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ABSTRACT

The piezoelectric energy harvester for supplying power to low-power electronic
devices has been studied and received more attraction over the past decade. In order to
simplify installation and obtain the sufficient power for systems, the harvester possessing
simple structure with highest output power is highly required. The aim of this thesis is to
study on the piezoelectric energy harvesters based on polycrystalline PZT and
monocrystalline PMN-PT materials. This research is implemented on comparative study
of the unimorph energy harvesters based on polycrystalline PZT and monocrystalline
PMN-PT materials, and study of bimorph energy harvesters based on polycrystalline PZT
for harvesting energy from machine vibration. By using the finite element analysis (FEA)
in ANSYS, the numerical modets of resonant type piezoelectric energy harvesters with
proof mass are designed and then fabricated. In the comparative study, the
performances of unimorph piezoelectric energy harvesters exciting at their resonant
frequency of 150 Hz are investigated with the electromagnetic snaker. As the results, the
unimorph monocrystalline PMN-PT piezoelectric energy harvester demonstrates a higher
generated power at an optimal load resister, which is 500.07 pr , while the
piezoelectric polycrystalline PZT unimorph energy harvester demensirated an output
power of 41.20 pr'l. For the energy harvesting from machine vibration, the resonant
frequency of the bimorph piezoelectric energy harvesters are designed to match the
frequency of vibration source. The fabricated harvesters are examined with the spinning
and rinsing system of the fully automatic dicing saw machine. An optimal energy
harvester can generate the output voltage 29.2 V at frequency 50 Hz. lts generated
energy is stored in a 2200 WF capacitor. The stored energy reaches to 27.50 mJ in 2507 -
8358 seconds, which is enoush for powering wireless sensor node with energy

consumption of 13.29 mJ.
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Chapter 1
Introduction

1.1 Motivation

In over the last decade, The wireless sensor technology running on battery is the
most commonly utilized for tracing the essential information both in harsh and
unreachable environment [1], since the cost is lower than wired solutions due to
maintenance, affiliated problem-solving and repair issues. Even though using battery can
solve the problem of wiring, it has problem on limited lifetime and energy storage
capacity. Therefore, the methods of converting the waste energy available from the
ambient environment into usable electrical energy are much challenge and required [2-
4]. The available primary energy sources that can be harvested and integrated into the
wireless sensor node are solar [5], thermal [6), mechanical vibration [7] and
electromagnetic waves [8]. From these energy resources, the mechanical vibrations are
very attracted to apply as the potential power source of wireless sensor node on
mechanical condition observation because the most of machines always oscillate during
operation. The transduction methods for harvesting vibration energy based on
electromagnetic [9], electrostatic [10], and piezoelectric conversions [11];

= Electromagnetic energy harvester; It based on electromagnetic induction. An

electromotive force is generated from a relative motion between a coil and a

magnet,

* Electrostatic energy harvester. A variable capacitor structure is used to generate

charges from a relative motion between two plates.
» Piezoelectric energy harvester. The charge is generated from piezoelectric

materials under stress/strain.

While each of these generators presents advantages and disadvantages depending on
the application (frequencies and amplitudes of vibrations), a quick comparison of
approaches is possible by considering the energy density of each type of generators. Such
a comparison is reported in Table 1.1 by Roundy et al [12]). From Table 1.1, it
demonstrates that piezoelectric converter is capable of producing the highest power
output. Therefore, the piezoelectric generator is very interesting to adapt as the
autonomous energy source for powering wireless sensor node in order to stabilize the

self-powered system operation.



Table 1.1 Comparison of power density

Type Energy density (mJ/cma)
Piezoelectric 354
Electromagnetic 24.8
Electrostatic 4.0

1.2 Piezoelectricity

The piezoelectricity was discovered by Pierre and Jacque Curie in 1880. This word
means the electricity obtained from pressure; the word “piezo or piezien” comes from
the Greek, which signifies “to squeeze or press”. The comprehension about piezoelectric
effect is a matter concerning to the interaction between mechanical and electrical state
in crystalline materials. The electrical charge generation in piezoelectric material resulting
from an inputted mechanical force was called the direct piezoelectric effect, and the
mechanical deformation resulting from an applied etectrical field was called the reverse
piezoelectric effect as shown in Figure 1.1 (a) and (b), respectively. This phenomenon is
formed in crystal with no center of symmetry. A letter “P” in the image means the
direction of polarization. Generally, each contributed molecule on the piezoelectric has
an individual polarization with random direction. One end of it is more negative charged
and other end is positives charged, which is called a dipole. For the usable piezoelectric,
the polarization of all dipoles must lie in one direction. Hence, the polar axis running
through the center of both positive and negative charged of molecule is an imaginary
line. It is feasible by applying heat to contributed piezoelectric substance under the
application of a strong electric field. The heat stimulates the molecules to move more
freely and the electric field forces all of the dipoles in the crystal to line up and face in
nearly the same direction. This process is called poling, which is illustrated in the Figure
1.2.
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Figure 1.2 Poling process for regulating direction of dipoles

As the above-mentioned phenomenon,  the electromechanical interaction of the

piezoelectric effect also can be described by following the equations
E
S, =dE+s,T, | ‘ (1.1)

T
D,=dT +¢,E, (1.2)



where S, is the mechanical strain resulting from applied electric field (£,), d,is the

piezoelectric constant interacting to the obtained mechanical strain from inputted
applied electric field or stress (7)), s’ is the elastic compliance coefficient at constant

]

electric field, D, is the electric displacement produced by applied stress, and ¢, is the
permittivity at constant mechanical strain

From the equation (1.1) and (1.2), (i) subscript illustrates the electrical direction,
which is one of the three directions as 1, 2, or 3. (j) subscript demonstrates the
mechanical direction, which consists of the six directions. Its value would be the one in
the range of 1 to 6 as shown in the Figure.1.3 (a). For example, d, is the piezoelectric
constants concerning the mechanical strain produced-in the 1- direction by an applied
the electric field in the 3-direction. In the other way, when the applied electric field and
obtained strain are along the 3-direction, the piezoelectric constant is dy; as Figure 1.3 (b),

and (o).

(@) (b) ()

Figure 1.3 (a) Piezoelectric effect direction, (b) 31 (transverse) mode, and (c) 33

(longitudinal) mode

1.3 Research Objectives

The objective of this thesis is to study the piezoelectric energy harvesters based on
polycrystalline PZT and monocrystalline PMN-PT materials. The implementation of this

research is as follows
* Design and realize the unimorph piezoelectric energy harvesters based on

polycrystalline PZT and monocrystalline PMN-PT materials, and then investigate

and compare their performance.



= Design and fabricate the bimorph piezoelectric energy harvesters based on
polycrystalline PZT for harvesting energy from machine vibration.

1.4 Thesis Overview

By following the research implementation, this thesis is divided into five chapters.
Chapter 2 presents the theory of resonant generator leading to understanding of resonant
type piezoelectric actions, An equivalent circuit characterizing electrical and mechanical
behavior of piezoelectric energy harvester is demonstrated. Moreover, the techniques for
harvesters design and estimating the electromechanical performance are also given in this
chapter.

The equations providing a guidance of piezoelectric material selection for energy
harvesting application, some commonly used piezoelectric materials and the numerical
computation of piezoelectric finite elements are proposed in chapter 3.

Chapter 4 gives the design and realization of the polycrystalline PZT and monocrystalline
PMN-PT piezoelectric energy harvesters based on unimorph configuration for harvesting
energy from the environmental vibration with low frequency excitation. The harvesters
are investigated using an electromagnetic shaker exciting as a mechanical vibration input.
Energy harvesting performance including mechanical'coupling coefficient, quality factor,
energy density and generated power are demonstrated and compared in order to obtain
the optimal harvester.

The design and fabrication of the polycrystalline PZT piezoelectric energy harvesters
based on bimorph configuration are demonstrated in chapter 5. The resonant frequency
of harvesters is designed to match the frequency of vibration source in order to obtain
the maximum energy generation. The prototype of harvesters are fabricated and tested
with the spinning and rinsing system of the fully automatic dicing saw machine
(SINGULATION MODEL: DFD 6340). The optimal device is integrated to an energy
management circuit for énergy storage experiment.

Finally, Chapter 6 summarizes the results of this research and the conclusions from alt

chapters.



Chapter 2

Resonant Generator and Modeling Method

2.1 Theory of Resonant Generator

The transduction mechanism converting the vibration energy into electrical energy
was modeled to base on mass (m) — spring (K) — damper (¢ ) system by Williams and
Yates [13] as demonstrated in the Figure 2.1.

k z(1)
D1
=

4

1y@)

Figure 2.1 Resonant generator model

The ideal of resonant generator is understood as the rigid frame consists of a
seismic mass suspended by a spring inside. A mass and spring make the resonant
oscillation in transducer. While applying the external force or displacement 1), a mass
moment can cause the deformed frame and converts the mechanical energy into
electrical energy. The motive relation of a mass respecting to the frame is represented by
z(t). The damping coefficient (¢} causing the energy loss consists of the mechanical
damping (¢,, ) and electrical damping (¢,); the mechanical damping according to friction,
air resistance etc., and the electrical damping is resulted from the energy transduction.
Hence, the damping coefficient (¢) is defined as ¢=¢,+c¢,. In order to obtain the
governing equation of the typical kinetic generator, the mass of vibration source is
assumed to be much larger than a mass m to avoid the damper from harvester. By
following the description above, the force equivalence is given as



mz(t)+(c, +¢,)z(t)+ k() = —mj(t) (2.1)

The dissipated power in electrical energy conversion is obtained from electrical
damping ¢with respect to force , . The electrical damping force is given by F, =c,Z at
velocity v constant [12]. Conversely, at inconstant velocity (v ), the generated power is

calculated by

P=[Fdv (2.2)
0

By replacing £, =¢,2=¢,v in the equation (2.3), it can be written as

P:ceJ.vdv=—cev =—cz (2.3)
2

Assuming that the external vibration exerts a sinusoidal force to the harvester by
W)= y,cos(ax), where y, is the frame motion amplitude, and @ is the angular
vibration frequency. The transfer function of force equivalence in 2.1 can be derived by
applying a Laplace transform as

= 2
b = 4 (2.4)

s +(c,+c,)s+k

where zis the Laplace transform of mass motion amplitude, y is the Laplace transform
of the frame motion amplitude, and s Is the variable parameter of Laplace, which
balance to j@ . Hence, the equation (2.3) is rewritten by

P= %‘ces’z2 (2.5)

According to kinetic theory mass-spring system, if the system has resonant frequency @,,
the spring constant X is given byk=mwj. The mechanical and electrical damping are
obtained as ¢, =2m¢ @, and ¢, =2mG,m, where ¢, and ¢, are mechanical and

electrical damping ratios, respectively. By substituting these parameters in the equation
(2.4) and (2.5), the power can be considered by



3
mé,w,0° (—w—J 7
= Dn (2.6)

RGIEEEE]

while the resonant generator is exciting at its resonant frequency, which matches to the

frequency of vibration source. It denotes that the @, balances to w, and an acceleration
level can be calculated from a=@’Y . By following this addition and equation (2.6), the

power can be obtained as

2
e/ 2.7)
4(0” (gm -+ ge )
From the eguation (2.7), the power will be optimized and maximized when the

mechanical damping ratio &, is lowest, and matched to electrical damping ratio &, .

