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Abstract: The piezoelectric effect describes the property of some crystalline materials to polarize when subjected to a mechanical
deformation thereby generating a potential difference, and at the same time to deform in an elastic manner when traversed by
electrical current Discovered in 1880 by French physicists Jacques and Pierre Curie, the piezoelectric effect is defined as the linear
electromechanical interaction between the mechanical and electrical state such that electric charge is accumulated in response to
the applied mechanical stress. Piezoelectric crystals use piezoelectric effect to convert mechanical strain into electric current or
voltage that is used to power up low power devices. It is an efficient way of energy harvesting and aims at providing clean energy
solutions to everyday needs. In this paper COMSOL Multiphysics 5.6 has been used to develop the system model of a cantilever
shaped piezoelectric energy harvesting device. The mathematical model developed can be later utilized to study the various
responses of the device.

Index Terms - Energy harvesting, piezoelectric, self-powered device, system identification.

I.INTRODUCTION

Energy harvesting is a clean and efficient technology which involves conversion and collection of energy from the surroundings to
power up small electronic devices which typically consume power in the range of micro watts to few watts [1]. The global market
of devices powered by ambient energy is predicted to a total of 2.6 billion units by 2024 [2]. In this regard the technology of energy
harvesting has grown into several fields of applications including automatic home appliances, medical appliances, individual
wearable electronic goods, military equipment etc. In the present scenario these appliances depend on power derived from the
battery and thereby need a medium for storage. However, these batteries need to be periodically recharged, replaced and also is
limited by its capacity. Hence, continuous monitoring is required and because of the environmental concerns related to its disposal
battery is losing its importance in powering up equipment of daily use. We have to thereby harvest energy from the environment
into electricity so that we can increase the lifetime of the devices and form a self-powered system by getting rid of the batteries [3-
18]. Piezoelectric crystals prove to be an efficient way of energy harvesting which uses the piezoelectric effect to convert
mechanical strain into electric current or voltage which can be used to power up devices working on low power. In the late 1990s
piezoelectric energy harvesting had started [19][20] and it remains an emerging technology with a wide range of applications. Piezo
harvester-based battery-less wireless doorbell push button and classical wireless wall switch was talked about in 2016. Piezoelectric
systems can be used to harness motion from leg and arm motion, shoe impacts, and blood pressure and convert it into electrical
power. To power up implantable or wearable sensors. As the vibration of motion from humans comes in three directions, a single
piezoelectric cantilever based omni-directional energy harvester is created by using 1:2 internal resonance [21]. Piezo elements are
used in walkways [22][23] to recover the "people energy" of footsteps and can also be embedded in shoes to recover "walking
energy". Here piezoelectric cantilevers are adopted to harvest energy from the above systems. However, the major drawback in this
system is a gradient strain distribution, where the piezoelectric transducer is not fully utilized. In order to do away with it triangle
shaped and L-shaped cantilever are proposed for uniform strain distribution [24][25][26].

In this work the system model of a cantilever shaped piezoelectric energy harvesting device is identified using the MATLAB system
identification toolbox. System identification is a methodology to build up the mathematical model of any unknown dynamic system
by measurement of the input and output signals of the system. It uses various statistical methods to identify the mathematical model
of a given dynamic system from the measured input and output data [27][28].

II. THEORETICAL BACKGROUND OF THE STUDY
Piezoelectric Effect is a reversible process in which certain materials are able to generate stress when an electric field is applied or

can generate electricity when stress is applied. When piezoelectric material is placed under mechanical stress, a shifting of the
positive and negative charge centers in the material takes place. This distortion causes a reorientation of electric charges within the
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material, resulting in a relative displacement of positive and negative charges which then results in an external electrical field. Again
when reversed, an outer electrical field either stretches or compresses the piezoelectric material. The charge displacement induces
surface charges on the material of opposite polarity between the two sides. The electrodes are then implanted on the surface of the
material to obtain a voltage at the output. The induced voltage for a rectangular block of material is given by:
sFD
V e p—

a
Where, F is the applied force, D is the thickness of the material, s being the piezoelectric constant and a being the area of material.
Various materials exhibiting piezoelectric behavior include quartz, synthetic ones such as lithium sulphate and ferroelectric
ceramics such as barium titanate.

