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Abstract

To reduce environmental pollution, alternative renewable energy resources have been explored for decades. Wave energy
has a high energy density, high utilization time and no fuel costs, so it is considered as the most promising alternative to the
fossil fuel resources. The number of studies of wave energy converters (WECS) has rapidly increased. This paper 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. An experimental set-up was implemented to validate the mathematical

model. Numerical simulation using MATLAB/Simulink was done to evaluate the operation of the system.

Keywords WEC - Mechanical PTO - Hydraulic flywheel - EHA - Optimal control

1 Introduction

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/m?) compared to solar
(0.1-0.3 kW/m?) or wind [1-5] (about 0.5 kW/m?) energy.
Thousands of patents for wave energy converters (WECs)
have been recorded [6]. Wave energy utilization was exam-
ined by Falcdo [7] to investigate the conception, construction
and deployment into the sea of WEC prototypes. According
to Iraide [8], the most suitable locations to exploit the global
resource using WECs have been identified, and the differ-
ent types of WECs along with their features and working
principles have been described in detail. The point absorber
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type or oscillating body system has received more attention
for use in converters because it is less complex and expen-
sive than other technologies. Under a wave form, a device
is forced to move up and down in a heaving motion. Then,
the movement of this device can be transmitted into a rotary
or linear motion of the generator to generate electricity [8].

There are four main methods used by the oscillating body
system or point absorber type to capture wave energy in the
heave mode of motion. The first method involves smart mate-
rial. Dielectric polymers can be used to convert mechanical
energy from ocean waves into electrical energy [9-12]. The
second type involves a direct drive linear generator [13—17],
which has a drawback of inducing high forces at low velocity
compared to the rated speed of a generator. The third type
involves the use of hydraulic power take-off (PTO), which
has gained more attention due to its flexible connection in
the larger systems [18—22]. In addition, the mechanical PTO
types are an efficient low-cost method for extracting wind
or wave energy [23-29]. Among them, the WECs using
mechanical PTO have been developed for a long time due
to their simple structure and scale down capacity, whereas
many of the other current technologies have shown unde-
sirable qualities such as low efficiency, complex structures
and expensive devices. Moreover, the mechanical PTO could
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be a good candidate for using the exploitable wave energy
resource in the nearshore whose characteristics have been
analyzed in [30], which has benefits including low costs for
maintenance and repair as well as electricity transmission
lines to the shore. Several studies have been carried out on
the point absorber types to indicate the performance and
the power absorption of WEC; the problem of maximizing
the extraction energy has been addressed 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. The optimal movement of a buoy (maximal
velocity and position) occurs when the natural frequency of
the buoy is the same as the frequency of the incoming wave.
This paper studies the optimal control of a WEC using a
mechanical PTO system. The WEC can absorb wave energy
by converting the bidirectional motion of ocean waves into
the one-way rotation of an electric generator with high effi-
ciency. The hydrodynamics of the WEC was modeled in
the time domain and validated by experiments which were
carried out in the Research Institute of Small and Medium
Shipbuilding under different regular waves. Based on the
validated model, a supplementary mass was incorporated
to change the natural frequency of the system. A concep-
tual 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
[31]. Based on the physical limitations or mechanical limi-
tations 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 WEC. Consequently,
the performance of the WEC was improved to increase the
capture width ratio and the overall efficiency significantly.

2 Configuration and Working Principle
of Mechanical PTO WEC

The general configuration of the mechanical PTO WEC is
shown in Fig. 1, which consists of three main components:
a hemispherical floating buoy, a bidirectional gearbox (BG)
coupled with a flywheel, and an electric generator. The basic
working principle has already been presented in the authors’
previous work [32].
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Fig. 1 Configuration of the WEC with mechanical PTO

Under the water level of the incident wave, the floating
buoy is forced to oscillate upward and downward. The float-
ing buoy motion is transmitted directly to a main shaft. The
main shaft is coupled with the BG by a rack and pinions.
Two pinions are fixed to two input shafts coupled with two
driving gears by one-way bearings. 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. Thus, the upward and
downward motions of the floating buoy are transferred to
the one-way rotation of the output shaft. Moreover, the rota-
tional speed of the output shaft can be amplified by the gear
ratio of the BG. The flywheel fixed to the output shaft is used
to store and release rotational kinetic energy. It keeps the
speed of the output shaft smooth although the input shafts
work discontinuously. Finally, the electric generator driven
by the speed of the output shaft generates the electricity.
The output energy is then received by an external load or a
storage device.

