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This paper proposes a design and modeling of an innovative wave energy converter using Dielectric electro active polymer (DEAP).

Firstly, an accurate model of conventional DEAP generator is investigated and validated under a specific range of ocean waves. Then,

a structure design of an antagonistic DEAP generator so-called energy capture unit (ECU), which consists of two DEAPs in

antagonistic connection mode to increase harvested energy efficiency, is modeled and validated by experimental data. A new design

of WECs is then developed with array of ECUs to increase the output energy. In addition, by using the linear potential wave theory,

the hydrodynamic forces are calculated under regular wave conditions. Consequently, a complete analytical model of the proposed

WECs using multiple ECUs under hydrodynamic behavior is then obtained to investigate the performance of energy conversion.

Finally, based on the developed analytical model, the stretch ratio known as an important factor to efficiency and output power is

investigated under the influence of the floating buoy’s mass. Then, the resonance behavior of the WECs with a typical wave frequency

can be tuned by optimizing the floating’s mass to increase the degree of utilization of the device. The simulation results indicate that

the efficiency of wave energy converter can be up to 25% thanks to resonance behavior.

Manuscript received: September 26, 2014 / Revised: April 22, 2015 / Accepted: May 12, 2015

1. Introduction

Since the oil crisis of 1973, renewable energy has attracted many

studies and harvesting energy from vibration sources has been one of

the most potential technologies.1 Among these vibration sources,

energy generation from ocean waves has become an extremely

promising candidate. Therefore, the wave power technologies have

been studied and developed for decade. Falcão AF de O2 reviewed the

development of wave energy utilization since the 1970s. There are

relevant topics are presented in this work: the characterization of the

wave energy resource, theoretical background, development of specific

equipment (air and water turbines, high-pressure hydraulics, and linear

electrical generators) and mooring systems, etc. In addition, Iraide

Loìpez et al.3 presented a complete analysis of the wave energy

technology. The characterization of the global resource is investigated

to show the most suitable places where can exploit equipment. It

describes the classification of the different types of WEC. The

tendency by companies to develop point absorber type is about

81.78%. Then, the most important development stages of floating point

absorber WEC is presented in Ref. 4. Here, the wave energy resource

is assessed for a given location. An overview of the mechanism for

different wave energy conversion systems is studied. Variations of the

power output of the generator and optimum performance of the point

absorber are presented correspond to the natural frequency of the

device. Various mooring configurations and an overview of scaled

modelling are also presented. Moreover, modelling and control strategy

techniques of a sea wave energy conversion system were presented by

J. Leclerc et al in Ref. 5. An innovative WEC using a floating cylinder

coupled with a DC generator is exploited on the shore to reduce

maintenance and the electricity transport line costs. Appropriate

improvements in the model and the control strategy is implemented to

enhance the overall process efficiency. To evaluate the performance of

a WEC under regular and irregular wave conditions, Boo Woo Nam et

al.6 carried out a numerical investigation of the hydrodynamic
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performance of the floating pendulum WEC which consists of three

main components: floater, pendulum and damping plate. The

hydrodynamic coefficients and wave exciting forces acting on the buoy

are obtained by using the higher-order boundary element method. The

effects of the main shape parameters on power absorption and buoy

motion were also investigated by numerical model.

Although development of WEC technologies has approached and

implemented a significant contribution to energy extraction from ocean

waves, there still exist some challenges to be addressed. One of the

most significant drawbacks in current WEC system is the use of a

complex mechanical structure or a low efficiency hydraulic system to

transmit and convert the fluctuating large load with low frequencies of

wave motion into the significant smaller load at higher frequencies of

electromagnetic generators.7 Therefore, studies on a direct-drive

technology for WECs with simpler structure and low operation

frequency (0.05-0.5 Hz) are necessary.

Thanks to the development of smart materials and structure, there

have been three main functional materials which can be applied to

energy harvesting field: piezoelectric, dielectric elastomer, and the

composite material combining polymer and piezoelectric ceramic.

