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Abstract. Harvesting ambient energy provides an opportunity to enable self-powered sensors and instrumentation for
big structures such as bridges or petroleum risers. Thus, is increasing the interest for harvest devices of mechanical
vibration energy. They are an attractive alternative for removable batteries in these structures, avoiding high cost riskly
maintenances, increasing the life time and reliability of structural monitoring systems. Among harvest mechanical
sources the piezoelectric conversion principle offers the simplest approach, because there is no need for having complex
geometries and mechanisms. By this technic, vibrations are directly converted into electricity through the piezoelectric
devices. This work presents a cantilever beam in which has been assembled piezoelectric device. This simple structure
has been used for harvest energy study purposes, and has modeled as a mass-spring-damper system operating at first
resonance frequency. By this experimental arrangement, it has been possible validate the model, checking if the
theoretical calculations have been according the experimental results. The objective has get main electrical and
mechanical system parameters of a commercial harvester, such as stiffness of the piezoelectric material, piezoelectric
output capacitance, electromechanical coupling factor, natural frequency and damping rate. This knowledge is
important to design suitable electronic circuits that match impedances of harvest energy device with power storage
device getting maximum efficiency. Electronic Circuit designs and measurement results are presented. The main scope
of this work is the development of an interface circuit, an accurate electrical equivalent model of the harvester.

Keywords: Energy Harvesting, cantilever beam, power harvester.

1. INTRODUCTION

Energy harvesters are able to convert ambient energy into usable electrical energy for electronic devices that monitors
structures, systems, weather and others. There are many possible conversion mechanisms such as photovoltaic cells,
temperature gradients exploiting the Seebeck effect, radio frequency waves, vibrations or motions (Harb, 2011). Since
the Curie’s brothers (Curie & Curie, 1880) presented the direct effect of piezoelectricity in a kind of salts, the studies in
vibrational harvesting changed drastically. From this, vibrations are directly converted into of electricity through the
electrodes of the material used as harvester (Hehn & Manoli, 2015).

From this, authors like (Lynch & Loh, 2006; Sazonov, Pillay, Li, & Curry, 2009) make their studies in structural
health monitoring (SHM) systems, and some places where the human intervention must be reduced due the fact that some
places are difficult to maintenance, as airplanes wings (Giurgiutiu, Zagrai, & Jing Bao, 2002), pipelines (Peairs, Park, &
Inman, 2004) and others.

A piezoelectric power harvester can be designed in a simple way and easily developed as cantilevered beam associated
with a piezoelectric material. (Ajitsaria, Choe, Shen, & Kim, 2007; a. Erturk & Inman, 2008; Hehn & Manoli, 2015;
Williams & Yates, 1996) assume simplified model for this system, by considering a mass-spring-damper first order
system operating at resonance.

When it comes to extract the amount of energy efficiently, it is necessary to understand some parameters present in a
harvester, such as structure damping, harvester’s capacitance and electro-mechanical coupling factor. These parameters
are necessary to have a more complete electrical model and with that, a better management circuit estimation to improve
the energy will be harvested. This paper addresses an experimental investigation of power harvesting performance
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harmonically excited for any device that has a PZT layer glued to extract energy, as the author (Santos, Hobeck, & Inman,
2016) describe an analytical modeling for different structures for harvesting energy.

2. MODELLING HERVESTER SYSTEM

Figure 1(a) presents a schematic picture of composite beam instrumented by piezoelectric material glued on both
sides used for the power harvesting. Authors like (DuToit, Wardle, & Kim, 2005; A. Erturk & Inman, 2008; Hehn &
Manoli, 2015; Kim, Kim, & Kim, 2011; Lallart, Garbuio, Petit, Richard, & Guyomar, 2008; Paula & Barbosa, 2013)
proposed this system as a single-degree-of-freedom (SDOF) mass-spring-damper, with a circuit coupled as lumped
element to extract energy, connect in parallel of spring and damper Fig. 1(b). It resumes this electro mechanical system,
which consists of a seismic mass m suspended on a spring with the stiffness ks and damper d, due the air resistance and
friction. When deformation is applied to this piezoelectric beam, it produces electrical energy, and if it’s connected with
a charge circuit generates a restoring force F. caused by and electromechanical feedback.
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Figure 1: Model of a kinetic energy harvester connected to lumped elements and a circuit
(Source: Hehn and Manoli 2015).

