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Abstract — Ambient vibration based energy harvesting using piezoelectric harvester has been of great interest for
researchers for low power wireless or self sufficient applications. As energy harvested in this case not only depends on
vibration input level but greatly depends on properties, dimensions and characteristics of piezoelectric material used for
harvester also. In this paper an electromechanical model developed using MATLAB Simulink is presented and validated
with experimental result of PVDF and PZT piezoelectric material harvesters. It is also compared with equivalent
electrical model used in some past research works. It has been found that electromechanical model gives results quiet
proximate to experimental results as well theoretical values. The electromechanical model proved very useful tool for
study and analysis of behaviour of different kinds of piezoelectric material for energy harvesting.

Keywords- Piezoelectric, Vibration, MATLAB Simulink, Electromechanical, Energy harvesting
l. INTRODUCTION

For low power application one of the easily available source is ambient vibrations, which are present in many working
machineries and structures around us. Piezoelectric material gives good response to the vibrations. As piezoelectric
materials have high energy density and better response to vibration. Specifically piezoelectric polymers can be flexed
easily as compared to piezo ceramics. So, one of the polymers, PVDF and a ceramic PZT which exhibit piezoelectric
property have been used in experiment. For study, analysis and comparison of different piezo materials behaviour as
energy harvester a proposed equivalent electromechanical Simulink model and a reference simulink electrical model
using MATLAB have been used. In this paper issues related with electrical equivalent model have been addressed and
the issues are resolved up to great extent through proposed electromechanical model. Here, intent is to ascertain that the
model developed should imitate characteristics, behaviour and output of actual piezoelectric harvester and match with
theory.

Il. THEORETICAL BACKGROUND

The theoretical modeling of the vibration-based energy harvester is discussed here. Besides the reliance of the excitation
frequency, it is described how the transducer influences the characteristics of the harvester system, and defines
maximum output power limit.

2.1 Modeling of piezoelectric harvester

Piezoelectric harvester can be modeled as second order mass-spring-damper system[1],where mass is analogous to the
inertia, spring is analogous to elastic compliance and damper is analogous to damping effect due to internal strain
developed in piezo material, friction and air resistance to piezoelectric harvester’s structure. Figure.l shows lumped
element model of a vibration energy harvester with piezoelectric element and electrical interfacing circuit. The harvester
consists of a seismic mass m suspended on a spring with the stiffness k, which forms a resonant spring-mass system.
Mechanical damping due to friction, air resistance etc. is represented by the damper d. The movement of the mass causes
deformation of piezo element.

1F.

J‘ . Piezo l""._ Interfacing
Element Circuit

I

o

Fig.1: Energy harvester structure with electrical harvesting circuit.

@IJAERD-2018, All rights Reserved 30



International Journal of Advance Engineering and Research Development (IJAERD)
Volume 5, Issue 03, March-2018, e-ISSN: 2348 - 4470, print-ISSN: 2348-6406

An external sinusoidal vibration force is considered to be acting on the system due to it frame moves harmonically,
which is given by[6,7]

Y = Ym sin (ot) (D)
The relative motion of the seismic mass m with respect to the frame is given by
Z(y =Zm sin (ot + ¢) (2)

where ,Y, amplitude of the frame motion, ® is the angular vibration frequency, Z, is the amplitude of the mass motion,
¢ is a phase difference between y, and z and F,, is damping force.
As per D’ Almbert’s law, the dynamic equation for the system is given by

my = mZ +dz+ kz + F, 3)
Where
Y= ay = - ©° Y SiNy = am SNy (4)

is the acceleration acting on frame. So, ma represents the external force exerted on the harvester frame. Now, the
restoring force is damping force.

Fo = d.zZ ()
can be written as

ma=mZ+ (d+d.)z+kz+F, (6)
The dimensionless mechanical and the electrical damping terms are {; = z:ﬁ) and ¢, = 2::0

Where o, = \E is the natural frequency of the mechanical system.
By Laplase transform of eq.(6), The displacement amplitude of seismic mass is,

(9]

m

Zn (0)) = n (7)

=@ et

2.2 Electromechanical coupling and Damping effect

Electrical equivalent of mechanical force can be represented as voltage V, and mechanical velocity or
derivative of the displacement can be represented current I. The mass can be represented as an inductor with the value m,
the spring can be represented as a capacitor with the value 1/k and the mechanical and the electrical damping are
described by the resistors d and d..[12,18]

Thus considering mechanical force F=ma =~V and velocity z=1
The power dissipated in resistor d, is

(G’Zm )Z
p(m) = 2 de (8)

