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Development of an ocean wave energy harvester with a
built-in frequency conversion function
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tric effect. The developed harvester consists of 2 generators driven by rotational
motions converted from vertical motions by a rack and pinion actuator. The
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stator. By this innovative design, the harvester is capable of converting ocean
waves with low frequencies to mechanical vibrations with higher excitation fre-
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efficiency. A corresponding mathematical model for the harvester is developed
to evaluate the generated power. The simulation results show that the gener-
ated power increases with increases in the ocean wave height, number of mag-
netic bars and decreases in the wave period, the distance between 2 opposite
magnetic bars, and harvester's submerged part height. The power output is real-
ized up to 260 W with the height, length, and width of the harvester being
1mXx1mX1m, at the ocean wave height and period being 2 m and 7 seconds,
respectively.
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1 | INTRODUCTION 3 kW/m®.** Besides, the strong and consistent energy
demand on marine facilities, such as radar, communica-

Traditional fossil fuel sources such as oil, gas, and coal tion devices, desalination devices, marine platforms, and

create pollution by releasing huge amount of carbon
dioxide and other pollutants into the atmosphere. US
Energy Information Administration indicates that the
US electricity power sector has contributed more than
one third of the total US energy-related carbon dioxide
emissions in 2015." The global warming at alarm level
now is an inevitable result from the usage of such
energy sources. Researchers are heading towards alter-
native abundant, renewable, and clean energy sources
such as wind, solar, and ocean waves. Among these
renewable energy sources, the ocean wave energy has
a highest energy density, which is around 2 to

electric charging station located on the offshore area is
emerging.’ Energy harvesting from ambient energy
sources into usable electric power based on electrostatic,
electromagnetic, and piezoelectric technology has been
initiated and developed.® Remarkably, among these con-
version technologies, the piezoelectric transducer pos-
sesses an energy density 3 times higher than the other
2 transducers.”® The piezoelectric transducer has an
effective conversion with no electric leakage when the
excitation frequency of ambient vibration sources is
higher than 10 Hz.” In addition, it was explored that
the piezoelectric  harvester's power output is
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proportional to the cube of the excitation frequency.’
Furthermore, in nature, the frequency of clean energy
sources such as ocean waves, tidal, and wind is typically
very low. Thus, piezoelectric energy harvesters with
tuning devices for matching the frequencies are more
efficient and effective than those without such tuning
devices.'” So far, the techniques for tuning the fre-
quency of the ocean waves have a modest development.
Murray and Rastegar'' presented a 2-stage electrical
energy generator based on the piezoelectric effect,
which can convert the low-frequency ocean waves into
much higher frequency mechanical vibrations. The sim-
ulation results indicated that the harvester efficiency is
highly enhanced. Williams et al’ proposed a dynamic
model of a mass-spring-damper system that has an
adjustable frequency device. Their theoretical analysis
indicated that the amount of the increased power is pro-
portional to the cube of the excitation frequency. The
piezoelectric harvester magnifying the low excitation
frequency of vibrational sources other than ocean waves
to obtain a higher power was also intensively investi-
gated.”'*'® Xie et al'® presented a ring-shaped harvester
using the magnetic effect and rotating velocity derived
from wind flow and tidal current to increase the excita-
tion frequency for a higher power output. The results
showed that a power up to 5200 W could be realized
for a practical design of the harvester with a radius
around 0.5 m.

It is known that ocean waves own a source of pow-
erful mechanical energy, but exhibit low frequencies.
The energy conversion efficiency of the current renew-
able energy harvesting technologies, namely, electro-
magnetics, electrostatics, and piezoelectricity is low due
to the mismatch of the frequencies of the waves and
the harvesters. The aforementioned harvesters have
been designed to convert the low-frequency wave into
a higher frequency of mechanical vibration by using
bending piezoelectric effect, which is 3 times lower than
the tension/compression piezoelectric effect.'” Hence,
the produced power is still relatively low and only suffi-
cient for small electric appliances."’ One of the reasons
is that the introduced technology able to tune the wave
frequency by the bending piezoelectric effect is lower
than other types such as tensional/compressional effect
ds; and shear effect d;s. Current challenges remain to
develop new piezoelectric energy harvesters from ocean
waves with a higher electric generation efficiency. In
addition, efficient and simple installations are also indis-
pensable for a cost-effective design of the harvesters. In
view of these challenges, the objective of the research is
to propose a novel, simple, and efficient harvester using
the tensional/compressional piezoelectric effect to con-
vert a low-wave frequency into the higher frequency of
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mechanical vibration, which has not been fulfilled in lit-
eratures. In addition, the developed harvester includes a
rack and pinion actuator to convert the vertical motion
into the rotational motion. The generator has a rotator
having a magnetic bar attached on its blade tips and a
stator comprised of a mass, spring, lever, and piezoelec-
tric transducer system (MLPS). By this novel design, the
harvester is able to convert the low-frequency ocean
waves into the higher excitation frequency of mechani-
cal vibration, while the simple installation objective is
also fulfilled.

