SUPPLEMENTARY INERTIA CONTROL OF WEC

This chapter proposes a new method to achieve the resonant behavior of a point absorber 

floating buoy type of WEC using a mechanical power take-off system. By using the inertia 

characteristics of a hydraulic flywheel accumulator-based electro-hydraulic actuator to change the 

corresponding supplementary mass of the floating buoy, the total mass of the buoy was close to a 

match with the relatively low frequency of the wave, so that the buoy was in resonance with the 

wave. The specifications of the hydraulic flywheel accumulator system were proposed and studied. 

The working principle was analyzed, and a mathematical model was then derived to investigate 

the system operation. Numerical simulation using MATLAB/Simulink was done to evaluate the 

operation of the system.

4.1 Optimum Control Strategy

According to Falnes [27], two conditions must be satisfied to optimize the absorbed power. 

These are the “resonance condition” or the “optimum phase control” and the “optimum load 

resistance” or “damping coefficient”. Optimum load resistance control has been applied easily due 

to a simple procedure. However, resonance condition control is more complicated due to the 

control mechanism. The inertia of the floating buoy structure must be tuned to values that bring 

the natural frequency of the device close to the wave spectrum frequencies (resonance behavior). 

The natural frequency of the buoy is commonly larger than the incident wave frequencies. 

Therefore, a neutral mass is added to increase the inertia of the buoy. Silvia [13] and Alves [52] 

tuned the natural frequency of the buoy to be in resonance with the given incident wave by adding 

a deeply submerged mass with enough neutral mass. The buoy can be split into two parts; one is 

close to the water surface to have good radiation capabilities, and the other one is submerged deep 

enough not to affect the radiated wave from the surface buoy. Vantorre [4] has controlled the 
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inertia of the buoy by coupling it with a supplementary mass. Binh [10] has controlled the floating 

mass by pumping sea water into the chamber.

Previous works have contributed to the investigation of methods that can increase the inertia 

of the buoy. Although these methods are suitable in the laboratory, it is difficult to control 

supplementary mass under realistic conditions. When wave spectrum frequencies are changed, the 

inertia of the buoy also needs to be tuned to adapt the performance of the WEC device. Moreover, 

the stroke limitation of the buoy motion is set by its mechanical design. It can be claimed that the 

maximum useful stroke can absorb the maximum power. Therefore, the new control strategy is to 

maximize the absorbed power by applying mass control. 

4.2 The hydraulic flywheel accumulator (HFA)

4.2.1 The hydraulic flywheel accumulator (HFA)

Fig. 4.1 illustrates the working principle of WEC with controllable inertia. The HFA system 

is employed to control the inertia of the buoy. Here, the rotational inertia of the HFA is transmitted 

into translational inertia by rack and pinion mechanism. In order to change the inertia of the HFA, 

the oil volume is adjusted by controlling the pressure. A hydraulic control valve is employed to 

control oil pressure inside chambers by supplying or disposing flow throughout rotary union at the 

rear of the flywheel’s shaft. For an example, the inertia of HFA is increased or decreased when the 

flow is supplied or disposed in the hydraulic chamber.
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Fig. 4.1 Configurations of the proposed WEC with controllable inertia 

4.2.2 HFA model

The instantaneous inertia of the hydraulic flywheel is the combination of the initial inertia 

(i.e. without fluid) and the inertia cause by the amount of fluid 
fV pumped into hydraulic chamber, 

which is calculated in [53]:
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Hence, determined the fluid inside the accumulator means determined the inertia of the 

flywheel. The volume of fluid which is depended on the supplied hydraulic pressure, pre-charged 
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where, the system pressure SP of the hydraulic fluid or the fluid inside the flywheel-

accumulator is calculated by the following continuity equation:  

0( )
S

v

f

dP
Q

dt V V

b
=

+
(4.3)

where, vQ is defined as the flow-rate of fluid throughout the proportional flow control valve, 

and can calculated by: 
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Here, vA is the section area of orifice inside valve in case of fully open; [ 1, 1]vS Î - + is the 

control signal of the valve. The magnitude is represented the aperture in the barrel valve (e.g. 

0.5vS = indicates valve is half open).  The positive sign means that fluid is going to the HFA, 

and fluid is released to reservoir in contrast.    

