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Energy harnessing from water waves using a piezoelectric energy harvester with and
without ore-like tip: an experimental study
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ABSTRACT: In this article, the piezoelectric energy harvester of cantilever type with the ability to be
angled relative to the vertical direction, and also with rectangular fins attached to the end of the harvester
has been investigated. The purpose of this study is to investigate the effect of design parameters such as
the angle of inclination of the energy harvester, its distance from the wave source, the depth of the beam,
and the presence or absence of fins at the end of the beam, on the effective output voltage of the energy
harvester. Low efficiency is the most important limitation for the advancement of piezoelectric energy
harvesters, and for this reason, it is necessary to use methods based on tests and optimization to increase
the efficiency of piezoelectric energy harvesters. To carry out the experimental study, experiments have
been designed using the central composite design (CCD) and the design parameters have been optimized
using the response surface methodology (RSM). Also, the effect of equipping the energy harvester with a
fin on the final voltage has been investigated. It was observed that the optimal conditions for both finned
and non-finned harvesters occur when the distance ratio of the beam from the wave-maker is minimum
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and the depth of penetration ratio is maximum.

Central composite design

1- Introduction

Harvesting energy from water waves is one of the
new methods of producing clean energy with the help of
piezoelectric materials. In this method, the mechanical
energy of water waves is converted into electrical energy.
Piezoelectric energy harvesters are made in various
configurations, and one of the most common configurations
is the uni-morph cantilever configuration [1]. Attempts to
improve the efficiency of piezoelectric cantilever energy
harvesters have been a common theme in most studies [2].
In this article, a new experimental study is conducted on
the design of piezoelectric cantilever harvesters. The energy
harvester under study has a uni-morph cantilever structure,
and the distance of the harvester from the wave maker, the
depth of its penetration in the water, as well as the angle
of the harvester concerning the vertical axis, are the main
input variables. Also, a rectangular fin is used at the end
of the piezoelectric harvester, and all the experiments are
performed for both finned and non-finned harvesters, and the
effect of the presence of fins at the end of the harvester is
investigated. An empirical model is extracted using response
surface methodology, based on which the input parameters
are optimized to achieve the maximum effective voltage.

*Corresponding author’s email: Dr.mohammadi@znu.ac.ir

2- Materials and Procedures

All experiments were carried out in a water channel with
a length of 3.7 meters and, a width and height of 0.6 meters.
Two types of cantilever structures, according to Figure 1,
were used in the experiments.

The energy harvester is in the form of a cantilever beam
connected to a piezoelectric disc (see Figure 1) and placed at
avariable distance from the central axis of the wave generator
using a fixture that can rotate and adjust the angle relative to
the vertical axis.

Fig. 1. Schematic picture of finless (part a) and finned
cantilever energy harvester (part b)
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Table 1. Input factors in the experimental runs

Test Order Test Leﬁgth Depth ratio aI:Te
number ratio(%) (%) s

17 1 60 g 0
15 ) 60 7 o
16 3 60 g 9
> 4 40 3 o
14 5 60 B .
11 6 60 0 0
12 7 60 B 9
6 8 80 3 e
20 9 50 5 -
13 10 60 3 5
19 11 50 5 0
: 12 40 9 15
18 13 60 5 o
2 14 20 3 3
: b 40 9 45
9 16 20 6 30
4 17 80 9 T
8 18 ]0 9 5
10 19 100 3 0
1 20 40 3 15

3- Design of Experiments by CCD method

The design variables are the dimensionless ratio of
the distance of the cantilever from the wave maker, the
dimensionless ratio of the depth of the cantilever in the water,
and the angle of the tilted cantilever.

The response surface methodology uses second-order
models to develop the response surfaces of the model and
optimize the design parameters. The CCD method is one of the
best experimental design methods for defining the necessary
experiments to fit the second-order models. The number
of tests for the CCD method is calculated by the relation (
n =2" +2k +1), where k is the number of input factors. On
the other hand, to analyze the precision and adequacy of the
model, it is necessary to repeat the tests multiple times at a
single point in the experiment. In this article, the experiments
have been repeated 5 times at the central point of experiments,
and due to the presence of 3 input variables and 5 repetitions,
the number of experiments is equal to 20.

4- Extracted Empirical Model

Using the RSM, the effective output voltage of the
piezoelectric energy harvester was expressed as a second-
order mathematical function of the input variables. Equation
1 represents the extracted second-order empirical models for
the energy harvesters with the end fin:
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Table 2. Results of ANOVA for the empirical models

Statistic S R’ R2 2
quantity adjusted predicted
Without 0353553 | 99.94% 99.89% 99.54%
end-tip
W“? end- | 0157502 | 99.98% 99.97% 99.87%
ip

v =87.801 —1.0571L +0.242H —0.10986 +
0.004307L% +0.069 H> —0.0052886> + (1
0.0043L x H +0.004458L x 6 +0.00916 H x 0

The empirical model for the energy harvesters without the
end fin is expressed as:

V,.=104.88 —1.2563L +0.041H —0.15836 +

ms

0.005000L" +0.0832 H> —0.0055569° + ()
0.0083L xH +0.005L x68+0.01111H x6

where V', L, H, and e are the effective voltage (in mV),
length ratio (in percent), depth ratio (in percent), and tilt
angle of the cantilever, respectively. An analysis of variance
has been applied to check the precision and adequacy of
the model, and the summary of the analysis of variance is
reported in Table 3 for both types of energy harvesters.