2 | DESIGN AND MODELING OF
HARVESTERS

2.1 | Analysis of the ocean wave-structure
interaction

This section focuses on the derivation of the mathematical
heaving modeling for harvesters having a cube shape sub-
jected to ocean waves based on information in published
literatures'®'” in the ocean wave engineering. Wherein,
factors appearing in the interaction are fully presented
and included in the equations. Generally, the ocean waves
can be classified as 3 categories: linear wave sinusoidal
profiles, nonlinear waves described by nonsymmetrical
profiles, and random seas predictable in the frequency
domain. These waves are created by several phenomena,
eg, winds, moving bodies (ship, boat...), seismic activities
(earthquakes), motions of moon, and sun. The wave-
structure interaction in 3D space is sketched in Figure 1.
The still water level is defined as the average water sur-
face elevation at any moment. Notations, h and 5(t,x) are
water depth and vertical free surface displacement,
respectively, both measured from the still water level.
L., H,, and c are wave length, wave height, and phase
velocity of waves, respectively. d,, is the height of the sub-
merged part of the harvester box, which is defined as a
distance between the harvester bottom and the still water
level. It is noted that d,, can be adjusted by changing the
harvester ballast material, and still water level is not
always coincident with the horizontal center plane of
the harvester body.'® Under the impact of ocean waves
in x-y-z coordinates, a rigid floating body has 6 compo-
nents of motions corresponding to 6 degrees of freedom.
These components can be visualized in Figure 1 and com-
monly defined in ocean wave mechanics to be as follows:
surge: displacement along x axis; sway: displacement
along y axis; heave: displacement along z axis; roll: rota-
tion about x axis; pitch: rotation about y axis; and yaw:
rotation about z axis.

In this research, the linear ocean waves are considered
based on literature."® It has been known that the
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FIGURE 1 Floating cubic structure on the ocean floor in 3D space [Colour figure can be viewed at wileyonlinelibrary.com]

wavelength is a function of water depth, h, wave period, T
and gravitical acceleration, g = 9.8 m/s?, and can be com-
puted by the iterative solution of the equation shown
below'®

 gT? 27th
L, = by tanh(Lw , (1)

From Equation 1, the wavelength is only dependent
on the wave period and water depth.

Consequently, the corresponding wave number, k,
wave celerity, ¢, and the wave frequency, w can be pro-
vided as:

2 2
k:—ﬂ;c:L—w and co:kc:—ﬂ, )
L, T T

The wave power by a harvester for a deep-water condi-
tion in the direction of the wave propagation can be
expressed as'®

_ pg*HLTW,

P
v 2T

3)
where W, is also equal to the wave crest width.

Analysis of the interaction between ocean waves and
a symmetric floating body is difficult in 3-dimensional
(3D) space, as the motions in 6 degrees of freedom
can be simultaneously appeared and arbitrarily
interchanged between the 2 motions. The purpose of
an effective harvester design is to optimally facilitate
and adopt only the heaving motion; thus, pure motions
such as surge and pitching in x-z coordinate system
shall be removed. To do so, the floating structure is
fixed in directions other than z-direction as shown in

Figure 2; by this way, pitching and surging motion are
removed.'® As harvester vibrates only in the z-direction,
the harvester keeps heaving irrelevant of the ocean
wave length. After these considerations, the heaving
motion of the harvester under the impact of ocean
waves is analyzed and established by ocean wave
mechanics and, subsequently, employed to calculate
the harvester's electric power output.