The pump pressure PP and flow rate 
pQ are respectively obtained by the following 

equations:
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The discharge flow rate is also depended on the value of current fluid pressure SP and the 

aperture in the barrel valve, and then can be obtained as following equation:
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The flow rate goes through the relief valve is calculated as:
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4.3 The hydraulic flywheel-based electro hydrostatic actuator HFW-EHA

4.3.1 The hydraulic flywheel-based electro hydrostatic actuator HFW-EHA

Figure 4.2 illustrates the working principle of WEC with controllable inertia in three 

dimensions (Fig. 4.2a) and in a diagram (Fig. 4.2b). The HFW-EHA system is employed to control 

the inertia of the buoy. Here, the rotational inertia of the HFW-EHA is translated into translational 

inertia (i.e., mass) by a rack and pinion mechanism. To change the inertia of the HFW-EHA, the 

oil volume inside the hydraulic flywheel is adjusted by controlling the EHA system. The HFW-

EHA configuration is shown in Fig. 4.3. The special asymmetric design of the flywheel and piston 

offers a significant change in the amount of fluid volume inside it with respect to the change in the 

piston position. The EHA system, which is known as a power-shift system, is employed to control 

the position of the hydraulic flywheel piston directly by the oil flow rate. An electric motor drives 

the hydraulic pump, which supplies the oil flow rate throughout the rotary union [55] (as shown 

in Fig. 4.4) at both ends of the flywheel’s shaft to drive the piston in both left and right motions. 

For example, the inertia of the HFW is increased/decreased when the flow is supplied in the 

left/right hydraulic chamber. When the desired position is achieved, the EHA is turned off, and the 
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hydraulic circuit locks the current axial positions of the piston, and then keeps the inertia constant 

without consuming energy.
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Fig. 4.2 Configuration of the proposed WEC with controllable inertia hydraulic flywheel based 
electro-hydraulic actuator: 1- Buoy; 2- Main shaft; 3- Generator; 4- Conventional flywheel; 5-
Bidirectional gearbox; 6- Piston; 7- Controllable inertia hydraulic flywheel; 8- EHA system; 9-

Fluid lines; 10- Rack and pinions; 11- Rotary union; 12- Frame.
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[55].

4.3.2 HFW-EHA model

The instantaneous inertia of the hydraulic flywheel is the combination of the initial inertia 

(i.e., without fluid) and the inertia caused by the amount of fluid 
fV pumped into the hydraulic 

chamber as shown in Fig. 4.5; this depends on the piston displacement x and is calculated by [53]:
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where rV is the amount of fluid in the small rod chamber.

Hence, determining the fluid inside the accumulator means determining the inertia of the 

flywheel. The volume of fluid depends on the position of the piston displacement. By using 

Newton’s second law and hydraulic-system principles, the dynamics of an EHA (Fig. 4.3) can be 

described by the following equations:
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where RP and rP are the pressure values of the two chambers, respectively; 
eqm is the 

equivalent mass; RA and rA are the actuating areas; 0RV and 0rV are the original total volumes of 

the two chambers, respectively; D is the displacement of the pump; mw is the speed of the servo-

driven pump system; leakk is the leakage constant; eb is the Bulk modulus and ( 1,..,6)viQ i = are 

the flow rates from the i supplemental-check valves or relief valves, respectively.

Thus, the piston position is adjusted by the speed of the bidirectional pump driven by a 

direct current (DC) servo motor. Given the desired trajectory dx , the objective is the determination 
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of the speed command for the DC servo motor mw , in order to control the track of the output 

position x to be as close as possible to dx . The development of the position controller is described 

in the following section.
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Fig. 4.5 Hydraulic flywheel device.

4.4 Control Design

Reacting to the given incident wave and specifications of the PTO system, the 

supplementary inertia was determined to bring the natural frequency close or far from the wave 

spectrum. A desired mass closed-loop control was applied to improve the performance by 

changing the hydrodynamics of the WEC device. Figure 4.6 illustrates the schematic control 

diagram for mass closed-loop control. Once wave profiles were determined, the hydrodynamic 

parameters were pre-computed by the WAMIT software. An analytical model was built to 

investigate the buoy elevation. Then, the responded stroke was obtained by measuring in the haft 

of the cycle and compared to the stroke limitation. Mass closed-loop control with respect to 

maximum stroke (not higher than the limit value) was applied to generate the required 

supplementary inertia. Here, the relative error between the desired mass and the actual one was 
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sent to the fuzzy PID controller. The controller sent the output signal to generate the required 

inertia from the HFW. The supplementary mass was calculated and sent to the analytical model. 

