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Abstract Ocean wave energy is a dense, huge, and time-independent renewable energy resource. In the past
decades, many types of research have been carried out to protect offshore and nearshore structures against
ocean waves and convert this energy into useful energy. This study presents a reliable system that can break
the waves and convert their energy into electricity. To do so, a mechanism with two plates, which can rotate
and linearly move, is introduced. The plate motions are transmitted to the gearbox, whose output rotates a DC
generator. In order to study the mechanical behavior of the presented mechanism, the governing equation of
motion is derived and solved numerically. Numerical results are validated by experimental ones. Besides, the
effect of changing the ocean wave properties on the output electrical power of the system is studied. Moreover,
the wave transmission coefficients for the mechanism according to the different dimensionless incident wave
numbers are experimentally obtained.

Keywords Ocean wave energy · Energy harvesting · Breakwater · Renewable energy · Wave energy
converters

1 Introduction

Nowadays, tackling climate change, increasing global energy requests, and limited resources of fossil fuels
cause renewable energies like solar, wave, and wind energy to attract attention [1–4]. Due to the density of
renewable sources of energy, the first place is devoted to ocean wave energy [5]. It should be noted that wave
energy can be exploited effectively up to 90% of the time, and oceans comprise around 71% of the earth’s
surface [6, 7]. Furthermore, the variation of the wave energy is alignedwith the seasonal electricity demand and
is more predictable than other resources like wind energy [8]. Besides, global wave power resource has been
estimated to be at least 1 TW, with a potential annual energy production of about 2000 TWh [9]. Many wave
energy converter (WEC) concepts are developed, but some are just discussed, others have become small-scale
models, and few have been tested in the ocean [9].

It should be considered that deepwater contains higher amounts of energy in comparisonwith shallowwater.
Therefore, WEC can harvest more amounts of energy in deep water. However, maintenance, construction, and
survivability in extreme conditions are more difficult in the case of deep water than in shallowwater [5, 10, 11].
According to the location of WECs, they are categorized into shoreline, nearshore, and offshore devices. In
the LIMPET-based systems, classified as a shoreline WEC, which have an inclined chamber that is open from
the bottom, the ocean waves travel toward the chamber and cause oscillation of the water column [5, 12–14].
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This oscillation compresses and decompresses air and drives a wells turbine on top of the chamber [5, 12–14].
The oscillating wave surge converter (OWSC) is a nearshore WEC hinged to the sea bed. Waves interact with
the plate and cause rotation along the hinge joint axis. These rotations pump water onshore to drive a hydraulic
motor in a hydraulic system [15–17]. An example of offshore WECs is Pelamis, which consists of multiple
cylindrical parts connected by hinge joints [18]. The rotational motion of the joint causes the pumping fluid
into high-pressure accumulators and driving a variable displacement hydraulic motor [18, 19]. Overall, based
on the energy harvesting method, the WECs can be classified into three groups [20]:

• Oscillating water columns (OWCs): are divided into fixed structures like Pico [21], LIMPET [22], Sakata
[23], REWEC3 [24], Mutriku [25], and floating structures like Mighty Whale [26].

• Oscillating bodies: are classified into floating types like IPS buoy [27], Wavebob [28], AquaBuoy [29],
Pelamis [18], SEAREV [30], and submerged types like AWS [31], Wave Roller [20], Oyster [32], and Mace
[33].

• Overtopping devices: are categorized into fixed structures like TAPCHAN [34], SSG [35, 36], and floating
structures like Wave Dragon [37].

Another classification for the WECs is according to their rigid or flexible bodies. The deformation of the
flexible WECs with waves triggers an increase in efficiency and a decrease in structural damage risk compared
to the rigid ones [38, 39].

