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Vibration Energy Harvesting Using
Piezoelectric Transducer and Non-
Controlled Rectifiers Circuits

Vibration energy harvesting with piezoelectric s is of practical interest because of
the demand for wireless sensing devices and lowepgwrtable electronics without
external power supply. For practical use of vibcatienergy harvester with piezoelectric
materials, it is necessary to process the altermatcurrent (AC) by using different
rectifiers’ circuits in order to charge batteriesitiv direct current (DC) or to feed
electronic devices. Unfortunately, most of the nwdesed focused on simplifying the
energy harvesting circuit into a simple resistiead. In the real-world applications, the
energy harvesting external circuit is more complean a simple load resistance. In this
sense, the goal of the present paper is to desailbemprehensive strategy for power
harvesting device to estimate the output power ideak by a cantilever beam with the
electrodes of the piezoceramic layers connectea $tandard rectifier circuit. The true
electrical components were considered in the fallsvrectifier circuit with four diodes in
bridge. A very simple and comprehensive descript@aynchoosing the capacitance and
resistance loads is provided. In order to illusgahe results, numerical simulations and
experimental verifications are also performed teume the accuracy. All tests and results
are described and detailed using Matlab, the Sim&t®ystem toolbox of the Simulink and
an experimental setup.

Keywords: smart structures, piezoelectric transducers, epdrarvesting, rectifier circuit
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I ntroduction

The piezoelectric materials, in special PZTs, hlbgen largely
used as mechanisms to convert ambient motion, lysudkation,
into electrical energy that may be stored or useecty to provide
power to other devices, e.g. mobiles, portableteas or wireless
sensors networks (Sodano et al., 2004b; Pereyn@d,; Znton and
Sodano, 2007). These examples represent a hugatipbtéor
commercial applications in different areas as presk in recent
market researches (IDTechEx, 2010). Structuraltheabnitoring
applications are one of the most benefited aredls devices for
power harvesting. An interesting application isegivby Starner and
Paradiso (2004), who discuss the possibility ohgsalternative
sources of vibration, such as the vibration of hareeath captured
through PZT in the human chest, and even recovesgygg of blood
pressure or provided by vibration when a persorksvalith shoes
bonded with PZTs patches. Another very interesstugly is the use
of mechanical vibration caused by a raindrop whetouches the
surface (Guigon et al., 2008a,b). The experimengsults validated
a theoretical predictive model when the rain drogme at low
speed. For high velocities of raindrop, the redtliffered because of
an effect called splash, i.e. the drops result feoraindrop crashing
against the piezoelectric ceramics.

An important stage to develop a practical desigmnnenergy
harvesting device is to model correctly the dynailmehavior of
the integrated system composed of mechanical steicin general
a clamped beam, electromechanical coupling betwee=®ZTs and
the mechanical system, and, finally, the electrload attached to
the device (Sodano et al., 2004a). However, theidmsdiplinary
nature of this field has caused some modeling probl Erturk and
Inman (2008) presented some considerations abow
oversimplified, incorrect physical assumptions amistakes in
analytical modeling of piezoelectric energy hareest The authors
clarified through improved models with lumped anitributed
parameters, besides presenting a good overvievheoitimerical
and analytical modeling of electromechanical systdor power
harvesting. The spotlight in this strand of pamdyeut piezoelectric
energy harvesting models, as for example Sodaral. §2004a),
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Liao and Sodano (2008, 2009), De Marqui Jr. e{2009), is to
study the maximum power that can be dissipatedsimale resistor
or combination of linear electrical elements. Thestrpart of these
models focused on simplifying the energy harvestirguit by a
simple resistive load, but in the real-world apafions, the energy
harvesting circuit attached is more complex thasinaple resistor.
Thus, few information about the interaction betweeractical
rectifiers circuits, used to transform alternatingrent (AC) into
direct current (DC), and the electromechanical deviattached are
discussed clearly. On the other hand, the memifetiseoresearch
community in power electronics focus on the devielgmon-linear
electronic models by using diodes, transistors¢lsyanized switch,
etc. (Lefeuvre et al.,, 2006, 2007; Guan and Lia0Q72. For
example, Liu et al. (2009) provided an analyticad ayraphical
analysis equation relating the output power with #fficiency of
the rectifier circuit, which shows how important tise step of
rectifying and storing the electrical charge. Withkeiser and Garcia
(2010) observed that the full-wave rectifier hassmoothing
capacitor to provide a tension approximately camtstaer the load.
A Synchronized Switch Harvesting (SSH) has alsolzw®lyzed in
the area of energy harvesting with PZT sensors.o,Ala
Synchronized Switch Harvesting on Inductor (SSH§s hbeen
developed, taking up to 160% efficiency over staddeectifier
(Lallart and Guyomar, 2008). Other studies showpbssibility of
using inductors for switching (Ammar and Basroudp@&). These
techniques of circuit switched consider that theqfrency is
constant with sinusoidal signal. However, thera iack of studies
concerning circuit switched with electrical noisehere the non-
controlled rectifier circuits have advantages.