To establish the motion of the harvester, Newton's
second law is used. The equation of the heaving motion
of a floating rigid body, ie, the harvester, can be fully
expressed by the following equation [18]

d*z d’z dz)\ |dz|™ dz dz
MSW+M”W+D”<E)E +Dr g+ Dy @

+PgLoW oz + Nqz = Fro cos(wt +7,),

FIGURE 2 2D wave-structure interaction [Colour figure can be
viewed at wileyonlinelibrary.com]
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where M is mass of the submerged part of the harvester
that is equal to mass of displaced water and can be com-
puted as

M = pdmLo W, (5)

M, in Equation 4 is the added mass that is the inertia
applied to the harvester due to the presence of its body in
a moving fluid or due to the motion of its body in a
stationary fluid."® The added mass is dependent on the
frequency of ocean waves.”** Because this work is to
develop a harvester working in less varying frequencies,
the simplified form of the added mass introduced in liter-
ature'® is used as

_ PmTPLoW o”

M, 1 ;

(6)

where ¢, is the added-mass coefficient, which can be
computed for a rectangular body** as

0, = 0.437¢08813Wo/dn 0.6854e'0'009974W"/d’”, )

D, and D, in Equation 4 are the viscous and radiation
damping coefficients, respectively. These are results of the
energy loss due to waves created by harvester motion on
the water surface. For the rectangular structure in
Figure 1, the viscous damping coefficient is approximated
to be'®

~ pCdLo Wo

Dy~ TR ®

where C, is drag coefficient, and it is equal to 1.05 for a
rectangular body.>* The radiation damping coefficient is
given by'®

_ pLog

D
r w3

R, )

where R, is the ratio of the radiated-wave amplitude to the
body motion amplitude, which is defined as

R, =2¢ ¢ sin (co 2 ), (10)
28

D,in Equation 4 is the power takeoff coefficient,
which is an amount of the ocean wave energy converted
into the electric energy by a harvester and the energy
loss by the internal structure friction.'® In this work,

VYAIREA'E £NERGY RESEARCH

only the harvester-generated electric energy loss and
the internal structure energy loss, eg, viscous damping
and internal structure friction of lever, are considered
as the power takeoff. Other energy losses such as the fic-
tion between the gear and gear rack are ignored in this
study. By defining D, as a power takeoff coefficient of 1
generator, we have a relationship of D,=2D, because
there are 2 generators in 1 harvester. The mathematical
formulation of the coefficient D, will be discussed pro-
foundly the in next section. Notations p and g in
Equation 4 are the density of seawater (1030 kg/m?)
and the spring constant of mooring lines; and N is the
number of lines (mooring restoring force). The harvester
is designed to be freely heaved upward and downward
without any restriction from mooring line; hence, the
spring constant and mooring line number are considered
to be N=¢q,=0.

F, in Equation 4 is the amplitude of the wave-induced
heaving force, which is computed as®

Fpp = B Wolw (5 +1)sin <”L">, an
21 Lw
7. in Equation 4 is the phase angle between the wave
and the force. Because the harvester is designed to be
symmetric about planes x-y and y-z, y, is set to be zero."
By taking into account of the given values of
N=g,=y,=0 and employing the steady solution, the
solution form of Equation 4 is characterized as

z =2 cos(wt +y, —6;), (12)

where z, is the amplitude of the harvester heave motion
and 6, is the phase angle between the wave force and
motion direction. The amplitude is thus obtained to be'®

Fro

20 = (gWoLo) (13)

5 2 1/2
1@ @(D; +D, +D,)
ey T e

and

o(Dr +Dy +D,)
-1 PEW oL, (1 4)

)
1— @
Pg8WoLo
Ms +Ma

It can be seen from Equations 9 to 14 that the ampli-
tude, damping coefficients, and angles are dependent on
the ocean wave frequency. By substituting Equations 13

6, = tan
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and 14 into Equation 12, we obtain a full heave motion
equation of the harvester as follows:

FZO

7= (pgWoL,) (15)

2 2 1/2
o @(Dr +D, +D,)
1= e | + eWoL,
Ms +Mq

(D, +D, +D,)
1 P8WoLo

)
1——@
PgWoLo
Ms +Ma

The ocean data used in this work are provided in
Table 1, unless otherwise noted.