On the other hand, hybridization is a solution to compensate for the excessive production costs of marine
renewable energy and its intermittent nature. One way of hybridization is integrating multifunctional platforms
and structures like breakwaters, oil and gas platforms, and aquaculture platformswithmarine renewable energy
technologies [40]. Practical devices can be introduced by combining the concepts of wave energy converters
and breakwaters [41, 42]. Produced electrical energy can be consumed locally or transmitted. Zanuttigh et al.
[43] considered OWC and Sea Slot-cone Generator (SSG), nearshore WECs, as breakwaters and analyzed
their wave reflection based on experimental results. Thaha et al. [44] examined the magnitude of wave energy
that can be harvested by creating a reservoir at the top crest of the rubble mound breakwater. When waves
run up on the slope walls of the breakwater, the reservoir captures the over-topping discharge. Therefore, a
pressure head is caused by different water levels between the reservoir and seawater level, which can generate
power. Nabavi et al. [45] studied a low-volume piezoelectric beam-column connected to a vertical face as a
breakwater and energy harvester. When the coming waves interact with the vertical face, they break, and their
energy is converted to electricity via a piezoelectric beam-column.

This study suggests an efficient mechanism to break waves and harvest energy. This mechanism consists
of two plates hinged together from one side. The first plate is hinged to the fixed frame from another side and
only can rotate about this side. The second plate’s other side can translate on a straight path on the frame and
rotate about this side. The translational side of the plate is connected to a spring that is connected to the fixed
frame. When waves interact with these plates, there are several rotational and one translational motion. The
translational motion of this mechanism is used to generate electricity via an array of gears and a DC generator.
These gears convert the two-side translational motion to one-side rotational motion. For this aim, a horizontal
plate is attached to the second plate’s translating side on a straight path and only translates. Two racks are
attached to this plate from one side. Since each rack is engaged with a pinion, the translational motions of the
racks are converted to the rotational motions of the pinions in opposite directions. Also, two gears mounted
on a shaft are engaged with these two pinions. As translational motion is reciprocating and the direction of
rotation of the gears alters, between the shaft and each gear, a one-way bearing is placed to transmit the rotation
in one direction. Accordingly, the coupled shaft with the DC generator rotates in one direction and generates
electricity. This feasible, reliable, and affordable mechanism can stand against waves similar to the vertical
wall breakwaters to a certain extent and converts the surge motion of the waves to the linear motion to produce
electricity.

2 Mathematical modeling

As shown in Fig. 1, consider two plates of width a, length l, thickness t, mass m, and the moment of inertia
about an axis that passes through the center of mass of the plate and is parallel to its axis of rotation I . The
stiffness of the spring is k. θ is the angle of rotation of the plates about their sides which are not hinged together,
and θ̇ is the rotational velocity.

As shown in Fig. 2, Fw is the resultant force of the pressure applied to each plate’s center of mass. Since
this mechanism is one degree of freedom, the position of the plates can be determined by θ .
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Fig. 1 A schematic of a the top view of the mechanism when there is an angle of rotation and b its front view when the rotation
angle is zero

Fig. 2 A schematic of the mechanism from the top view

Note that x1 and y are, respectively, horizontal and vertical coordinates of the translating plate’s center of
mass and can be given by:

x1 � 3a

2
cos θ (1-1)

y � a

2
sin θ (1-2)

Furthermore, ẋ1and ẏ are, respectively, the Cartesian components of the velocity of the translating plate’s
center of mass and are equal to:

·
x1 � −3a

2
θ̇ sin θ (2-1)

ẏ � a

2
θ̇ cos θ (2-2)

The elongation of the spring and the velocity of the spring’s endpoint are as follows:

x2 � 2a(1 − cos θ) (3-1)
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Table 1 Values of the apparent increase in mass for rectangular cylinders in translation parallel to a side against different ratios
of the width of the plate to the mean length of the plate is covered by water [47]

a/d 0 0.025 0.111 0.298 0.676 1.478 3.555 9.007 40.03
M

′′
1/

(
ρπd2/4

)
1 1.05 1.16 1.29 1.42 1.65 2.00 2.50 3.50

ẋ2 � 2aθ̇ sin θ (3-2)

Also, the potential energy equation is as follows:

U � 1

2
k(x2 + pt )

2 (4)

where pt is the change in the initial length of the spring at θ � 0. The total work done by external loads is as
follows