The goal, in general, is to study the optimal ctiads to control
tthe power flow and to charge an electrochemicaltebat or
supercapacitors or directly feed an electronicesystThe most part
of these papers employed simplest models of mechlaresonator
(spring, mass, damper) coupled with the electgaalit, normally,
with a single degree of freedom. The simplicitytoé mechanical
model can give good results close to the resondmzpiencies.
However, it is well known in the literature thatpeedict accurately
the electromechanical behavior of piezoelectriagybarvester it is
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necessary to use a distributed parameter modehatocbnsiders geometry and placement of PZT, but to show the best

multiple vibration modes (Erturk and Inman, 2008). performance for the appropriate choice of topologyd
The aim of this paper is to evaluate and compare tlcomponents of the resistive and capacitive rectifiecuit used.

experimental results and the results provided tyearetical model

of a fullwave diode bridge attached directly to eth

electromechanical cantilever beam with base exwitato cause Cantilever e

. . . . . ectr namic
transverse vibrations. A very simple and comprelvendescription Beam \ Shaler
for choosing the capacitance and resistance loadgraovided

seeking practical application. All numerical testsd results are
described and detailed by using the Matlab and ShrePower

System toolbox of the Simulink. The experimentdlpes driven

through the use of a DSpace 1104 data acquisititin Gontrol

Desk. In order to show some features, it is pravidenumber of
simulations to illustrate the approaches. At the, ¢he final remark
presents suggestions for further research.

i“ Amplifier
- }lq"“

Nomenclature

E. =energy stored, J
C  =capacitance, F -
i = current, A (a) Cantilever beam with shaker.
I, =diode current, A 7
L, =length of the beam, mm / L |
Lpl = length of the PZT1, mm L | C I
L., =lengthofthe PZT2, mm - 1 : | i
p2 . ) . i
rq = internal resistance of the diode, ohms : : | :E
R  =resistance, ohms . N -
P = power, W | Ly | e
q = electric charge, C | _ - _|
tb = thickness of the beam, mm (b) Schematic of beam describing the variables.
t = thickness of the PZT. mm Figure 1. Cantilever beam attached to the shaker model TJ 50 TMC and
P . ’ dimensions of beam when one end is clamped.
V, = voltage in steady state, V
w = width of the beam or PZT, mm ™ ¥ | q be it b ] _—
e goal is only to describe it by using experimakdata, a non-
Greek Symb?'? ) parametric model which is representative of theadyics of the
¢ = permittivity of PZT, C2/Nm?] beam. Thus, a non-parametric model, the frequerespanse
T  =time constant, s function (FRF), is obtained from spectral analydis. order to
Subscripts determine the FRF of the system, an input chirmaigwith
p

frequency ranging from 0 to 2 kHz of lower PZT (atbr) was
applied. The response on top PZT (sensor) of taentmnnected in
open circuit for measurement was recorded. The bagnmate used

Avg =relative to average
AC =relative to alternate current

b = relative to beam L

DC = relative to direct current was 8 kHz and all acquisition was performed by gishee DSpace
L = relative to load 1104 board controlled by the Control Desk softwdfgure 2
p = relative to PZT presents the result of the experimental FRF cdledlay using the

Welch method with 3200 samples, 50% of overlappeng

RMS = relative to root means square -
rectangular window.