2.2 Resonant Type Piezoelectric Energy Harvester Equivalent Circuit

A general configuration of resonant type piezoelectric energy harvester is composed
of a cantilever beam with a proof mass placed at tip as shown in Figure 2.2. The
convenient method for simplifying the system'equation for modeling generator is to
model the electromechanical portion as circuit elements in Figure 2.3. This approach was
developed by Roundy et al. [14].

|
, Piezoelectric layer ) Proof mass

Clamp

Input vibration position ' Support layer

Figure 2.2 Resonant type piezoelectric energy harvester
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Figure 2.3 Piezoelectric energy harvester equivalent circuit

For the equivalent circuit, the transformer with equivalent turns rationis assigned as

the electromechanical coupling, an equivalent input stress 0;, developed by the input
vibration, the equivalent conductor L, , resistor R, , and capacitor C, are represented

the mass (m ), mechanical damping and mechanical stiffness, respectively. For other side

of transformer is electrical equivalent circuit, CP is' the piezoelectric capacitance, and
R, is the load resistance. By considering the equivalent circuit on Kirchoff’s Voltage Law,

the input stress is derived by

O ST o T O 4 (2.8)
As following the equation of piezoelectric effect in chaptert,

S=dE+s"c (2.9)

D=do+&'E (2.10)
where stress ¢ is represented 7 in equation (1.1) and (1.2). In the cause of applying

stress to electrical field at zero strain or providing the electric displacement to strain at
zero electric field, the equation expressing the equivalent circuit performance based on

piezoelectric effect is given by

o=—£:—deE (2.11)

E



10

D=do=—dY,S (2.12)

whered denotes the piezoelectric strain coefficient, ¥, is the Young’s modulus of the
piezoelectric material, and then the turns ratio of transformer is defined as —d¥,. During
the piezoelectric element operating in 31 mode, the generated charge is calculated by

multiplying the total dielectric displacement by electrode surface area A as
D=-d, o, =—d3,}’;,SAV(Cm'2) (2.13)
g=A-D=-d, 1,5, - AC) (2.14)

on these equations, the o, and §,, illustrate the developed average stress and strain

in piezoelectric element. Since the capacitance of piezoelectric component is given by

gd
C,=— where £=6,&, and &, represents the thickness of piezoelectric element. So

13
P
that the generated charge also can be written as

) ) —dy L,Ct,
£

g (2.15)
During the piezoelectric element deformed and mechanical strain change, the generated
current £ is derived by

dg(¢) A\ —d5 Y Cpl 'dSAV(t)
dt g dt

(2.16)

ity =

Supposing that the applied external vibration excites in harmonic, the voltage across the

resistive load R, is calculated by

—jod, Y.t wd, Y.t
VPea!c =w‘gﬁw :>IVPeak = == Pl SAV (21?)
e(jo+ ) 8( an-:-—mmm]
R,C, (RLCP)2

and then the generated power on R, can be easily defined as
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— (VPeak /\/5)2 = Vf’zeak (218)
e R, 2R,

For the energy transfer to load of resonance type piezoelectric, the maximum power
can be extracted only when generator is operated with an optimum load. As the force
equivalence presented in equation (2.1) and (2.4), the electrical damping affecting to the
generator behavior is partly assigned by electrical load, and the balance between
electrical and mechanical damping ratio is occurred at maximum power generation, so
the optimal load resistance should be matched to the impedance of piezoelectric
element at resonant frequency excitation and mechanical damping of generator [15] as

S — 1 (2.19)
wCP \/4§2 +k321

where the k2 is the electromechanical coupling efficient, which denotes the energy

conversion ability or energy conversion ratio of generator. In the equivalent circuit, the
electrical mechanical coupling efficient depends on turn coil ratio of transformer.

2.3 Finite Element Method (FEM) for Modeling Generator
2.3.1 Finite Element Analysis (FEA)

The finite element analysis is a computerized method for modeling the
piezoelectric energy harvester and predicting performance. Generally, the available FEA
softwares include COMSOL, ABAQUS, and ANSYS. The COMSOL is utilized to verify the
analytical model and considering the generated charge from strained piezoelectric
element by simulation of the displacement of cantilever, strain distribution, and resonant
frequency [16]. In order to estimate the mechanical and electrical performance of the -
designed piezoelectric energy harvester, Elvin ef of. [17] used ABAQUS and circuit
simulation SPICE for FEA, respectively. In the other way, Zhu et al. [18] simplified the FEA
of numerical model within single-software by using a coupled piezoelectric-circuit finite
element model (CPC-FEM) developed in ANSYS. The CPC-FEM allows for modeling of the
piezoelectric generator and analyzing the electromechanical behavior. Moreover, it can
be utilized to predict the generated power and optimal load resistance. Because of these
consequences, the FEM in ANSYS software were applied in this thesis in order to design

and optimize piezoelectric energy harvesters.
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2.3.2 Finite Element Analysis Implementation

The geometry model of resonant type piezoelectric energy harvester configured
in cantilever with a seismic mass at the tip is shown in Figure 2.4, a cantilever consists of
piezoelectric layer and support layer. In ANSYS, the piezoelectric material is represented
by SOLID5 element, and the SOLID45 element is used for non-piezoelectric material such
steel, tungsten, etc. Using the Block Lanzcos mode excitation method for modal analysis
implementation, the resonant frequency of geometry model can be defined.

In order to achieve the electromechanical behavior relating to the vibration
characteristics, the coupled piezoelectric-circuit finite element model is constructed by
connecting the electrodes of piezoelectric elements (SOLID5) to the piezoelectric circuit
element (CIRCU94) as illustrated in Figure 2.4, and then analyzed in harmonic excitation.
Generally, CIRCU94 is able to-model resistors, inductors, capacitors, voltage sources, or
current sources. In this.model, CIRCU94 is-used to model a load resistor estimating the
generated power and optimal load resistance [19]. In the-simulation, a constant
sinusoidal acceleration is applied to the clamped position of cantilever beam while the
harvester is generating the output voltage to across a load resistor, the generated power

is calculated, and the optimal load resistor is approximated by

Ry, = 2.20)
ST :

where @, is represented by the resonant frequency, and C, denotes the capacitance of

the piezoelectric element.

Piezoelectric layer > 4
" Y Proof mass
=IE

Resistor

Support layer

Figure 2.4 Coupled piezoelectric-circuit finite element model of piezoelectric energy

harvester
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Beside parameters above, the implementation of harmonic analysis requires the constant
global damping ratio in numerical calculation for reaching the reliable results. The
constant global damping ratio is specified as a decimal number with the DMPRAT

command.

2.4 Conclusions

In this chapter, the operation of resonant generator based on mass - spring — damper
system for transforming the kinetic energy into electrical energy, and an equivalent circuit
of resonant type piezoelectric energy harvester were presented. The relationship
between electrical and mechanical behavior through the electronic devices has been
demonstrated by an equivalent circuit. In addition, this chapter also mentions the Finite
Element Analysis (FEA) and available software for modeling the harvesters such as
COMSOL, ABAQUS, and ANSYS.



Chapter 3
Piezoelectric Materials and Numerical Computation

3.1 Selection of Piezoelectric Materials

For the piezoelectric energy harvester, a contributed piezoelectric material has a
significantly impact on its achievable performance. The generated voltage, current and

power under a cyclic stress (o, ) are given as [20]

Vs = 0:83; (3.1)
P 1
I, =—=-d.0.4 (3.2)
3i V3,- 2 3i rf
P—lC sz—l—di—crztfif—l(d . )O'ZIAf (3.3)
5 Pt 26‘06‘7‘ i & 5 \%ai £3)0;1; .

where ¢, is the distance between the electrodes, g is the piezoelectric voltage
constant (g, =d,;/€'&,), dy is the piezoelectric strain constant, g" is the relative
dielectric constant at constant stress, &, is the permittivity of free space
(8, =8.85x107% F/m), and C, is the capacitance of the piezoelectric material, 4 s the

area of the electrodes.