W � −Fwx2 sin θ + Fwaθ (5)

The kinetic energy of the mechanism is

T1 � 1

2
Ioθ̇

2 +
1

2
I θ̇2 +

1

2
m

(
ẋ21 + ẏ2

)
+
1

2

ms

3
ẋ22 (6)

A submerged vibrating structure in fluid leads to surrounding fluid displacement. Accordingly, fluid pres-
sures are generated, and a hydrodynamic force acts on the structure. The vibrations of the structure in the fluid
change dynamics of the vibrating structure, particularly its natural frequency and damping characteristics. It
should be noted that the hydrodynamic mass changes natural frequency, and the damping effect is related
to viscous loss and acoustic radiation [46]. Added masses and corresponding kinetic energies are calculated
for these mechanism motions. The kinetic energy of the added mass [47] for two-dimensional potential flow
(added mass kinetic energy per unit length normal to the plane) is due to the rotation of a plate about its one
side (T11), rotation of a plate about its center of mass (T12), displacement in the vertical direction (T13), and
displacement in the horizontal direction (T14), which are equal to:

T11 � 9

16
ρπ

(a
2

)4
θ̇2 (7)

T12 � 1

16
ρπ

(a
2

)4
θ̇2 (8)

T13 � 1

2
ρπ

(a
2

)2
ẏ2 (9)

T14 � 1

2
M ′′

1 ẋ
2
1 (10-1)

where ρ is the water density, and M ′′
1 is an apparent increase in mass which can be determined by the width of

the plate and the mean length of the plate covered by water d. (Due to the fluctuations which occur on the water
surface in the presence of the waves, the mean length is considered.) M ′′

1 for different ratios of a
d is presented

in Table 1.
In this case, ad equals 1.4114, and this ratio is between 0.676 and 1.478. So, by applying linear interpolation

M ′′
1 is

M
′′
1 � 1.6309

ρπd2

4
(10-2)

Substituting Eq. (10-1) into Eq. (10-2) results in:

T14 � 0.8154

(
ρπd2

4

)
ẋ21 (10-3)

Therefore, total kinetic energy is equal to:

T � T1 + T11d + T12d + T13a + T14t (11)
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Fig. 3 A schematic view of an array of gears and one-way bearings integrated with the mechanism

Lagrange’s equation can be expressed as:

d

dt

(
∂T

∂θ̇

)
− ∂T

∂θ
+

∂U

∂θ
� Q (12)

where Q is the generalized force. Substituting Eqs. (4), (5), and (11) into Eq. (12), the equation of motion of
the mechanism is obtained as

(
I0 + Ī + 2ma2 sin2 θ +

ma2

4
+
4

3
msa

2 sin2 θ +
5

64
ρπa4d +

1

16
ρπa5 cos2 θ

+ 0.9173ρπa2d2t sin2 θ

)
θ̈

+

(
ma2 sin 2θ +

2

3
msa

2 sin 2θ − 1

32
ρπa5 sin 2θ + 0.4586ρπa2d2t sin 2θ

)
θ̇2

+4ka2 sin θ − 2ka2 sin 2θ + 2aFw sin2 θ − Fwa + 2kapt sin θ � 0

(13)

In the next step, an array of gears and two one-way bearings are integrated with this mechanism, as shown
in Fig. 3. In consequence of connecting the shaft to a DC generator, a novel system can be introduced which
generates electricity.

In order to present the equations, the system is divided into two separate parts from the location where the
horizontal plate is attached to the racks. Therefore, Ft can be defined as a force between the horizontal plate
and racks. To this end, Eq. (13) will alter to:

(
I0 + Ī + 2ma2 sin2 θ +

ma2

4
+
4

3
msa

2 sin2 θ +
5

64
ρπa4d +

1

16
ρπa5 cos2 θ

+ 0.9173ρπa2d2t sin2 θ + 4mplatea
2 sin2 θ

)
θ̈

+

(
ma2 sin 2θ +

2

3
msa

2 sin 2θ − 1

32
ρπa5 sin 2θ + 0.4586ρπa2d2t sin 2θ + 2mplatea

2 sin 2θ

)
θ̇2

+4ka2 sin θ − 2ka2 sin 2θ + 2aFw sin2 θ − Fwa + 2kapt sin θ + 2aFr sin θ � 0

(14)

wheremplate is themass of the horizontal plate.Moreover, the array of gears and theDCgenerator are considered
as a set to present the equations. As pinions and gears are alike in that each has ten teeth, the angular velocities
of the engaged gears are equal and are expressed with �. The pitch radius of the pinion is rp. The velocity of
the spring’s endpoint equals the velocity of a rack engaged with a pinion according to the following equation:

ẋ2 � rp� (15)

The rotation of the coupled shaftwith theDCgenerator is alignedwith the rotation of the gears.Accordingly,
the pinions, gears, shaft, and DC generator have the same angular velocities. Jp and Js are the moment of
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Fig. 4 The electrical circuit of the generator

inertia of each pinion and the moment of inertia of each gear, respectively. The mass of each rack ismrack. The
moment of inertia of the motor is expressed with Jm . So, the total kinetic energy of the gears combined with
the DC generator can be written as

Ts �
(
Jp + mrackr

2
p

)
�2 + Js�

2 +
1

2
Jm�2 (16)

Since the total kinetic energy of the set is

Ts � 1

2
JT�2 (17)

the total moment of inertia of the set is obtained as

JT � 2
(
Jp + mrackr

2
p

)
+ 2Js + Jm (18)

Regarding Newton’s law, the mechanical equation of the motor is

JT �̇ + C1� � Tin − Temf (19)

whereC1 is the intrinsic rotational damping of theDCgenerator and Tin is the input torque that can be expressed
as

Tin � rpFt (20)

Also, kb and I are the back electromotive force constant of the generator and generated current by the
generator, respectively. Therefore, the torque of the back electromotive force can be presented as

Temf � kb I (21)

The electrical circuit of the generator is shown in Fig. 4. L A is the inductance of the DC generator, and RA
is its resistance. Based on Kirchhoff’s voltage law, the following equation can be written:

kb� − L A İ − RA I � 0 (22)

In this study, wave force is obtained by using Airy wave theory and Bernoulli’s equation. Airy wave theory
comprises the solution of the linear equation of the continuity for an irrotational flow and the utilization of
linearized boundary conditions. Wave parameters are shown in Fig. 5. The origin of the Cartesian coordinate
system is considered on the still water level (SWL), which is the calm-water position. The measured distance
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Fig. 5 Sketch and notation for the linear wave parameters

from the seabed to the SWL is water depth, h. The distance from trough to crest of the wave is called wave
height, H . The wavelength, λ, is from crest to crest, as shown. The wavenumber, K, equals 2π

λ
. The celerity

or phase velocity at which the wave travels in the x-direction is c. Vertical free surface displacement,η(x, t),
is measured from SWL as indicated [48]. Airy wave theory can be applied when the wave steepness ( H

λ
) is

much less than the unit.
Based on the Airy wave theory, the following parameters are expressed. Velocity potential for traveling or

progressive waves can be written in terms of the circular wave frequency,ω, as follows [48]:

φ � H

2

g

ω

cosh[K (z + h)]

cosh(Kh)
sin(Kx − ωt) (23)

where g is the gravitational acceleration. The circular wave frequency is [48]

ω � √
gK tanh Kh (24)

Vertical displacement of a wave particle about a fixed line with the distance z from SWL on the Cartesian
coordinate system can be written as [48]

η(x, z, t) � H

2

sinh[K (z + h)]

sinh(Kh)
cos(Kx − ωt) (25)

Moreover, based on the Airy wave theory and Bernoulli’s equation, the pressure which a wave particle
applies during its progress is as follows [48]:

p � −ρ
dφ

dt
− ρg(z + η(x, z, t)) (26)

Integrating Eq. (26) over the surface of a plate covered by water leads to the wave force acting upon this
plate as:

Fw �
∫

pd A �
0∫

−d

padz � ρgHa

2K

[
tanh(Kh) − coth(Kh) − sinh[K (h − d)]

cosh(Kh)
+
cosh[K (h − d)]

sinh(Kh)

]

cos(Kx − ωt) +
ρgad2

2

(27)
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Fig. 6 Setup of the experimental model in the wave flume

Table 2 Intermediate water wave parameters

Wave parameter H (m) λ(m) K (rad/m) h(m) ρ(kg/m3)

Magnitude 0.0393 0.8332 7.5406 0.1817 l000

Table 3 Prototype structural parameters

Prototype structural parameter I0(gr.m2) I (gr.m2) m(kg) a(m) l(m) t(m) k(N/m)

Magnitude 0.8175 0.2072 0.1085 0.15 0.2 0.003 300

An insightful expression of the above equation is made through Fig. 08 presenting dimensionless wave
force amplitude number AFw

ρgHad according to the dimensionless wave number Kh. AFw is the wave force
amplitude for each particular wave.

Wave transmission occurs when the wave energy passes over, under, or through a breakwater. Therefore,
the transmitted wave behind the breakwater contains less energy than the incident wave that interacts with the
breakwater. The wave transmission coefficient, which shows the amount of wave transmission, is defined as
the ratio of the transmitted wave height, Ht , to the incident wave height, Hi [49, 50]:

Ct � Ht

Hi
(28)

3 Experimental study

In the absence of an array of gears and the DC generator, a physical model of the mechanism was simulated in
the Hydraulic Laboratory of the Ferdowsi University of Mashhad. The proposed mechanism was made from
plexiglass and was placed in the 800×50×40cmwave flume, as shown in Fig. 6. The mechanism was located
at the middle of the flume and was elevated 7.5 cm from the flume bed. The simulation was conducted in the
cases of intermediate water. Wave and prototype structural parameters are given in Tables 2 and 3.
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Table 4 Infinite range of h
λ
classification

Shallow water Intermediate water Deepwater

h
λ

≤ 1
20

1
20 < h

λ
< 1

2
h
λ

≥ 1
2

Table 5 The structural parameters of the DC generator

Parameter RA(�) L A(mH) kb(V.s/rad) Jm (kg.mm2) C1(N.m.s/rad)

Magnitude 9 24 0.0458 0 0

Table 6 The structural parameters of the gears

Parameter Jp(kg.mm2) Js (kg.mm2) rp(m) mrack (kg)

Magnitude 71.0358 26.4047 0.01 0.0031

Table 7 Intermediate water wave parameters

Wave parameter H (m) λ(m) K (rad/m) h(m) ρ(kg/m3)

Magnitude 0.0508 0.5073 12.3848 0.1845 l000

The mean length of the plate covered by water depth d and spring pretension force Fpt are, respectively,
equal to 0.1067 m and 2.4 N. In ocean engineering, an infinite range of h

λ
is classified into three regions, as

given in Table 4. Based on this classification, this study was conducted in the intermediate water condition
where the surgemotion of the waves is exaggerated [48, 51, 52]. This place is desirable for thisWEC exploiting
the surge motion of the waves (Tables 5 and 6).

4 Results and discussion

In order to performanumerical simulation of the system, in thefirst stage, themechanism ismodeled usingCAD
software based on the dimensions presented in Table 3. In the next stage, it is imported into the multibody
dynamics simulation software and integrated with a gear train. The spring connecting the second plate to
the frame is added, and the required constraints are applied. Besides, the wave force acting on each plate’s
center of mass is defined. By defining each element’s density, this software calculates the required structural
characteristics of the elements. In the third stage, the modeled system in multibody dynamics simulation
software is imported to the toolbox Simulink of MATLAB software as a block diagram representing the wave
force as input and angular velocities of the gears and the rotation angle of the plates as outputs. The angular
velocities of the gears are used as inputs to convert the two-way rotations of the gears to a one-way rotation.
Afterward, this one-way rotation is used as input for the electrical circuit of the generator modeled using
Simscape elements of the MATLAB software. A wave with characteristics given in Table 7 is simulated in
the laboratory. It is assumed that the mean length of the plate covered by water is about 0.05 m in this case.
Accordingly, when the wave troughs reach the plates, there is no force on the plates, and the rotation angle of
the plates is zero. The parameters of the DC generator and gears required for modeling this system are given in
Tables 5 and 6. The structural parameters of the DC generator are obtained via the experiment. In addition, it is
assumed that the gears are made of PLA, whose density is 1250 kg/m3. Ultimately, results from this three-stage
simulation can be compared to those obtained from the numerical solution of the coupled electromechanical
equations. It should be noted that in this simulation, the added masses of the water and the mass of the spring
are neglected.