This system in Fig. 1(b) is mathematically modelled by (Hehn & Manoli, 2015):
my=mz+dz+kgz+F, (1)

where Z, 7, z are the acceleration, velocity and displacement of the beam, m is the mass of harvester, d is the mechanical
damping, k; is the mechanical stiffness and ¥ is the input acceleration.
The constitutive equations of piezoelectric effect as (Rupitsch & Ilg, 2015) and (Hehn & Manoli, 2015) presented
are:
{51 = 511 Ty +d3; E3 @
D; = dy T +e3;E;

where S is mechanical strain, s is the compliance under constant electric field, T is mechanical stress, d is the matrix for
direct piezoelectric effect, E is the electric field, D is the electrical displacement, €T is the dielectric permittivity under
constant stress. The constitutive equations of Eq. 2 in terms of F, z, Vp and I:
{FeszZ""FVP (3)
I1=Tz- Cpr

where I' represents the General Electro-Mechanical Coupling (GEMC) proposed by (Renaud et al., 2008), F. is the
restoring force, kp is the piezoelectric stiffness, Vp is the electric tension produced, I is the electric current generated and
Cp is the piezoelectric capacitance. Substituting F, of Eq. 1 in 3, it results in Eq. 4.

{my =mZ+dz + (kstkp)z + 'Vp )
1= rZ - CPVP

The Eq. 4 is described by (Hehn & Manoli, 2015),(Clementino, Reginatto, & Da Silva, 2014),(DuToit et al., 2005).

The GEMC is an interface between mechanical and electrical circuit, and can be associated as a transformer with 1: T’

ratio. An analogous way of modelling this system, is change to electrical model, and consider mechanical components

into electrical domain. High coupling means that a large amount of energy can be harvested from a given environmental
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mechanical energy, and this model can be represented as a circuit, where the components are the parameters of the system,
show in the Fig. 2.
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Figure 2: Equivalent circuit to represent a Kinect energy harvester, (a) with transformer representation, (b) without
representation. (Hehn & Manoli, 2015).

For this paper is going to be used the modelling of Fig. 2(b), where V,,. is the sinusoidal electric tension, L,
represents the mechanical mass, R,,. the mechanical losses or damping and C,,. represents the mechanical stiffness and
Cp is the piezoelectric capacitance. In order to simplify the circuit, (Ramadass & Chandrakasan, 2010) and (Hehn &
Manoli, 2015) proposed a simplification of all the components in Fig. 2(b), to Fig. 3. This model can be considered when
an external force is applied at or close the resonant frequency, where Cp and Rp are capacitance and resistance of
piezoelectric respectively. Rp is considering also as dielectric losses. This simplification is only valid if a feedback with
an interface circuit or an accurate prediction of output power is not necessary. To be more adequate for this study, it is
going to be used the model presented in Fig. 2(b).

Piezo Harvester

Figure 3: Equivalent circuit with simplification of components (Ramadass & Chandrakasan, 2010).

The harvester can behave capacitively or inductively, as can be seen in the Fig. 4, it depends which frequency it’s
vibrating. So, it will behave inductively below the resonant and above the anti-resonant frequency. Between these two
frequencies, the harvester has capacitively profile. These two frequencies, have some particular characteristics. The first
frequency is the resonant, f,, and the system has minimum impedance. The next frequency is the anti-resonant, f,, and the
system has very high impedance. These frequencies also change mechanical characteristics. So, when the circuit has low
impedance, the beam’s tip amplitude changes to resonant frequency, and when the impedance is maximum, the frequency
is anti-resonant. Once it’s interesting to known very well the piezoelectric behavior, it’s necessary to define these two
frequencies and control the system to be between them. As (Hehn & Manoli, 2015) cited, the load of the circuit coupled
to PZT is for f,, R = 0, and for f,, R = oo.

The piezoelectric capacitance (Cp), it’s an internal capacitance presents due the piezoceramics layer. This effect is
presented by the existing crystalline structure with the central ion away from middle of structure (tetragonal). Quartz has
this characteristic by nature. The most important the polycrystalline ceramics which has this effect is PZT (Lead Zirconate
Titanate - Pb[Zr,Ti]O,) and PMN 9 Lead Magnesium Niobate - Pb[Mg;;3Nb,3]03). The piezoelectric ceramics have a
similar fabrication process of dielectric capacitors, except that have a cooling process to the Curie point while applies a
large electric field, this way aligning the poles. (Mason, 2011).
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Figure 4: Impedance of piezoelectric (Jordan & Langley, 2001)

The last and not least important factor, is the Electromechanical Coupling Factor. This factor measures the ratio
between the mechanical energy applied and the electrical energy converted, it’s an effectiveness indicator. The generic

variable used to denote is K,,, where x and y are the directions of applied stress and electric tension created.

_ ’converted energy
Kry - input energy (5)
where, in this paper, the converted energy is electrical, and the input energy is mechanical.
This factor has different equations to associate the mode of applied stress and converted energy, if it’s below or at
resonant frequency, or the shape of piezoelectric. In this paper, could be used for plate shape (Eq. 6), or the generic shape

(Eq.7). The associations can be found in (APC International, 2011). For this paper, the electromechanical coupling factor
was chosen in Eq. 10, due the missing data available of manufacturer about the PZT beam.

