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Abstract—This study introduces finite element analysis to
design multiple cantilever beams for ocean wave energy
harvest. The ocean wave energy is transformed to vibration,
and it will be converted to electricity by piezoelectric. The
natural frequencies of the beams should be tuned as low
frequency relative to ocean wave energy in Thailand. The
natural frequencies of the beams are designed by finite
element analysis such as 4.461, 8.479, 13.802, and 25.105 Hz,
which are the frequencies of swaying and bending motions.
The experiment result presents that power harvest from
piezoelectric is related to the desired frequency. The suitable
range of energy harvest is from 11 to 24 Hz. The error
occurs about 3.4-5.8%, cause of which depends on stiffness
of piezoelectric plate Then, the stiffness and the natural
frequency of the beams may be slightly increased.

Index Terms—ocean wave energy, natural frequency, multi-
cantilever beams, piezoelectric, FEA

I. INTRODUCTION

The energy is the most importance, it is from Thailand
Alternative  Energy  Situation 2016 report, oil
consumption increased from previous year 9.7 percent
Ref. [1]. Wave energy is one of the most interest
renewable energy. Ocean wave in Thailand is
approximately between 0.186-0.198 Hz and wave height
estimate 0.5 m Ref. [2].

Wave energy converter (WEC) is a device to convert
ocean energy to electricity and it can be classified by
working principle and location as shows in Fig. 1. The
working principle consists OWC, pressure, floating
structure, overtopping and oscillating wave surge/impact.
The location consists onshore, nearshore and offshore
Ref. [3]. Thailand ocean contains low depth and the
floating structure of WEC is suitable than other types.

Point absorber is one of the most popular WEC, which
is floated on sea surface. It is oscillated by transverse
wave, and it converts energy from vibration energy to
electricity. Point absorber has advantage that it is small
size and it can absorb energy in several directions. Aqua
Energy Group Ltd has developed AquabuQY. It has
diameter 6 m and it was installed in deep ocean more than
50 m, the device can harvest electric power much more
250 kW.
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To design point absorber device, the frequency of point
absorber and natural frequency of mechanism should be
designed to similar frequencies. The frequency of point
absorber usually equals with ocean wave. Piezoelectric is
one of devices to convert energy from vibration.
Piezoelectric is attached on some mechanisms, which
receives electric energy from stress and strain of material.

To harvest highest energy using piezoelectric, natural
frequency of point absorber WEC should be configured
on average frequency of ocean wave. Multiple cantilever
beams are stacked to increase the bandwidth of natural
frequency. It is well known as piezoelectric cantilever
beam arrays. It is usually expressed as double mass
spring system. The frequency bandwidth of piezoelectric
cantilever beam arrays are tuning mass or dimension
beams. Several papers Ref. [4-7] presents the multiple
cantilever beams arrayed 2-4 beams to increase
bandwidth and electric power for scavenge vibration
energy ambient. The most multi-cantilever beam systems
they are natural frequency between 22 to 245 Hz and
tuned natural frequency by changing tip mass.

Therefore, this paper deals finite element method
(FEM) for tuning natural frequency of the multiple
cantilever beams arrays to nearly Andaman sea
frequency. The multiple cantilever beams arrays will
have experimented with various frequencies.
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Figure 1. Type of wave energy converter. Ref. [3]
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Figure 2. Component of wave. Ref. [8]
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Figure 3. Principle of piezoelectric schematic for energy harvest.
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Figure 4. Cantilever beam with mass in single degree of freedom

Il. WAVE ENERGY

Wave energy produce by transmitted another energy
into ocean surface such as earth rotation, earthquakes and
winds. Andaman sea is deep ocean, and the wave
steepness equals or greater than 0.2. Power of deep ocean

wave (R, ) is expressed that

’H’Th
T ®
32z

where, p is the density of ocean water, g is the gravity

force, H is wave high is the deep of ocean, T is the time
period of wave and b is the width of wave. Andaman sea
has average power 5.12 kW/m.
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I1l. PIEZOELECTRIC ENERGY HARVEST

Piezoelectric is usually used as actuator or sensor
devices, which can generate electric power by electric
polarization. When the piezoelectric material received
stress from force, it is called the phenomenal direct
piezoelectric effect is shows in the Fig. 3. The
relationship of stress, strain and electric field of
piezoelectric is present (2)

T,=E,S,—¢,E @

where, T and Spis stress and strain in piezoelectric

plate. E

piezoelectric coefficient and E is electric field of
piezoelectric. The power harvest of piezoelectric depends
on electronic resistance. It can as

Ve

r

is young’s modulus of piezoelectric, e is

®)

where, V is the voltage across the load resistance and r
is the load resistance.