The PID controller is well known due to its simple structure and easy design. However, 

conventional PID controllers cannot work well over a wide range of operating conditions due to 

the fixed gains used [56-58]. To widen the working conditions, a fuzzy PID controller was applied 

to control the buoy mass or supplementary inertia. The control signal is expressed in the time 

domain as:

( ) ( ) ( )
( )

0

t

P I D

de t
u t K e t K e t dt K

dt
= + +ò (4.10)

where ( )e t is the error between the desired set point and the output, ( )de t is the derivation 

of error, ( )u t is the control signal used to control the DC servo motor speed mw , PK is the 

proportional gain, IK is the integral gain and DK is the derivative gain.

The PID parameters were tuned by fuzzy inferences which provided a nonlinear mapping 

from the error and derivation of error to the PID parameters. These parameters were changed 

within the initial parameter boundaries. 

( ) ( ) ( ) [ ]min , 0,1n n n n nK t K U t K U t= + D Î (4.11)

where n is a notation of P, I or D; Un(t) is a parameter obtained from the fuzzy n tuner; 

max minn n nK K KD = - is the allowable deviation of nK and minnK and maxnK are the minimum and 

maximum values, respectively, of the nK determined from experiments.

For the fuzzy designs, triangular membership functions (MFs) were used to represent the 

partitions of fuzzy inputs and outputs. A fuzzy controller was applied using local inferences. In 
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this study, the fuzzy reasoning results of outputs were gained by aggregation operations of fuzzy 

sets of inputs and designed fuzzy rules, where the max-min aggregation method and centroid 

defuzzification method were used. The fuzzy inference system was established based on fuzzy set 

theory, so it was first necessary to carry out the fuzzification of the input and output variables, 

which transformed the input and output data into proper semantic values. The inputs were chosen 

as absolute scales of the system control error ( )e t and its derivative ( )de t , which were forced 

into the same range from 0 to 1 by using suitable scaling factors chosen from the system 

specifications. Then, the fuzzy range of inputs and outputs was separated into five semantic 

variables, and the corresponding fuzzy subsets were [SS; MS; MM; BM; BB]. Here, SS is small; 

MS is medium small; MM is medium; BM is medium big and BB is big. The input MFs had 

uniform shapes, and their centroids were positioned at the same intervals as in Fig. 4.7a, while the 

output MFs were set at the same intervals as in Fig. 4.7b. Based on the above fuzzy sets of the 

input and output variables, rules for computing the fuzzy reasoning results, Un, were established 

as in Table 4.1.

For each of the fuzzy P/I/D input variables, the MFs can be expressed as follows
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( ) ( )
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where ix is an input value ( ) ( )( )1 2;x e t x de tº º and , , ,ij ij ija b b- + and N are the centroid, 

left half-width and right half-width of the jth MF and the MF number of the ith input, respectively.
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Each of the fuzzy P, I and D tuners has one output: UfP, UfI and UfD, respectively, which can be 

computed corresponding to a pair of the input values

( )

( )

1

1

M

m m
m

fn M

m
m

mf w w

U

mf w

=

=

=
å

å
(4.13)

where mw is the weight of the control output, M is the MF number and ( )mmf w is the 

fuzzy output function given by

( ) ( )
,

m jk m
j k

mf w mf w=å (4.14)

where ( )jk mmf w is the consequent fuzzy output function when the first and second inputs 

are in the jth and kth classes, respectively.

( )jk m jk jkmf w d m= (4.15)

where 
jkd is a factor activated when inputs 1x and 2x are in classes jth and kth and

jkm is 

the height of the consequent fuzzy function obtained from the input classes jth and kth

( ) ( )1 2min ,jk j kf x f xm é ù= ë û (4.16)

The fuzzy output Ufn contains single output values that are initially set at the same intervals. 

Consequently, factor Un can be obtained from Ufn using the sigmoid activation function

( )
1

, 0,1
1 fn

n nU
U U

e
-

= Î
+

(4.17)

By using equations (4.10) to (4.17), the main control signal, u(t), can be obtained.
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Fig. 4.7 MF design for the inputs and output of the fuzzy controller

Table 4.1 Rule table of the fuzzy controller.