Non-Parametric Model of Piezoelectric Energy
Harvesting Beam

The cantilever beam with bimorph PZT patches usethe
present paper is shown in Fig. 1. The geometry detdils are
also presented in Fig. 1(b) wity = 78 mm,L, = 20 mm,t, =
0.91 mm,L,, = 45 mm,L, = 46 mm,t,; = 0.191 mm and,, =
0.191 mm. The width of the beam is 21 mm, the PAZ51Imm
and the PZT2 17 mm. The PZTs used are the modebHASE
manufactured by Piezo Systems. It is important lieeove that
the ideal placement for the piezoceramics shoulctbeched to
the cantilevered end of the electromechanical beawrder to
maximize the power output. However, three reasarsuaed to
choice the value oL, = 20 mm; first of all, this is a beam 102
already existing in the laboratory. Secondly, thtaching of the 0 T 0 A eyl 0 40 o S0
beam with the shaker is difficult if the PZT is lmd near to the
cantilevered end of the electromechanical beamalBinthe goal
in this paper is not relative to maximize poweffumnction of the

o,
|

FRF - Amplitude [V/V]

Figure 2. Frequency response function (FRF) of cantilever beam.
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It is worth noting that at 58 Hz the system hasgh Ipeak gain,
significantly greater than the other frequenciexpdtimentally
when a sinusoidal frequency with 58 Hz is appliedhie shaker as
input the level of vibration is high stating anaying this is the first
natural frequency of the beam. For monitoring teeel of force
applied and displacement in the beam, two additioresducers
were employed: a load cell, model TF-YD-312 TMC hwit
sensitivity of 3.02 pC/1 N, and an IEPE acceler@n@A-YD-193
TMC with sensitivity of 1.007 mV/m& The measurements
performed with this sensor were only qualitative.

Model of Energy Storage Circuit

Usually, in real-world application of vibration pewharvesting,
a rectifier circuit is necessary to convert AC t&€ n order to
charge a battery or to feed directly an electratewvice. A very
simple and common non-controlled rectifier cirasithe full-wave
rectifier with diode bridge. A schematic diagransi®wn in Fig. 3.

4 B
1 Di D2
-+ P 3
Bl - p —— = 8
Vi AN A1 Gl R
D} )‘ D4
Fd

Figure 3. Schematic diagram of full-wave bridge rectifier.

The non-controlled rectifier can transform an al&ing signal
continuously, but if a capacitor in parallel to thead is not
employed, the output signal could have a considengtple, which
may be unacceptable for powering loads with voltBge So, the
circuit to supply a resistive load uses a capeeitifter which
smooths the effect of variation in load. The ripplas defined by
the reason of the component AC to DC. The compobB¢hbf the
signal is illustrated by the following equation:

v (t)
Vavg = JO Ii—fdt

)
and the component AC is the relation of the sigmal the DC level
calculated by:

Vie ®=v ()= Vavg @)
When the ripple is closer to zero (0%), more sdignal

indicates a characteristic quality voltage DC. Tiext equation
shows how the ripple is calculated:

v
ripple [%] =—"2<x100 (3)
Vavg
2
& VLAC (t)
V"“%c = IO Tdt (4)
where v, are the RMS and average voltage, respectively,tand

is the final time of the signal. First, the averaggnal is calculated,
and after subtracting from the original signal,itakonly the AC
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voltage, the RMS value is calculated. This effeat be explained
by analyzing the following equation:

7=RC (5)
where the time constant capacitive represents the time which a

RCcircuit takes to charge or discharge. The curvaries in parallel
to RCcircuit by:

: _Vo _-1/rC
I ()=—¢e
(=0

(6)

where v, is the voltage in steady state. Clearly, it isestsed that

the greater the capacitanCe the more time is consumed to power
the load in the form of electric field. On the attiand, the smaller
the R, the more power is consumed and thus less tinekés to
discharge the circuit. In summary, the higher theéhe better the
quality of the rectified signal and better yourplig.