IV. CANTILEVER BEAM

Cantilever beam can convert to spring stiffness. For

system a cantilever beam with tip mass m, is shows in
Fig. 4. From mechanical of materials, stiffness of
cantilever beam is given as
3El
k=" @)
Equation of elastic curve is given as,
mgl’
max = ()
3El

where, m is the mass of tip mass, E is the young’s
modulus of material, | is length of beam and | is the
moment of inertia of cantilever beam. The spring stiffness
of cantilever beam is given as,

. F mg sEl
X & I

max

(6)

A cantilever beam obtained natural frequency narrow
bandwidth. To expand the bandwidth.

V. FINITE ELEMENT ANALYSIS FOR MULTIPLE
PIEZOELECTRIC CANTILEVER BEAMS ARRAYS

Finite element analysis (FEA) is usually used to solve
mathematical model relative to engineering problems.
The double cantilever beam arrays in Fig. 5 is simplified
as double mass spring system as shown in Fig. 6. The
sinusoidal wave will be added as ocean wave.

To certain the strength of the beams, Fig. 7 shows
single beam element that boundary condition is defined
element in beam by assuming the transverse displacement
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in term of the nodal degree of freedom in matrix form.
Then, moment of the beam can be expressed as
v(x)=Nu @)

Where, N denotes  shape  function and
N=[N(x) N,(x) N,(x) N,(x)]. u denotes

nodal displacementand u=[v, ¢ v, ¢].

Then, nodes are given that

N, %(2x3 'L L) (8)
N, %(xﬂ_ 2L x) )
N, %( 2x° 3x°L) (10)
N, =—(xX’L-x"L") (11)

N,,N,,N, and N,are called the shape function of
beam element.

Mass of Top beam

Fixed area to base
excitation device

m beam
-
"
mZ

Figure 5. Geometric of module energy harvest structure.

-

(1)

=

X

kl

k,

m,
m

2

-

Figure 6. Double mass spring system.

X

© 2020 Int. J. Mech. Eng. Rob. Res

913

Beam element stiffness matrix can be derived from
Galerkin’s method in (12).

L

K= [B] EI[B]dx (12)
0
where,
B=[N/(x) N(x) NJ(x) N/(x)] (13
Lumped-mass element matrix in FEA is defined as
M = [ [[ p[NT [N Jdadx (14)
0 A

VI. DOUBLE SPRING MASS SYSTEM

The double cantilever beam arrays system in Fig.5 can
be simplified as double spring mass system is show in
Fig.6 consists of two springs and two tip masses. The
clamped area attached with moving base. The base
excitation has been moving sinusoidal. The mathematic
model of this system under base excitation is give as

y(t) =y, sin(at) (15)

mX + kx =U (16)

5 a) ol

where, m= : X= ' = |
0 m, X, X,

k +k,
-k

2

-kZ - f -
, m, is first tip
k

2

u =[kly(t)} and k:{
0

mass and m, is second tip mass, k, is first spring

1

stiffness constant and the k, is second spring stiffness
constant, y, and o are the amplitude of base excitation
and frequency of base excitation respectively. X and X,
are the acceleration of m_and m, respectively. x and

X, are the displacement of m_and m, respectively.

A: Static Structural

Maximurn Principal Stress
Type: Maximurm Principal Stress
Unit: MPa
Tirme: 1
15/5/2562 15:20

75.215 Max
62.74

50.264
37,789
25313
12.837
0.36172
-12114
-24.589
-37.065Min

Figure 7.

Static structural analysis result



International Journal of Mechanical Engineering and Robotics Research Vol. 9, No. 6, June 2020

B: Modal

Total Deformation
Type: Tatal Defarmation
Frequency: 44613 Hz
Unit: rarn

15/3/2562 15:21

98.644 Max
a7.683
T6.723
65.762
54.802
43.842
3283
21.921

10.96

0 Min

(a) First mode bending

B: Modal

Tatal Deformation 3
Type: Total Deformation
Frequency: 13.802 Hz
Unit:

15/5/2562 15:24

225.66 Max
20058
17351
13044
123,36
100.29
7,218
50146
23,073
0 Min

(b) Second mode bending
B: Modal
Total Deformation 4
Type: Total Deformation
Frequency: 25,105 Hz
Unit: rn
27762962 10:53