From equation (3.1) and (3.2), the generated voltage and current under a cyclic
excitation depend on the g, constant and d;, constant, respectively. In addition, in an
equation (3.3), the generated power depended on the product of (dy;-gy) of the
piezoelectric material. The parameters of g, dy, and (dy;- g,;) can provide a guidance
of material selection for energy harvesting application. To choose the piezoelectric
materials in this thesis, some commonly used piezoelectric materials are considered and
listed in Table 3.1. As can be seen, the PMN-PT and PZT materials are very interested
than other piezoelectric materials due to the overall capability of voltage, current and
power generation. Therefore, they are selected to study on energy harvesting

performance.
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Table 3.1 Properties of piezoelectric materials

Piezoelectric 7 ds, - dy,* 8y
materials 10" mAv) | 0°vm/N) | (107 mN)
AlN [21] 10.5 -1.73 -18.62 0.03
ZnO [22] 11 -5 -51.36 0.25
BaTiO3 [23] 1700 -78 -5.18 0.40
PZT [27] 1000 -97 -10.96 1.06
PMN-PT [27] 8250 -1338 -18.33 24.51

3.2 Piezoelectric Finite Elements

In linear piezoelectric material, the equations of elasticity are coupled to the charge
equation of electrostatics as [24]

{T}=[c"1{s}-[ " |{E} (3.49)

{T} = Vector of mechanical stress ({7}, 73,7575} 75, })

{8} = Vector of mechanical strains ({5},5),55,5,,5,528 )} )

{E} = Vector of etectric field ({E,E, E, } )

{D} = Vector of dielectric displacement ({D,D,D;})

[¢¥] = Mechanical stiffness matrix for a constant electric field £
[as] = Dielectric constant matrix for constant mechanical strain §
[e] = Piezoelectric coupling coefficients matrix

[eT] = Piezoelectric matrix retating stress/electric field (transposed)

By following the Hamilton principle, the dynamic equations of a piezoelectric
continuum can be derived, in which the Lagrangian and the virtual work are properly
adapted to include the electrical contribution as well as the mechanical ones. The
potential energy density of a piezoelectric material consists of a contribution from the
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strain energy and the electrostatic energy [25]. The electric field E relating to electrical

potential ¢ is given by
E=—gradg (3.6)

and the mechanical strain S to the mechanical displacement u in the Cartesian
coordinates by
o, o 0 88, 0 oo]
S=| 0 a6, 0 o6, oo, 0 | {uj=[Bl{y} (3.7)
0 0 /8 0 6/6y 9/0,

4

The elastic behavior of piezoelectric media is governed by Newton's law

0" fu}

I (3.8)

diviT}=p

where p presents the density of the piezoelectric medium, whereas the electrical
behavior is explained by Maxwell’s equation, taking into account the fact that the
piezoelectric media are insulating (no free volume charge)

div{D} =0 (3.9)

Equations (3.4) o (3.9) constitute a complete set of differential equations, which can be
solved with the appropriate mechanical (displacement and forces) and electrical
(potential and charge) boundary conditions. An egquivalent description of above
boundary-wave problem is Hamilton’s variational principle as extended to piezoelectric

media

5j (L+W)dt=0 (3.10)

)

where the operator & presents the first-order variation, # and #, define the time

interval (all variations must vanish at ¢ = ¢ and ¢ = t,) and the Lagrangian term L is
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determined by the energies available in the piezoelectric medium and W is the virtual
work of the external mechanical and electrical forces [25-27].

In the Finite Element method the object to be computed is subdivided into small,
discrete elements, the so-called Finite Elements. The mechanical displacement u and
the forces f as well as the electrical potential ¢ and the charge g are determined at
the nodes of these elements. The values of these mechanical and electrical quantities
at an arbitrary position on the element are given by a linear combination of the
polynomial interpolation function N(x,y,z) and the nodal point values of these
quantities as a coefficient. For an element with # nodes (nodal coordinates: (3, 7.02,),
(i=1,2,...,n) the continuous displacement function u(x,y,z) (vector of order three), for
example, can be evaluated from its.discrete nodal point vectors as follows (the

quantities with "0" are the nodal-point values of one element):
{u(x,y:2)} =[N, (w3, 2)]{ u(x,, Y12 2,)} (3.11)
¢:[N¢(x,y,z)]{ou(x,,y,,z,)} (3.12)

Where {Ou} i tha vector - of the nodal” point displacement, and [N,] is the
interpolation .function for the displacement, Therefore, the strain field {S} and the
electric field {E} are related to the nodal displacement and potential by the shape
function derivatives-{B,] and [B{J defined by, [28]

{8} =[B,]{u} (3.13)

{E}=-[B,]{"u] (3.14)

The substitution of the polynomial interpolation-function into (3.11) yields a set of linear

differential equations that describe a single piezoelectric finite element.
(M3 {0} + K, ) () + [ Ko {08} ={" 1) (3.15)

(Ko {Cu}+[ K0 )"0} ={"a} (3.16)

77956
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Each element & of the mesh is connected to its neighboring elements at the global
nodes and the displacement is continuous from one element to the next. The element
degrees of freedom (DOF) ({Ou,} and {“;ﬁj}) are related to the global DOF ({u} and
{®} ) by the mean of the localization matrices ["Lu:l and [°L¢]

Hamilton’s principle (3.10) must be verified for the whole structure, which results in (by
summation of the contribution from each finite element) [24-27, 29].

{M} {U} +[KUU]{U} +[Kum ]{O(D} = {F} (3.17)
[ Ko U} [ Koo [{@} ={0} (3.18)

where the assembled matrices are given by

[M]=3" [ L] [M®][£,] is kinematically consistent mass matrix
[Ku]= 3 (L] [ K (L] is stiffness matrix
(Kool =[] [ K ][ Zs ] s piezostectric “stiffness” matrix
[Kou]= 2 [ Lo ] [Ka®][£4] is transponse piezoelectric “stiffness” matrix
[Koo]= 3 [ Ly ] [Ka® [ L) is dietectric “stiffness” matrix
=" [L,] [ /] is external forces applied to the structure
y=> [ ,] g,] is electrical charges brought to the electrodes

Equations (3.17) and (3.18) couple the mechanical variables {U} and the
electrical potentials {CD} Based on this formulation, a piezoelectric Finite Element of

the type multilayered Mindlin shell and volume has been derived [24-25]. For shell
elements, it is assumed that the electric field and the displacement are uniform across
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the thickness and aligned on the normal to the mid-plane. The electrical degrees of
freedom are the voltages @, across the piezoelectric layers; it is assumed that the
voltage is constant over each element (this implies that the finite element mesh follows
the shape of the electrodes). One electrical degree of freedom of the type voltage per
piezoelectric layer is defined. The assembly takes into account the equipotentiality
condition of the electrodes; this reduces the number of electric variables to the number
of electrodes. For volume elements, one additional degree of freedom of the type
electric potential is introduced in each node of the piezoelectric volume element.

3.3 Conclusions

In this chapter, the commonly used piezoelectric materials and the equations
guiding to select the piezoelectric materials for energy harvesting application "are
demonstrated. The parameters impacting to the generated voltage, current and power
of piezoelectric material are considered. On the other hand, the numerical computation
of piezoelectric finite elements is also reported.



Chapter 4
Comparative Study of Piezoelectric Energy Harvesters
Based on Polycrystalline PZT and Monocrystalline
PMN-PT Materials

4.1 Conceptual Model

In order to simplify generator configuration, the conceptual model consisting of a
piezoelectric unimorph cantilever and clamped beam s designed as shown in Figure 4.1,
To prevent the crack of piezoelectric, a base of cantilever is attached to acrylic using
mixed resin. Since the high temperature from soldering makes the piezoelectric property
change, thus a PCB clip is directly pinned to piezoelectric surface aveoiding these issues. A
piezoelectric unimorph-cantilever composes of a piezoelectric layer bonded to an elastic
layer; made of stainless steel plate: An elastic support layer acting as a spring stimulates
the neutral plane away from the center of piezoelectric layer thickness. It causes the net
charges to be collected. A tungsten proof mass is placed at the tip of elastic beam for
tuning the natural frequency of harvester.

S Piezbgléétri?éantiléw_e} |

Tungsten proof mass

s/

l

Acrylic Stainless steel cantilever

Figure 4.1 A conceptual model of unimorph piezoelectric energy harvesters
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4.2 Consideration of Models
4,2,1 Resonant Frequency

For the harvesters design, resonant frequency of piezoelectric harvesters is one of
the most important parameter. Amount of generated power would be maximized when
natural frequency of energy harvesting device matches the frequency of vibration source.
Since many vibration sources from ambient environment excite between 60 Hz and 200
Hz as shown in a Table 4.1. Therefore, the harvesters are designed to have resonant
frequency of 150 Hz that lower than 200 Hz; this frequency doesn’t derive from any
ambient vibration, which is assumed for this research only. If these harvesters are needed
to use for harvesting energy from another vibration source, their resonant frequency must
be tuned to match the frequency of vibration source.

Table 4.1 Acceleration magnitude and peak frequency of various sources [30]

Acceleration Peak frequency

Vibration source 2 :

(m/s™) (Hz)

Car engine compartment 12 200
Base of 3-axis machine tool 10 70
Blender casing 6.4 121
Clothes dryer 79 121
Person nervously tapping their heel 3 1
Car instrument panel 3 13
Door frame just after door closes 3 125
Small microwave oven ¥ % 121
HVAC vents in office building 0.2-1.5 60

Windows next to a busy road 0.7 100
CD on notebook computer 0.6 75

Second story floor of busy office 0.2 100

4.2.2 Harvester Components

The piezoelectric elements contributed on this model have a fixed dimension (1 x
4 x 15 mms); this scale was fixed by manufacturer, thus the size of support layer and
mass effecting to resonant frequency of harvesters should be considered in order to
achieve the appropriate models for study of energy harvesting performance. The suitable
size of support layer can be obtained by implementing the modal analysis. In simulation,
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the piezoelectric and physical properties in Table 4.2 are contributed to geometry model

in Figure 3.2 for reaching the reliable results.