Cos{ wt—tan™

2.2 | Root mean square of the generated
power

2.2.1 | Magnetic force

The harvester with 2 internal generators freely heaves in
z-direction under the interaction from the ocean waves
as shown in Figure 3A. Each generator has a cubic
shape with an edge length of D = 0.8 m. It can be seen
from Figure 3C that each generator has a rotator and a
stator. The rotator consists of m rotator blades with a
length of r. Each tip of blades is attached with a mag-
netic bar. The stator contains an MLPS. The distance
between 2 opposite magnetic bars is set as d. When
the harvester heaves, the gear rack moves upward and
downward accordingly and then drives the generator
rotator to rotate via the gear and shaft devices. As the
rotator rotates, the distance between 2 magnetic bars,
d, varies leading to a change of magnitude of repelling
magnetic force, F,.'® As a result, the MLPS is excited
by the magnetic force.

The angular frequency of the repelling force, F,
between 2 magnetic bars (between rotator and stator tips)
is linearly dependent on the reciprocal angular speed of
the rotator. Therefore, the frequency of the magnetic force
can be increased by adjusting both the rotator speed and
rotator blade number to achieve a higher power output.
In addition, a higher force frequency could avoid a possi-
ble electric leakage of the harvester.” As shown in
Figure 3B, the gear rack is fixed to the harvester
basement; thus, the reciprocally vertical speed of the gear
rack is equal to the harvester speed. In this research,

TABLE 1 Ocean wave properties

d,,, m
0.1-0.5

T, s h, m Ca
7-15 30 1.08

H,,, m
1-5.5

because the repelling magnetic force is used as a sinusoi-
dal function of the vertical speed of gear rack, the average
speed value is used instead of instantaneous one. From
Equation 15, the average vertical speed of the gear rack,
Aa.rz » can be written as

4F
1 420 (TpgWoLo)
wr e T 2 212’
1 n (D; +Dy +Dy)
o PaLL,

(16)

The correspondingly average angular speed of rotor,
w,, can now be calculated to be

4F
/‘la.rz (rT pgWoLo)

r 2 2
o w(D; +Dy +Dy)
1-Zer | + PEWoLo
Ms +Mq

where r is the rotator radius as shown in Figure 3C.

Because the repelling magnetic force is a function of
the gap, d, and time, ¢, the repelling magnetic force in 1
generator is considered as absolute sinusoidal form as
shown below"®

5 (17)

F,(t) = |Fyosin(m.w,.t/2)], 18)

where m and F,, are rotator blade number and the ampli-
tude of repelling magnetic force, respectively. From avail-
able experimental results,>® when the minimal distance
between 2 opposite magnetic bars on the rotator and
stator is set as d, the repelling force amplitude F,, between
2 magnetic bars can be calculated by:

Fro = c2¢¥0,10(d)|%(d), (19)

where, c;, ¢, and c; are height, length, and width of the
magnetic bar, respectively as shown in Figure 3C. The
magnetic bar is selected as Neodymium iron boron,
N5311,%° having a known equivalent magnetic residual
flux density denoted as ©,=1.45 T. The material proper-
ties and dimensions of the components are provided in
Table 2, unless otherwise noted. ©(d) and ¥(d) are
defined as the magnetic flux density field and the decay
function of repelling force between 2 magnetic faces,
respectively. For a rectangular magnet, functions O(d)
and ¥(d) can be obtained as®’

o= { (s foa o ver )

—tan™" (clcz/{z(cl +d) \/4(01 +d)? + 2+ Cf})} )

(20)
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FIGURE 3 Structural design of
harvester. A, Interaction of harvester and
ocean waves, B, harvester's internal
structure, and C, generator's internal
structure [Colour figure can be viewed at

wileyonlinelibrary.com]

and
P(d) = (1.749 + 1.144e(_%> ) x10° (NT’Zm'7/ 3), (21)

where d, is standardly selected as 1 mm.