0.14717 Max
013082
011447
0.002115
0.081762
0.08541
0.049057
0.032705
0.016352

0 Min

(c) Third mode bending

B: Modal

Total Deformation 2
Type: Total Deformation
Frequency: 84793 Hz
Unit: m

27/6/2362 10:3

0.10305 Max
0.093378
0.081703
0.070033
0.058361
0.046600
0.035017
0023344
0.011872

0 Min

(d) Fourth mode swaying

Figure 8. Natural frequencies and mode shape of double cantilever
beam arrays (a) bending mode of top plate cantilever beam (b) bending
mode of bottom plate cantilever beam (c) bending mode of both plate
cantilever beam (d) swaying mode of bottom plate cantilever beam
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TABLE |. PROPERTIES OF CANTILEVER BEAM AND TIP MASS

Top cantilever Bottom cantilever

beam beam
L*W (mm) 120x30 180x31.5
Thickness (mm) 1 1
Mass density (kg/m®) 2,770 2,770
Young’s modulus (GPa) 70 70
Tip mass(kg) 0.3 0.012

Double cantilever beam
Base excitation device‘ ) & /“

=4 57}

Figure 9. Installation of base excitation test.

VIl. RESULTS

This section deals simulation results and experiment
result. The structure is analyzed using finite element
method in order to consider static structural analysis and
modal analysis.

A. Static Structural Analysis

To tune the tip mass, the stress should occur to archive
maximum energy harvest but it should not greater than
yield strength. The upper beam is concerned because it
has to carrier the weight of the system. Thus, the static
structural analysis will consider stress, strain and
displacement, when structure applied any force.
Geometric of cantilever beams and mass are exhibited in
Table I. The material is aluminum and the boundary
condition has shown in Fig. 5 that the upper beam is
mounted to oscillator, which will be shake the beams
with heaving motion so that the stress is considered as
shown in Fig. 7.

Fig. 7 shows the stress in double cantilever beam
arrays that the maximum stress of the beams equals 75.22
MPa or 79.17 percent of the yield strength. The strain
most occurred on near fix support, that area should be
attach piezoelectric.

B. Modal Analysis

Generally, double spring mass system obtains 2 natural
frequencies of vertical oscillation but modal analysis
considers with the complex dynamics model. It can
derive natural frequencies and mode shape of structure. It
consists of 4 mode shapes such as bending and swaying
motion. The initial condition is also similar with previous
simulation.
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Figure 10. Total power output versus frequency at 0.15-30 Hz.

Fig. 8 presents the modal analysis results of 4 mode
shapes. The first mode result is bending mode of top
beam as shown in Fig.8(a) and the natural frequency of
top beam equals 4.46 Hz. The second mode result is
bending mode of bottom beam as shown in Fig. 8(b). The
natural frequency of bottom beam equals 13.80 Hz. The
third mode result is bending mode of both beams as
shown in Fig. 8(c). The natural frequency of overall
system equals 25.11 Hz. The fourth mode shape is that
swaying mode of bottom beam as shown in Fig. 8(d). The
natural frequency equals 8.48 Hz.

C. Experiment Results

To validate the simulation results, the piezoelectric
plates are mounted with the double cantilever beams and
electronic load is defined as 70 kQ, which is electronic
resistance. The beams are demonstrated using base
excitation. The beams are mounted at sliding guide and
they are oscillated by base excitation with constant
amplitude. The experiment results present energy harvest
of piezoelectric plates as shown in Fig. 10. The double
cantilever beams are oscillated using base excitation,
amplitude of which are constant and the frequency of
oscillation is varied between 0.15-30 Hz.

Fig. 10 exhibits the comparison between total power of
the beams in range of 0.15-0.2 Hz and maximum power
has 0.5472 |WWatt at 0.2 Hz. Fig.10 presents the compare
between total power of the beams in range 1-30 Hz, the
peak power occurs at 5 Hz, 13 Hz, and 23 Hz. The power
at5,8,13,and 23 Hz are 17.62, 11.84, 71.13, and 150.42
Watt, respectively.

VIIl. CONCLUSION

Piezoelectric cantilever beam arrays are designed to
harvest energy at low frequencies, and then the natural
frequencies of the cantilever beam system obtain 4.46,
8.48, 13.8, and 25.11 Hz. The experiment result presents
that the suitable range of excitation frequency is between
12 — 24 Hz. The range relatives to natural frequencies of
bottom beam and overall system. The power harvest is
increasing at 10 Hz and it obtains the peak power at 13
and 23 Hz.

As summary, the double cantilever beams are designed
the natural frequencies using finite element analysis, and
the beams are validated by base excitation device. The
error occurs about 3.4-5.8%, cause of which depends on

© 2020 Int. J. Mech. Eng. Rob. Res

stiffness of piezoelectric plate. Therefore, the stiffness
and the natural frequency of double cantilever beams may
be slightly increased than design value. The energy
harvest has most effect by bending mode of bottom
beams and overall system.
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