A high value of R? and a very small difference between
adjusted and predicted R? indicates the appropriate accuracy
of modeling [3].

Figure (2) shows three-dimensional response surfaces
fitted based on relations (1) and (2). Parts a and b of figure
(2) are related to the piezoelectric cantilever without the
fin, and parts d and e are related to the cantilever with the
end fin. As it is evident, the parameters of the distance from
the wave-maker and the depth of the cantilever underwater
penetration are the most important parameters affecting the
output voltage. Reducing the distance from the wave maker
and increasing the depth of the depression has increased the
effective voltage in the piezoelectric harvester. The effect of
the tilt angle is less than the other two parameters, and there
is an optimum angle to achieve the highest effective voltage.
The effect of all three parameters is non-linear, and all the
input parameters interact with each other. Optimization of
the design and setting parameters to maximize the effective
voltage was done using the response surface methodology for
both finned and non-finned modes. It was observed that the
optimal conditions for both finned and non-finned harvesters
occur when the distance ratio of the beam from the wave-
maker is minimum and the depth of penetration ratio is
maximum.
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Fig. 2. Contour diagrams of effective voltage changes concerning the design parameters

5- Conclusion

In this article, the central composite method and response
surface methodology were used to study the effects of the
design and adjustment parameters of the piezoelectric energy
harvester from water waves. An analysis of variance showed
that all three input variables, including tilt angle, distance
ratio, and indentation depth ratio, have a nonlinear effect on
the output voltage. On the other hand, all three mentioned
parameters interact with each other. The effect of the distance
ratio is greater than that of the other two variables on the
effective voltage. Using an ore-like end tip did not change the
overall behavior of the energy harvester; however, it reduced
the harvester’s maximum output by 14.5%.
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Table 1. Constant design parameters of finned and finless cantilever piezoelectric energy harvestes
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Fig. 1. Schematic picture of finless (part a) and finned cantilever energy harvester (part b)
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Table 2. Input parameters in the experiments designed with the CCD method for both finned and
finless cantilever energy harvesters

(30,9) Jsb o (30,9) ot o ol elr
3 laste!

I 4 Y | VY
s, 14 Y Y Vo
iz 5 ¥ ¥ Ve
. v £ 0
. VY s o V¥
IR Y 4 AR
7 \'Y Y \ \'Y
A Y A A 12
5 5 ¥ q \
s & \ \'Y
. I3 Y. V) \q
¥. b VO \'Y Y
s & ' VY YA
A Y VO \'¥ A\
f- q A V0 v
\ 5 ¥ \F a

q V0 VY i
A+ B fo A A
3 2 Y. 14 Ve
£ Y V0 Y )

3 dlie cpl )5 903,18 1y g iales] ade tin o ialejl 5l alais
Yogrgdrdrgi g lond 1S5 ag 50 0 3l 4 atalojl (558 0 abois
Ogh S 93 ¥ Joda 3 (60 oS e gy b od ()b
Oylnliwl sy Jolds Jods (gboygiaw ol o 03> oyl b b 4 all
o y903] (635 o Aol A (6399 (5o yiio § (9031 o)l o stuloj]
P gl 5 ahe ¥ e a5 b i slajiall L

ol 04 )] )ST A yo gy Dlad 4y 4 jd

1144

awle sl oY sbgibejl (slad alie lagbyy plo g 'S
IS S5y S yo gy S o iy 1y (V) dbilee Jgrome ol po
gy Jao o ¥ 4550 (slaJae sl ptalojl (b (slash) oy
DY) cwl (V) oy 55 i
LI (ool (55550 dhais S & |y ayilef] (slab < b9, ol
abis §) g ypo bl alold 1S o 31 g ype bl (ool 5 Lol
N Ll Wi dlie ol 5 S o9 sl F@ b ply 6555
i S (55 0 S o by 5o nstalaj] Sass cnl o 45,5 i

3955 sbygS laws Kk eyl (ol 55 4 sl sae (Y6 + YK +3)

1 - Central composite design (CCD)



W& B AYAD doio ¥+ Jlo Ve o)l DO 093 «pusS yuol SilSo wdigeo 4y pi

ouwd gl B! Jao (85 CuliS Lyizmiaw (bl LT dods ¥ Joun
Table 3. Results of ANOVA for analyzing the precision adequacy of the empirical model