From (7)and (8) output power will be

m (2)3033Ym ZCe

P(w) = = > 9
[ 2 (0] 2
j[l—(a) |+
At resonance condition ® = ®, and ( 9) will be simplified as
m n3Ym2§e
P = ELNAL I (10)

4+’
The power dissipated in the piezo element maximizes when the mechanical damping equals the electrical damping. i.e,
when {, =, This condition, gives maximum power P, available from harvester and (10) can be written as

maoy 3Ym 2
Pmax = 16Cd (11)
In terms of the mechanical damping d = 2mw, {4 and the acceleration amplitude
a, = 0°Y, = 0,°Y,

2

Pnax = 2 (12)
When the piezoelectric material is operated in 31 mode, the stress is applied along the x axis, whereas the voltage appears
in the z axis. For 31 mode, the constitutive equations are
Sl = SllTl + d31E3 (13)
D3 =ds Ty +exEx (14)
The force F acting on the material causes an elongation € in the x direction.[13] Using the relations
S=¢/l, T=F/bh, E=Vp/h, q= Dbl and 1=0q/0t, where 1 is length, b is breadth and h is thickness of piezo element, q
denotes charge,
constitutive eq. (13) and (14) in terms of F, €, V and I instead of the local variables S, E, D and T will be
F = k& + 1V, (15)
[ =1e— Cpr (16)
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__ bh (T d§1)b1 __d3ib
Where, k, = 5 C, = (333 S T (17)

ko denotes the stiffness of the piezo element ,C,, is the piezoelectric output capacitance, and Tt represents the generalized
electromechanical coupling factor .

Due to the balance of forces, F can be considered as the restoring force F, acting on the seismic mass. Considering
stiffness of piezoelectric material a large deflection z in the 3 direction results in small elongation € in the direction 1.
Thus eq.(15),(16) will be

Fo =k,Z+1V, (18)
I =12-C,V, (19)
And eq.(3) will be

ma = mZ + dz + kz + 1V, (20)

where k = kp + ks is the sum of the stiffness’s of the piezoelectric and the mechanical structure.

Finally, the spring mass damper system shown in Fig. 1 can be modeled by the differential equations

ma = mZ + dz + kz + 1V, (21)
1 =12-C,V, (22)
The energy balance of the vibration harvester system can be derived by multiplying (19) with the mass velocity z(t) and
integrating over the time t

maZdt = ~mZ? + [ dZ2 dt +~kZ2 + [V, Zdt (23)
2 2 p
where
JtV,Zdt = 2C,VZ + [V, Idt (24)

Eq.(23)shows that the energy given to the system is composed of the kinetic energy, the mechanical damping losses, the
elastic energy and the energy converted into electrical energy .According to (24), the energy converted into electrical
energy has two components, the energy stored on the piezoelectric capacitance and the energy absorbed by the electrical
load. The latter part shows the energy which is actually being harvested. For the piezoelectric beam as per IEEE
Standard [2] on Piezoelectricity the squared coupling factor is given by

I3 = (25)

33511

The value of k3; depends on material’s property whereas generalized electromechanical coupling factor (GEMC) t
depends on the geometry of piezo element, so from (17) and ( 25)

ki = E (26)
In order to describe the total harvester structure ,the squared effective coupling factor can be described as

2 ‘i’gc _‘i’gc
Ko = ——5— (27)

®oc
The fundamental resonance frequency is calculated with piezoelectric harvester terminals are short-circuited, and the
anti-resonance frequency is higher than the fundamental resonance frequency
And is calculated at open circuit condition are

k ’
Wge = \/; and o, = o4 [1+KkZ; (28)

For both the fundamental frequency (at load resistance R, =0) and anti-resonance frequency( at R =), the
electromechanical damping exerted by the respective electrical load is zero.The following equation gives relation

between the effective electromechanical coupling factor and generalized electromechanical coupling factor.
2

kgff = ker (29)

2.3 Electrical Equivalent Model

The equivalent electrical circuit[3,4] is as shown in Fig. 2.The piezoelectric harvester has very high resistive impedance
in MQ and capacitance in nano Farad. At resonance, the piezo equivalent current source iy, is equivalent to mY,, ©,2.
The harvester’s resistive impedance can be ignored due to its too high value in MQ, therefore effective impedance will

be a capacitive in nature. The impedance Z; will be Z;_ - 1C
n ~p

* i)