Piezoelectric materials usually work under high frequencies and low

deformation.8,9 On a different trend, the dielectric elastomer (DE),

which has been known as polymer or compliant capacitor, is a new

technology that can be applied in WECs thank to its low cost,

lightweight, simple actuating structure and good performance in low

frequencies with large deformation. Finally, a composite material

combining polymer and piezoelectric ceramic properties was designed

to fulfill the operating requirements for integration in automobile

tires.10

A typical DE film includes a soft dielectric elastomer which is

sandwiched between two compliant electrode layers.11 There are several

works involving on the basic working principle.12-14 Fundamentals of

dielectric elastomer in generator, actuator, and sensor mode are

described in these works. In the actuator mode, electrical energy is

converted into mechanical work by bringing opposite charged layers

closer together. Inversely, in the generator mode, mechanical work is

converted into electrical energy using the polymer’s capacitive behavior.

The generator mode has gained more attention recently. A simple

dynamic model and comparisons between several energy harvesting

cycles were reported in Ref. 15. Soft capacitors for wave energy

harvesting including realistic theoretical and numerical model were

investigated to optimize electric circuit, dielectric and mechanical

material parameters.16 Development a solution for artificially increasing

the coupling factor of electrostrictive materials based on the optimizing

the frequency of the electric field and the amplitude strain of the

mechanical excitation were studied to increase in the generated

current.17 Graf C et al developed a polyurethanes which have certain

advantages over silicones and acrylates.18 The energy gain and other

important material parameters had been optimized to fit the

requirement for energy converter. Some works investigated the

performance of DE generator based on energy conversion cycle. For

example, circular energy conversion unit was implemented to carry out

experiment in Ref. 19. The test results indicated that the bias voltage

and stretch displacement have effect onto the efficiency and the output

power significantly. Several tests using a simple scale model EPAM in

wave energy harvesting system were carried out in a water tank, and

the results showed that the output energy depends largely onto wave

period.20

In addition, some authors have studied different modeling techniques.

Graf C et al presented a simulation model for DE generators which

combines the electrostatic properties and the nonlinear elastic behavior

(the Neo-Hookean stress-strain model) of the polymer material.21 A

biaxial plane generator using a dielectric polymer was developed in

Ref. 22. Here, a reliable method for generator modelling was proposed

and validated by experiments. Then, the structure was optimized with

material properties constraints. In another attempt, Antoniadis A et al

presented dielectric elastomer energy generating synergetic structures

(DIESYS) which connect two elementary characteristic DIESYS

design concepts for in-plane and out-plane oscillations.23 The Neo-

Hookean model was also employed to describe non-linear broad-band

system response in this work.

Most of previous studies of DE materials in the generator mode

have shown favorable results under laboratory condition. The main

purposes of these works involve in optimization energy harvesting

cycles to increase conversion efficiency and output power. DE material

properties were studied to fit the requirement for energy converter and

to decrease the losses. Test results indicated the stretch ratio as a

significant factor affect to the harvested energy; meanwhile these

values were prescribed in advance precisely. However, for wave energy

converter using DE, stretch ratio must be determined by solving the

equation of motion which combines the hydrodynamic force coupled

with the DEAP forces. Consequently, stretch ratio would be optimized

to maximize output power and to prevent mechanical breakdown. 

This paper presents an innovative design of WECs using an array

DEAPs with floating buoy’s mass configuration for higher energy

efficiency. Firstly, modeling of DEAP material in generator mode is

presented. Here, the Mooney-Rivlin strain model along with two sets of

DEAP parameters is employed to describe electromechanical behavior

of DEAP generator. This model is then validated by experiment under

low operating frequencies of the wave excitation force. Secondly, in

order to scavenge the pre-strain energy and the returned energy, a design

concept of an energy capture unit (ECU) is proposed, and a simulation

model is developed to investigate the induced force in term of stretch

ratio. Then, the model is validated by a reasonable agreement between

simulation and measurement results. Next, a complete analytical model

of the energy capture unit (ECU) coupling with hydrodynamic behavior

is calculated under the regular wave conditions. The hydrodynamic

forces including the excitation force, radiation impedance, viscous and

hydrostatic force, are presented by using the linear potential wave

theory. Then, structural optimization for ECU is calculated to increase

the degree of utilization of the device and to optimize stretch ratio. By

adjusting the mass of floating buoy, the natural frequency of the device

is turned close to the excitation force frequency (resonance behavior).