2 2 1

R predicted R adjusted S °) Lc‘
/a8 /o¥ 784/ Jaa/a¥ L IYO¥DOY Al g0

YALVINY 7aa/ay 72a/aA <INOVHAY shall

sline & Log3) sl o) Kb 4 S5 5 5k ke 4l g3 e 28
e e s o Sy (b ABLSN |y s g5y Jdo (991 cslin
9 2 ot B el i ) peite (] o iz o b oo IR
5 035 dasio gl yusie Jold ola Jde Cunl Sen (plpls bl ausly
5l dadds cpl @by (gly il Gms S p Jae Jg 3L YU ols R?
")LOT 9) U"l UBLQ" )fl 9 JWLYO oaliul R;redicted 9 Rafi]’uxted LSLQO)LJ
DY) cusls dalgs SYL edy oo il < /Y 5l s

o) UL'“" R;redicted 9 Rafijusted ps )L'“'"’ d)&al 5R2 dYL’ )‘M‘o
syl )l gl gamgy (slayguls [VYW] cul (giludde canlio cds
L Joyfc Ji,w le) Ppas dw lodds oals UL'“J (\c) JSW Bl quc)T
L)l juSe s @ bgye (il el dw g Al (g )15 5y
9y oilejl slaially ;8T g il dg2eie &S yabo (o el Al
Jlail g ol GlaSG b gy 9 b b el 93 52 (gl (29,5 S50 5y
LT eass ol ol 0315y ) S xSl 0 0aiiS” sl o 53, ally
G F Johis 55 Al gl gy 5,8 s sl sl ) ol
ksl P Jlas! ol oylol Jlade a8 ¥ Jgas 1 ol yiel )b sl ons
Grahyb ol +/+0 5l Lol 7 Jleas] o)lal jlade g +/+0 jl yieS
5] o Sluo 1o 5 pge

(V) bslyy (ool o 0 (3l (gimans gl sloans) (0) S5 )
Aols clayiall conl dsptio S jebailan ilons s3ly Lgles (¥)
56y )3 S0 sla el cppiere o8 (SBg8 Bos g jlugse
el (K898 Bos Gl g jlogge jl Aol [ials s (29,5
e blos agly 1ol ond S iSlg 3 oaiS oy ) 5o 5Ly il
Wy cnpder a4 it sl gy g conl 1303 )l 93 5l S

olls 5T bl g2 g 009 (o el el dus 2 310l g2 e

7 §iludoo s -F
5 sl b o bl 1 Ko b sl 5o Sy (s puSoglil b
09y b 278 iladie e JBle s 4 ol 9,53)ls 5 Al g,
C)yge pyd 4dye saglalen w olol g Ful slady) (sGglpae
5 gl Jadll s Al ok b 4 bgipe oy sl e 5,
i e bt 1) oad gyl (o) gl Jse w4 (V) 5 (V) Ly,

lodds 3)lg duo > cuns pr Jobo Canass 5 Bos Cand (gl pstio polio

V. =104.88 —1.2563L +0.041H
~0.158360 +0.005000L? +0.0832 H *

¢
~0.0055566° +0.0083L x H )
+0.005L x0+0.01111H x6

v, =87.801 —1.0571L +0.242H

~0.10986 +0.004307L> +0.069 H > o

-0.0052880° +0.0043L x H
+0.004458 L x 60 +0.00916 H x 0

0 g H (L gog cdydo cun 5ty () 5 (V) by, 5

Jiles gl 9 (KiBy98 Gos i gjlugge | ol e iy 4
Ao M3 9 ol ool L)“”L)lﬁ ),JLJ )l JJA wl&.{ =3 d‘).g "\“"""LLS"
o235 Al e g )bl SVl (gl ¥ o 5 i)y U
e yid copd RZ oxile (3L slalas j5iome oaimd (L5 S o)Ll .
P SIS b epd s ialS jlade 51 g)lxe 5 diily pb A8
5 so ol B2 i .l (0399 slayiito s 51 2 (29 Gl

b (298 STy ol of GRIBIL & cal no iy gl S

AR



W2 U VAD dio NF-Y JLW N c)lAw HO 0,93 ‘).A-S).Aﬁl ;{u&n Uw.\...e(c du)w

Wb g0 9 Wb bl 93 Gl (2,b (G pitte uilylg 3JUT.F Jgua

Table 4. Results of ANOVA for the design parameters of both types of cantilever energy harvesters
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Fig. 4. Contour diagrams of effective voltage changes in relation to the design parameters of tilt angle, distance
ratio, and depth ratio related to the finless cantilever (a, b, ¢) andrelated to the finned cantilever (d, e, f)
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Fig. 5. response surfaces of effective voltage changes related to the finless cantilever energy harvester (a, b, c)
and to the finned cantilever energy harvester (d, e, f)
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Fig. 6. Optimization of input parameters for the finless cantilever (a) and finned cantilever energy harvester (b)
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