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Abstract

Nowadays, wave energy plays an important role in renewable energy resource. In over 30 years, several researches in wave
energy converter system (WEC) have been deployed and carried out. This paper proposes a new mechanism to achieve the
resonant behavior of a point absorber floating buoy type of WEC system with mechanical power take-off. 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. In this paper, the specification of the system is proposed and studied. The working
principle is analyzed. The mathematical model is then derived to investigate the operation. Experiments are performed to
validate the simulation results based on mathematical model. Numerical simulation using Matlab/Simulink has been done

to evaluate the effectiveness of the new control stiffness mechanism.

Keywords Wave energy converter (WEC) - Point absorber - Mechanical power take-off (PTO) - Bidirectional gearbox

(BG) - Stiffness spring mechanism

1 Introduction

On the purpose of reducing environment pollution and
dealing with the conflicts of the depletion of the fossil fuel
resource, the alternatives renewable energy resources have
been urgently searched for over decades. 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 ten times
higher than solar and five 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.
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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 tech-
nologies have been proposed and numerous prototypes have
been deployed in real sea. Irade and Falcao presented their
own reviews on wave energy technologies and WEC systems
also. WEC have various types, shapes, sizes and methods.
Both Irade and Falcdo 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]. 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 hydro-
dynamic perspective [3]. Under wave form motion, a device
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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 power take-off (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. 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 com-
ponents 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 genera-
tors (rotational instead of linear) to be used. Thus, this paper
presents a WEC with new mechanical PTO design with sim-
ple structure and high efficiency to convert wave energy to
electrical energy.

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 sec-
ond approach includes several methods as latching control
(known as phase control) which firstly proposed by Falnes
[17, 18], French [19] and Guenther [20] or declutching
control presented by Falcao [21]. Both methods in second
approach are required a predictive model which can be found
similarly in Refs. [22, 23].

According to Falnes in Ref. [24], the maximum energy
absorption can be achieved by bringing the natural frequen-
cies to resonance with the incident waves and controlling the
resistive load from the PTO system. The natural frequency
of the regular WEC systems w, can be calculated by:

o = Keq _ Sp + Kaaa M
" mb + moo,heave mb + moo,heave

where Keq is the equivalent stiffness, m,, is the buoy mass,
oo.heave 1 the infinitely added mass for the heave coordinate,
S, is the hydrostatic stiffness of the buoy and K, is the
additional stiffness.

To match the relatively low frequency of the wave w,,
either the mass of the buoy must be increased, or the stiff-
ness of the buoy must be decreased. As investigated and

m

indicated in conclusion by Garnaud in Ref. [3], compared
with a single large buoy built with the same amount of mate-
rial, 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.

In this paper, 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 sys-
tem. 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 control-
ler is designed to control the stiffness so that the developed
WEC can capture wave power with the highest efficiency.

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. 1. This buoy is small in comparison to incident wave-
length then it is also called a point absorber. Figure 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 mecha-
nism, 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 pres-
sure control unit.

Original high efficiency WEC and its working principle
had also been proposed in Ref. [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. 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 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.
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Fig. 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
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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 illus-
trated by Fig. 2. With a displacement of the buoy in the verti-
cal direction, the fluid pressure inside four 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 [25]. The pressure control unit includes an
electrical motor-hydraulic pump M-P combination with a
control valve Sy, to pump high pressure fluid Qp into four
cylinders, a high-pressure accumulator (HPA) to maintain
the pressure Pg in the circuit, a relief valve for safety and a
low-pressure accumulator (LPA) for energy saving purpose.

3 Dynamics Modelling

The general dynamics of the WEC can be described by the
motion of floating buoy under the effect of the hydrody-
namic force F, the resistance force F,,, due to the PTO sys-
tem and the spring forces of the cylinders F';. In this paper,
the WEC behavior is simulated in time domain and regular
waves. This is the main limitation of the model since irregu-
lar wave inputs would be more accurate and more realistic.
However, the difference is limited, at least for short waves

[13]. Therefore, the simplified model of regular waves is
acceptable and chosen.

The study of the mathematical model was discussed in
detail in the previous work [11]. The floating buoy dynamics
are obtained by solving the following equation:

myi=F,+F,,+Fy )

where z is the vertical displacement of the buoy.
3.1 Hydrodynamic Model

In time domain, the simplified hydrodynamic force F), act-
ing on the buoy which combines the excitation force F,, the
radiation force F,, the viscous force F, and the hydrostatic
restoring force F| is calculated by the following equations:

F,=F,+F,+F,+F, 3)

F,= feg sin(wt + a) 4)

F.=-Mj7Z-R,z? )
1 PN

Fy==5pCeAy& =)z =1l (6)

Fy=—pgAsz=—S,2 (7

The excitation force which can be evaluated by WAMIT
[26] directly, where f, is the excitation force coefficient; H
and w are the wave height and frequency and a is the phase
angle between the wave and the induced heaving force.