Piezoelectric crystals are electrically neutral when they are not subjected to any mechanical stress. Electrical charges of piezoelectric
crystals are perfectly balanced even if the atoms inside them are not symmetrically arranged. This is because of cancellation of a
positive charge in one place by a negative charge nearby. However, if a tensile or compressive force is applied to the piezoelectric
crystal, the atomic structure gets deformed. This causes some of the atoms to come closer and some of the atoms to go further apart
leading to upset the balance of positive and negative charges, and causing net electrical charges to appear. This effect carries through
the whole structure so net positive and negative charges appear on opposite, outer faces of the crystal.

The direct piezoelectric effect in a piezoelectric crystal is explained below. Materials that do not have a center of symmetry can
work as a piezoelectric material. For example quartz crystal rochelle salt, lead zirconate titanate (PZT), barium titanate etc are
piezoelectric materials. When no mechanical stress is applied to the crystal the center of mass of the positive and negative atoms
coincide at the same point, hence no charge is created on the opposite surface of the crystal. When a tensile stress is applied to the
crystal as shown in Fig. 1, the center of mass of both positive and negative ions shift, hence a net polarization is created in the
crystal surface. When a compressive stress is applied to the crystal as shown in Fig. 1, opposite polarization is created on the crystal
surface.

No Stress Applied Tensile Stress Applied Compressive Stress Applied
‘ : | \ ++4++++ | l "E“- | i
i S ++++++

Figure 1: Effect of piezoelectricity in crystals

The piezoelectric mechanical system can be modeled by a simple R-L-C (resistor-inductor-capacitor) series circuit with the help of
mechanical-electrical analogy for further study and analysis purposes. A voltage source along with a parallel capacitance can be
added to the circuit at the beginning to represent the electrode and thereby completely representing a piezoelectric material based
energy harvesting system.

111. EXPERIMENTAL PROBLEM STATEMENT

In this experiment we are modeling the direct effect of piezoelectricity in a simple case. In Fig. 2, a cantilever of piezoelectric layer
is shown which is clamped at one side and a harmonic force is applied to the other side. The force is a sine function with an
amplitude of 1N and a frequency of 4Hz. The top and bottom surfaces of the piezoelectric layer are covered by electrodes. The
length, breadth and width of the piezoelectric layer is shown in Fig. 2. The cantilever produces electric potential across its two
electrodes under the application of mechanical agitation. The piezoelectric cantilever can be used as an energy harvesting device.
In this experiment the mathematical model of the piezoelectric cantilever working as an energy harvesting device is identified using
the measurements of the applied stress and the generated electric potential through simulation.
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Figure 2: Block diagram of the piezoelectric cantilever working as an energy harvesting device

IV. METHODOLOGY

The piezoelectric cantilever is simulated using COMSOL Multiphysics 5.6 software. The graphical user interface (GUI) of the
COMSOL multiphysics 5.6 software is used to simulate the cantilever. The cantilever with its dimension is shown in Fig. 3. Lead
Zirconate Titanate (PZT) is used as piezoelectric material. The graphical user interface (GUI) of the COMSOL multiphysics 5.6
software in which the cantilever is simulated is shown in Fig. 3.