\o

Figure 4.2 Geometry of harvesters without a proof mass for analyzing the reaction of

support layer scale

Table 4.2 Piezoelectric and physical properties for numericat model simulation [31]

Stainless
Physical and Piezoelectric Piezoelectric el
ee
Piezoelectric Polycrystalline | Monocrystalline Tungsten
Cantilever
Properties BT PMN-PT
(SUS304)
Density (kg m) 7600 8100 8000 19600
Young’s Modulus
— 190 400
(GPa)
Poisson’s Ratio — — 0.28 0.28
dyp=-97 dy = -1338
Piezoelectric
Charge Constant dyy = 225 dy;= 2820 - -
-12
[10  C/N]
d;s = 330 d,s =146
Relative Dielectric | &€ = 1290 &, = 1600
Constant [ g, ] _ _ B B
0 Eqy = 1000 Bn™ 8250




Table 4.2 (Cont.)
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. . . . . Stainless
Physical and Piezoelectric Piezoelectric Steel
ee
Piezoelectric Polycrystalline | Monocrystalline ) Tungsten
. Cantilever
Properties PZT PMN-PT
(SUS304)
SE=115 SE=70.2
E E
S12= “37 Slz= ‘_13.1
Elastic Compliance | S£-= _4.8 Sk=-56.0
Constant . i — —
[10“12 mz/N] S33= 13.5 S;=119.4
Sy, = 319 Sy =145
E . E
Ses = 35.0 Se =152
11000 2% Thickness
10000
9000 // — =Length
N 8000 - -
B & e S e - Width
2 6000 N e
¥ 5000 , m—————
& 4000
T 3000
2000
1600
O I I 1 T T I I I I 1

0 010203040506070809 1

Added scale (mm)

Figure 4.3 Besonant frequency of unimorph polycrystalline PZT piezoelectric energy
harvester while increasing the scale of support layer.
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9000 Thickness

8000 —
7000 __________-‘—:-"""’r — ~Length

O <= == ==-Width

5000 e T

4000

3000

2000

1000
0 T ! ! [ T T T ! I 1

0 010203040506070809 1

Frequency (Hz)

Added scale (mm)

Figure 4.4 Resonant frequency of the monocrystalline PMN-PT piezoelectric energy
harvester while increasing scale of supbort layer.

As shown in the simulation results in Figure 4.3 and 4.4, the thickness of support
layer is great impact on frequency of piezoelectric energy harvester, which is directly
proportional to the frequency. While increasing thickness from 0.1-0.9 mm and the width
and length are kept constant, the resonant frequency of polycrystalline PZT and
monocrystalline PMN-PT piezoelectric unimorph cantilever significantly increased.
Conversely, the frequency is dropped when a length was increased by 0.1 to 0.9 mm. It is
reversely proportional to length as placing a proof mass around the tip end of support
layer. Out of this, the frequency almost never changes by increasing width.

Since the increase of length can be replaced by placing a proof mass at the tip
end of support layer, and a width have no effect in frequency of harvester. Hence, a
width is defined in 4mm for accommodating a piezoelectric element, and a length is 40
mm for simplifying frequency adjustment while moving a proof mass as shown in Figure
4.5. To consider the suitable harvesters, three dimensions of support layer as given in
Table 4.3 are diagnosed. They are bonded to piezoelectric elements and then placed a
proof mass for tuning the 150 Hz resonant frequency. The composite unimorph
piezoelectric energy harvesters can be obtained as show in Table 4.4, and their resonant
frequencies are show in Figure 4.6. As the simulation results, the piezoelectric unimorph
harvester consisting of support layer volume (0.1 x 4 x 40) mm’ is not a suitable model
because a support layer is more pliable and unable to bend a piezoelectric element. A
piezoelectric unimorph cantilever without a proof mass can excites only 126 Hz. A model
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consisting of a support layer volume (0.9 x 4 x 40) mm’ cannot bend by applying
accelerations of the harvestable vibration source because a thickness of support layer is
large and more stiffness. Furthermore, the piezoelectric element will be broken if apply
the heavy force at the tip of support layer. This issue can be observed from a large proof
mass that use for decreasing the frequency of harvesters. Among of simulated harvester
models, the piezoelectric harvester composing of a support layer volume (0.5 x 4 x 40)
mm’ is more suitable than others. To find out the vibration mode of harvesters bellowing
200 Hz for study of energy harvesting performance, their first four vibration modes are

examined as shown in Figure 4.7,

Table 4.3 Composite unimorph piezoelectric energy harvesters.

%) T -g 3 q:i ME
— 0§ £ © © =
+ E v 2 £ T = 5 =
o) U .E e — Q E -.Q_,’) =
= EZET 2 g 3 & L
5] [ ) B X c X
= L o g s o | = @ 3
@ & Lalliogs = E£VYEN:S “AE
E MeRIs(E MR (2% 8.3 %
F o w
2 ATBIE \ o2/ o S =N £
1 Peldad 15 0.1 x4 x40 0]
x4 x 15 0.5 x4 x 40 6X6Xx6
3 x4 x15 0.9 x 4 x40 o x¥e¥x 15

Figure 4.5 Configuration of piezoelectric unimorph energy harvester.



Table 4.4 Parameters setup of composite unimorph piezoelectric energy harvesters.

g e | % i
] & o £ - £ 5
ko) 'H sl o€ +
8 5 ¢ T 0o o~ £ c £
= ¥ w 9 E & = ] T
T £ 2 w3 X 5 .B' & o
wv
2e5% |§° £ |3 |8 E|REE
¢ o 0 = X g g . D %
Ew E 2 = s | &8s E | EJE | CTE
= — &y — it ju )
2 % > E bt = (W] %\.) = ) £ = TR < T
0.1 x4 x40 3 3 0
Polycrystalline
0.5x 4 x40 3 3 2541
PZT
0.9 x4 x 40 3 3 21.16
0.1 x4x 40 3 3 0
Monocrystalline
0.5x 4 x40 3 3 24.65
PMN-PT
0.9 x4 x 40 3 3 19.78
126.62 Hz (@) : 126.43 Hz (b) _
-
ts=0.1 mm
150.09 Hz 150.09 Hz

150.19 Hz

ts= 0.9 mm

Figure 4.6 Simulated resonant frequency of unimorph (a) polycrystalline PZT and (b)
monocrystalline PMN-PT piezoelectric energy harvesters
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150.09 Hz

(a) 150.09 Hz (b)
I**mode

49429 Hz 508.53Hz

2%dmode

1118.60 Hz 1091.00 Hz

31 mode :

' 4 mode

Figure 4.7 Vibration mode shapes of the unimorph (a) polycrystalline PZT and (b)
monocrystalline PMN-PT piezoelectric energy harvester.

4.3 Prototypes of Piezoelectric Energy Harvesters

Following the modal analysis of numerical models, both polycrystalline PZT and
monocrystalline PMN-PT piezoelectric energy harvesters consisting. of support layer
volume (0.5 x ¢ 40) mm’ are fabricated as shown in Figure 4.8. The usable prototypes
are confirmed using the electromechanical impedance technique for ‘measuring their
resonant frequency. In measurement, an impedance analyzer (Type Bodel00) sweeps the
frequencies from 100 - 200 Hz with 1 Vs to harvesters.

Figure 4.8 (a) polycrystalline and (b) monocrystalline piezoelectric harvesters
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Figure 4.9 Impedance measurement result of unimorph polycrystalline PZT piezoelectric

energy harvester,
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Figure 4.10 Impedance measurement result of unimorph monocrystalline PMN-PT

piezoelectric energy harvester.

In Figure 4.9 and 4.10, the measurement results were resonant frequency and anti-
resonance frequency. The resonance frequencies of unimorph polycrystalline PZT and
monocrystalline PMN-PT piezoelectric energy harvesters resonate at the lowest
impedance where 150.33 Hz and 150.48 Hz, and anti-resonant frequencies vibrate at the
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maximum impedance as 151.51 Hz and 157.20 Hz, respectively. In this case, the
electromechanical coupling coefficient describing the conversion efficiency between
mechanical and electrical energy in piezoelectric material can be found by utilizing an

2
j:l»—(LJ (4.1)
ff f'ﬂ

where, keﬂis the mechanical coupling coefficient, f, is the resonant frequency, and fa

equation

is anti-resonant frequency of harvester.

4.4 Energy Harvesting Experimental Setup

To investigate the energy harvesting performance of unimorph piezoelectric energy
harvesters, their prototypes are mounted to an electromagnetic shaker (Bruel & Kjaer
type 4810). Vary acceleration levels. from 0.1-0.5-¢ and excitation. frequencies during
120-180 Hz applying as: the mechanical vibration input to harvesters are driven by a
power amplifier (Type 2706) and a function generator (Agilent type 33120A). An
accelerometer. is attached to vibration source for monitoring the. magnitude of

accelerations, and frequencies-as show in Figure 4.11.

(a)

Electromagnetic |
shaker

Function generator [—2| Power amplifier |

Vibration gencrator system

N - Vil

}
|
¥

Piezoelectric energy
harvester

Accelerometer = f<— Vibration }—)

Figure 4.11 (a) A flow chart of energy harvesting experimental setup, and the prototype
of unimorph (b) polycrystalline PZT and (c) monocrystalline PMN-PT

piezoelectric energy harvesters.
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4.5 Experimental Results and Discussion

As the energy harvesting experiment results of the prototypes of unimorph
polycrystalline PZT and monocrystalline PMN-PT piezoelectric energy harvesters are
illustrated in the Figure 4.12 and 4.13. The freguency of harvesters is decreased by
increasing the acceleration magnitude of vibration source. It demonstrates that the
young’s modulus of harvesters was reduced. The cause of this decrease was depended
on the limitation of piezoelectric compliance under heavy stress [32]. While an
electromagnetic shaker vibrate at 0.1 g acceleration, unimorph polycrystalline PZT and
monocrystalline PMN-PT piezoelectric energy harvesters generate the maximum AC
voltage 4.09 V and 18.11 V at 150 Hz. By shaking 0.5 g acceleration, the generated
maximum AC voltages are 15.78 V and 84.65 V at 144.50 Hz and 148.00 Hz, respectively.

n - Olg
s ===~ 0.3g

DY o
w

Output voltage (V)

\
/

--------
---------------------

(o]

Frequency (Hz)

Figure 4.12 Generated output voltage of unimorph polycrystalline PZT piezoelectric
energy harvester.
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Figure 4.13 Generated output voltage of unimorph monocrystalline PMN-PT piezoelectric

energy harvester.