3 Optimum Control Strategy

According to Falnes [33], two conditions must be satisfied to
optimize the absorbed power. These are the “resonance con-
dition” 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 fre-
quencies. Therefore, a neutral mass is added to increase the
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inertia of the buoy. Silvia [17] and Alves [34] 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
[35] has controlled the inertia of the buoy by coupling it with
a supplementary mass. Binh [36] 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.

Figure 2 illustrates the working principle of WEC with
controllable inertia in three dimensions (Fig. 2a) and in a
diagram (Fig. 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 fly-
wheel is adjusted by controlling the EHA system. The HFW-
EHA configuration is shown in Fig. 3. The special asym-
metric 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
[37] (as shown in Fig. 4) at both ends of the flywheel’s shaft
to drive the piston in both left and right motions. For exam-
ple, 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 hydraulic circuit locks the current axial positions of the
piston, and then keeps the inertia constant without consum-
ing energy.

4 Mathematical Model
4.1 Mechanical PTO WEC Model

As shown in the schematic diagram in Fig. 5, the analytical
model is calculated according to hydrodynamic behavior and

EHA
system

idirectionall

Fig.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

the resistive force from the PTO system. The motion of the
floating buoy is usually simulated in the frequency domain
using boundary integral equation methods; however, it is
also modeled in time domain originally by Cummins [38].
The dynamics model of the WEC was discussed and verified
in detail in the previous work [32]. The following equations
briefly explain the system dynamic model.

The forces acting on a point-absorbing WEC are due to
both the forces from the external pressures on the buoy and
the forces from the PTO [33]. The governing equation can
be expressed as:

2=y g = o s m
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Fig.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

Retaining ring

- Housing
/ Oil inlet
/

Ball bearing Mechanical seal

Fig.4 Rotary union component allows fluid to be pumped into cham-
ber with rotating shaft [37]

where z is the buoy displacement in the vertical direction,
m is the buoy mass, f}, is the hydrodynamic force acting on
the buoy and f,,, is the force induced by the PTO, and f; is
the sum of the excitation force f,, the radiation force f,, the
hydrostatic force f;,; and the viscous damping force f,. These
forces can be expressed as:

[, =fAsin(wt+ a) (2a)
where f; and A are the excitation force and wave ampli-
tude, respectively, and @ and a are the wave frequency and
phase difference between the wave and the excitation force,
respectively

fo=-mj7—Rz (2b)
where m,, is the added mass at infinite frequency and R, is
the radiation damping coefficient

Jhs = —P8AZ (2¢)

@ Springer KE;E

Bidirectional
Gearbox
Load
I . . | Flywheel Simulator
| |
|
Rack and : Fpto o |
pinion | ) ; “ I
mechanism | :
|
| |
| |
J

Fig.5 The schematic diagram for the dynamic model of the PTO

where p and A, are the seawater density and the projected
area of the buoy perpendicular to the direction of z, respec-
tively, and g is the acceleration due to gravity

f, = =30CAE = i)z 2d)

where C, is the viscous damping (drag) coefficient.

The hydrodynamic forces and coefficients can be calcu-
lated by using the WAMIT commercial software (version
7.0) [39].

The reactive force from the PTO system is comprised of
two components and is presented in the following equation:

j;;ta = _ftrans _]3’ 3)
where f,,,,, is the transmission force and f; is the friction
force.