Up/ Ui/ Ud ( )de t

SS MS MM BM BB

( )e t SS MS/BB/BM MS/BB/BM SS/BB/BM SS/BB/BB SS/BB/BB

MS MS/BB/MM MS/BB/BM MS/BB/BM SS/BM/BM SS/BM/BB

MM MM/BM/MS MM/BM/MS MM/BM/MS MS/MM/MM SS/BM/BB

BM BM/SS/SS BM/SS/SS BM/MS/MS MM/MS/MM MM/MS/MM

BB BB/SS/SS BB/SS/SS BB/SS/SS BM/SS/SS BM/SS/SS
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4.5 Simulation results and discussion

Simulations were carried out to compare the performance of the WEC device with and 

without the HFW-EHA inertia/mass-controlled under regular wave case 2, which had absorbed 

the highest energy among the three wave tests. The result is plotted in Fig. 4.8. The elevations of 

the buoy increased during the first 10 s (transient state) to calculate the wave parameters and to 

reach the desired mass; after that, it was stable (steady state) for all of the remaining time. The 

response torque and speed also increased, and then the output energy was increased compared to 

the uncontrolled case. Compared with the working time of the system, the required time in the 

transient state was acceptable.

Moreover, simulations under irregular waves were performed to demonstrate the 

applicability of the proposed system for real sea conditions. Here, the wave profile was developed 

using the Pierson and Moskowitz wave spectral formulation for fully developed wind-generated 

seas from analyses of wave spectra in the North Atlantic Ocean [27] as:

5 4( ) exp( )S A Bw w w- -= - (4.18)

where 3 28.1*10A g-= , 4

19.4

0.74( )
g

B
V

= and 19.4V is the wind speed at the height of 19.4 m.

The wind speed at 3 m/s with respect to an angular frequency range of 1.5-4.0 rad/s was 

chosen to generate the random incident wave field. The irregular wave covered all of the three 

wave cases tested in Section 3. The wave profile is plotted in the top of Fig. 4.9, and the simulated 

responses of the system are presented in the same figure. 

Table 4.2 shows the energy absorption and comparison between uncontrolled and mass-

controlled cases. The absorbed energy in the mass-controlled case was larger than that of the 

uncontrolled case, because the natural frequency of the buoy was tuned to be close to the wave 
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frequency. Consequently, the buoy elevations were larger, and the buoy mass reached the desired 

value. Finally, the output energy increased about 98% compared to that of the uncontrolled system 

in regular wave case and about 63% in the irregular case.
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Fig. 4.8 Response comparisons between uncontrolled and mass-controlled systems in regular 

wave case 2
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Table 4.2 Comparisons of energy absorption

Energy absorption [J] Uncontrolled 
case [J]

Control 
case [J]

Increasing 
amount (%)

Regular wave case 2 536 1061 97.95
Irregular wave 253 413 63.24
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4.6 Chapter summary

An optimum control strategy was proposed to improve the response of the WEC system 

under realistic conditions. Supplementary inertia closed-loop control using a fuzzy PID controller 

was applied to increase the absorbed power. The proposition of the HFW-EHA was presented to 

change the inertia of the buoy. Consequently, the energy generation increased about 98% 

compared to the best working conditions of the uncontrolled system. The proposed WEC was 

designed for laboratory testing. A simple structure to reduce the cost and to install easily was 

chosen. 
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Chapter 5. CONTROL STIFFNESS MECHANISM OF WEC

This chapter proposes a new mechanism to achieve the resonant behavior of a point absorber 

floating buoy type of Wave Energy Converter (WEC) system with mechanical power take-off 

(PTO). The original WEC system uses the bidirectional gearbox to convert up and down motion 

of the wave in heave mode to one-way rotation. By designing the array of hydraulic springs, the 

equivalent stiffness of the float can be reduced to close to the relatively low frequency of the wave. 

Then the buoy is at near resonance with the wave, also increase the power capture bandwidth and 

the performance of the operating system. The specification of the system is proposed and studied. 

The working principle is analyzed. The mathematical model is then derived to investigate the 

operation. Numerical simulation using Matlab/Simulink has been done to evaluate the 

effectiveness of the new control stiffness mechanism.

5.1 Introduction

According to Falnes in [27], the maximum energy absorption can be achieved by bringing 

the natural frequencies to resonance with the incident waves and controlling the resistive load from 

the PTO system. The natural frequency of the regular WEC systems nw can be calculated by:

, ,

eq b add
n

b heave b heave

K S K

m m m m
w

¥ ¥

+
= =

+ +
(5.1)

where eqK is the equivalent stiffness, bm is the buoy mass, ,heavem¥ is the infinitely added 

mass for the heave coordinate, bS is the hydrostatic stiffness of the buoy and addK is the additional 

stiffness. 