Free water
surface

Fig.2 WEC behavior under wave elevation: at equilibrium position (1) and (3), upward motion (2) and downward motion (4)
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The radiation force is the required force to move the float-
ing 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 where
M, is the added mass and R, is the radiation damping coef-
ficient which can be evaluated with WAMIT.

The viscous effects can be modeled similar to the drag
term where p is sea water density C, is the drag coefficient,
A, is the characteristic frontal area which depends on the
body area projected on the water plane, and 7 is the vertical
velocity of the free water surface.

The hydrostatic force which is governed by Archimedes’
Principle and it is the difference between the volume of dis-
placed water where p is the gravitational acceleration, S, is
the buoyancy (hydrostatic) stiffness.

3.2 PTO Model

For simplicity, the resistive force from the PTO system can
be comprised of two components: friction force and resistive
force from the generator, which is presented in the following
equation:

Fpo = Fp +F, ®)

where F, represents the mechanical friction and viscous
forces acting on the floating buoy.

The resistive force from the generator F, is only taken
into account when the instantaneous speed of the input shaft
n, caused by the velocity of the floating buoy, is larger than
the generator speed 6. Otherwise, in reversely, there is no
resistant force on the buoy. The resistive force can be cal-
culated by:

A Z
141y for 0 <n where n= akg
¢ C))

0 for otherwise

where T}, is the resistive torque from the generator and 7 is
the torque from the flywheel, r, is the radius of the pinion,
k, is the ratio of the bidirectional gear.

3.3 The Control Stiffness Mechanism Model

When the buoy position higher than the calm free water sur-
face (second buoy in Fig. 2), the force diagram is shown as
Fig. 3 where R is the buoy radius. The high pressure inside
the cylinder causes a force F, along the cylinder axis. The
horizontal element F, 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

Fig. 3 The cylinder spring force counteracts the hydrostatic force

the buoy in heave motion is the sum of all four cylinders’
forces:

Z

V2 +R?
(10
where P is the cylinder pressure, A, is the piston area.

As seen in above equation, this force is also a function
of the buoy this displacement like the hydrostatic force Fj.
Since these forces are in the opposite sign the cylinders
forces counteract the hydrostatic force. Then it decreases
the equivalent stiffness of the buoy.

Fy =4F, =4F . sina = 4PA sina = 4PA,

3.4 Energy Conversion

Below are the equations for calculating the generated power
and energy of WEC, respectively. The power is equal to the
multiplication of the generator resistive force and speed. The
energy is integral of power over time. These equations are
used to evaluate the improvement of the system with and
without the control stiffness mechanism by calculating the
values in both cases.

P,=T,0 an
t
E, = /Pgdt (12)
0

4 Test Rig Setup and Model Verification

In order to verify the analytical model of basic WEC, the
test rig was fabricated and setup at the Research Institute
of Small and Medium Shipbuilding (RIMS), Busan, Korea.

The schematic diagram of the whole system is shown
in Fig. 4. The main components include a wave maker; the
buoy coupled with the PTO system (via the rack and pinion
mechanism) consists of the BG module, which is comprised
of a guide line system, the rack and pinion gear mechanism,
the flywheel and a load simulator in the test rig as shown
in Fig. 5. In this paper, a magnetorheological (MR) brake
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Torque<-------- ;

Gearl?ox

Bidirectional

Fig.4 The structure of experiment test rig

Fig.5 The completed test layout of the PTO deployed in the wave
tank: 1—hemi-sphere buoy; 2—rigid frame; 3—wave maker; 4—
main shaft; 5—rack and pinions; 6—bidirectional gearbox; 7—Afly-
wheel; 8—torque sensor; 9—load simulator

is used to represent the generator since it can be adjusted
the load or the driven torque easily in the experiment. MR
brake’s working principle is based on the MR-fluid char-
acteristic. The MR Fluid in magnetic field will apply a
torque to the output shaft. The MR brake is then close-loop

@ Springer KE ;]E

Table 1 Setting PTO parameters for testing

Specifications Parameters
Buoy radius R (m) 0.6
Buoy mass m,, (kg) 178
Pinion radius r,, (m) 0.05
Gearbox ratio kg 4
Fly. inertia I (kg m?) 0.175
Water depth A (m) 1.2
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Fig.6 Comparisons between model and experimental results

Table 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

controlled to simulate the induced torque by the electric gen-
erator, 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. The estimation of
the friction parameters and some required coefficients is per-
formed in the previous work [11]. A load cell is installed on
the floating buoy kept stationary relative to the platform. At



International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:477-488 483

Displacement [m]

-0.041

300

200

Energy [J]

100

0.10

placement [m]

1S

D

-0.10¢

900 ]
800
700
6001
>) 4
5 o)
%)
S 3001
200
100

7]

5 5 5
=3 <3 =3
S s} =

S
f=3
o

o
[=1
G

e
=3
S

-0.05¢

—— Waveele----- Buoy motion
N N N N N [ n n
Il i I {

Buoy Sim.
T

[\ [
|

A

I

\f [ |/ |
\/ \/ / \/ \/

\

— 1/2 wave energy------ Actual absorbed energy
Sim. absorbed energy

Buoy sim

— 1/2 wave energy----- Actual absorbed energy
Sim. absorbed energy

5 10 15 20 25
Time [s]

(b)

0.08
0.06 /A
0.04

0.02

Displacement [m]

—— Wave----- Buoy motion

N A / N

Buoy Sim.