The energy stored is given by:

1
Ec=5C )
and the charge:
Oc, =CLv, (8)

So, the energy in the capacitor is directly propodl to its
capacitanc€, .

The internal transducer capacitance of the PZT owitlexternal
load is given by:

_&'wy Ly . ehw Ly
o=
tt tt

©

where t, is the PZT thickness [m]L,, and L, are the PZT

lengths,w,; and w, are the width top and bottom PZT aads the
permittivity of PZT when the strain is constant f0h2]. The
permittivity in vacuum ise = 8.854 x 10" [C%/Nm?, K = 3400
given by the PZT manual used for the PZT PSI-5H4 the
relationshipe” = gyK, the value of this capacitance calculated is
C,=229.64nF.

Now, the resistorR_ is chosen by considering that it does not

significantly affect the output voltage ripple, sing the capacitive
load time to be significantly longer than the pdriof the signal
voltage at the terminals of the PZT transducethéfcircuit has low
resistance valueR _, the constantr is small, and the discharge of
the R C, parallel circuit will be faster than the voltage teach
zero value. Finally, the average power consumedheyload is
directly proportional to the square of the averagdtage and
inversely proportional to resistance and the aweragtive power
consumed by the resistor can be calculated this way

2

_ Vayg

=— 10
ey (10)

Numerical and Experimental Results

The tests performed in order to illustrate the apph proposed
are presented in this section. The basic procedroposed in this
paper consists of several steps. Firstly, the skhholiode 1N5817 is
experimentally characterized in order to provid=oarect numerical
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simulation. Subsequently, the procedure for chapsie values of
resistanceR; and capacitanc€; used in the rectifier circuit is
described. The comparison between the numericakapdrimental
performance for different levels of vibration améduency is then
presented. The section is concluded with a verypknexample to
show the applicability and effectiveness of theezpental setup to
light a LED.

The curve of the diode 1IN5817

It is well known that the schottky and germaniuroddis have
forward voltage drop significantly lower than sdit diodes. The
1IN5817 schottky diode was chosen after checking yman
datasheets of components seeking to choose thestidaevard
voltage drop, so that the voltage drop was the mmimn possible.
The full-wave rectifier circuit was simulated by ing the
Matlab/Simulink since the behavior of the diode dam easily
verified with this software. An experimental teshswperformed to
identify the relationship between current and wgpdtain the
1N5817 schottky diode. Figure 4 illustrates theexkpental setup
used to determine the current versus voltage chyvasing a DC
source, a diode and a resistor of ID k

The value of 10 & was chosen to the test, because only low
currents cross the diode element, thus power htnges
applications in smart structures have small amouwftgurrent
(order of mA). The voltage across the resistor wesisured with
the DSpace 1104 and the current was determinedentti by the
relationshipV,. = Rl;. If the data acquisition of the voltage of the
DC source is performed, the relationship can béyeaalculated
by V; = V.. - V. and the voltage-current curve is obtained. Figure
5 presents the result of the experimental voltagee of the diode
and another one identified by using a polynomiatepresentative
curve was used to identify the forward voltage drigp= 50 mV,
and internal resistance of the dioag,= 280Q, which represents
the slope of the curve after the voltdge

0.35

* Measured Points
Representative Curve
Linear Diode Model |
03 {
0.25 |
|
.
g 02
— .
E ?
3 015
30
.
0.1
/,
.
0.05 .*
.
. LA
L —
20 40 80 100

60
Voltage [mV]

Figure 5. Current versus Voltage curve of the diode 1N5817.

(a) Experimental rectifier circuit implemented on a protoboard.

<L

* g Vpzt

PZT voltage

Discrete,
Ts =0.000125 s.

o OB

. AC
@ Voltage
Source

g % 1N5817

1

IN5817 Séo
]

powergui

Clock Time
IN5817

I VL
l—-—| — RC load voltage
L ‘_l:
LW

Figure 4. Circuit for experimental identification of the current versus

voltage curve.
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(b) Scheme of the test circuit.
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(b) Scheme of the rectifier circuit implemented in the Simulink.

