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Abstract. The energy flow in a piezoelectric vibration enehgirvester (VEH) involves both the
mechanical domain and the electrical domain. Ttebenderstand the vibration-piezoelectricity
coupling of this device, a unified description aggwh based on the bond graph is proposed to
analyze the influence of the piezoelectric VEH paeters on the electricity harvesting
performance in the energy conversion. Both the meicll structure and the electric circuit are
modeled using the bond graph. The present methoapjdied to analyze the parametric
configuration of a piezoelectric VEH, which is fuer tested on an experimental platform. The
results show that the unified model using the bgraph is well-suited for analyzing the
vibration-piezoelectricity coupling. The propose@thod can advance the design optimization
of piezoelectric VEHSs.

Keywords: vibration energy harvesting, bond graph, couploamntilever, piezoelectricity.
1. Introduction

Miniaturized wireless electronic systems have beelting for the development of self-
powered sources to replace the conventional battgnich often suffers from its large volume
and limited lifetime. As environmental vibrationase of the most important energy reservoirs,
vibration energy harvesting that converts natuitadation intouW or nW level electrical energy
is emerging as one of the promising alternativethéoconventional battery for such systems as
wireless sensor networks [1].

To extract electrical energy from surrounding vilma, three transduction mechanisms are
used: electrostatic, electromagnetic and pieza#tef?]. Due to simple structure and higher
conversion ratio in terms of mechanical-electricalipling, the piezoelectric vibration energy
harvester (VEH) has been considered as one of ts convenient technologies for renewable
power supplies.

Piezoelectric materials can generate an electdbatge when subjected to a mechanical
stress or stain, and vice versa. Recently, diffeiends of piezoelectric VEHs have been
developed to meet the various requirements ofapplications [3]. In addition to attention on
fabrication, much effort has also directed on penfince analyses, the results of which can be
used for the design optimization of harvesting desi Kim et al. [4] designed and analyzed a
PZT cantilever for low frequency vibration energar¥esting. Dauksevicius et al. [5] employed
the multiphysical FE (finite element) approach twlgze a contact-type piezotransducer for
ambient vibration harvesting. Based on the revisggendence matching theory, Liang et al. [6]
proposed a methodology for maximum power harvestirige researches on the VEHs have
achieved good results with respect to one or mbtkeothree basic stages: mechanical resonator,
piezoelectric transducer and load circuit [7].

Since the energy flow in a piezoelectric VEH invadvboth the mechanical domain and the
electrical domain, one should consider the threschstages in a unified aspect. Moreover, the
mechanical-electrical coupling of the piezoelectremsducer makes it difficult to analyze the
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three stages separately. A bond graph is a grdpdpgmoach that can model a dynamic system
in a wide variety of domains (e.g., electricaljdluthermal, magnetic and mechanical domains)
[8, 9]. Considering the fact that piezoelectric éabr is related to different fields, Boukari et al
[10] used the bond graph to model piezo-actuafbhe piezo-actuators focus heavily on the
controllable actuation and the piezoelectric VEH tloe contrary, the harvestable energy. In this
paper, based on the individual analysis of theethzenstituents, the bond graph method is
employed to formulate the energy flow in a cantleWEH. Because energy conversion and
energy coupling in different domains are bondedairunified fashion, energy harvesting
performance is evaluated in terms of different peaters. In addition to the theoretical analysis,
an experimental setup is also presented to valitiatproposed unified analysis approach.

The rest of this paper is accordingly organizedfadl®ws. In Section 2 we present the
architecture of the cantilever VEH using the borabtp approach. The unified analysis model of
the energy coupling is also presented in this eeciihis unified model is subsequently applied
to the parametric analysis of the cantilever VEHs&ttion 3. Experiments are carried out, and
the results are compared with the calculated dat&ection 4. Conclusions are given in
Section 5.