One of the most important parameters for considering the energy transduction capacity

of the resonant type piezoelectric energy harvesters is quality factor (@ ). The Q factor is

estimated by

where, f, is the resonant frequency of harvester, and f, - f; is the range of frequency

values (bandwidth) where the 0.707 times of the generated voltage amplitude at

resonant frequency.

From an equation (4.2), a high @ factor obtaining from a narrow bandwidth

demonstrates that the harvester is very sensitive to the vibration change and can harvest

energy in a narrow frequency range around the resonant frequency. A low (0 factor

presents the harvestable energy in the large frequency range about the resonant

frequency range due to a Large\bandwidth frequency. The unimorph polycrystalline PZT

and monocrystatline PMN-PT piezoelectric energy harvesters have the average quality

factor as 17.59 and 15.70, respectively.
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Since the characteristics of piezoelectric energy harvesters are fundamentally
capacitor, their capacitances were found for examining the generated energy by using an

equation

4 _
C,=¢.¢, " (4.3)

where, C 1S the capacitance of harvesters, &, is the relative dielectric constant, &, is
the permittivity of free space (&, = 8.85 x 107 F/m), 4 is a piezoelectric surface area

(electrode surface area), and ¢ is a thickness of piezoelectric (thickness separating the
electrodes).

Instead of random optimal load resistance range in experiment, the numerical
models of harvesters were implemented in harmonic analysis for predicting the optimal
load resistor. As a mention in chapter 2, applying the constant global damping ratio (&)
in numerical calculation leads to achieve the reliable results. Hence, it was found by

following an equation

_fz"fl
P (a.9)

In Figure 4.14 and 4.15, By employing the resistance range as simulation for experiment,
the maximum power of the unimorph polycrystalline and mono-crystalline piezoelectric
energy harvesters can be transferred to a load resistor 0.49 and 1.25 MQ, where 20.72
and 250.04 LW, respectively. The power transferring to load resistors are extracted from
the voltage and current across load resistors as shown in Figure 4.16 and 4.17 by utilizing
an eguation

P=V], (4.5)

where F, presents the generated power on load resistor, ¥} is the voltage across load

resistor, and {; is the current across load resistor.
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Figure 4.14 Power transfer to load resistors of the unimorph polycrystalline PZT

piezoelectric energy harvester.
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Figure 4.15 Power transfer to load resistors of the unimorph monocrystalline PMN-PT

piezoelectric energy harvester.



34

70 ' PZT

60 e =+ PMN-PT
. —

50 =

40 —

voltage (Vg'1)

30

/
20
10 /

0 T 7 T T T T T T T 1

0 05 1 15 2 25 3 35 4 45 5

Load resistance (k)

Figure 4.16 Voltage across load resistors of the unimorph polycrystalline PZT and
monocrystalline PMN-PT piezoelectric energy harvesters.
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Figure 4.17 Current across resistors of the unimorph polycrystalline PZT and
monocrystalline PMN-PT piezoelectric energy harvester.

Most of the important parameters for comparison of the unimorph polycrystalline
PZT and single-crystalline PMN-PT piezoelectric energy harvesters were demonstrated in
Table 4.5. The unimorph monocrystalline PMN-PT piezoelectric energy harvester gives the
. best performance.
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Table 4.5 Performance comparison between piezoelectric polycrystalline PZT and
monocrystalline PMN-PT unimorph energy harvesters

Polycrystalline Monocrystalline
Performance Parameters

PZT PMN-PT
Coupling Coefficient (&, ) 0.14 0.30
Fverage Quality Factor () 17.59 15.70
Capacitance (Cp) 1.75 nF 266 nF
Voltage (¥ ) 31.56 Vg 169.30 Vg
Optimal Load Resistance (R, ) | 0.49 M 1.25 M
Generated Power (P ) 41.20 pWe 500.07 g

4.6 Conclusions

The study on the unimorph polycrystalline PZT and monocrystalline PMN-PT
piezoelectric energy harvesters focusing on design and performance comparison were
presented in this chapter. The designed models were optimized using finite element
method (FEM). A comparative study of harvesters were done following the parameters of
electromechanical coupling coefficient, quality factor, capacitance, generated voltage,
and generated power at optimal load resistor. The performance comparison illustrates
that, the unimorph monocrystalline PMN-PT piezoelectric energy harvester is an optimal
device with greater performance.



Chapter 5
Piezoelectric Energy Harvesting from Machine
Vibrations for Wireless Sensor System

5.1 Vibration Source

In order to generate the maximum power in resonant type energy harvester, the
resonant frequency of the piezoelectric cantilever must match the frequency of the
vibration source. Therefore, the amplitudes and frequencies of vibration source are the
basic information for the energy harvester device design. The purpose of this chapter is
to fabricate the energy harvester for powering a wireless sensor node in the Fully
Automatic Dicing Saw machine (SINGULATION MODEL: DFD 6340). To estimate the energy
source, an accelerometer(EI-CALC) was used to characterize the harvestable vibration.
Due to examination of energy source, the harvestable vibrations-come from a spinning
and rising system. An idea about the integration of piezoelectric energy harvester and

vibration source is shown in Figure 5.1.

1

Figure 5.1 A schematic diagram of vibration source and piezoelectric energy harvester

The measured results in Figure 5.2 are given from the vibration measurement of

accelerometer (EI-CALQ). It was shown in time domain and frequency domain. Since the
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energy harvesters exciting at low resonant frequency can generate the high power
generation due to a large mass in the tip of cantilever [33]. Therefore, the three
harmonic frequencies locating at 25, 50 and 75 Hz with acceleration aptitude 3.53, 0.56
and 1.53 m/sz, respectively, are the most interesting parameters for contributing in the

harvesters design.
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Figure 5.2 (a) Time domain and_ (b) frequency domain of the vibration source.

5.2 Concept Design

In Figure 5.3, the design of energy harvester was base on bimorph configuration. A
piezoelectric bimorph cantilever was made from a two layer sheet of PZT material (PSI-
5A4E) with a steel center shim as shown in Figure 5.4. Its total size is 12.7 x 31.8 x 0.51
mms; A commercial product from “Piezo System, Inc.”. Instead of soldering wires to

piezoelectric, the base of piezoelectric cantilever is squeezed by the PCB and acrylic to
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simplify the cantilever range adjustment. A tungsten mass is placed at the free end for
tuning resonant frequency.

' Acrylic ' Tungsten proof mass |

—— — i VAVRPNIE e e —

PCB Plezoe{ectnc bumorph cantnlever !

L e Q=

Figure 5.3 Model of energy harvesting device

Plezoelectric burnorph ant Lever

Support layer

Figure 5.4 Piezoelectric bimorph cantilever

- Harvesters configuration

According to the consideration of vibration source, the energy harvesting devices
operating at resonant frequency 25, 50, and 75 Hz are the purpose of design. To predict
the dimension of harvesters, the Finite Element (FE) modeling was performed with
modal analysis using the commercial software ANSYS 14.0. In implementation, a base of
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contriver was clamped for 5 mm, and a tungsten mass was placed at the free end of
cantilever in order to tune the resonant frequency. Table 5.1 shows the simulated
weight and volume of masses, and resonant frequencies of numerical models. As the
simulation results, a piezoelectric generator exciting at resonant frequency 25 Hz risk to
crack during experiment because it accommodates a heavy mass under the highest
acceleration. Generally, the generator exciting at constant acceleration with lower
frequency [33] or constant frequency with higher acceleration will be able to generate
the higher power. In this case, a harvester exciting at lower frequency 50 Hz is inputted a
lower acceleration by the vibration source, and convérsely a harvester with resonant
frequency 75 Hz receives the higher acceleration. So, both of them are very interesting

to consider their harvestable energy.

Table 5.1 Simulated frequencies, and weight and volume of mass

Frequency of Weight of Proof | Mass Volume (Width x Length x
Cantilevers (Hz) Mass (g) Thickness) mm’
20775 88.2 15x 40 x 7.5
49.865 18.7 9x12.7x 8.35
74.913 11.761 6.3%x 127 x7.5

5.3 Prototype of Harvesters

As the discussion of numerical models, two biezoelectric generators having different
resonant frequencies of 50 Hz and 75 Hz were fabricated as demonstrated in Figure 5.5.
In order to complete the served energy harvesting devices, their resonant frequencies
were examined using the electro-mechanical impedance technique [34]. A piezoelectric
energy harvester is connected in series with a 100 kQ resistor and a function generator. 1
V from a function generator was supplied to a circuit as shown Figure 5.6. While sweeping
the frequency on function generator, the voltages across energy harvester and reference
resistor are measured for calculating the impedance of harvester. In a series circuit, all of
the components carry the same current. Therefore, the impedance occurring in energy

harvester can be found using following an equation
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(5.1

where, Z is the impedance of piezoelectric energy harvester, V., is the voltage across

piezoelectric energy harvester, R is resistance and ¥} is the voltage across resistor.

Resonant frequency 75Hz

Figure 5.5 Piezoelectric energy harvesters.

| Piezoelectric energy harvester |

il

Funct|on generator | @ 100k S Referenc_e re5|stor

Figure 5.6 The measurement of resonant frequency of harvesters.

The results of impedance measurements are illustrated in Figure 5.7 and 5.8. The
resonant frequency of harvesters approximately equal 50 and 75 Hz, which are the good
results; a peak point with maximum impedance in a graph is the anti-resonant frequency

and a lowest point with minimum impedance is the resonant frequency.
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Figure 5.8 The impedance Vs. frequency of 75 Hz resonant device.