As shown in Fig. 7, the wave force acting on each plate of the mechanism varies between 8.052 and 8.708
N. These results are obtained via numerical solution of the mechanical equations of the mechanism using the
Simulink toolbox of the MATLAB software (auto solver and time fixed step size 0.001 s) and experimental
study by considering the wave parameters given in Table 2. Moreover, Fig. 8 endeavors to convey a better
understanding of Eq. (27) via non-dimensional analysis. It should be noted that every wave has its particular
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Fig. 7 The wave force acting on the plates of the mechanism according to the time based on parameters given in Table 2

Fig. 8 Procedure of finding dimensionless wave force amplitude (AND) acting on each plate (A); and variation of AND versus the
dimensionless wave number (B)

characteristics, as shown in Fig. 7 as an example. By the variation of Kh, these characteristics alter, and they
become newwaves. Wave force and wave force amplitudes (AFw � (Fw)max−(Fw)min

2 ) by the variation of Kh are
obtained, and the wave force amplitudes are non-dimensionalized. In part (A) of Fig. 8, procedure of finding
the non-dimensional wave force amplitude numbers (AND � AFw

ρgHad ) is presented. Variation of the AND versus
the non-dimensional wave numbers (Kh) is demonstrated in part (B) of Fig. 8. Moreover, when Kh tends to
0 means that K tends to 0 (for having still water level h cannot tend to 0). Thus, regarding Eq. (24), λ and ω
will tend toward infinity and 0, respectively. Therefore, there will be still water with a wave force amplitude of
0 [48]. The maximum dimensionless wave force amplitude is 0.146 for 0.0901 dimensionless wave number.

This mechanism is one degree of freedom. Accordingly, the translating plate’s translational motion about
its one side connected to the spring (x2) is related to the rotation angle (θ ). As shown in Fig. 9(a), this motion
is obtained experimentally via a camera and tracker video analysis software which allows the analysis of the
particle (or body) motion frame by frame and theoretically regarding Eq. (13). Experimental results confirm
numerical ones. The difference between theoretical and experimental results in this physical modeling stems
from the damping, friction, viscous, and eddy losses. In addition, the error between the experimental and
calculated added masses can trigger the difference between the frequencies. Human, instruments, and the
environment are the three other major sources of error. As shown in Fig. 9, there are small and large peaks
per period. The theoretical angle of rotation varies between about 0.3211 and 0.4152 rad. The translational
motion of the translating plate’s side attached to the spring is between about -0.0013 and 0.0088 m in the case
of the theoretical result, and its period equals the angle of rotation’s period. The negative values for x2 means
that the rotation angle is less than the initial angle of rotation. Also, experimental results for this motion vary
between about -0.0002 and 0.0070 m.

As shown in Fig. 10, five experimental data are obtained to analyze energy transmission from this break-
water. Dimensionless wave transmission coefficient varies between 0.5151 and 0.7782, while dimensionless
incident wave number varies between 1.0100 and 2.3232. The minimum wave transmission coefficient, which
means transferring the minimum wave energy from this breakwater, equals 0.5151 for a 1.7993 dimensionless
incident wave number.