Mass adjusting mechanism is introduced in an innovative design of the

floating buoy. Finally, a numerical simulation is built in MATLAB/

Simulink to investigate performances of ECU under hydrodynamic

behavior. By setting some parameters, simulation results indicates that

stretch ratio can be adjusted to optimize the utilization of wave energy.

Consequently, the efficiency of the WECs can be increased

significantly thanks to resonance behavior.
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2. Energy Harvesting Principle

There are several energy cycles which can be used to produce

electrical energy from DEAP material.14 In this work, for simplicity, we

present one energy cycle based on a constant charge Q. The basic

operating principle of DEAP generator in an energy harvesting cycle is

generally described in Fig. 1. Here, DEAP material is usually pre-

stretched to decrease the charging voltage and increase the efficiency

(phase 0-1). Because DEAP acts like variable capacitor (compliant

capacitor), stretching DEAP causes reduction in thickness and

increasing the surface area (phase 1-2). Its capacitance is varied as a

well-known equation:

(1)

where ε0 is the permittivity of free space (8.85×10-12 F/m), εr is the

relative dielectric constant of DEAP, S is the active electrode surface,

t and B are the thickness and volume of DEAP material, respectively.

At the point 2, a pre - charge Q = CVc is placed upon the two

electrode layers where positive charges are on one side and negative

ones are one the other side. Due to the Coulomb’s law, an electric field

is induced between two electrode layers. Consequently, stress, due to

electrostatic force, is given in Ref. 23, and can be expressed in Eq. (2).

It is assumed that only electrostatic phenomenon is represented.

(2)

where E is the magnitude of the electric field describing the electrostatic

phenomenon.

At this moment, the input energy into DEAP can be given in the

following equation:

(3)

where Cc and Vc are the capacitance and the voltage between two

electrode layers, respectively. On path 3-4, the DEAP material is

allowed to contract to point 4 based on the equilibrium between the

elastic recovering force and the electrostatic force. Then, the stored

energy in DEAP at this point is expressed in Eq. (4):

(4)

where Cd and Vd are is the capacitance and the voltage on two electrode

layers, respectively.

Finally, the output energy of DEAP generator per cycle defined as

the difference between Eqs. (4) and (3) and is obtained in Eq. (5)

(5)

The second equality in above equation can be written because charge

Q = VCc is essentially constant.

3. Modeling of DEAP Material in Generator Mode

In order to describe DEAP mechanical behavior, a complete model

including mechanical coupling electrical system is presented by Ref.

26. The equation of motion in term of stretch ratio is expressed in the

set of Eq. (6).

(6)

where meq is an equivalent mass includes attached mass of a support

system and half of DEAP material mass; lx and l0 are the current and

the initial length, respectively; λx and α are stretch ratio and the strain

of DEAP generator, respectively; Fe(t), Fel and Fme is an excitation

force, an elastic recovering force and Maxwell force, respectively.

For calculation the elastic recovering force, the Mooney-Rivlin

model is employed to describe stretch and force relationship. Stress in

term of stretch ratio was given in Refs. 24 and 26, and expressed in Eq.

(7). Then, the elastic recovering force is obtained by multiplying results

of Eq. (7) and current section area in Eq. (8).

(7)

(8)

where C1 and C2 are DEAP material parameters; w0 and t0 are initial

width and thickness respectively.

The Maxwell force can be obtained by multiplying the results of Eq.

(4) and current section area Sx = wl, and expressed in Eq. (9):

(9)

Substituting Eqs. (8) and (9) into Eq. (6), the coupled equation of

motion can be obtained as follow:

(10)

Material parameters C1 and C2 can be determined by curve fitting

experiment results with Eq. (10). Training data consisting of stretch

ratios and response forces are obtained by measuring directly. Then,

these data are used to optimize material parameters C1 and C2 using a

standard tool ‘lsqcurvefit’ in Matlab/Simulink. As results, two different

sets of DEAP parameters are obtained in stretch and relaxation phase

separately to describe viscous behavior under the narrow range of

operating frequencies. In order to validate this model, a simple test rig

was set up. Here, specification of DEAP material and experimental
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Fig. 1 Basic working principle of DEAP energy cycle
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parameters are shown in Table 1 and Table 2, respectively. Then, set of

material parameters C1 and C2 are determined and shown in Table 3.