2. Description of Vibration-Piezoelectricity Coupling Using Bond Graph

A cantilever VEH, even with its very simple struapcan produce a large deformation
under vibration, as shown in Fig. 1. To enlargelibam deformation and reduce the resonance
frequency, a proof mass is accordingly attachedhenfree end of the beam. The cantilever
beam covered with a unimorph or a bimorph movesesponse to the base vibration. For
simplification, the unimorph case is taken as thsidexample to illustrate our approach. More
complicated cases can also be analyzed by our chetled three axes of the global coordinates
be 1, 2 and 3 respectively. The base displacey{®rnélong no. 2 axis leads to the vibration of
the proof masg(t) + z(t) and further causing the electric potential défecesv(t) between the
two surfaces of the piezoelectric material.

Piezoelectric layer

Circuit

Fig. 1. Schematic diagram of a cantilever VEH

As mentioned in Section 1, the three stages of &l V&spectively play different roles in
energy harvesting. The mechanical resonator inetudi base frame, a cantilever beam and a
proof mass produces large vibration energy regulfiom the surroundings. The load circuit
creates the electrical context needed by the eodupt. The piezoelectric transducer, therefore,
links the vibration energy generation and the elgty consumption.

The first stage (i.e., the mechanical resonatoithefVEH can be represented by a lumped
parametric model consisting of a mass,), a damperd;,) and a springd;) in the mechanical
domain. The vibration forceFf,) is then transformed by the piezoelectric transdyce. the
second stage of the VEH), which can be modeled tagnaformer TF) with ration [11]. The
dielectric effect of the piezoelectric layer is aegded as a clamped capacit@y)(connected to
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the secondary coil of théF in parallel. For real applications, the load iseafcombined with
nonlinear resistance, capacitance and inductamcéhid paper, a resistoR] is suggested to
denote the load circuit in the electrical domatnislworth noting that the cantilever also bears
the electricity-induced damping force resultingnfrahe piezoelectric transducer and the load
circuit, though the fact that the first coil oF is determined mainly by the mechanical vibration.
An equivalent damperdf) is suggested to denote this electricity-inducathping effect in the
mechanical domain. Taking the aforementioned fadtto account, we present a bond graph as
shown in Fig. 2 to depict the energy flow in theNWE

Mechanical resonator Piezoelectric transducer Load

r—— - - - = - j D - r - - 7
| Cism v . \
| j A\ TFn = 0 [ RR
:Se:FmQ{ 1 N Rdp [ o :
| SAlLSe
| \y A :R:d: -z |
: [ :mm : : :
L - - - - - _ L I

- Ifigfz. Bond graph representation of energy harvesting

After determining VEH architecture, as shown in.FR& parameters are formulated in
analytical form to illustrate the energy flow. Sagp the absolute displacement of the base
under environmental vibration excitationyi¢see Fig.1), the absolute displacement of the proof
mass ig/ + z, and the equivalent mass of the VEH at the pdiproof mass isn. The vibration
force acting on the mass consists of the vibrdtoce F,, and the inertial forc€,, i.e.:

F=my+mz=F_ +F, 1)

Let x denote the distance from the basthe effective moment of inertia of the bedpthe
length of the piezoelectric laydy, the length of the mas, the thickness of the piezoelectric
layer,t, the thickness of the metal beam, &dhe Young's modulus of the piezoelectric layer,
one can correlate the vibration force with the proass vibration displacement as [12]:

d?’z Fu(,+1,/2-%)
dx? E,l

)

Solving forz from the above equation, at the free end of tleeqlectric layer (i.ex = 1),
one has:

2E, |
Fo=— z ®3)
lo@, /13+1,12)
On the other hand, the vibration foreg leads to the stress:
t R (I, +1,—X
oot ﬁpde ()
I I
The above equation can be rewritten as:
593

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2012.VOLUME 14,ISSUE2. ISSN1392-8716



785.BOND GRAPHBASED ANALYSIS OF ENERGY CONVERSION IN VIBRATIONPIEZOELECTRICITY COUPLING AND ITS APPLICATION TO A
CANTILEVER VIBRATION ENERGY HARVESTER CHUAN L1, DAEWOONG HONG, KWANG-HO KWON, JAEHWA JEONG