Ao¢
=T [_1_]% Lo,

& ]
Fig.2: Eequivalent electrical model [3]
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A simple bridge rectifier circuit is then used for AC to DC conversion Diodes are considered ideal in nature.The filter
capacitor is assumed to be large so that the output voltage remains constant, the diodes are assumed ideal, and the load is
modeled as a constant current source. Initially polarization current is charging the capacitance of the piezoelectric
element during this interval, all diodes are reverse-biased and no current flows to the output. Let, this is commutation
period t.. When magnitude of the piezoelectric voltage V, becomes equal to the output voltage V,, the output current
flows through the capacitor C, and the load.

ip, = I, sin(ot) (30)
During commutation interval

I, sin(ot) = Cp, ZZU')’:)

Integrating current for commutation period 0 to tc
I, cos(te) =1, — 2VeC,, (32)
Once the piezoelectric element’s capacitance is charged to the voltage of Cr, current flows to the load for remaining the
half-cycle. During this interval, the output current can be determined by relating the internal piezoelectric element
capacitance to the output capacitance.

Thus output current will be i, = 0, for commutation interval and

(1)

i, = Cri—zpzlpz [sin(wt)| for rest of the half cycle
If Cr>>Cpz then almost all current will be available at output. so, i, = iy,
I, = % I, Now average output current over half cycle, 0 to  will be
r pz

i, = I’% (1 +cost.) (33)
From (32) output current will be
. 21y, 2VroCy,
lode) = o — % (34)
Average output voltage will be Vo=Vr ,So, the output power which varies with Vr will be

2V,
B, =2 (1, —V,0C,,) (35)

Ipz

20Cp;

The maximum power occurs at V, =

I11.  MATLAB SIMULINK MODELLING

MATLAB SIMULINK provides a graphical programming environment for modeling, simulating and analysing multi
domain dynamic systems. It is very powerful software tool for simulating model and analysing with real conditions in
engineering study. This section presents proposed electromechanical model and is compared with electrical equivalent
model and actual piezoelectric harvester.

3.1. Electrical Equivalent Modeling

The vibrating piezoelectric element is modeled as a sinusoidal current source in parallel with its electrode capacitance
[3,14].The model can be used to predict voltage and power generated by piezoelectric elements under ideal conditions.
The electrical equivalent model used using MATLAB SIMULINK in past research work has constraints of not
incorporating some parameters such as piezoelectric properties of the material used, damping,electromechanical coupling
and change in individual parameter of harvester model. Fig.3 shows Electrical equivalent circuit consisting of a current
source in parallel with capacitive element as piezoelectric source connected to a bridge rectifier, filter capacitor and load.
Sample waveforms for PVVDF material.

Fig.3 Electrical equivalent Model Fig.4:Output Power, Output Voltage and Input Voltage
waveforms of Electrical model harvester .
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3.2 Electromechanical Modeling
Fig.5 shows proposed Simulink model of mechanically coupled piezoelectric element which is excited by mass-spring-

damper system which creates mechanical vibration.[8-11] Electrical output of piezo element is sensed through sensor and
fed to electrical interfacing circuit consisting of a bridge rectifier, filter capacitor and load. The model facilitate study of
the effect of change in input parameters of mechanical vibrating source such as displacement, frequency of mechanical
vibration, velocity, mass, force applied, time, damping factor. As well the effect of change in parameters of piezoelectric
element connected to vibration source such as effective mass, dimensions, capacitance, number of layers, charge
constant, dielectric constant, elastic compliance ,damping ,mechanical quality factor. These parameters are incorporated
in Simulink blocks and can be varied during simulation depending upon input vibration level available and type and size
of piezoelectric material used. Thus the constraints of electrical equivalent model are eliminated up to great extent.
Table-1 shows parameters of piezo materials used in model.[15-16] Sample waveforms for PVDF material harvester is
shown in Fig.6

T
Mass
Continuous l:l
sPs iﬁ I )
powergui Force Volage S Vpz
—— [>—{> PS §| du/dt] S PSP 0 oltage Sensor
. — Piezo element PS-Simulink

Motion Sensor PS-S  acceleration Converter V_pz
PS S|
—>
[

Spring Damper 0 Mechanical
\\k Translational ?

Reference

f)=0

Solver Mechanical

Configuration Translational
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p_v Graph

Rin ’—EE
Po Power
>
I RI PV
o 1 - I ] >
- > To Workspace
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Flg 6 Output Power, Output Voltage and Input Voltage wave forms of Electromechanical model
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T ABLE |
PVDF and pzt material parameters

Parameter Unit PVDF PZT

Strain [Piezoelectric | g/N or miv*10™* | 23 110

charge constant ds;

Stress/Piezoelectric v-m/N*10°° 216 10

voltage constant gs;

Elastic compliance s m~2/N*107 330 135

Mass density kg/m® *10° 1.78 75

Relative dielectric 12 1200

constant  &/gg

Piezoelectric ~ coupling | % 0.12 0.30

factor ki;

Youngs modulus Y N/m?*10° 3 74

V. EXPERIMENTAL SETUP
Sine wave Power Vibration | | Rectifier
Plezoelectric . (RO
generator  |—p > | y circut ——»
amplifier generator | E1EMENt
with load

Fig.7: Block Diagram of experimental test setup.