Figure 6. Full-wave bridge rectifier.

Design of theload C; and R,

The design of the capacitance Igadof full-wave rectifier circuit
is based on the criterion of time charging, levelatage provided on
the load and stored energy in the form of elediet. It is also
assumed that the resist@; is an open circuit (infinity value). A
sinusoidal signal of excitation of amplitude 0.5Mds applied on the
Thevenin source voltage. Figure 6(a) shows thererpatal rectifier
circuit implemented on a protoboard. The electrdmecal
cantilever beam is numerically simulated trough revienin source
voltage with a PZT capacitance PZ], calculated by Eq. (9). The
Simulink software with the SimPower System toolbiexused to

Special Issue 2012, Vol. XXXIV / 381



perform numerical simulations, Fig. 6(b). The frencies used in the
test were set based on Fig. 2, 58 Hz and 437 Hz 58z is the first
natural frequency with the greatest intensity @irafion in the beam.
The natural frequency of 437 Hz is used only to gare the results.
Figure 7 presents the assessment of capacitivaridad diode bridge
for both frequencies.

0.45

0.4F =

0.35

Amplitude [V]

0.15

0 0.2

0.4 0.6 08 1 1.2 1.4 1.6 1.8 2
Time [s]
(a) 58 Hz.
0.45
0.4/ r
0.35
03
)
8 0.25
3
£
g o2
<
0.15
CL =1mF
01 —C =1WF
C =1nF
0.05 ---CL=1pF
l"0 0.2 0.4 0.6 08 1 1.2 1.4 1.6 18 2
Time [s]
(b) 437 Hz.

Figure 7. Assessment of capacitive load in the diode bridge.

As one can observe in Fig. 7 for both frequencles Ibad

capacitance o, = 1 mF takes longer to reach the steady stat

but without completing the load. The other capamits reach the
steady state before with almost the same voltagboth. Since
both capacitors reach the steady state with thessaottage level,
one can use Eq. (7) to choose the capacitance deider the
greater energy stored in the form of electric fiekhus, it is
determined that the load capacitor w@h= 1 uF is a right choice
for both frequencies of 58 and 437 Hz, even whbheewbltage is
lower. For the frequency of 437 Hz and when @je= 1 puF, the
steady voltage amplitude i§ = 0.4 V andE; = 80 nJ calculated
by Eq. (9). ForC_ = 1 nF the steady voltage amplitudevis =
0.419 V andE, = 7.6 pJ. Finally, forC_ = 1 pF, the steady
amplitude isv; = 0.42 V andE;, = 0.088 pJ. Thus, the capacitanc
of C, = 1pF is a viable choice, even with the low level oftage
amplitude, the level of energy and the current fated is bigger
when compared to the other capacitance valuesdteste

Another important task is to choose an approprieséstive load
R; to consume the active power. This passive elemegmesents an
electronic device and is designed to maintain &acemmount of
ripple and voltage level measured at its terminalis. also necessary
to consider that the power consumed is directlypprional to the
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square of the voltage and inversely proportionatdsistance. The
same voltage input signal was applied to the souyaé now the
resistor is not an open circuit. Table 1 presemesaverage values of
voltage, RMS voltage of AC ripple and resistancelifterent values.
The frequencies of 58 Hz and 437 Hz were assunsedjeti as the
same capacitang and AC voltage source.

Table 1. R, Assessment.