The transmission force can be calculated by:

-j trans

ke @)

where r,, is the pinion radius and k, is the gearbox ratio. The
transmission torque or the resistive torque 7, is the torque
induced from the generator. In this paper, a magneto-rheo-
logical (MR) brake was employed to simulate the resistive
torque of the generator instead of using a real one so that
we can adjust the load or driven torque easily in the experi-
ment. The resistive torque is given in Eq. (5a) as a function
of the angular velocity @, the static friction torque T},,, the
Coulomb friction torque 7, and the transition approximation
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coefficient c,,, which is identified by the curve fitting the
results of (5a) with measurement values [40]. Among them,
the load resistive coefficient R, is selected to apply torque
control

T, = (TC +(T,, - Tc)e<—cvr|9|>>sign(9) +R,0 (5a)

0=k, (5b)

Then, the flywheel motion is obtained by using Newton’s
second law for a rotational body. It can be assumed that the
flywheel inertia represents the body inertia which includes
that of the flywheel coupled with the generator. The rota-
tional motion of the flywheel is determined by combining
the driving torque and resistive torque in Eq. (6)

Tpu—T, =146 (62)

lﬁ = Eqnﬂrﬂ. (6b)

The driving torque T, is induced by the hydrodynamic
force on the floating buoy in both upward and downward
movement, and it can be expressed as follows:

Tout = Tin/kg = Ifhl X rp (7)

The second term on the right side of Eq. (3) represents
the friction forces acting on the floating buoy which can
be modeled using a method proposed by Armstrong [40].
Then, the friction force is rewritten in Eq. (8), where F_ is
the Coulomb friction that opposes motion with a constant
force at any velocity; F), is the breakaway friction force,
which is the sum of the Coulomb and static frictions at zero
velocity; F, is the viscous friction coefficient and ¢, is the
transition approximation coefficient, which is used for the
approximation of the transition between the static and the
Coulomb frictions

fr = (F. + (Fy, — F)e" D) sign(2) + F, 2. ®)

The generated power and energy are obtained in Egs. (9)
and (10) respectively

P, = Tgé ©)
t
E,= / P,d. (10)
0

4.2 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 V,; pumped into

the hydraulic chamber as shown in Fig. 6; this depends on
the piston displacement x and is calculated by [41]:

PoilViRE p Vi
Ly=1y+ 1 =1+ adl Lot
2 2 11
. PiXTRY  p (L —x)mrt
0 2 2

where V, 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 vol-
ume of fluid depends on the position of the piston dis-
placement. By using Newton’s second law and hydraulic-
system principles, the dynamics of an EHA (Fig. 3) can
be described by the following equations:

(AgPg —A,P,)

i
Pr= VOR-ﬁ:ARx (0u1 = ke (P = P,) — Agx)

3 _ b )
Pr - Vo,.—A,x(QVZ + kleak(PR - Pr) +Arx) (12)
Qvl = Da)m — QV3 + st
QvZ = _Da)m - Qv4 + Qv6

where Py and P, are the pressure values of the two chambers,
respectively; m,, is the equivalent mass; Ay and A, are the
actuating areas; V,; and V,,, are the original total volumes
of the two chambers, respectively; D is the displacement of
the pump; w,, is the speed of the servo-driven pump system;
kj.q 15 the leakage constant; f3, is the Bulk modulus and Q,;
(i=1, ..., 6) 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 x,, the objective is the
determination of the speed command for the DC servo
motor ,,, in order to control the track of the output posi-
tion x to be as close as possible to x,. The development
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Fig. 6 Hydraulic flywheel device
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Fig.7 Schematic control diagram for supplementary mass closed-
loop control

of the position controller is described in the following
section.

5 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 7 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 sent to the fuzzy PID controller. The con-
troller 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 struc-
ture and easy design [42]. However, conventional PID con-
trollers cannot work well over a wide range of operating
conditions due to the fixed gains used. 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:

t

u(t) = Kpe(t) + K; / e(t)dt + K,
0

de(t)

13)

where e(?) is the error between the desired set point and the
output, de(r) is the derivation of error, u(t) is the control
signal used to control the DC servo motor speed w,,, Kp is
the proportional gain, K| is the integral gain and K, is the
derivative gain.

@ Springer KE;E

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 param-
eters were changed within the initial parameter boundaries

Ky() = Kypin + U,(0AK,, U,(0) €10,1] (14)
where n is a notation of P, [ or D; U,(t) is a parameter
obtained from the fuzzy n tuner; AK, =K, ,.x—K,min 18 the
allowable deviation of K, and K, ;, and K,, .., are the mini-
mum and maximum values, respectively, of the K, deter-
mined from experiments.