5.4 Energy Harvesting Experiment and Discussion

For the experiment of harvesting energy, two fabricated harvesters were mounted to
the spinning and rinsing system. While the system is running, an energy harvester
operating at its resonant frequency 50 Hz is able to generate the output voltage higher
than a 75 Hz device as 29.2V and 20V in Figure 5.9 and 5.10, respectively. As
consequence of this, a device with 50 Hz resonant frequency is more appropriate to

consider as the power source of wireless sensor node,
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Figure 5.9 Generated voltage from an energy harvester exciting at its resonant frequency
50Hz
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Figure 5.10 Generated voltage from an energy harvester exciting at its resonant frequency
75 Hz

Because the wireless sensor consumes DC voltage with constant power, therefore,
the energy management circuit (LTC3588-1) is used to rectify the output voltage of
piezoelectric harvester into usable DC voltage as shown in Figure 5.11. In the
experiment, the generated power was transferred to charge a 2200 wF capacitor {35]; it
was utilized to store the harvestable energy for supplying to wireless sensor node
through the buck converter. The wireless sensor node consumes the average power
44.31 uW in the operation time 300.03 seconds or around 13.29 mlJ. The operative
voltage range of the LTC3588-1 is 3.6V-5V.

The Figure 5.12 shows the time period of charging a 2200 uF capacitor from 0 V to 5
V (threshold voltage). The energy charging to capacitor is discrete due to the operation
time of a spinning and rinsing system. It runs 60 seconds and stops about 180-600
seconds before coming to run again. The spaces in graphs occurred by taking off the
oscilloscope probe during paused system in order to prevent the current leakage. The
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discharged state came from the current consumption of components in energy
management circuit (Quiescent Current), The energy harvesting conditions were
considered on the shortest and longest time of the system stop as 180 seconds and
600 seconds, where the time period of charging capacitor is 2507 seconds and 8358

seconds, respectively. In this case, the stored energy in the capacitor can be calculated

by

E.==CV*

where, E. is the energy stored in a capacitor, C s the capacitance and ¥ is the

voltage across capacitor. When the voltage across capacitor reaches to the threshold,
the stored energy is around 27.50 mJ, which is enough for the wireless sensor node [25].

Piezoelectric energy harvester

-

PZ1 pz2 10pH
V SW v
gt_ e PGOOD {— \ N
e o orfe—pe QU
5 J_ A7 (ﬁéf SELECT
) 35881 TADS

Figure 5.11 Energy management circuit.
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Figure 5.12 Voltages across a capacitor Vs. charging time.

5.5 Conclusions

In this chapter, the resonant frequency of piezoelectric energy harvesters was
designed to match the frequency of vibration source in order to achieve the maximum
power generation. The Finite Element Method (FEM) was utilized to analyze the natural
frequency of designed models. By following the simulation results and conditionat
vibration of machine, two designed harvesters operating at 50 and 75 resonant frequency
were fabricated and then considered their generated voltage. As the experiment result, a
harvester with its resonant frequency 50 Hz was able to generate the higher voltage. The
generated energy was stored in a 2200 pF capacitor through the energy management
circuit (LTC3588-1), which is enough for wireless sensor node when the voltage across a
capacitor reaches to the threshold.



Chapter 6
Conclusions

6.1 Summary

This thesis has presented the comparative study of unimorph piezoelectric energy
harvesters based on polycrystalline PZT and monocrystalline PMN-PT materials, and the
study of bimorph piezoelectric energy harvesting from machine vibration for powering
the wireless sensor node. The unimorph piezoelectric energy harvesters were assumed
to excite at resonant frequency of 150 Hz due to the frequency of many vibration
sources (60-200Hz) for energy harvesting experiment. The assumed frequencies and
acceleration levels from electromagnetic shaker is not high accuracy, since the vibration
source was controlled using open-loop controllers and monitored using accelerometer.
The parameters of electromechanical coupling coefficient, quality factor, capacitance,
generated voltage and output power were considered to compare the energy harvesting
performance of unimorph piezoelectric energy harvesters. As can be seen, the unimorph
monocrystalline PMN-PT piezoelectric energy harvester outperforms the unimorph
polycrystalline PZT piezoelectric energy harvester in terms of the overall capability of
voltage, current and power generation.

According to the vibration source conditions from a spinning and rinsing system
of the Fully Automatic Dicing Saw machine, the bimorph polycrystalline PZT
piezoelectric energy harvesters having resonant frequency of 50 and 70 Hz were
fabricated to harvest the vibration energy. From the experimental results, a harvester
exciting at its resonant frequency 50 Hz was able to generate the higher output voltage,
which was used on further test with the energy management circuit for storing the
generated energy at capacitor. While a spinning and rising system stop or no energy from
harvester, the stored energy in capacitor was discharged. it causes a long period of time
for charging capacitor. However, the stored energy is enough to supply as the energy
consumption of wireless sensor node.
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Piezoelectric Energy Harvesting from Machine
Vibrations for Wireless Sensor System

Phosy Panthongsy
International College
King Mongkut’s Institute of Technology Ladkrabang
Bangkok 10520, Thailand

Abstract— In recent years, wireless sensor network is used
in a variety of applications and highly required. These
wireless sensor network is powered by the battery with limit
energy. Therefore, the integration of energy harvester and
wireless sensor network has received more attention because
it can prolong the lifetime of battery in a sensor node. The
focus of this paper is to design the energy harvesting device
from machine vibrations for wireless sensor node, which the
amplitude and frequency of vibration source were contributed
on the design. The structure of energy harvesting devices is a
resonant type piezoelectric energy harvester with a proof
mass at the tip of the beam for tuning its resonant frequency.
The proposed piezoelectric energy harvesters were then
designed and analyzed byusing Finite Element Method
(FEM) to optimize the natural frequency of the harvester.
Then, the prototype energy harvesters were made and
mounted to a vibration source for experiments. The result
reveals that the optimal piezoelectric energy harvester can
generate the output power of 82.20 uW at the resonant
frequency of 50 Hz.

Keywords—Piezoelectric  transduction; Machine vibrations;
Energy harvesting

I. INTRODUCTION

In over years, wireless sensor network is widely used in
various fields of works whether in industry or agriculture.
Due to its flexibility of communication without wiring, many
wireless sensors are usually designed to run on batteries [1].
However, when the sensor is on the situation of tracing the
important information in harsh and inaccessible environment,
the replacement of depleted batteries becomes unfavorable, so
that, alternative methods for powering wireless sensor nodes
are required. Therefore, the energy harvesting from ambient
environment is being given more attention from various
researchers because of its undepletable energy can be used to
replace or prolong the life of battery in the sensor node. The
available primary energy sources that can be harvested and
integrated into the sensor node are solar energy [2], thermal
energy [3], mechanical energy {4] and energy from
electromagnetic waves (RF) [5]. From these energy resources,
the mechanical vibrations are very aftracted as a potential
source of power for wireless sensor in the industrial factory
because the machines using to conduct the production usually
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make the vibration when operating. There are three kinds of
transduction methods for harvesting vibration energy;
electromagnetic [6], electrostatic [7], and piezoelectric
conversions [8].

Among three kinds of transducers, a piezoelectric generator
has the maximum power density [9] and it can be significantly

- divided into two types; impact type and resonant type. The

impact type harvester operates without concerning about
resonant frequency and is used in impact excitation
environment. On the other hand, resonant type harvester is a
type that needs to be exited at its resonant frequency in order
to obtain the maximum displacement leading to the maximum
power generation; this is feasible by tuning the harvester
natural frequency to match the source frequency [9].
Therefore, the piezoelectric harvester is the most interesting
device for harvesting energy from mechanical vibration
[10-12] due to its conversion efficiency with simple structure
and mass manufacturability.

The purpose of this paper is to design and realize the
piezoelectric energy harvester with matching resonant
frequency that can provide enough power to the sensor node
[13]. The vibration source was investigated for generating the
numerical model of piezoelectric beam, Different aspects
related to energy harvester design, optimization and electrical
characteristic are demonstrated. Also the prototype harvesters
are made and tested with the spinning and rinsing system of
the fully automatic dicing saw machine (SINGULATION
MODEL: DFD 6340) for energy harvesting,

II. VIBRATION SOURCE FOR ENERGY HARVESTING

In order to generate the maximum power in resonant
type energy harvester, the resonant frequency of the
piezoelectric cantilever must match the frequency of the
vibration source. Therefore, the amplitude and frequency of
vibration source are the basic necessary information to design
the energy harvester device. For this experiment of harvesting
energy, an acceleration sensor (EI-CALC) was used to
measure the vibration source, which occurs from spinning and
rinsing system of the fully automatic dicing saw machine
(SINGULATION MODEL: DFD 6349) located as shows in
Fig 1.
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A schematic diagram of vibration source and piezoelectric
energy harveester.
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Fig. 2. The acceleration profile and its Fast Fourier Transform (FFT) of
the vibration source.

When the vibration data from the accelerometer is
transformed from the time domain to the frequency domain,
three harmonic frequencies shown in Fig. 2 are located at 25,
50 and 75 Hz, which, have amplitude values of up to 3533,
560 and 1535 mm/s’, respectively. These data is necessarily
used as the parameters for the harvester design.

III. DESIGN OF VIBRATION ENERGY HARVESTER MODEL

A numerical model of the energy harvester device is
essential for estimating the natural frequency and amount of
the power generated by piezoelectric transduction. A size of
PSI-5A4E piezoelectric cantilever {Piezo System, Inc.) used to
design the energy harvester is 12.7 mm x 31.8 mm x 0.51 mm.
The model utilized in this work is based on applied resonant
type piezoelectric energy harvester in [9] as shown in Fig. 3.
Instead of soldering wires to piezoelectric, the base of
piezoelectric cantilever is squeezed by the PCB and acrylic to
simplify cantilever range tuning.

A. Natural frequency of piezoelectric cantilever

For the piezoelectric energy harvester in resonant type, the
natural frequency of cantilever structure is important. In order
to get a maximum value of power, the resonant frequency of
piezoelectric cantilever has to be tuned to match the harmonic
frequency of vibration source. Hence, the simulation is carried
out using ANSYS to create Finite Element Model and
determine the natural frequencies of the energy harvesting
devices,

To tune the resonant frequency of the cantilever, mass of
tungsten is placed at the free end of the beam. Tablel shows
the weight, size and the simulated resonant frequency of the
model. At 25 Hz resonant frequency from Tablel, the size of
mass {s considered large compare to the size of the beam,
while the cantilevers with 50 and 75 Hz are more appropriate
option due to their smaller size.