02,

5
o m )
The relation between the stresand the straid is given by:
o =0E, (6)
Combining equations (3), (5) and (6) yields:
122 +3_ /2
L @p+3Inid) o (7)
3,0, +2,)
I, +2 )t 122 +3_ /2 2E |
Let k, _(pr2nlty , Kk, @, #3129 and k, =— P . The equations
2| 3,0,+2,) 1S@,/13+1,12)

(3), (5) and (7) can be rewritten as:

o =kF,
z=k,0 (8)
F.,=ksz

The equivalent lumped parametemns, d,, and s, respectively correspond to the second-,
first- and zero-order time derivative of the stre&scording to equations (1) and (8), one can
obtain the stress,,) acting on the equivalent mass, as follows:

o, = k,mz = kk,mé (9)

Letting dmy, stand for the combination of the mechanical donejnivalent damped,, and
the electricity-induced dampelg, we have [13]:

dyp =25, (10)

where ¢ and o, denote the dimensionless damping ratio and theralaangular frequency,
respectively. The stress acting ay is given by:

o =k,d & (11)

mp 2 mp

Since the Young’s modulus of the metal beam is ngrefater than that of the piezoelectric
material, i.e.E, >> E, according to equation (6), we have:

o, =E/ (12)

According to equations (3), (8), (9), (11) and (18)e bond graph parameters in the
mechanical domain (ard} in the piezoelectric domain) as shown in Fig. & farmulated as:
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F.=ksz

m,, = kZk,m
d,+d, =kk,d
Sm =K Eq

(13)

In the second stage (piezoelectric transducer)gtiverning equations for the unimorph are
given by [14]:

§=0,/E, +d;H } (14

D =¢H +d,,0,

where H represents the electric field; the strain of the equivalent transformeg; - the
piezoelectric strain coefficients - dielectric constant of the piezoelectric materiand
D =d;E,¢ - electric displacement.

The energy conversion in the piezoelectric layemmalogous to that of a transformer
according to the bond graph shown in Fig. 2. Tharn$former”"TF converts the stress to an
electric field at zero strain (i..= 0). According to Equation (14), one has:

o, =-d;E H (15)

It is well known that the voltagé is the product of the electric field and the dist i.e.:
V = Ht (16)

p

Substituting equation (16) into equation (15) ressin:

o, =—2V (17)

According to equations (8) and (17), the transfariiein the bond graph as shown in Fig. 2

-kt
transforms the strain into voltage with the transfation ration = S

31=p
Finally, the capacitor of the piezoelectric layende formulated using the definition of a
capacitor as follows:

gqW
Cp=—r— (18)
2tp

where w represents the width of the piezoelectric layeetah beam), and, is vacuum

dielectric constant4, = 8.8541%10'°C%J-m).

So far, we have formulated all the components énltbnd graph except the load resisor
We will further evaluate the load resistor and otherformance parameters in the following
section.
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3. Energy Harvesting Performance Estimation Using the Proposed Bond Graph

Different configurations will result in differenhergy harvesting performance. The proposed
unified bond graph can optimize mechanical, piezctec and loading parameters
simultaneously. Because resonance frequency, ouwtpltage and output power are three
classical performance parameters in real applicatize estimate the three parameters based on

the proposed bond graph as follows.
Let p, and p, represent the densities of the metal beam andptbeoelectric layer

respectively. Suppose the inertial mass of the fpneass ism.. The cantilever beam and the
proof mass are assumed to be a point mass withjuanagent vertical force at the free end of the

beam. This mas® can be expressed as [15]:

m=33p, + p,)l W, +t, ) /140+ m, (19)

The bending modulus per unit width is given by [2]:

_ Eoty +Ecty +2E Eptpt, (2t +2t7 +3t t,) (20)
P 12E, t, +Ept,)

This results in the analytical expression of theura angular frequency:

D,w (21)

0 =1.7069| ——*—
(I, +1,/2°m

According to the energy flow shown in the propobedd graph (Fig. 2), we have:

Fo=m0+(d,+d,)d+s,5+nV

V- —dy,E t, 5.V (22)
£ RC,
Combining equations (1), (13), (17) and (22) inltplace’s domain yields:
—kydy, E t,RCs (23)

v
2

n (KTKmS” 4k, (dy, +d,)S+ K, E,)(eR C o5+ 8) koo, Egt, R C

where ” denotes the Laplace representationsaine Laplace calculus. The relation between the
output powerP and the input vibration displacemenin the Laplace’s domain is accordingly

given by:

=(\7/2‘R jz/R' “

R

p

22
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Usually, output power maximization is one of the stonportant objectives in vibration
energy harvesting. Suppose there is an optimastaedRy corresponding to the maximum
output power. This means that the functR{R) is a vertex. Solving the following equation:

oS

results in the closed-form of the optimal load stsi.

J‘J -0 (25)

ekZk,ms? + kK, (d,, +d,)es+ ek, E, |

2 3 2 (26)
C, (kT k,ms™ + kik,(d,, +d)es +ek1ESs—nk3tpd3lEps)|S=jw

Riopl =mo

On the other hand, for the open circuit (iR.— o« ) condition of the proposed bond graph,
equation (22) can be rewritten as:

Fo=m,d+(d,+d,)d+s,5+nV
L LA , (27)

g
leading to the open circuit voltage, which can alewaated from the following equation:

_ —kydyEot,
(k2k,ms? + k;K, (d,, +d,)s+k E)s + nkody, Et

(28)

N>|<>

R -

4. Experiments and Discussions

In this section, the proposed bond graph and tlaerk parametric estimation model were
evaluated by testing a cantilever VEH on an expental setup. As shown in Fig. 3, a cantilever
VEH (fabricated in the Korea University lab) wagefil on a base (manufactured in the Korea
University lab), which was directly connected te thutput shaft of a vibration exciter (B&K,
type 4810). The vibration exciter was driven byoavpr amplifier (B&K, type 2718), which was
controlled by a dynamic signal analyzer (DSA, Hpet35670A). According to the predefined
waveforms of the DSA, the vibration exciter genedathe vibration for the VEH. Due to the
signal transfer from the DSA, the amplifier to thibration exciter, signal attenuation was
usually unavoidable in the setup. Therefore, arlacemeter (PCB, type 333B52) was mounted
on the top of the VEH base to measure the reahtidor acceleration, which was input to the
DSA via a signal conditioner (PIEZOTRONICS, type2€8. To monitor the real-time voltage
signal harvested by the VEH, the output voltag¢hef VEH was also acquired by the DSA. A
built-in 3.5” floppy drive was included in the DSgb that the measured data (both acceleration
and voltage simultaneously) could be saved on flatipks for further use.

The piezoelectric film of the VEH was made from yinylidene Fluoride (PVDF). The
geometric and material specifications of the camél VEH are illustrated in Table 1.
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Signal
conditioner

)
——

’ Vibration
€ exciter

Amplifier

(b)
Fig. 3. Experimental setup: (a) overview and (b) enlanged of the VEH

Table 1. Geometric and material properties of the cantiléieH

Nomenclature Value

Lp PVDF length 24x18m
T, PVDF thickness 28x10m
Y, PVDF Yong's modulus 3xfPa

£ PVDF dielectric constant 12xg,
da; PVDF strain coefficient 20x18Vv !
Kay PVDF coupling coefficient 0.12

W PVDF (beam) width 3xI0m

T, Beam thickness 3x1m

Db Beam density 2.71x3ag/n’
Yo Beam Yong’'s modulus 68.5x1Pa
L Proof mass length 2xTn
W, Inertial mass of the proof mass 9.0720%kg
{ Unitless damping ratio 0.01