For the fuzzy designs, triangular membership func-
tions (MFs) were used to represent the partitions of
fuzzy inputs and outputs. A fuzzy controller was applied
using local inferences. In 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 defuzzi-
fication 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 le(#)l and its
derivative Ide(t)l, which were forced into the same range
from O 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 posi-
tioned at the same intervals as in Fig. 8a, while the output
MFs were set at the same intervals as in Fig. 8b. Based
on the above fuzzy sets of the input and output variables,
rules for computing the fuzzy reasoning results, U,, were
established as in Table 1.

MS MM BM

(@

Je(2)| / |de(z)|

>

-0.25 0 0.25 0.5 0.75

SS MS MM BM BB

0 025 05 0.75 1

Fig. 8 MF design for the inputs and output of the fuzzy controller
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Table 1 Rule table of the fuzzy

controller Uy/Uila lde(?)
SS MS MM BM BB
le(?)l
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
For each of the fuzzy P/I/D input variables, the MFs can 1
be expressed as foll =10 UncOD (20)
pressed as follows 1+ ¢ Un

1+ (xb”'f) IF : (—b;) < (x

(x a,)
fj"(xi)= 1—-—2 [F: O<(x —aqa; )S(blj) (15)
0 Otherwises
i=12 j=12,...,N)

a;) <0

where x; is an input value (x; =le(t)l; x, =Ide(?)l) and
ag, bU, bu’ 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.

Each of the fuzzy P, I and D tuners has one output: Uy,
Uy and Uy, respectively, which can be computed corre-

sponding to a pair of the input values

T M (W)W 16
fn = M
z

m=1 mf (Wm)
where w,, is the weight of the control output, M is the MF
number and mf (w,,) is the fuzzy output function given by

)= ;mﬁk(wm) 17)

where mf; (w,,) is the consequent fuzzy output function
when the first and second inputs are in the jth and kth
classes, respectively.

W) = Sk (18)

where J, is a factor activated when inputs x; and x, are in
classes jth and kth and u; is the height of the consequent
fuzzy function obtained from the input classes jth and kth

mjk(

py = minf;(x;). i (x2)] (19)

The fuzzy output Uy, contains single output values that
are initially set at the same intervals. Consequently, factor
U, can be obtained from Uy, using the sigmoid activation
function

By using Egs. (13)—(20), the main control signal, u(?),
can be obtained.

6 Model Validation

The validation tests were performed to verify the modeling
of the mechanical PTO WEC under different regular waves.
A prototype system was designed, fabricated and assembled
in the Research Institute of Small and Medium Shipbuilding.
A complete layout of the test bench is described in Fig. 9.
It consisted of a buoy, the PTO system and the peripheral
interface devices. As shown in Fig. 10, the PTO system con-
sisted of an MR brake, a torque transducer and a BG. The
MR brake was closed-loop controlled to simulate the torque

Fig. 9 Layout of the tests in the wave tank

@ Springer KE _:E
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Torque transducer

Load ; ‘ . 3 %

simulator

Fig. 10 Configuration of the PTO system

Table 2 Setting working conditions for simulation

Case Wave height H ~ Angular frequency @ Wave
(m) (rad/s) number 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 Specifications of PTO system

Specifications Parameters
Buoy radius R, (m) 0.6

Draft b (m) 0.385
Buoy mass m (kg) 78

Pinion radius r, (m) 0.05
Gearbox ratio k, 4

Fly. inertia I (kg m?) 0.175

induced by an electric generator. The induced torque and
speed of the MR brake were measured continuously by the
torque transducer along with the speed sensor MP-981. A
thrust shaft fixed to the buoy was employed to transmit the
power from the buoy to the BG via the rack and pinion gear
power transmission. Consequently, the translational motion
of the rack was converted to the one-way rotary motion of
the flywheel. A simpler testbench can be performed as fol-
low Lim [43] or Lee [44].

To carry out the tests, some setting parameters of the
working conditions and specifications of the device were
required to be defined in advance. Three different regular
waves were generated by the wave simulator system. Their
different amplitudes and frequencies are shown in Table 2.