For general case, Michael W et al determined time dependent material

parameters by using Prony series in Ref. 25. However, for a specific

case such as small stretch ratio and narrow range of operating

frequencies, the proposed method is simpler than that of;25 meanwhile

the accuracy of model is acceptable.

Substituting material parameters into Eq. (10), a response force is

obtained to compare with that of experiment. A test rig for experiment

is illustrated in Fig. 2, and experimental results are plotted in Fig. 3.

Although a narrow range (0.1-1 Hz) has been investigated for validation,

for simplicity, only 0.5 Hz operating frequency results is shown in this

figure. The test results indicated that the proposed model can be

validated, thank to small relative error (<5%).

4. An Innovative Design of a WEC System

4.1 Design concept & working principle

The general concept of the proposed WEC is depicted in Fig. 4

which consists of five main components: a platform, energy capture

unit (ECU), a floating buoy, a balloon chamber and a sea water pump.

The platform is held stationary relative to free water surface on the sea

and fixed to ECU at one end. Multi ECUs are assembled in circular

array on the platform axis symmetrically. The other ends of these ECU

are also fixed on the other floor of the platform. Each ECU consists of

two DEAP generators, which are in antagonistic connection and shown

in Fig. 5. The truncated vertical cylinder buoy with a hemisphere at the

lower end is employed to decrease viscous. The buoy is linked to the

platform by a guideline shaft. Other smaller shafts are fixed their one

end on the floating buoy, and the other ends are fixed to ECU at

midpoint between two DEAP generators. The balloon chamber with

pre-charged pressure is mounted inside the floating buoy.

The main purpose of this design is to convert the wave energy into

electrical energy in high efficiency. Moreover, the output energy can be

optimized by calculating the quantity of ECUs, and the maintenance

can be done by replacing ECUs easily. For each ECU, the pre-stretch

process to equilibrium position is carried in advance. Therefore, the

pre-stretch energy is not taken into account, and the mechanical energy

can be converted to useful electrical energy without loss for pre-

stretched energy. 

Reacting to the incident waves, the floating buoy is forced to

oscillate up and down. Consequently, DEAP generators are also

stretched and relaxed. Due to antagonistic connection, one DEAP

generator is stretched; meanwhile the other DEAP is allowed to retract.

On the other hand, the elastic force of one DEAP generator in relaxing

phase is used to stretch the opposite one. Thus, the required forces

Table 1 Specification of DEAPs generator

Parameters Value

t0 80×10-6  m

w0 2 m

l0 0.18 m

ε0 8.85×10-12 F/m

εr 3.1

Emax 40×106 V/m

DEAPs mass 0.0297 kg

Table 2 Experimental parameters for identification procedure

Parameters Value

Operating environment Dry environment

Operating frequency 0.5 Hz

Sampling time 0.01s

Maximum stretch ratio 122.5%

meq 0.7 kg

Gravitational acceleration 9.81 m/s2

Table 3 DEAP parameters from the tensile test and relaxation

Parameters Stretch stroke Relax stroke

C1 (Pa) 4.52e5 2.53e5

C2 (Pa) -3.52e5 -1.18e5

Fig. 2 Experimental setup for DEAP model

Fig. 3 Response force comparisons between simulation and

measurement results under 0.5 Hz and 1300 V charged voltage.
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using to operate ECU are reduced under the same stretch ratio. Then,

the energy conversion efficiencies can be increased significantly.27

For maximum absorbed energy, the inertia of the floating buoy

structure must be tuned to values that bring the natural frequencies of

device close to wave spectrum frequencies (resonances behavior). A

bidirectional seawater pump is employed to change floating buoy’s

mass by pumping water into the chamber or outside environment. The

pre-charged pressure inside the balloon chamber keeps water stable to

reduce the influence of hydrodynamic behavior inside chamber. In

literature, the floating buoy can be split into two parts,28 one is closed

to the water surface to have good radiation capabilities, and the other

one is submerged deep enough to not affect the radiated wave from the

surface buoy.

4.2 Mathematical model

In order to investigate the performance of the proposed WEC under

the hydro-mechanical dynamic behavior, a schematic is shown in Fig.