Table 8 indicates measured transmitted and incident wave heights, Wave transmission coefficient, and
dimensionless incident wave number for the process of breaking a wave.
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Fig. 9 Time histories of a translational motion of translating plate’s side connected to the spring and b theoretical angle of rotation
of the plates

Fig. 10 Wave transmission coefficient (Ct ) according to the dimensionless incident wave number (Kh)

Table 8 Incident and transmitted wave parameters

Wavenumber 1 2 3 4 5

Dimensionless incident wave number (Kh) 1.0100 1.1501 1.7993 2.2844 2.3232
Incident wave height (Hi ) 0.0646 0.0581 0.0660 0.0508 0.0310
Transmitted wave height (Ht ) 0.0444 0.0356 0.0246 0.0339 0.0241
Wave transmission coefficient (Ct ) 0.6873 0.6120 0.5151 0.6677 0.7782

The wave force acting on each plate of the integrated system is calculated based on parameters given in
Table 7 and is shown in Fig. 11. The coupled electromechanical equations of the system are solved numerically
via Simulink toolbox (auto solver and time fixed step size 0.001 s) and compared to those obtained via co-
simulation, as shown in Figs. 12 and 13.

Theoretical and simulation results are close together in conformity with the expectations. The difference
is due to the applying different numerical methods in solving equations and the simulation. The theoretical
displacement of the attached side of the second plate to the spring varies between 0 and 0.014 m, while the
simulated displacement alters from 0 to 0.016 m. The rotation angle changes from 0 to 0.31 rad, theoretically.
In contrast, it varies from 0 to 0.33 rad based on simulation results. The theoretical and simulation results for
the angular velocity of the generator alter from 0 to 36 and 39 rad/s, respectively. In addition, the theoretically
generated power changes from 0 to 0.2973 W, while the result obtained from simulation varies from 0 to
0.3557 W. This power is adequate for this small-scale energy harvester and can be increased significantly
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Fig. 11 The wave force acting on the plates of the mechanism according to the time based on parameters given in Table 7

Fig. 12 Time histories of a displacement of the translating plate’s side connected to the spring and b rotation angle of the plates

Fig. 13 Time histories of a angular velocity of the DC generator and b generated power by the DC generator

for the real-scale energy harvester. By considering common scaling factors for WECs, the scaling factors for
converting the power and wave period of the small-scale model into the real-scale version are s3.5 and s0.5,
respectively, where s is the geometrical scale factor [53]. According to Table 7 and Eq. (24), the frequency
of the simulated wave is 1.091×101 rad/s, and its period is 5.759×10−1 s. For this wave and a wave in the
Persian Gulf whose period is 5.6 s [54], the geometrical scale of 9.455×101 is obtained using the wave period
scaling factor. So, by applying the power scaling factor, the generated power of the real-scale version will alter
from 0 to about 2.923 MW.

The maximum theoretical power can be generated by harvesting wave energy using the presented system
according to the dimensionless number h

gT 2 which is shown in Fig. 14. Thewater depth,h, is considered constant
and equals 0.1844 m, while the wave period, T , is variable. When the dimensionless number is 0.5401, the
maximum generated power reaches its highest amount of 0.3832 W. Therefore, the optimal amount of wave
period is 0.1865s.
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Fig. 14 Max theoretical generated power according to the dimensionless number h
gT 2

5 Conclusions

Not only does the novel introducedmechanism in this studywork as a breakwater, but also it can harvest energy.
The mechanical behavior of the mechanism is theoretically modeled and then validated by experiment. It is
shown that the wave transmission coefficient of the mechanism, which is experimentally obtained according to
the dimensionless incident wave number of 1.7993, is the minimum value. Also, it is experimentally observed
that translating side of the plate moves about 7 mm, which is enough for a small energy harvesting system.
Using a gearbox and a DC generator, the linear motion of the wave breakers is converted to electrical energy. It
is shown that the presented small-scale system generates 2.973×10−1W that could be increased to more than
3.8×101W when the dimensionless number of h/gT2 is equal to 5.401×10–1. Based on the non-dimensional
analysis, the real-scale model in the Persian Gulf would generate about 2.923MW. Finally, it can be concluded
that the suggested system is a practical energy harvester that can efficiently break ocean waves.
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