To match the relatively low frequency of the wave vw , either the mass of the buoy must be 

increased, or the stiffness of the buoy must be decreased. As investigated and indicated in 
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conclusion by Garnaud in [3], compared with a single large buoy built with the same amount of 

material, the compact array of small buoy is potentially more efficient in natural seas. Therefore, 

this work considered reducing the stiffness of the floating buoy by modifying the structure of the 

float. By designing the array of hydraulic springs, the equivalent stiffness of the float can be 

reduced to match the relatively low frequency of the wave. So that the buoy is at resonance with 

the wave, also achieve the highest performance of the operating system. 

5.2 Design Concept and Working Principle

Oscillating bodies can be floating, semi-submerged or fully submerged, the last type is 

rarely considered [2]. This study focuses on a hemisphere floating buoy type which is shown as 

Fig. 5.1. This buoy is small in comparison to incident wavelength then it is also called a point 

absorber. Fig. 5.1 shows the schematic of the proposed WEC which consists of three main 

components: a hemi-sphere floating buoy; a power take-off system which includes a rack and 

pinion mechanism, a bidirectional gearbox (BG) coupled with a flywheel and an electric generator; 

a control stiffness mechanism (CSM) which includes four hydraulic cylinders inside the hemi-

sphere connected with a hydraulic accumulator via pipeline inside the main shaft, both are 

connected to a pressure control unit.

Original high efficiency WEC and its working principle had also been proposed in [11]. 

Under wave motion, the buoy and the main shaft are forced to oscillate up and down together in 

vertical z direction along a rigid frame. The main shaft is coupled with the BG by the rack and 

pinion gear mechanism which are illustrated in Fig. 5.1. The upward and downward motion of the 

floating buoy is transferred to one-way rotation of the output shaft thanks to two one-way bearings. 

Two pinions are fixed to two input shafts that are coupled with two driving gears. The two driving 

gears are engaged with the driven gear to convert bidirectional motion into one-way rotary motion. 

Then, the output shaft of the BG is fixed to the driven gear. The flywheel is used to store and 
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release rotational energy, which keeps the speed of the output shaft smoother. Finally, the electric 

generator driven by speed of the output shaft generates the electricity. 

The CSM includes two parts: a set of four cylinders inside the buoy and a pressure control 

system. Four cylinders are arranged perpendicular with others to provide a balance force in vertical 

direction. The working principle is illustrated by Fig. 5.2. With a displacement of the buoy in the 

vertical direction, the fluid pressure inside 4 cylinders provides a vertical spring force. This force 

counteracts the hydrostatic heave force so that it decreases the equivalent stiffness of the WEC. 

Then the natural frequency of the device can be tuned to close to the wave frequencies. Besides, 

the width capture ratio is increasing thanks to resonance condition. This working principle is 

similar to that used in the negative stiffness system [59]. The pressure control unit includes an 

electrical motor- hydraulic pump M-P combination with a control valve SV to pump high pressure 

fluid QP into 4 cylinders, a high-pressure accumulator (HPA) to maintain the pressure PS in the 

circuit, a relief valve for safety and a low-pressure accumulator (LPA) for energy saving purpose.
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Fig. 5.2 WEC behavior under wave elevation: at equilibrium position (1) and (3), upward 
motion (2) and downward motion (4).

Fig. 5.3 The cylinder spring force counteracts the hydrostatic force

5.3 The CSM model

When the buoy position higher than the calm free water surface (second buoy in Fig. 5.2), 

the force diagram is shown as Fig. 5.3 where R is the buoy radius. The high pressure inside the 

cylinder causes a force cylF along the cylinder axis. The horizontal element xF of this force is 

eliminated due to the other cylinder in the opposite side. Only the vertical element affects the 

movement of the buoy. The total force applies on the buoy in heave motion is the sum of all four 

cylinders’ forces:
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(5.2)

where P is the cylinder pressure, cA is the piston area.

As seen in above equation, this force is also a function of the buoy this displacement like 

the hydrostatic force SF . Since these forces are in the opposite sign the cylinders forces 

counteract the hydrostatic force. Then it decreases the equivalent stiffness of the buoy.