) _ &y
Kyi=rF (6)
33 °11
2 2
2 _ 9oc®sc
K==z (7
oC

The GEMC, was proposed by (Hehn & Manoli, 2015; Renaud et al., 2007, 2008) making an association with the
electromechanical coupling factor and GEMC, and then proposed the effective coupling factor in Eq. 8.

r= /(Kgff*k*cp) (8)

where k denotes the total stiffness composed by mechanical and piezoelectric material, Cp is the Piezoelectric
Capacitance.

As (Clementino, Marcel A.; Junior, Carlos D. M.; Silva, 2013; Hehn & Manoli, 2015; Kong, Ha, Erturk, & Inman,
2010; Vullers, van Schaijk, Doms, Van Hoof, & Mertens, 2009) have cited, to extract more energy efficiently, it’s
necessary to matching the system’s impedance with load impedance. This is also known as Impedance matching. So, the
equation o maximum RMS power limit and the resistor maximum power extractable is:

(ma)?2
Pim= % ©

(mél)zoquLl"2 (10)

2(((k-m+deRL)u)2)2+m2(d+RL(F2+Cp(k-mm2)))2>

PI‘ES =
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3. DESCRIPTION OF HARVESTING CANTILEVER

The harvester used in this paper is a commercial beam manufactured by Piezo Systems® and it is a dual layer
piezoelectric beam connected in parallel. The piezoelectric beam was coupled to a shaker model K2004EO1, and the
exciting force was in a base of the beam, as Fig. 5 shows.
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Figure 5: Schematic of experimental setup.

Figure 5 shows the schematic of experimental setup used for instrumentation and collect results. The cantilever
piezoelectric beam, is mounted to shaker and applied a sinusoidal input displacement, capable to be measured by the
lasers. The Lasers will measure two displacements, y(t) and z(t), or the input displacement given by a shaker and the
response of the beam’s tip. The data acquisition also is able to acquire the electric tension in PZT terminals.

Some important data are located in Table 1 about the shaker, laser and the acquisition interface board.

Table 1: Parameters of instrumentation tools.

Shaker Laser Acquisition PCI
Manufacturer: The Modal Shop Inc. Manufacturer: Wenglor Manufacturer: National Instruments
Model: K2004E01 Model: YPOSMGVLS0 Model: PCI-6229
Built-in Amplifier Range: 43 to 53 mm (10 mm) Analog Input: -10 Vto 10 V

Gain 10 dB Resolution: <2 um Rate: 0.1 to 250000 scans/s
- Output: 0to 10 V Analog Output: -10 Vto 10 V
- Scale: 1 V/mm Rate: 0.1 to 833333.3 scans/s

4. EXPERIMENTAL PROCEDURE

Parameters like capacitance, anti-resonant and resonant frequency, damping ratio and mass are important to measure
and estimate, for better model estimation and therefore, better harvest of energy. The first one is capacitance of the
piezoelectric, Cp. This parameter is used to determine the GEMC and the modelling of equivalent electrical circuit.

As (Jordan & Langley, 2001) cited that capacitance may vary with frequencies and excitation amplitudes, but the
standard capacitance measurement procedure is made using low electric tension amplitudes, scale of mV, and a fixed
frequency of 1 kHz. Using a LCR meter of Agilent model E4980A, using long measurements for better accuracy.

To determine the frequencies, resonant and anti-resonant, a white noise was applied to shaker. The signal was
Gaussian noise, filtered by a 4™ order Butterworth low-pass and 100 Hz as cut-off frequency, estimated by a previous
test. This test is applied with the PZT in short-circuit (R;,,q=1) and open circuit (R;y,q=10MQ).
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The second method to estimate the resonant and anti-resonant frequency is making an impedance sweep in LCR,
varying frequencies applied. An excitation electric tension amplitude must be set fixed, about 20 mV (same as used to
determine the capacitance). The data acquisition was made with 400 Samples/s and 10° samples.

Figure 6: Mounting the workbench

After that, a Frequency Response Function (FRF) was calculated using a H; estimator, 50% overlap, windowed using
Hanning and about 100 averages, like (Clementino, Marcel A.; Junior, Carlos D. M.; Silva, 2013) explained, and it is
calculated to see the output response in function of input signal. The FRF curve is used to determine the damping factor
(&) using a “3-dB down point technique”, which consists of taking two sides frequencies about 3 dB above the peak in
the log scale. In the Eq. 11, o, is the natural frequency estimated, @, and , are the side frequencies with 3 dB less than
®p-

§:M (11)

2mn

The mass was measure using a precision electronic balances. The balance description is in Table 2.
The last part of experimental procedure is the modeling of system. Assuming the model presented in Fig. 2(b). A load
(Rioaq) 1s connected to terminals and a current flow through it. A equation of V. in function of I,,.(s) is:

- —Rioad =
Sme Imc (S) +R1T1C Imc (S) + SCmC Imc (S) + SCPRLOad+1 Il’IlC (S) Vmc(s) ( 1 2)
and considering that
Vo ()=l (5) 2~ (13)
P MCA SCpRLoaa ]

So, the transfer function of Vp in function of V. in terms of's, is:

Vpe(s) _ SCmeRLoad
Vine(s) s3 (meCPRLoadec)"'Sz (LincCimetRmcCPRLoadCme) ¥ (RincCme TR Load CPHRLoad Cme ) +1

(14)

5. RESULTS

The capacitance was measured using, as said in the previous section, a LCR meter. Setting device to 20 mV of
excitation amplitude and 1 kHz of frequency. It was obtained a value of 258,2148 nF.

An electronic balance was used to measure the mass of beam which results in 9,17g.

Next step is to measure the frequencies of open and shot-circuit. It can be measure using two methods. With the lasers
to the beam’s tip and coupled to the shaker, it can be estimate using the FRF of input signal and output signal, and using
the LCR meter doing the impedance sweep, which consists in measure the impedance with different frequencies. In this
work were made both tests. It can be seen in Figure 7(a) and (b), respectively.
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Figure 7: (a) FRF of input and output signal in short and open circuited mode and (b) Impedance sweeping through the
frequencies.

Differences of results may be occurring due the precision of instruments and the difference of techniques used, other
possible reason of differences are in the method, where FRF uses the mechanical displacement, while the LCR sweeping
impedance uses electrical parameters.

To estimate the damping ratio, it was used the FRF of open-circuited, because the short-circuited is considered when
Rioad = 0, which is far from reality because there always will be a load at terminals. As previous explained, the damping
ratio can be calculated using side frequencies below the resonant peak. The side frequencies are ®; = 419,716 rad/s and
®,= 446,671 rad/s, and the resonant frequency is ®, = 431,969 rad/s. Using Eq. 13, the damping ratio can be estimated
as £=0,0312.

To calculate the GEMC, it was used Eq. (4) and (6), and associating them (Hehn & Manoli, 2015).

r ——\/m 03 C (méc'wéc) (15)
sc “p{— 2
OoC

For convenience was decided to use the frequencies measured by laser and calculated the FRF. Considering wsc =
419,716 rad/s, woc = 431,969 rad/s, m = 0,00917 kg, Cp = 258,215 nF, and applying to Eq. (13), results a GEMC equals
I'=0,00483.

The total damping and stiffness is calculated using the relations presented in (Hehn & Manoli, 2015), show in Eq.
(14) and (15)

d= ZmeSC (16)
k = mwi; (17)

To build the model proposed in Fig. 2(b), it’s necessary estimate the components. So, the parameters is L, =
356,14 H, R, = 9,32k, Cp,. = 15,94nF and V. = 15,32 * sin (wt).

In order to validate the model, in Matlab® were made the simulation of system about the resonant characteristic. All
the testes were made with amplitude acceleration of 5 m/s2. The short and open circuit was tested with 1.2 and 10M.
Figure 9 show the model in relation of experimental.
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Figure 8: Validation of model in piezoelectric voltage in Short-circuit (a) and Open-circuit (b)

After validating the model, the matching impedance is important to extract the maximum of energy available with a
load. A curve of RMS power in function of load was traced as can be seen in figure 10. The maximum power available
is Prpv = 1,436 mW. And when an optimal resistance is applied as load, the optimal power is Prgs= 1,336 mW. The
optimal load for this piezoelectric in resonant mode (f = 68 Hz) is 14k2 for the simulation and the experimental is 8k{2.
The difference between the optimal resistance values presents a small deviation that can be explained by the imperfections

of measurements.
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Figure 9: Maximum extractable power when resistance matching
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6. CONCLUSION

This work presented a modelling of a beam with one degree-of-freedom to define the piezoelectric parameters. To
execute the modelling was measured the resonant and anti-resonant frequencies from the mechanical displacement of
beam’s tip with laser sensors and LCR meter with impedance measurements, the capacitance using a LCR meter and the
mass using a balance of precision. The others parameters were calculated from these values like the beam’s stiffness and
damping, the piezoelectric coupling factor, and finally an estimate of the maximum extractable power using different
resistances. All the parameters were determined and calculated without any supplier information required, and using
techniques that can be used for any structure containing piezoelectric devices.

The electric modelling was made considering all the elements of mechanical structure that the PZT is coupled. The
validation of the model was proved with simulations and experimental tests. The response of the proposed model with
different loads and frequencies were coherent with the experimental tests. This way, this model of harvester can be used
for simulation and project of electronic interfaces based in rectifier circuits and switched converters. These systems are
used for optimization of harvester’s energy extraction, and for consumption/storage management in autonomous sensors.
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