2.2.2 | Root mean square of the generated
power

The MLPS consists of a mass-spring system and a lever
fixed with a piezoelectric bar as shown in Figure 4A.
The repelling magnetic force drives the MLPS to gener-
ate the usable electric power. In order to evaluate the
power output, the MLPS can be converted into a

2-degrees-of-freedom model®® and shown in Figure 4B.
Based on Figure 4A, the MLPS has a vibrational mass,
m,,, and a connecting spring with spring stiffness, K.
The vibrational mass is attached with small rolling
wheels to reduce the friction between the moving mass
and generator's frame at a fullest extent. The vibrational
mass is a combination of housing mass, M,, and
magnetic bar mass, M, and therefore the relation
M,, = My, + M, is set. In Figure 4A, the lever made
of steel having a long moment arm, l,, and short
moment arm, [;, is able to freely rotate around point,
B, and its equivalent lever moment ratio is defined as
n; = l/l;. Value [; = 0.02 m is chosen throughout the
research. Both tips of the lever are firmly fixed with
the mass-spring system and piezoelectric transducer at
points C and A, respectively, as shown in Figure 4A.
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TABLE 2 Harvester material properties and dimensions

Rotator's component dimensions MLPS's component dimensions Mass Stiffness

¢; =c3=0.025m n; = 10-15 M, =0.5kg K, = 20 kN/m
¢; =0.05m £=0.0017 = ==

m = 4-18 a,=a3;=0.015m -- --

r=0.25m a; =01m -- --

d = 0.0015-0.0024 m l; =0.002 m - --

C, = 0.375 (nF) for piezoelectric patch with geometry of 0.01 m, 0.01 m, and 0.0001 m.

(B)

FIGURE 4 Model conversion of MLPS into a 2-degrees-of-freedom system. A, MLPS and B, 2-degrees-of-freedom system [Colour figure can

be viewed at wileyonlinelibrary.com]

The piezoelectric bar with a length of a;, a width of a,,
and a height of a; is made of the lead zirconate titanate
(PZT4). The parameters of the mass-spring-damper sys-
tem can be derived from material properties and dimen-
sions of the equivalent cantilever beam®’

K, = El.SiSQ/(4.li.l’li)7 M, =pArl.ng , and Dy
=2.£ VKM, (22)

where Ej, p;, A;, D;, and & are Young's modulus, material
density, cross-section area, mechanical damping coeffi-
cient, and damping ratio of lever arms, respectively.
Notation K; is the spring constant corresponding to the
elastic deflection of beam tip, C; D, is the coefficient of
mechanical damping force of the beam, that is induced
by the internal structural damping force® and the fric-
tion between the cantilever beam and the viscous air
in vibration process. Besides the elastic deflection of
the lever, the axial deformation of the piezoelectric bar
also has a small contribution to the spring constant
modeled by, K, = E,.a,”/(a;.n/). The equivalent spring
constant, K, of the lever-piezoelectricity device now
can be obtained as K;=K;.K,/(K;+K,). The face of the
lever arm is designed as a rectangular shape with a
height and width of s; and s,, respectively, as shown in
Figure 4A.The dimensions of the lever face are selected
as s; = 0.03 m and s, = 0.015 m, unless otherwise
noted. The total damping coefficient, D,, of the MLPS

consists a damping coefficient, D, of lever and electric
damping coefficient, D, , from a closed electric circuit,*'
which links directly to piezoelectric transducer. Thus,
the harvester damping coefficient may be written as
D,=D,+ D, , where the electrical damping coefficient,
D,, can be derived as>%:

D, = n*d3;K:/ (7°caf). (23)

In Equation 23, ds; is the tension/compression piezo-
electric effect in the polling direction, which is firmly
selected as ds; = 3.107'° (C/N); c, is the electric capacity
of the piezoelectric bar; and f, is the first natural vibration
frequency of the spring-mass system as shown in Figure 4
B. The first natural vibration frequency of the system can
be determined by using the numerical solution.**

Once the components of the MLPS model are intro-
duced, the force applied to the piezoelectric transducer
and the generated output power of harvester can be
derived hereafter. According to Newton's second law,
the governing equation of the MLPS depicted in
Figure 4B can be characterized as follows:

.. Km(ul_um) Fr(t)
Uy =
M, M,
i :Km(um—ul) Ksul Dtul
: M, M, M,

24
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The iteration method is used to solve Equation 24.
Namely, the state-space method is firstly used to reduce
the second-order-differential equation system to a first-
order-differential equation system:

. :l S :-'
{”’" m:{l’” . 25)

ul:/ll /112111

where A, and A4, are the velocities of the vibrational mass
and tip, B of the lever, respectively. Subsequently, from
Equations 24 and 25, a system of the first-order differen-
tial equations is written as functions

/‘im :fl(ta uWh Ll.l)

ﬂ‘,l :fz(umaub/ll)? (26)
um :f3(/1m)
U :f4(/11)

The time step At in the numerical solution is selected
as 10™* seconds. As a result, the displacements and veloc-
ities of the vibrational mass and lever at the time ¢;,; can
be derived as:

liy1 =t + At
Am(tir1) = An (6i) + F1 (6 um (), wi(t:)).At
Aitigr) = 4(t) + Fr(um(ts), wi(ts), 4i(tiza)).At, i=0,1,2...00.
Un(tiv1) = Um(t;) + f3(Am(tir1))-At
w(tiv1) = wi(ti) + f4(A(tin)).At
(27)

The initial conditions of the MLPS are set to be zero
values, ie, the expressions of initial displacements and
vibrational velocities are shown: i=0, t, = 0, u,,(t,) =0,
u(ty) =0, A,,(ty) =0, and A(t,) = 0. Subsequently, the force
F4(t) at lever tip A applied to the piezoelectric bar can be
computed to be:

FA(ti) = nl.F[(li) = nl.Ks.ul(ti), (28)

Then, the electric charge, voltage, and current gener-
ated by the piezoelectric effect at time ¢; are expressed as:

Q([i) = d33.l’ll.KS.ul(ti)
V(ti) = d33.nl.KS.UZ(ti)/Ca s (29)
I(ti) = d33.l’ll.Ks.ll(ti)
where ds; is compression piezoelectric effect. The elec-
tric capacity of the piezoelectric material can be com-

puted as**

Cq = €,Xa,Xa3x0.0001/(0.01x0.01xay), (30)
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The value of ¢, is provided in Table 2. The electric
power output of 1 generator at time t; from the piezoelec-
tric effect now can be described as:

Po(t;) = d3y.nf K2 (t;).A(t;) / ca, (31)

When the harvester works for a time duration T,
RMS of the generated electric power from time 0 to T,
can be computed by:

P — [

= J 0" Pl (0.dt, (32)
d

When T, is divided into ¢ small time intervals, the
discrete expression of Equation 32 can be rewritten as:

1 (<3
PSlrmS — A ,gzlpgl(tl% (33)
i=

The conversion efficiency of harvester now can be
written as

Z'Prms
fo= —Psl 100%, (34)
w

3 | RESULTS AND DISCUSSIONS

The effectiveness of the harvester system is evaluated by
examining the effects of the ocean wave properties and
the harvester component's material properties and dimen-
sion using the developed mathematical model. A compar-
ison between the proposed harvester and snake-like
structure Pelamis in terms of power output is also imple-
mented to show the efficiency of the developed harvester.
The ocean wave properties and the internal component's
material properties and dimensions of the harvester in
the simulations are provided in Tables 1 and 2, respec-
tively, unless otherwise noted.

To understand the soundness of the developed har-
vester and its modeling, the reciprocal heave motion of
the harvester and relative displacement of the vibrational
mass are shown in Figure 5A,B, respectively. The data
used in this simulation are provided in Tables 1 and 2
and other parameters are selected as n; = 15, m = 15,
d =0.002 m, T = 7 seconds, Wo =1 m, H, = 1.5 m, and
d,, = 0.25 m. It is observed from Figure 5A that the har-
vester oscillates with a period equal to that of ocean waves
being T = 7 seconds, but with a different amplitude as
Zo = 0.7 m, which is 0.05 m smaller than ocean wave
amplitude, H,,/2. It is also observed from the figure that
the vibrational mass vibrates with a frequency of 4 Hz,
which is 30 times higher than that of the ocean waves
(0.13 Hz). Hence, it is concluded that by using and
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-04

Heaving motion of harvester, z (m)
o

06}

-0.8

Simulation Time (s)

(A)

Displacement of vibrational mass, u. (m)

0.035

0.03 -

0.025

0.02

0.015

2 4 6 8 10 12
Simulation Time (s)

(B)

FIGURE 5 Vibrational displacement: A, heaving motion of harvester and B, vibrational mass

increasing the relative movement between the rotator
magnetic bar and magnetic bar embedded on the vibra-
tional mass, the low-frequency ocean waves are converted
into a higher mechanical frequency of the MLPS.