— 1/2‘ an‘e enérgy-‘- . Actlual albsorlbed t‘energ‘y
Sim. absorbed energy

Fig.7 The wave elevation, measured values and simulation values of buoy motion and energy under: a case 1; b case 2; ¢ case 3

the equilibrium position of the buoy relative to free water
surface, the load cell is calibrated to zero. A water level sen-
sor is placed in phase with the floating buoy.

Some specifications of the test rig are measured and
shown in Table 1: the buoy radius, the buoy mass, the
radius of the pinion, the ratio of the BG, the flywheel

Table 3 Different conditions for simulations

Specifications

Parameters

Cylinder diameter—D
Initial pressure—P,,
Cylinder force—F,,

0.05 (m)
0; 10; 20 (bar)
0; 500; 1000 (N)
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Fig.8 The wave elevation, buoy motion and absorbed energy under different spring forces in: a case 1; b case 2; ¢ case 3

rotational inertia and water depth, respectively. Based on  excitation coefficient and the phase angle are obtained in
the geometry of the buoy, the draft, the initial conditions  previous work [11] also.

and the hydrodynamic parameters were obtained by using
WAMIT. The hydrodynamic parameters for wave frequency

Experiments are carried out and compared with simu-
which include the added mass, the radiation damping, the

lation results in Fig. 6. The actual test and model of the
buoy displacements are plotted on the top of this figure,
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Fig.9 Schematic control diagram for optimal spring force

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. Despite some unsta-
ble positions of measured torque, probably due to non-linear
wave hydrodynamic behavior, the frictional forces or impre-
cise mechanical parts, the mean value is approximated with
the model.

5 Simulations and Results

The simulations are performed to validate the effectiveness
of the system. First, the wave parameters for the three case
studies are shown in Table 2. The test rig is run under three
different wave conditions then the experimental results are
collected and plotted in Fig. 7. These tests data are recorded
in 25 s 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
[27], 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 resis-
tive 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 signifi-
cantly. 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 con-
trol stiffness mechanism model yet. The simulation results
of buoy motion and energy absorbed in three cases indicates
the reasonable agreement of the model with the real system.

Next, the new WEC concept with the addition model
of the control stiffness mechanism is applied to the simu-
lation model to verify the improvement of the proposed
design. The simulation parameters for the CSM are shown
in Table 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 0O,
500 and 1000 N, respectively. The new simulation results of
the new WEC are shown in Fig. 8. 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 eleva-
tion and the absorbed energies when forces are applied to
the cylinders usually increase much more than those in nor-
mal case (F,; = 0). 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. 8a shows that in both force cases the pow-
ers increase but the power is higher when F,; = 500 N than
when F,; = 1000N. It seems that the optimal value for
F, in case 1 is closer to 500 N. This is also true for case
2 though the energy does not increase significantly when
F.,; =1000N. While in case 3, the performance under
both force values are quite similar. Result in Fig. 8c implies
that the optimal value for F, in this case is in the range of
500-1000 N.

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-
ure 9 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 S, and S, 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.

Simulations with the optimal spring force control are per-
formed to evaluate the performance of the control method.
The results are shown in Fig. 10. The buoy elevations and
energies under the optimal force value are plotted and com-
pared to the highest power in each case: F;; = 500N in case
1,2 and Fcy, = 1000 N in case 3. In case 2 and 3, the optimal
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Fig. 10 The buoy motion and absorbed energy under optimal spring force in: a case 1; b case 2; ¢ case 3

force value brings the system natural frequency close to the
wave frequency then the absorbed energies increase signifi-
cantly. While in case 1 the optimal value is approximately
equal to 500 N. It can be explained that the vertical net force
. . 2 o .

is a function of Wy 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 force value
F;. Table 4 shows the improvement of the system perfor-
mance under the CSM with respect to the original system.
The absorbed energies in all three cases increase
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Table 4 Comparisons of energy absorption

Energy Without CSM (J) With CSM (J) Increasing

absorption (J) amount
(%)

Case 1 98.26 165.86 169

Case 2 604.25 764.91 127

Case 3 271.57 674.02 248

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.

6 Conclusions

This paper 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 mathemati-
cal 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 frequen-
cies. Then, the width capture ratio is increasing thanks to
resonance condition. Consequently, the WEC can absorb
significantly more wave energy. The future works will focus
on two following aspects: study on the prediction problem
of wave profile and investigate the performance of the pro-
posed WEC in irregular waves to adapt with the realistic
conditions.
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