Specifications of the PTO system are given in Table 3.
These parameters were obtained by direct measurement.
Based on the working conditions and specifications of the

@ Springer KE;E
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Fig. 11 The hydrodynamic parameters were obtained by the WAMIT
software

PTO system, the hydrodynamic parameters were obtained
using the WAMIT software and were plotted in Fig. 11. The
hydrodynamic parameters including the added mass, the
radiation damping, the excitation coefficient and the phase
angle are plotted in the frequency domain in the range of
2.0-3.5 rad/s.

For each test, the wave and the buoy elevation were meas-
ured for comparison with the simulation results. The gener-
ating torque and speed of the generator were also recorded
to calculate the generated power. It can be seen in Fig. 12
that there was reasonable agreement between the test results
and the simulation model in all cases. For each case, the
best resistive load coefficient, which absorbs the largest gen-
erated energy, was selected for the comparison. Although
there was some disturbance at the peak of torque and speed
due to imprecision in the mechanical structure, the meas-
ured average energy is in good agreement with that of the
model. Imprecision in the mechanical structure can be due
to some handmade parts. Some flashbacks occurred in loca-
tions where the relative speed direction of the transmitted
parts has changed, which may change the friction behavior
and the twisted torque. Also, the nonlinear characteristics of
hydrodynamic behavior were not incorporated into the ana-
lytical model. Therefore, the most significant differences can
be found by locating the largest or smallest value compared
to that of the model in these cases. However, mean values
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Fig. 12 Elevation comparisons between simulation and test results for three wave cases

are approximated with the model. In general, the model can

be vali

dated based on reasonable agreement between the

simulation and test results.

7 Simulation Results and Discussion

Simulations were carried out to compare the performance
of the WEC device with and without the HFW-EHA
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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. 13. The elevations of
the buoy increased during the first 20-30 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 tran-
sient state was acceptable.

Moreover, simulations under irregular waves were per-
formed 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 [33]
as:

S(w) = Aw™ exp(—Bw™) @20
4
where A=8.1x107% g2, B = 0.74(%) and V,o , is the

19.4

wind speed at the height of 19.4 m.
The wind speed at 3 m/s with respect to an angular fre-
quency range of 1.5-4.0 rad/s was chosen to generate the

Regular wave case 2
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Fig. 13 Response comparisons between uncontrolled and mass-con-
trolled systems in regular wave case 2
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random incident wave field. The irregular wave covered all
of the three wave cases tested in Table 2. The wave profile
is plotted in the top of Fig. 14, and the simulated responses
of the system are presented in the same figure.

Table 4 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
frequency. Consequently, the buoy elevations were larger,
and the buoy mass reached the desired value. Finally, the
output energy increased about 18% compared to that of the
uncontrolled system in regular wave case and about 12%
in the irregular case.

Irregular wave case

Controlled Buoy ele.

=

Elevatio

Torque (Nm)

""" Uncontrolled speed Controlled speed

150+

Speed (rpm)

Energy (J)
&
f=]

0 10 20 30 40 50 60
Time (s)

Fig. 14 Response comparisons between uncontrolled and mass-con-
trolled systems in irregular wave case

Table 4 Comparisons of energy absorption

Absorbed energy in 60 s Uncon- Control case (J) Increasing
trolled case amount
@ (%)

Regular wave case 2 1270 1498 17.95

Irregular wave 465 520 11.83
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8 Conclusions

This paper developed an innovative WEC for the extrac-
tion of ocean wave energy. A basic conceptual design of a
WEC using a mechanical PTO was presented. A combined
hydrodynamic and mechanical simulation of the WEC based
on the time domain using pre-computed hydrodynamic coef-
ficients was used to investigate the system operation. The
analytical model was validated by verification tests under
different regular wave conditions. Next, 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 18% compared to the best working condi-
tions 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. In the near future, a
complete system will be built up and verified under real sea
conditions. The rack and pinion mechanism will be replaced
by a cable and timing belt. With this new design, the buoy
can capture energy in both heave and surge modes. Moreo-
ver, the shear problem can be solved. This new system also
includes a safety mechanism. Future works involve setting
up bench tests for verification of the proposed model in a
water tank. Then, a model predictive control for irregular
waves can also be studied to investigate the WEC’s adapt-
ability with realistic requirements.
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