5. Here, the forces acting on the floating buoy consist of the reactive

force, due to power take-off system (PTO), and the hydrodynamic

forces, due to the incident wave.29 The behavior of the buoy is analyzed

as a single body system with one degree of freedom along the vertical

z-axis.30 According to the Newton second’s law, the equation of floating

motion is expressed in Eq. (11):

(11)

where Fw(t) is the hydrodynamic force that can be calculated by the

following equation:

(12)

where Fe(t) is the excitation force, which is usually decomposed in two

components: Froude-Krylove force and the diffraction force.31 Here,

the Froude-Krylove force is caused by the undisturbed wave field and

can be represented for the excitation force. The diffraction force can be

negligible due to the small floating buoy compared with wavelength

and small phase difference. The excitation force Fe(t) is simplified by:

(13)

where κ is the hydrodynamic parameter for the heave mode of a floating

truncated vertical cylinder of radius a, which is computed by using a

method of Eidsmoen, or can be obtained by using non-dimensional

graphs;30 ρ is the density of sea water; η is wave elevation.

Fr(t) is the radiation damping force which is induced by buoy

oscillations, and expressed in the set of Eq. (14)

(14)

where z(t) is the displacement of the buoy; ma is the added mass and

Rr is the radiation damping coefficient; µr and εr are the hydrodynamic

parameters which are depended the body geometry and working

condition on the ocean, and can be determined by using the graphs

(versus the coefcient ka).

Fv(t) is the viscous damping force, due to relative turbulent flow,

and can be calculated by:

(15)
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Fig. 4 The proposed structure of WEC assembled multiple ECU

Fig. 5 Schematic of the ECU
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where Cdr is drag coefcient and Ad is the water plane area of the buoy

at rest.

Fs(t) is the hydrostatic restoring force, due to excursion of the buoy

from its equilibrium position, which can be calculated by using the

Archimedes principle, and is simply given in the set of Eq. (16):

(16)

where Sb is the so-called the hydrostatic stiffness.

Substituting Eqs. (13)~(16) into Eq. (12), the hydrodynamic force is

obtained in Eq. (17)

(17)

FPTO is the PTO force which couples the electromechanical forces of

the 1st and 2nd DEAP generator. As shown in Fig. 4, FPTO is calculated by:

(18)

where F1(λ1) and F2(λ2) are the electromechanical forces of the 1st and

2nd DEAP generator, respectively. Once λ = λ1 is defined as stretch

ratio of the 1st DEAP generator, λ2 can be obtained in term of λ in the

set of Eq. (19)

(19)

where Se and X0 are stretch ratio and displacement of DEAP generator

at the equilibrium position, respectively; l0 is the initial length of DEAP

generator.

Finally, F1(λ1) and F2(λ2) can be re-written in term of λ in the set

of Eq. (20)

(20)

Substituting Eq. (20) into Eq. (18), the PTO force FPTO is re-written

by follow:

(21)

In order to validate the simulation model Eq. (21), a test bench for

experiment is implemented and shown in Fig. 6. Two DEAP generators

are antagonistic connected at one end, while the other ends are fixed to

above platform. A DC motor coupled with slider-crank mechanism is

employed to actuate these DEAP generators. A load sensor and a

displacement sensor are used to measure the response forces and

displacement in the real time. An electric circuit is also installed to

place the charging voltage on two electrode surfaces of DEAP material.

Finally, response force comparisons between measurement and model

Eq. (21) are shown in Fig. 7. It shows that good agreement between

model Eq. (21) and experiment data is found due to small relative error

(<5%).

Then, the complete motion equation of floating buoy is obtained by

substituting Eqs. (21), (17) into Eq. (12), and it is expressed in the set

of Eq. (22):

(22)

5. Structural Optimization for the Floating Buoy

As introduced, in order to maximize the absorbed energy, the

natural frequency of PTO devices ωn must be close to wave frequency

ω (resonance condition).31 For the given WEC, the natural frequency is

calculated in the following equation:

(23)

where Keq is equivalent stiffness of PTO device and defined as:

(24)

At equilibrium position on free water surface, the floating buoy is

suspended with draft L. Then, Meq can be determined by the following

equation:

(25)

Optimization values of L can be derived by substituting Eqs. (24)
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and (25) into Eq. (23), and its result is obtained by:

(26)

Once radius of floating buoy is pre-designed, the submerged length

L is determined by Eq. (26).