B. Simulation of energy harvesting

For any piezoelectric cantilevers with the same dimension,
the displacement of the cantilever's tip is directly proportional
to the output power. Therefore, comparing the displacement
can demonstrate the optimal size of mass at the tip of
piezoelectric beam. To examine the vertical displacement, two
cantilever models with different resonant frequencies of 50
and 75 Hz are simulated in harmonic analysis. A force of
10 uN with damping ratio 0.1% is applied to the tip of the
beam for producing vibration. Fig. 4 shows the vertical
displacements of beams as 30 um and 26 pm, respectively,

[ Tungsten proof mass

PZT Bender

Fig. 3. Structure model of energy harvesting device,



TABLE L RESULT OF MODEL SIMULATION

Weight of
proof mass

Size of mass
(Width x Length x
Thickness)

(mm’)

Frequency of
cantilever

(Hz) (8)

24.775 88.2 15x40x7.5

49,865 18.7 9x12.7x8.35

74.913 11.761 6.3x12.7x7.5
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Fig. 4. Experimental results of the vertical displacement at the excitation
in resonant frquencies at a) 50 Hz and b) 75 Ha.

In order to get maximum peak to peak voltage, static
analysis is carried out at 50 Hz and 75 Hz for vertical
displacement 30 pm and 26 pm, respectively. The
displacement was then used as a parameter for the simulation.
Two maximum output voltages were obtained at 12.66 V and
7.63 V as shown in Fig. 5 and 6, respectively.

IV. PROTOTYPE ENERGY HARVESTING DEVICE EXPERIMENT

From the numerical models of energy harvester, two
piezoelectric generators having different resonant frequencies
of 50 Hz and 75 Hz were fabricated for harvesting energy as
shown in Fig. 7.

Fig. 5. The voltage distribution of cantilever resonating at 50 Hz.
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Fig. 6. The voltage distribution of cantilever resonating at 75 Hz.

The resonant frequencies of the piezoelectric energy
harvesters were measured using the electro-mechanical
impedance technique [14]. A piezoelectric energy harvester is
connected in series with a 100kQ resistor and a function
generator. 1 V from a function generator was supplied to a
circuit as shown in Fig.8. By sweeping the frequency on
function generator, the voltages across energy harvester and
resistor can be measured. The impedance of energy harvester
was found using following equation:

g = Y M)
Y

Where, Z is the impedance of piezoelectric energy
harvester, VPZT is the voltage across piezoelectric energy
harvester, R is resistance and VR is the voltage across resistor.

From the experimental resulis of resonant frequencies
measurements in Fig. 9 and 10, the peak point with maximum
impedance in the graphs is the anti-resonant frequency and the
lowest point with minimum impedance is the resonant
frequency.

A.  Energy harvesting ouiput and energy management

For the experiment of harvesting energy, two piezoelectric
energy harvesters were attached to the spinning and rinsing
system. Fig. 11 and 12 show the output voltages of harvesters
{50 and 75 Hz resonant model) when shaken by the vibration -
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Fig. 8. Experimental setup for measuring the resonant frequecy of
piezoelectric energy harvester.

of motor. The peak to peak voltages are 29.2V and 20 V,
respectively. From the results, the energy harvesting device
exciting at its rescnant frequency of 50 Hz is capable of
generating higher voltage. Therefore, it is used for harvesting
energy in further experiment.

Since the output wvoltage is alternative current with
inconstant power, while the wireless sensor requires DC
voltage with constant power as its power source. Therefore,
the Energy Management Circuit {LTC3588-1) is used to
rectify the output voltage of piezoelectric into usable DC
voltage as shown in Fig. 13,

In this experiment, the AC output voltage of the energy
harvester is conversed to DC voltage by energy management
circuit LTC3588-1 for charging 2200 pF capacitor, When the
spinning and rinsing system is operated, the result of output
voltage measured across the capacitor is shown in Fig. 14. The
maximum voltage is 6.7 V. In this case, the energy harvested
from energy harvesting device can be found by using the
formula that applied to calculate the electrical energy in the
capacitor as:

EC:%CVZ @

Where, £;is the energy stored in a capacitor,  is the
capacitance and ¥Vis the voltage across capacitor.
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Fig. 9. The impedance vs frequency of 50 Hz resonant device.
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Fig. 10. The impedance vs frequency of 75 Hz resonant device.

A graph in Fig. 14 shows the voltage across capacitor in
charging and discharging state. Charging state means during
the spinning and rinsing system is working and generating the
vibration, which electrical energy is harvested to accumulate
into a capacitor. The discharging state occurs when the motor
is stop running and has no vibration. The energy harvesting
device is unable to harvest energy, and also electronic devices
consume the electrical energy in normal (Quiescent Current).
A power management circuit and capacitor also has the
current leakage as well. Some of the current is leaked into
oscilloscope probe with its impedance of 1 M.

i
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CH1:=50V

Time 40.0ms

Fig. 11. Qutput voltage signal from 50 Hz resonant energy harvester.
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Fig. 12. Output voltage signal from 75 Hz resonant energy harvester.

For the experiment of energy storage, a 2200 pF capacitor
is used to accumulate the energy from the harvester. Once the
voltage across capacitor reach the threshold voltage (around
5.1V} of IC LTC3588-1, the energy in capacitor will be
discharged though the buck converter to supply the energy to
load

A graph in Fig. 15 shows the time period of charging
2200 pF capacitor from 0 V to 5.1 V. Since the spinning and
rinsing system is not working all the times, it can be seen that
the power charging into the capacitor is discrete. The system
runs about 60 seconds for spinning and rinsing a wafer before
waiting around 3 — 10 minutes to complete a sawing process,
The period of sawing wafer is up to the sizes of wafer thus it is
non perpetual. If the shortest time for wafer cutting is 3
minutes, the capacitor is charged for 45 minutes to reach the
threshold voltage. If the longest time for wafer cutting is
10 minutes, the capacitor is charged for 145 minutes to reach
the threshold voltage. :

The observational results of energy harvested were
compared as shown in Fig. 16. The piezoelectric energy
harvester with 50 Hz resonant frequency can provide higher
power (82.29 uW), while the 75 Hz resonant frequency
harvester can generate 21.19 pW. Therefore, the generator
vibrated at its resonant frequency of 50 Hz is more appropriate
to integrate into a wireless sensor node, which requires the
power of 44.31 pW [13].
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Fig. 13. Energy management circuit,
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Fig. 15. Voltages measured across capacitors during the operation,
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Fig. 16. Performance comparisen of energy harvesting devices.

CONCLUSIONS

In this paper, the piezoelectric energy harvesters were
designed to match the resonant frequency vibration, FEM was
utilized to analyze the natural frequency and considered the
optimal models. In order to maximize the beam's tip
displacement and resonant frequency, the size of mass at the
tip of cantilever are investigated. The proof masses of 88.2,
18.7 and 11.761 g were placed on tip of cantilevers in order to
get resonant frequencies at 25, 50 and 75 Hz, respectively. The
simulation results show that the harvester with 50 Hz resonant
frequency is the most appropriate approach due to its size and
output power compared to the others. Then, the prototype
energy harvester with 50 Hz resonant frequency was made to
use in the field test with the spinning and rinsing system. The



energy management circuit LTC3588-1 was used to convert
the harvested energy from the harvester to usable energy. The
experiment results reveal that the harvester can provide peak
to peak voltage of 29.2 V and power up to 82.29 uW. the
proposed harvester can be used as a power source for the
sensor nodes [13].
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Comparative Study of Piezoelectric Energy
Harvesters Based on Polycrystalline PZT and
Single-crystalline PMN-PT Materials

Phosy Panthongsy
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Abstract—The piezoclectric energy harvester for supplying
power to low-power electronic devices, cspecially low-power
wireless sensor node has been studied and received more
attraction over the past decade. In order to simplify installation
and obtain the sufficient power for systems, the harvester
possessing simple structure with highest output power is highly
required. The aim of this study is to design and compare the
characteristic and performance of piezoelectric polycrystalline
PZT and single-crystailine PMN-PT energy harvesters based on
unimorph configuration. By utilizing ANSYS® for finite element
analysis (FEA), the numerical model of composite piczoelectric
unimorph generators with proof mass exciting at resonant
frequency 150 Hz are designed and then fabricated, For the
energy harvesting experiment, the prototypes of harvesters are
mounted to the elcctromagnetic shaker and inputted the
vibration with vary frequencies and accelerations. As the results,
the piezoelectric single-crystailine PMN-PT unimorph energy
harvester has the higher encrgy density which is 352.85 J/gm®,
while the piezoelectric polycrystalline PZT unimorph energy
harvester has 8.44 J/gm®

Keywords—~Finite element analysis; piezoelectric
polycrystailine PZT and single-crystalline PMN-PT unimorph
energy harvesters; energy harvesting performance.

I. INTRODUCTION

In recent years, wireless sensor technology running on
battery is the most commonly utilized for tracing the essential
information both in harsh and unreachable environment i,
since the cost is lower than wired solutions due to maintenance,
affiliated problem-solving and repair issucs. Even though using
battery can solve the problem of wiring, it has problem on the
limited energy storage capacity. Therefore, the methods
converting the waste energy available from the ambient
environment into usable electrical energy through the various
transduction mechanisms for replacing and prolonging battery
on wireless sensor is much challenge and required [2-4]. While
there are many approaches to converse the energy; solar [5],
thermoelectric [6], electromagnetic [7], electrostatic [8] and
piezoelectric conversion [9], piezoelectric energy harvester is
giving the best performance [10-14] and popularly studied
because of its simple and direct energy conversion from
physical deform into electrical energy with high power density
{15-16]. Various types of piezoelectric material have been
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developed to gain more energy from low input frequency and
acceleration such piezoelectric polycrystalline PZT and single-
crystailine PMN-PT. Both of them having the different
piezoelectric and physical properties influence on characteris-
tics and performances of harvesters, particularly piezoelectric
strain and electro-mechanical coupling (k) coefficient. It leads
to achieve the different output electrical energy generation. As
a consequence of this, the kind of piezoelectric material
providing the sufficient electrical energy is very important for
stabilizing the operation of self-powered wireless sensor node.