Figure 3: Graphical user interface of COMSOL multiphysics 5.6

V. RESULTS AND DISCUSSION

A harmonic force having 1N amplitude and 4Hz frequency is applied to the free end of the cantilever. The electric potential
generated on application of the force is calculated by the COMSOL Multiphysics 5.6 software using finite element method. The
time response of the generated electric potential in the top electrode with respect to the bottom electrode or ground is shown in Fig.
4. The applied stress and the electric potential distribution is shown in Fig. 5.
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Figure 4: Time response of electric potential at the top electrode with respect to ground
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Figure 5: Applied stress and generated electric potential observed at an interval of 0.5 second
The values of the stress and electric potential acquired at an interval of 0.1 second between 0 and 2 second is tabulated in Table 1.
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Table 1: Values of stress applied and generated electric potential acquired at an interval of 0.1s

TIME (S) | VON MISES STRESS (N/M”2) | TIME (S) | ELECTRIC POTENTIAL (V)

0 0 0 0
0.1 428849.3308 0.1 3.15E-05
0.2 693895.2368 0.2 -5.10E-05
0.3 693830.6082 0.3 5.10E-05
0.4 4299245973 0.4 -3.16E-05
05 24.7195164 05 -1.55E-09
0.6 428837.9698 0.6 3.15E-05
0.7 695316.2989 0.7 -5.11E-05
0.8 694682.132 0.8 5.11E-05
0.9 430002.8165 0.9 -3.16E-05

1 1153017922 1 6.85E-10
11 428855.8316 11 3.17E-05
12 693891.6555 1.2 -5.10E-05
13 694697.0014 13 5.11E-05
14 428853.4057 1.4 -3.15E-05
15 4.095288232 15 -7.21E-10
16 429684.2532 16 3.16E-05
17 697594.3368 17 -5.13E-05
18 694016.8241 1.8 5.10E-05
1.9 4287243498 1.9 -3.15E-05

2 45.78728553 2 3.41E-09

Applied stress and generated electric potential calculated by COMSOL multiphysics 5.6 software are sampled at a constant rate and
the sampled data is exported in an excel sheet. Identification of the system model of piezoelectric cantilever is done using the
MATLAB system identification toolbox. To identify the system model of the piezoelectric cantilever different combinations of
number of poles and zeros are assumed and the MATLAB program code is run. The estimated transfer functions along with the fit
to estimation percentage for different combinations of poles and zeros are tabulated in Table 2.

Table 2: Estimated transfer function and fit to estimation percentage for different combination of poles and zeros

NO OF | NO OF FIT TO ESTIMATION
POLE | ZERO PERCENTAGE PRANGEER FRNCTION
-10
2 0 98.29% 1.248 x 10
s%2+3.861 x 107995 + 630.4
—09. _ -09
2 1 83% 1.075 x 107"°s — 1.118 x 10
s2 4+ 4525 %x107%s + 634.4
-12.2 —09 _ -10
2 2 83.11% 6.452 X 10~ **s~ + 1.102 x 10 2.741 x 10
s%2 + 3.667 x 107995 + 632.7
_ -10
3 0 1.007% 1.162 X 10
s3+22.19s2 + 15.62s + 334.3
_ -08 -08
3 1 98.29% 5.025 x 107"°s + 3.907 x 10
s3 +578.6s%2 + 631.8s + 3.655 x 10795
—-10.2 -08. __ —-08
3 2 77.97% 6.189 x 107"%s% 4+ 2.051 x 107 °°s — 2.443 x 10
s3+17.13s2 + 6525 + 1.088 x 10704
-11.3 —-09.2 —-07c __ -
3 3 86.35% 6.992 x 107 1s3 +1.412 x 107%95% + 2.666 x 107%7s — 1.332 x 10
s34+ 101.7s%2 4+ 657.6s + 6.507 x 1094

VI. CONCLUSION

In this work the identification of a mathematical model of piezoelectric energy harvesting system is carried out. The objective of
this work is to identify the mathematical model of piezoelectric energy harvesting system so that the equivalent circuit of the system
can be found out using network synthesis technique. The equivalent circuit can be later used to find the responses of the device.
After identification of the system, the model can be concluded that the piezoelectric cantilever energy harvesting system is a second
order system having 2 poles and no zeros. The equivalent circuit of the system therefore can be represented easily as a series RLC
circuit. In future the parameter of the equivalent circuit is to be determined.
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