6. Energy Conversion Efficiencies

For the given regular wave, the average wave power is given by

Ref. 30, and re-written in Eq. (27):

, (J/m2) (27)

where e is the mean wave energy density per unit horizontal area which

is the sum of kinetic ek and potential energy ep; cg is the group velocity

which can be obtained by constant water depth in the set of equations:

(28)

where D(kh) is the depth function; h is the water depth and k is the

angular repetency (wave number) which is defined by: k = 2π/λ

The time dependency of average potential wave energy is obtained

by integrating Eq. (27) over time domain:

, (J) (29)

In analogy with Eq. (29), the time dependency of total theoretical

harvested energy is obtained by integrating Eq. (5) over time domain:

, (J) (30)

Finally, the total efficiencies of the proposed WEC defined by ratio

of Eqs. (30) and (29) is obtained in Eq. (31)

(31)

7. Simulation Results and Discussions

In order to investigate the performance of the proposed WEC, a

numerical model is built in MATLAB/Simulink based on Eq. (22).

Simulation is performed under two regular waves with different wave

amplitudes and frequencies which are given in Table 4. Then, Eq. (22)

is solved by an ODE4 (Runge-Kutta) method with fixed step 0.01 s to

determine the buoy elevation. Then, stretch ratio in term of buoy

elevation z is obtained. Next, the equivalent stiffness, the optimum

mass and the optimum draft are obtained by using Eqs. (24), (25) and

L
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1 µr+( )Sbω
2
/g

----------------------------------
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3
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e ek ep+
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8
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2
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Fig. 7 Response force comparisons between simulation FPTO and

measurement results

Table 4 Setting parameters for simulation

Parameters Value

a 0.25 m

h 9 m

Vc 1300 V

Case 1: η1 0.005sin(2.244t) m

Case 2: η2 0.004sin(πt) m

Fig. 8 Simulation results of the equivalent stiffness, the optimum buoy

mass and draft under case 1 of wave
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(26), respectively. Finally, simulation results under case 1 and case 2

are plotted in Figs. 8 and 9, respectively.

As shown in Fig. 8, a quarter of ideal stretch ratio is investigated to

determine optimum values of the stiffness, mass and draft for a given

wave frequency. It is clarified that the optimum values are not constant

due to nonlinear behavior of DEAP material.

In Fig. 9, the equivalent stiffness is the same, but the equivalent

mass and draft is smaller compared to that of Fig. 8. At the same stretch

ratios, the reactive forces obtained by Eq. (21) are the same, whereas

the equivalent mass and draft are strongly dependent on excitation

frequencies. Once wave frequency is increased, the optimum mass and

draft must be decreased to tune the device into resonance zone with

higher wave frequency.

When optimum floating buoy mass is determined, various mass

values bounded this value are selected to simulate the performance of

device. Then, simulation results are shown in Figs. 10 and 11.

In Fig. 10, floating buoy elevations under different masses are plotted

in the top floor. As shown, at Meq = 350 kg, the buoy elevation has the

highest amplitude thanks to resonance behavior. Therefore, stretch ratio

and the harvested energy are also the highest values. In theoretical

vibration, these results are reasonable agreement. However, due to

limitation of stretch ratio for mechanical breakdown DEAP, the buoy

mass must be selected to satisfy maximum stretch ratio in the steady

state. Some values around of the resonance region in both sides

decreases the buoy elevation amplitude. Thus, stretch ratio and the

ideal harvested energy are also decreased.

In analogy with Fig. 10, the simulation results under the wave of

case 2 are shown in Fig. 11. Here, simulations are carried out by

changing mass from 100 kg to 250 kg with step 50 kg. One more

simulation is also performed at Meq = 182 kg which can bring the

natural frequency to the resonance region. Apparently, the optimum

mass in case 2 is smaller than that of case 1 in Fig. 10. Therefore, the

optimum mass is decreasing when the wave frequency is increasing

according to Eq. (23).