Freq. R, Vavg Vims, Rip. PLBWg
Mzl | 19 | v | V] ] | [uw]
58 1K) | 0.020 0.012 61.175 0.417
58 1MQ | 0.387 0.028 7.353 0.15(
58 1@ | 0.396 0.029 7.432 0.00(
58 1TQ | 0.39¢ 0.02¢ 7.43¢ 0.00(
437 1kQ | 0.10:¢ 0.01¢ 15.55! | 10.55:
437 1M2 | 0.395 0.011 2.838 0.15¢
437 1@ | 0.399 0.011 2.860 0.00(
437 1T | 0.399 0.011 2.860 0.00(
Cantilever Beam Computer

Data
Acquisition
Board

Signal
Generator

Electrodynamic
Shaker
~

-
i
lI‘l“l‘l‘“\ll!!l!lil||| ]

Amplifier
(a) View of the equipments used.

i fi Signa](wmnamr
Power Ampli fier
R R T HE
IO s [BE888 . 3t
e o o o o = o onog )
Ai‘ L DSpace Board

%) Shaker

Computer
(b) Schematic diagram.

Figure 8. Experimental setup.

Analyzing the results in Table 1, it is observedttthe higher
the resistance valuR,, the ripple voltage is lower and the load
voltage is greater. The increase of the voltage lisacaused by
the increase ofR, because the implementation @ and R_

eparallel increases too, an@} is still the same, causing a greater

voltage on the load. The ripple decreases becalusereases as
the resistance increases, causing the dischargalsmbe smooth.
For both frequencies, the resistors with resistasfck MQ, 1 GQ
and 1 T have approximately the same ripple and averagage]
but asP, of the resistor 1 I is bigger, this value is the chosen
one. Therefore, the resistance chosen is(1 figr the frequencies
of 58 Hz and 437 Hz with a capacitive load @f = 1 pF in
parallel toR_ = 1 MQ. It is worth noting that the Table 1 shows
only same resistance candidates for the best \ajueonsidering
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ripple v,,, andP,,,, power consumed by the load. The val&gs-
500 K2 could be refined to find better parameters, ely,
simulating a resistance & = 500kQ and observing if the ripple,

V.., andP

avg Lavg
The same consideration can be performed to chdwes®, t

0.5 al

0.4 .

0.3

0.2

0.1

mplitude [V]

Al
5

-0.2

-0.3

-0.4 - v - = - PZT numerical voltage

—— Load voltage

-0.5 01

Time [s]
(a) Numerical.

0.5

mplitude [V]

Al
5

-0.2

[
1
'
1
'
|

-0.3

-0.4

) 1 . Lt
- - - PZT experimental voltage
——— Load experimental voltage

0.15

08 0.1

Time [s]
(b) Experimental.

Figure 9. PZT and load voltage for transitory condition with 58 Hz.

Experimental Results

The experimental test of the power harvesting dediesigned is
performed by using a modal shaker TJ 50 TMC, whtre
cantilever beam is attached, a power amplifier T84\ TMC,
sweeping and sinusoidal signal generator TE 131ME TDSpace
1104 data acquisition board controlled by Simuleakd Control
Desk software and a protoboard to attach the tirdesigned.
Figure 8 shows the complete experimental setupzedilin the tests
with a schematic diagram.

The beam has two PZTs coupled, and the ceramios bheen
connected in parallel and the layers were couplgt the poling
direction out-of-phase. The full-wave rectifier aiit was
composed of four 1N5817 diodes, resistor, and edlbdic
capacitor, as described before. In all tests of théction, the
output voltage data in PZT and in the lgadwere recorded with a
sampling rate of 8 kHz and with 16001 samples ichdde, being
measured during two seconds. In order to moniter lgvel of
displacement and force applied in the beam an loscbpe was
employed to measure these parameters.

Figure 9 presents the comparison between the noaleand
experimental test. The simulation was performechv@tmulink,
Fig. 6(b), and by using the peak value of sinudoidétage source
of 0.43 V, measured experimentally. In the Simulithe ode23t
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(Mod. stiff/Trapezoidal) command
time step.
Now using the excitation frequ

experimental test.

is used as solwéh variable

ency of 437 Hz, tlaene test
improve as a function of the parameter concernedvas done. The value of force was set by using #ie ig the power
amplifier to supply the shaker in order to readeel of 0.47 V in
the PZT. The voltage magnitude across the PZTddréquency of
58 Hz and 437 Hz are different because the highessible gain
has been avoided before the accelerometer sigrainiEs noisy.
Figure 10 presents the comparison between the mcaheand
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Figure 10. PZT and load voltage for transitory condition with 437 Hz.
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Figure 12. Load voltage comparison.