5.4 Simulations and Results

Some specifications of the test rig are measured and shown in Table 5.1: the buoy radius, 

the buoy mass, the radius of the pinion, the ratio of the BG, the flywheel rotational inertia and 

water depth, respectively. Based on the geometry of the buoy, the draft, the initial conditions and 

the hydrodynamic parameters were obtained by using WAMIT.

Table 5.1 Setting PTO parameters for testing

Specifications Parameters

Buoy radius R (m) 0.6

Buoy mass bm (kg) 178

Pinion radius pr (m) 0.05

Gearbox ratio gk 4

Fly. inertia 
2( . )I kg m 0.175

Water depth h (m) 1.2
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Table 5.2 Different wave conditions for testing

Specifications H (m) w (rad/s)

Case 1 0.096 3.142

Case 2 0.150 2.618

Case 3 0.156 2.244

The simulations are performed to validate the effectiveness of the system. First, the wave 

parameters for the three case studies are shown in Table 5.2. The test rig is run under three different 

wave conditions then the experimental results are collected and plotted in Fig. 5.4. These tests data 

are recorded in 25 seconds at steady state of working condition. Wave elevations and the buoy 

displacements are measured and plotted on the top of the figures. Then, haft of the mean wave 

energy, which is maximum absorbed energy in heave mode motion [28], and the generated energy 

are calculated and plotted on the bottom floor. The generated energy which is defined by 

integrating the generated power over the working time. The influence of the wave profiles on 

dynamic behavior of the buoy can be found these figures. Percentage change in elevation of the 

buoy compared to wave is about 60% in case 1, 120% in case 2 and 80% in case 3. Probability, 

the natural frequency of the PTO system is closer to the wave frequency in case 2 (resonance 

behavior) than the others. Moreover, the selection of the resistive load values has an effect on the 

buoy motion and the generated energy. The resistive load in case 2 is optimally chosen while in 

case 1 and 3 the resistive loads are not optimal values. This setup is proposed to compare the 

effectiveness of the proposed mechanism in both high and low efficiency cases. These results are 

also discussed in previous work [11]. Therefore, the test results indicate the influence of the wave 

profiles and resistive load on the dynamic performance of the PTO system significantly. Then, the 

simulation results based on the explained mathematical model for three cases are also plotted in 

the same figure. This simulation results did not include the control stiffness mechanism model yet. 
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The simulation results of buoy motion and energy absorbed in three cases indicates the reasonable 

agreement of the model with the real system.
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Next, the new WEC concept with the addition model of the control stiffness mechanism is 

applied to the simulation model to verify the improvement of the proposed design. The simulation 

parameters for the CSM are shown in Table 5.3. The initial pressure inside the cylinders is set at 

0, 10 and 20 bar. The zero value implies that the CSM take no effect. These pressure values are 

quite small in hydraulic system. It means the power consumption is insignificant. Spring forces 

along the cylinder axis which are calculated by the multiplication of pressure and the cylinder area 

are 0, 500 and 1000N, respectively. The new simulation results of the new WEC are shown in Fig.

5.5. The buoy displacements under three different forces are plotted on the top of the figure and 

the absorbed energies are plotted on the bottom, also. The results show that in all three cases the 

buoy elevation and the absorbed energies when forces are applied to the cylinders usually increase 

much more than those in normal case ( 0cylF = ). It means the system bandwidth is larger and the 

buoy can absorb more energy. The performance of WEC system is different under different wave 

profiles and the absorbed power is not proportional to the cylinder force. In case 1, Fig. 5.5a shows 

that in both force cases the powers increase but the power is higher when 500cylF N= than when 

1000cylF N= . It seems that the optimal value for cylF in case 1 is closer to 500N. This is also true 

for case 2 though the energy does not increase significantly when 1000cylF N= . While in case 3, 

the performance under both force values are quite similar. Result in Fig. 5.5c implies that the 

optimal value for cylF in this case is in the range of 500-1000 N. 

Table 5.3 Different conditions for simulations

Specifications Parameters

Cylinder diameter - D 0.05 [m]

Initial Pressure – 0P 0; 10; 20 [bar]

Cylinder force – cylF 0; 500; 1000 [N]
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Fig. 5.5 The wave elevation, buoy motion and absorbed energy under different spring forces in: 
(a) case 1; (b) case 2; (c) case 3
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These results show that it requires a method to choose the optimal value of the spring force. 