The effect of properties and dimensions of ocean
waves and harvester's components on the RMS of the gen-
erated electric power is investigated. Figure 6 shows the
effect of the height of the submerged part of the harvester
on the RMS of the power output at various wave heights
of H, = 1 m, 1.5 m, and 2 m. Other parameters are
selected as n; = 15, m = 15, d = 0.002 m, T = 7 seconds,
and Wo = 1 m. It is shown in Figure 6 that the RMS
decreases nonlinearly with an increase in the submerged
height. Specifically, when the submerged height, d,,,
varies from 0.1 m to 0.5 m, the RMS decreases from
273 W to 245 W with a wave height of 2 m. The RMS of
1 generator can reach up to 260 W at a submerged part
height and a wave height of d,, = 0.3 m and H,, = 2 m,
respectively. It is known that the height of the submerged
part of the harvester can be manually adjusted by chang-
ing the material of harvester ballast.'® The simulation
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FIGURE 6 Effect of the submerged height of harvester on RMS of
the power with different wave height

result is interpreted by the fact that an increase in the sub-
merged height can lead to a rise in wave viscous and radi-
ation damping, which are characterized in Equations 8
and 9. In addition, it is also observed in the figure that a
rise in wave height leads to an increase in the power out-
put. It can be explained that, from Equations 11 and 17,
the average angular frequency of the reciprocally repel-
ling magnetic force, w,, is linearly propositional to the
wave height. Thus, increasing the wave height results in
a corresponding rise in angular frequency of magnetic
force leading to a higher electric power output.

Figure 7 depicts the variation of RMS with respect to
the wave height at n; =15, m =15, d = 0.002 m, T = 7 sec-
onds, d,,, =0.25 m, and Wo = 1 m. It indicates a nonlinear
increment of power output with respect to the rise in
wave height. That is, an increment of the wave height
from 2 m to 5.5 m leads to the rise in the power output
generated by 1 generator from 273 W to 1500 W. The
observation is interpreted on one hand that based on
Equations 8 and 9, there is no increment of damping force
with the increment of wave height. In addition, from
Equation 11, we can see that the amplitude of the ocean
wave force on the harvester increases with an increment
of the wave height which results in a rise of power output
as seen by Equation 24. It is known that the ocean having
at wave heights greater than 2 m dominates a very small
area of the world ocean.

Figure 8 shows the effect of the number of rotator
blade, m, on the RMS of the generated power with various
wave period, T = 7 and 13 seconds and other parameters
n = 15, d,, = 0.25 m, H, = 1.5 m, d = 0.002 m, and
Wo = 1 m. It is illustrated in the figure that the generated
power increases nonlinearly with an increase in the rota-
tor blade number. A RMS of 210 W can be realized at the
rotator blade number, m 18, and wave period,
T 7 sseconds. It is interpreted that, based on
Equation 18, the excitation frequency of the magnetic
force is directly propositional to the blade number; hence,
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FIGURE 8 Effect of the number of rotator blade on RMS of the
power with different wave period

increasing the blade number results in a rise in generated
power. The figure also reveals that RMS increases with a
decrease in the wave period. That is due to the fact that,
as described in Equation 17, the angular frequency of
rotator is inversely proportional to the wave period.
Hence, an increase in the wave period leads to a lower
excitation frequency. From this observation, we can con-
clude that the ocean region with a long wave period
degrades the energy conversion capability of conventional
harvesters. Nevertheless, the figure exhibits an interesting
and useful finding that the proposed harvester can
improve its power output by increasing the blade number,
when it operates on the ocean floor with a long wave
period.