The purpose of this work is to design, realize and compare
the piezoelectric polycrystalline PZT and single-crystalline
PMN-PT energy harvesters based on unimorph configuration
for harvesting energy from mechanical vibration with low
frequency excitation. The harvesters were investigated with an
electromagnetic shaker exciting as a mechanical vibration
input. The energy harvesting performance of harvesters relating
to resonant frequency, mechanical coupling coefficient and
electrical energy generation were demonstrated in order to
obtain the optimal harvester.

1I. DESIGN AND FABRICATION OF PIEZOELECTRIC
UNIMORPH ENERGY HARVESTERS

A. Conceptual model

In order to simplify generator configuration, the conceptual
model consisting of a piezoelectric unimorph cantilever and
beam clamp is designed as shown in Fig. 1. To prevent the
clack of piezoelectric, a base of cantilever is attached to acrylic
by using mixed resin. Because the high temperature from
soldering makes the piezoelectric property change, a PCB clip
is directly pinned to piezoelectric surface for avoiding these
issues. A piezoelectric unimorph cantilever composes of a
piezoelectric layer (1 x 4 x 15 mm?) bonded to an elastic layer
(0.5 x 4 x 40 mm®); stainless steel plate. An elastic support
layer acting as a spring stimulates the neutral plane away from
the center of piezoelectric layer thickness. It can cause the net
charges be collected. A tungsten proof mass (6 x 6 x 6 mm®) is
placed at the tip of elastic beam for adjusting the natural
frequency of harvester.



PCBcllp Plezoelectric cantilever

i i Tungsten proof mass

Stainless steel cantilever ]

Fig. 1. A conceptual model of piezoelectric unimorph energy harvesters.

B. Finite Element Analysis

As the Fig. 2, the appearance characteristic and resonant
excitation of piezoelecfric unimorph energy harvesters are
designed and estimated in ANSYS. The contributed physical
and piezoelectric properties of the materials in simulation are
given in Table I. For the harvesters design, resonant frequency
of unimorph piezoelectric harvester is one of the most essential
parameter. Amount of generated power would be maximized
when natural frequency of energy harvesting device matches
the frequency of vibration source and it would be decreased
when frequency is deviated [14]. Since the frequency ranges of
harvestable vibration energy from environment excite between
60 Hz and 200 Hz and its acceleration will decreases with
higher frequencies [14], the harvesters are designed to have
resonant frequency 150 Hz. A proof mass with a fixed size
made of tungsten is directly placed and moved on a stainless
steel cantilever in order to tune resonant frequency. By
implementing a modal analysis, the composite piezoelectric
unimorph harvesters can be obtained as shown in Table II. As
the consideration of harvester vibration mode shapes in Fig, 3,
the appropriate and homogeneous frequency of harvesters for
performance comparison exiting during 60 Hz to 200 Hz is
150.09 Hz.

C. Electromechanical Coupling of Harvesters

From finite element analysis of designed models, the
prototypes of piezoelectric unimorph energy harvesters
exciting at their resonant frequency 150.09 Hz are fabricated.
Their structures were investigated on reverse piezoelectric
effect by using impedance analyzer (Type Bodel00) to
measure the impedance magnitude of harvesters. The
impedance analyzer sweeps the frequencies from 100 — 200 Hz
with 1 V. through a reference resistance 50 £ to harvester.

Fig. 2.  Configuration of piezoelectric unimorph energy harvester,

TABLE I. PIEZOELECTRIC AND PHYSICAL PROPERTIES FOR NUMERICAL
MODEL SiMULATION [17].
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Vibration mode shapes of the piezoelectric (a) polycrystalling PZT
and (b) single-crystalline PMN-PT unimorph energy harvesters.



In Fig. 4 and 5, the measurement results were resonant
frequency and anti-resonance frequency. The resonance
frequencies of piezoelectric polycrystalline PZT and single-
crystalline PMN-PT unimorph energy harvesters resonate at
the lowest impedance where 150.33 Hz and 150.48 Hz, and
anti-resonant frequencies vibrate at the maximum impedance
as 151.51 Hz and 157.20 Hz, respectively. In this case, the
electromechanical coupling coefficient presenting the energy
conversion ratio can be found by using an equation

2
2 l_i

=
Ja
In this formula, 4y is the mechanical coupling coefficient, f; is

the resonant frequency, and f; is anti-resonant frequency of
harvester.

(N

III. ENERGY HARVESTING EXPERIMENTAL SETUP

To investigate the energy harvesting performance of
piezoelectric unimorph energy harvesters, their prototypes are
mounted to an electromagnetic shaker (Bruel & Kjaer type
4810). Vary acceleration levels from 0.1 — 0.7 g and excitation
frequencies during 120 — 180 Hz applying as the mechanical
vibration input to harvesters are driven by a power amplifier
(Type 2706) and a function generator {Agilent type 33120A).
An accelerometer is attached to vibration source for monitoring
the magnitude of accelerations, and frequencies as show in Fig.
6.
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Fig. 4. Impedance measurement result of piezoelectric polycrystalline PZT
unimorph energy harvester.
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Fig. 5. Impedance measurement result of piezoelectric single-crystalline

PMN-PT unimorph energy harvester.
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Fig. 6.

(a) A flow chart of energy harvesting experimental setup, and the
prototype of piezoelectric (b) polycrystalline PZT and (¢) single-
crystalline PMN-PT unimorph energy harvesters.

IV. RESULTS AND DISCUSSION

As the energy harvesting experiment results of the
prototypes of piezoelectric polycrystalline PZT and single-
crystalline PMN-PT unimorph energy harvesters are illustrated
in the Fig. 7 and 8. The frequencies of harvesters are decreased
by increasing the acceleration magnitude of vibration source. It
demonstrates that the young’s modulus of harvesters was
reduced. The cause of this decrease was depended on the
limitation of piezoelectric compliance under heavy stress [18].
While an electromagnetic shaker vibrate at 0.1 g acceleration,
piezoelectric polycrystalline PZT and single-crystalline PMN-
PT unimorph energy harvesters generate the maximum AC
voltage 4.09 V and 18.11 V at 150 Hz. By shaking 0.7 g
acceleration, the generated maximum AC voltages are 20.12 V
and 105.60 V at 144.10 Hz and 147.50 Hz, respectively.

One of the most important parameters for considering the
energy transduction capacity of the resonant type piezoelectric
energy harvesters is quality factor (Q). The @ factor is
estimated by

/.

0=—7— @)

where, f;is the resonant frequency of harvester, and /3 — f; is the
range of frequency values (bandwidth) where the 0.707 times
of the generated voltage amplitude at resonant frequency.

From a formula (2}, a high ( factor obtaining from a narrow
bandwidth demonstrates that the harvester is very reactive to
the vibration change. In the meantime, the energy also can be
harvested in a cramped frequency range around the resonant
frequency.
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Fig. 7. Generated output voltage of piezoelectric polycrystalline PZT
unimorph energy harvester.
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Fig. 8. Generated output voltage of piezoelectric single-crystalline PMN-PT

unimorph energy harvester.

A low @ factor presents the harvestable energy in the large
frequency range about the resonant frequency range due to a
large bandwidth frequency. The piezoelectric polycrystalline
PZT and single-crystalline PMN-PT unimorph energy
harvesters have the quality factor as 19,73 and 16.85 while
being excited at 0.1 g, serially.

Since the characteristics of piezoelectric energy harvesters
are fundamentally capacitor, their capacitances were found for
examining the generated energy by using an equation

A
C,=¢.¢, N (3}

where, G, is the capacitance of harvesters, &, is the relative
dielectric constant, £ is the permittivity of free space
(g0 = 8.85 x 1072 F/m), 4 is a piezoelectric surface area
(electrode surface area), and ¢ is a thickness of piezoelesctric
(thickness separating the electrodes).

Thus, the generated energy is given by

|
E=5C pV 4
In this equation, £ is the generated energy, C, is the
capacitance of harvesters, and ¥ is the generated voltage.

Following the harvestable energy graph in Fig. 9, a
piezoelectric single-crystalline PMN-PT unimorph energy
harvester has the higher energy density as 7.26 I/m*at 0.1 g
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£ 150 4
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% 160 ‘
B .
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Fig. 9. Energy density of harvesters with different acceleration levels.
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Voltage (/) 4090vg! 181.10 v g!
Energy Density (£) 8.44 Jig m? 352.85 Jig m®

and it significantly increase to 247 J/m® at 0.7 g, while the
energy density of piezoelectric polycrystalline PZT unimorph
energy harvester is 0.24 J/m’ at 0.1 g and 5.91 J/m* at 0.7 g.
Most of the important parameters for comparison of
piezoelectric polycrystalline PZT and single-crystalline PMN-
PT unimorph energy harvesters were demonstrated in Table IIL.
A piezoelectric single-crystalline PMN-PT material is more
appropriate to be fabricated the unimorph energy harvester then
polyerystalline PZT material due to its greater performance.

V. CONCLUSION

The study on the piezoelectric polycrystalline PZT and
single-crystalline PMN-PT  unimorph energy harvesters
focusing on design and performance comparison were
presented in this paper. The designed models were investigated
by using finite element method (FEM). The simulation results
show the appropriate vibration shape of the models exciting at
50.09 Hz for harvester fabrication. A comparative study of
harvester prototypes were done by following the parameters of
electromechanical coupling coefficient, quality factor,
capacitance, generated voltage and energy density. A
performance comparison expresses that, a piezoelectric single-
crystalline PMN-PT unimorph energy harvester is an optimal



one with the highest energy density (352.85 Jgm®), while
piezoelectric polycrystalline PZT unimorph energy harvester
has the energy density (8.44 J/gm®).
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