Figures 11(a) and 11(b) indicate the experimenfal Rnd
load voltage for the steady condition of the fremgies of 58 Hz
and 437 Hz, respectively.

Finally, a direct comparison between the load gataobtained
experimentally and numerically is shown in Fig. 1& both
frequencies. The level of voltage and the geneshlbior are well
simulated with the mathematical model provided bynuink.
However, it is clear that the experimental rippdegreater. The
diode is simulated by static representation, ass#tance in series
with a DC voltage source, where the real circuighlights the
dynamic characteristics of the diode, including -tiararity of this
component. As the curve shows different pointslope (and thus
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resistance), the static modeling loses some infoomaThe ripple is

presented as something dynamic that is not to peesented in
static form, but the DC voltage level had good espntation. So, a
better model updating is wished in the next teAtwther point is

relative to compare other numerical methods toeste non-linear
equations in the rectifier circuits.

Application

The power harvesting device is tested for a possipbplication
as an indicator of the level of charging in a batteA Light-
Emitting Diode (LED) is installed parallel to a eajitor to indicate
when the charge in the capacitor reaches the atlequzdue of
voltage. Figure 13 shows the experimental setugd.use
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(b) Simple Frequency Comparison.

Figure 14. Time of loading and the voltage level on the capacitive load for
different frequency and level of force amplitude.
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If the LED is on, the capacitor voltage reaches iaimum
level expected and, consequently, the stored chame be
calculated by Eq. (8). Two sets of test were redito lighting the
LED. For both tests, the load @ = 3300uF, R, is the LED and a
sampling rate of 2 kHz is used. These tests wererded with a
sampling rate of 2 kHz and with 200001 samples fper being
measured by one hundred seconds.

The aim of the first analysis is to compare theetiofiloading and
the voltage level on the capacitive load when ttat&tion signal has
the frequency equal to the first natural frequeoc$8 Hz and to the
natural frequency of 437 Hz. The gain in the powmplifier to
supply the modal shaker is maintained constanbth bases. Figure
14(a) shows the voltage across the LED (and capaédr different
frequency values, but keeping the fixed appliedcdor The
displacement in the clamped of the beam for 58 Idg higher than
the frequency of 437 Hz, and the LED was on foruad@0 seconds.
For the frequency of 437 Hz, after a wait of 6 nb@suthe LED is still
not lit.

The second analysis performed the same comparizgnby
considering a resonance frequency of 437 Hz ancaryfrequency
of 300 Hz. Figure 14(b) presents the results ofltlael voltage for
both frequencies, where the same level of force wapplied
corresponding to approximately three times thet finsalysis. For
this value of force at 437 Hz, the LED is on fooab50 seconds.
Clearly, the first resonance frequency is bettecharge the load.
Now, for the frequency of 300 Hz, after a wait ahéutes the LED
is not lit.

Final Remarks

Vibration power harvesting represents a huge piterfior
commercial applications in different areas, as gmésd in recent
researches, mainly in networks for structural treattonitoring
(SHM). In this sense, this paper illustrated theleability and
some aspects for a fast and simple design of acddwur practical
application. It was shown through several experitaletests that
the higher the load resistance, the greater theagelmagnitude.
However, as the higher the resistive load, the fothe power
consumed by the load, thus the performance for actimal
application that requires a level of considerabtever will be
difficult. The greater the capacitance of the l@ggdthe more time
is required to charge the capacitor. However, thple decreases
and t is shorter, causing a faster discharge. Anotheromamt
point is to choose an adequate value of excitafr@guency,
mainly in the first natural frequencies where thedl of vibration
amplitude can be bigger. Usually, the mechanicanbelesign is
based on the information about the real-world madd® source,
e.g. a machine or a structural frame. Further mebe#s being
developed by the authors to reach a mathematicalemof the
mechanical vibration of the beam with multiple msdstached to
the non-controlled rectifier circuits in order toropide the
information needed for this design.
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