Figure 9 shows the effect of the distance between 2
opposite magnetic bars on the RMS of the power output
with various lever moment ratios at d, = 0.25 m,
H,,=1.5m, T =7 seconds, m = 15, Wo = 1 m. The figure
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FIGURE 9 Effect of the distance between 2 opposite magnetic

bars on RMS of the power with different lever moment ratios

indicates that the RMS of 1 generator is up to 148 W at a
distance of d = 1.5 mm and lever moment ratio of n; = 15.
The figure reveals a nonlinear reduction of power output,
when the distance of 2 opposite magnetic bars increases.
The observed phenomenon can be explained that increas-
ing the separation between 2 opposite magnetic faces
leads to a lower magnetic flux density, which in turn
results in a lower repelling force. The value of gap d rang-
ing from 1 to 2 mm is frequently used in applica-
tions.'>'®3>3¢ The figure also indicates that RMS of
generated power increases with a rise in the lever moment
ratio. The reason lies in the fact that, through the lever
mechanism, the force magnitude acting on the piezoelec-
tric transducer at the tip point, A, of lever is magnified n,
times with respect to the force magnitude at the tip point,
C. It concludes that the lever also plays an important role
in the harvester to improve the power output.

From the modeling, we see that it is important to
understand the energy conversion efficiency of proposed
harvester and the effect of the harvester width on the effi-
ciency. Figure 10 shows the effect of the harvester width
on its energy conversion efficiency based on Equation 34
with parameters used as d = 0.002 m, d,, = 0.25 m,
H, =15m, T = 7 seconds, m = 15, n; = 15. From the
figure, harvester conversion efficiency is around 1% at a
harvester width being 1 m. It is demonstrated by
Figure 10 that an increment in the harvester width leads
to a slight reduction of the conversion efficiency. It may
be interpreted that a larger harvester will have the higher
viscous and radiation damping forces created by the
wave-harvester interaction. These damping dissipates
the ocean wave energy subjected to the harvester ballast,
before the ocean wave energy is converted into the electric
power by the internal components of harvester.
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Table 3 shows a comparison between the proposed
harvester and the snake-like structure “Pelamis™®’ in
terms of total generated power at the same weight. The
data used for the comparison are selected as
d =0.002m, d,, =03m, H, =15 m, T = 7 seconds,
m = 15, n; = 15. It is noted in Table 3, the total weight
of the proposed harvester units is set equal to the weight
of a Pelamis. The weight of a unit is estimated by a sum
of weight of individual components, which are referred
to their material dimensions and properties. Table 3
shows that the total power output of harvester units is
7020 kW, which is approximately 9 times higher than that
of a Pelamis. In addition, the internal components of
harvester are simpler and more eco-friendly than Pelamis,
which is made of complex fluid pipes, electronic compo-
nents, and hydraulic piston-cylinders. As a result, for a
long-time operation, the developed harvester exhibits a
better benefit than Pelamis, and the maintenance of the
proposed harvester is easier than the Pelamis. Further-
more, the proposed harvester contains mainly the
mechanical components and less gear lubrication fluid.
There is, therefore, no concern of contaminating the
marine environment by presence of the proposed
harvester.

TABLE 3 Comparison between proposed harvester and snake-
like structure, Pelamis

Proposed harvester Pelamis
Total weight (kg) 1 350 000 1 350 000
Weight of unit (kg) 100 337 500
Number of unit 13 500 1
Total power output (kW) 7020 750

4 | CONCLUSION

A novel harvester is developed to harness the energy from
ocean waves. The internal structure of the harvester con-
sists of rack and pinion actuator connecting with 2 gener-
ators. The generator has a rotator having magnetic bars
attached on its blade tip and a stator comprised of mass,
spring, lever, and piezoelectric transducer. In summary,
the findings of the present research are as follows:

« The harvester produces a converted frequency of
mechanical vibrator 30 times higher than that of
ocean wave source.

« The RMS of power output increases with increases in
the ocean wave height, lever moment ratio, number
of magnetic bar in the rotator and with decreases in
the wave period, the distance between 2 opposite mag-
netic bars, and submerged part height.

« For the proposed harvester with geometric parameters
of H,=1m, L, =1m, W, =1 m and submerged part
height being d,,, = 0.3 m, RMS of 1 generator is up to
260 W at ocean wave height and period being H,, = 2 m,
and T = 7 seconds, respectively.

« Total generated power of harvesters is 9 times higher
than that produced by Pelamis, when both harvesters
are at the same weight.

The proposed harvester is environmentally friendly
and can be a promising candidate for efficiently gener-
ating electricity used in the marine and civil
applications.
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