Measurement specialist PVDF metalized sheet of 52 micron with substrate and Mide technology PZT sheet
PPA2014 both in bimorph configuration with tip mass of 25g have been used for testing purpose. Fig.7 shows block
diagram of test set up of harvester model consisting of a Scientific laboratory Oscilloscope, Scientific Function generator,
Amplifier, Vibration generator, bridge rectifier circuit and load resistance. The piezoelectric element is clamped to
vibration generator. Sine wave generator with amplifier unit generates variable vibration frequency and amplitude signals
which are fed to vibration generator. The vibrations produced in piezoelectric element have been measured using
accelerometer and CRO. The electrical output from piezoelectric element is AC signal and is then rectified using bridge
rectifier. A filter capacitor and 100 KQ resistance is connected across it. The test is performed at different frequency of
vibrations ranging from 20 Hz.to 100 Hz and amplitude between 5 to 10 mm and different load conditions. Here, results
are plotted for sample vibration frequency of 25 hz with tip displacement of 5 mm for two different piezoelectric
material elements PVDF and PZT. Table-1 shows parameters of PVDF and PZT material used as test elements and same
have been used in simulation of models.

V. RESULT ANALYSIS
Fig.8 represents graph of voltage generated by PVDF harvester’s electrical model, mechanical coupled model and actual
harvester readings. Fig.9 represents graph of voltage generated of PZT harvester’s electrical model, mechanical coupled

model and actual harvester readings. Table-2 shows maximum power and voltage output generated of three models
electrical, electromechanical and hardware model respectively.
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Fig.8:Generated voltage by 3 Models with PVDF Element Fig.:9Generated voltage by 3 Models with PVDF Element

TABLE-2
Maximum Power and Voltage Output of Three Models

PVDF Harvester

Power _mw Voltage_volts
P_ee P_me P_pvdf V_ee V_me V_pvdf
38.6 16.4 10.5 21.05 12.01 12

PZT harvester

Power _mw Voltage_volts

P-ee P-me P-pzt V-ee V-me V-pzt
99 79.6 70 41.34 27.06 24.4

From comparative analysis in both the cases of PVDF and PZT material Values of voltage and power generated by
electromechanical model is quite proximate to hardware result. Where as voltage generated with electrical model is
differs reasonably with actual harvester’s result .This is due to lake of flexibility for setting individual mechanical
vibration input parameters and piezoelectric material properties and size. Further it requires mathematical calculations for
setting equivalent source input parameters. The testing is also performed for different frequency of vibrations ranging
from 20 Hz to 100 Hz with different amplitude and load. Every time electromechanical model showed consistent
behaviour and provided better result as compared to electrical model. The electromechanical model gives better result as
it can imitate actual environment of harvester’s condition due to following reasons,

e Piezoelectric properties of the material can be incorporated and varied.

e Loss due to electromechanical coupling effect can be predicted.

o Effect of mechanical damping can be reflected, which plays very crucial role in energy harvesters performance.

e Effect of change in individual parameter can be identified or discriminated.

The results obtained from Electromechanical model are quite closer to actual hardware results as compared to results of
electrical model and match with the in both the cases of PVDF and PZT material harvester.

VI. CONCLUSIONS

In this paper theoretical analysis and experimental results validated electromechanical model developed in simulink. The
results of this model are compared with Equivalent electrical model also used in past works. Electromechanical model
developed in simulink can incorporate most of the material properties. Electromechanical coupling and mechanical
damping effect of the harvester structure are crucial factors which have great impact on output of piezoelectric harvester.
These two factors are also incorporated in electromechanical model developed in simulink. The proposed
electromechanical model gives realistic results and can be used successfully to predict behaviour, response and output of
different kind of piezoelectric harvester for the varied parameters. The testing done at different frequency of vibrations
and amplitude also produced results quite proximate to experimental test setup results. The electromechanical model
presented in this paper using MATLAB SIMULINK creates realistic scenario of piezoelectric harvester. The
electromechanical model is validated and successfully implemented for analyzing energy harvested from different kinds
of piezoelectric material harvesters with different parameters.
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