Therefore, the control strategy is presented to achieve the suitable force value. Fig. 5.6 illustrates 

the schematic control diagram for optimal spring force. Since the wave profile, buoy mass and 

buoy position are determined, the hydrodynamic parameters are computed. Then the desired force 

is given. The force close-loop control is applied to control the signal Sm and Sv which are owing 

to control the flow rate and valve operation of the pressure control unit. Based on that, the 

corresponding pressure value is obtained and controlled. Consequently, the optimal force is 

obtained and the performance of the wave energy converter system is improved.
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Fig. 5.6 Schematic control diagram for optimal spring force

Simulations with the optimal spring force control are performed to evaluate the performance 

of the control method. The results are shown in Fig. 5.7. The buoy elevations and energies under 

the optimal force value are plotted and compared to the highest power in each case: 500cylF N=

in case 1, 2 and 1000cylF N= in case 3. In case 2 and 3, the optimal force value brings the system 

natural frequency close to the wave frequency then the absorbed energies increase significantly. 

While in case 1 the optimal value is approximately equal to 500 N. It can be explained that the 

vertical net force is a function of 
2 2

z

z R+
while in case 1 the buoy displacement z is quite 

smaller than other cases. Then the change in the cylinder force slightly affect the change in the net 
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force value sfF . Table 5.4 shows the improvement of the system performance under the CSM with 

respect to the original system. The absorbed energies in all three cases increase significantly. 

Especially in case 1 and 3 while the system efficiencies are low due to non-optimal resistive load 

values. These results express the effectiveness of the proposed mechanism.
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Table 5.4 Comparisons of energy absorption

Energy absorption 
[J]

Without CSM [J] With CSM [J] Increasing amount (%)

Case 1 98.26 165.86 69

Case 2 604.25 764.91 27

Case 3 271.57 674.02 148

5.5 Chapter summary

This chapter develops a new mechanism for the extraction of ocean wave energy converter. 

The specification of the WEC and the control stiffness mechanism are proposed and studied. The 

working principle is analyzed. The mathematical model is then derived in order to investigate the 

system operation. Numerical simulation using Matlab/Simulink has been done to evaluate the 

performance of the system. The performances of the actual test are in reasonable agreement with 

that of model. With the new mechanism, the natural frequency of device can be tuned to close 

wave frequencies. Then, the width capture ratio is increasing thanks to resonance condition. 

Consequently, the WEC can absorb significantly more wave energy. 
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Chapter 6. CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

This thesis presented the experimental investigation and modeling of a WEC with 

mechanical PTO. Firstly, the current state-of-the-art of the WEC research was introduced. 

Advantages and disadvantages of these approaches were analyzed. 

Then, the proposed mechanical PTO-system is designed and employed in the WEC. The 

mathematical models regarding the investigation of the performance of the proposed design are 

presented. Then, experimental test of three cases of regular waves were carried out based on 

accurate mathematical models of practical wave conditions. The experiment results indicated that

the performance of the system and the conversion efficiency were acceptable. 

Moreover, wave buoy interaction is studied by using the linear potential wave theory under 

the regular and irregular wave conditions. The hydrodynamic forces included the excitation force, 

the radiation impedance and the hydrostatic force are obtained. The buoy dynamic is determined

by solving equation of motion which combines the hydrodynamic forces and the resistance force 

due to PTO system. The model is validated by experimental results under different wave profiles 

in the water tank. Additionally, these results are applied to calibrate simulation model in time 

domain. Consequently, the performances of the actual test are in reasonable agreement with that 

of the model. Simulation results were presented to fully understand the system behavior.

Finally, control strategies for optimization the absorbed power are proposed to improve the

performances of WEC under hydrodynamic behavior. One is the HFW-EHA. It is attached to 

change the inertia of the float. Consequently, supplementary mass is controlled to obtain the 

desired value under different regular waves (different amplitudes and frequencies). The 

performance of the proposed WEC is also improved by both the efficiency and working smoothly. 
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Another one is the CSM. With the new mechanism, the natural frequency of device can be tuned 

to close wave frequencies by changing the equivalent stiffness of the system. Consequently, the 

WEC can absorb significantly more wave energy.

6.2 Future works

The further works may need to include the following two aspects:

· Optimization of the design parameters to increase the overall efficiency of the proposed 

conceptual design.

· Conduction of experiments of HFW-EHA and CSM to investigate the capabilities of the 

proposed WEC in real applications.
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