Fig. 9 Simulation results of the equivalent stiffness, the optimum buoy

mass and draft under case 2 of wave

Fig. 10 Buoy elevations, stretch ratios and total theoretical harvested

energy for various equivalent masses: 200 kg, 250 kg, 300 kg, 350 kg

and 400 kg; under case 1 of wave

Fig. 11 Buoy elevations, stretch ratios and total theoretical harvested

energy for various equivalent masses: 100 kg, 150 kg, 182 kg, 200 kg

and 250 kg under case 2 of wave
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According to Eq. (31), total efficiency is investigated under different

masses and plotted in Figs. 12 and 13 for case 1 and case 2 of wave,

respectively. In case 1 of wave, total efficiency can be found more than

32% thanks to resonance behavior. And, more than 45% efficiency in

wave energy conversion can be reached in case 2 of wave in theory. In

realistic, stretch ratio must be satisfied the mechanical breakdown

limitation of DEAP material. Therefore, for the given wave, the mass

must be tuned to reach the maximum stretch ratio of the given material.

For example, in this study, maximum stretch ratio of DEAP material is

about 1.22. The ideal performance at steady state for two case of waves

are shown in Figs. 14 and 15.

In Figs. 14 and 15, although there is little overshoot at the transient

period, maximum stretch ratios are stable in steady-state (from 80 s).

Then, the ideal harvested energy (without frictional losses) are shown

in the middle of these figures. The same harvested energy (3 J) can be

found in two cases of wave due to the same ideal stretch ratio. Since

the total wave energy in case 1 is larger than case 2, the total efficiency

in case 1 (about 16.7%) is smaller that of case 2 (about 25%). Total

efficiency difference involves in the reactive force FPTO which can also

be controlled to adapt a given incident wave by changing number of

ECU. In this study, only one set of ECU is employed to calculate the

harvested energy, hence the ideal harvested energy efficiencies are

different in two cases of simulation.

Fig. 12 Change in the total efficiencies under different equivalent

masses: 200 kg, 250 kg, 300 kg, 350 kg and 400 kg under wave in

case 1

Fig. 13 Change in the total efficiencies under different equivalent

masses: 100 kg, 150 kg, 182 kg, 200 kg and 250 kg under wave in

case 2

Fig. 14 The ideal performance of the proposed WEC under wave

elevation η = 0.005sin2.244t(m) at Meq = 335 kg

Fig. 15 The ideal performance of the proposed under wave elevation

η = 0.004sinπt(m) at Meq = 168 kg
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8. Conclusion and Future Works

This paper proposed an innovative design concept of WEC using

DEAP material. A numerical model of the proposed WEC under

hydrodynamic behavior was built to investigate the performance under

two regular waves (different wave amplitudes and frequencies) and

equivalent masses.

Firstly, simulation model for DEAP behavior is presented and

validated by a reasonable agreement with experimental results.

Then, the coupled model including the hydrodynamic forces and the

resistive force from the PTO system is built in Matlab/Simulink to

investigate the performance of the device.

Next, structural optimization is presented by using the wave linear

theory. Simulation results indicate that floating mass should be tuned to

be resonance with the incident wave frequency to optimize the

harvested energy and total efficiency. The total efficiency can be found

larger 45% thanks to resonance behavior. Moreover, due to non-linear

behavior of the reactive force, a range of various optimum values for

the equivalent mass and draft are found to be dependent on the incident

wave frequency.

In realistic condition, stretch ratio of DEAP material is limited by

the mechanical breakdown value (about 1.22). Therefore, the buoy mass

must be controlled to desire the given value. The ideal buoy masses

found by simulation for case 1 and case 2 are about 335 kg and 168 kg,

respectively. Simulation results in case 2 show that the harvested energy

is about 3 J after 100 s and the ideal total efficiency can reach higher

25%.

Future works involve in control strategies to optimize the harvested

energy. A variable supplementary masses will be studied to apply in the

PTO system, also the reactive force will be considered to optimize the

hydrodynamic performance. Then, the proposed WEC is investigated

under irregular wave. An appropriate wave spectrum will be selected to

carry out the simulation. A simple test rig can be fabricated and tested

in the water tank in the Research Institute of Small & Medium

Shipbuilding (RIMS). In addition, some DE materials with larger strain

capacity and higher energy density will be studied for increasing the

output power.
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