We first tested the open circuit voltage estimati@nformance of the proposed method. A
swept harmonics signal was employed as the excitibmtion, i.e.,z(t) = A(t) sin(f (t) + ¢),
whereA denotes the amplitudéthe frequency ang the phase of the signal. Fig. 4a shows the
amplitude of the vibration signal collected by thecelerometer. It shows tha{t) varies
between 0.8481g to 2.042g (1g = 9.8 InAnd f(t) ranges between 50 Hz to 250 Hz. The
corresponding voltage amplitude signal harvestedhleyVEH is plotted in Fig. 4b. The bond
graph—based performance estimation model was atgboged to calculate the output voltage
amplitude according to equation (28). The calcdlatiata are also shown in Fig. 4b for
comparison. The calculated natural frequency was5LHz. The measured first-mode resonant
frequency, for comparison, was 142 Hz, which intlidathat the proposed bond graph-based
analysis accurately estimated the output voltagkerasonant frequency.

The vibration amplitude at the resonant frequenag wubsequently fixed at around 1g to
measure the output voltage and power for diffeleads. The measured voltage amplitude and
the related maximum output power (at the resonajuency) are plotted in Fig. 5a and Fig. 5b
respectively. For comparison, equations (23) add {&re employed to generate the estimation
data for different load resistors. The calculatesuits are respectively illustrated in Fig. 5a and
Fig. 5b as a dashed line. Using equation (26), dpdmal resistance is calculated as

Rox = 2.5312 M2

598

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2012.VOLUME 14,ISSUE2. ISSN1392-8716



785.BOND GRAPHBASED ANALYSIS OF ENERGY CONVERSION IN VIBRATIONPIEZOELECTRICITY COUPLING AND ITS APPLICATION TO A
CANTILEVER VIBRATION ENERGY HARVESTER CHUAN LI, DAEWOONG HONG, KWANG-HO KWON, JAEHWA JEONG

2.5 T
— ) — — — - Calculated data
= £ 05 \ !
s 2 Z Measured data
z 2
£ E 04
g 1.5 =
1 £ 03
£ &
5 z 02
S >
05 0.1
0 . . . 0
50 100 150 200 250 50 200 250
Frequency (Hz) Frequency (Hz)
(a) _ o _ (b)
Fig. 4. Open circuit experiment results:
(a) vibration amplitude and (b) comparison of cited and measured voltage amplitudes
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Fig. 5. Experiment results for different load resistances:
(a) voltage amplitude at resonant frequency anan@imum output power at resonant frequency

The comparison of the measured voltage amplitudle thie calculated one, as shown in Fig.
5a, indicates that the calculated data were camgisiith the measured data. When both data are
applied to calculate the maximum power, howevereater error can be identified from Fig. 5b.
This is due to the fact that the power is directlated to the square of the voltage, increasing
the error by a square ratio. Nonetheless, the maxiroutput power at the resonance frequency
was 31.08 nW, as calculated from the measured @atathe contrary, the simulation result
showed that the maximum output power was 28.68 AWs further confirmed that the
proposed method tracked the output energy trerd awjood precision.

Owing to its estimation capability, the proposedthmd was then applied to analyze the
influence of VEH configuration on the electricaltput. Letting the amplitude of the input
vibration A(t) = 0.8g, Fig. 6a shows the influence of the camél widthw on the open circuit
voltage amplitude calculated according to SectiofotBer parameters are fixed as shown in
Table 1). Foow = 2.5 mm, 2.8 mm, 3 mm, 3.2 mm and 3.5 mm respagii the first-mode
resonant frequency was 133 Hz, 139.5 Hz, 143.514%,5 Hz and 153 Hz respectively, and the
amplitude of the open circuit voltage 0.6568 V,9998 V, 0.5699 V, 0.5350 V and 0.4968 V,
respectively.

Once again we applied the proposed model to analjeeinfluence of the coupling
coefficientks; on the maximum output power. Again we let the alagé of the input vibration
A(t) = 0.8g. Fig. 6b plots the change of the maximurtpat power (at the natural frequency
fo = 143 Hz for different loads (0~6 4 and coupling coefficients (other parameters Ve
as shown in Table 1). With the increasekgffrom 0.10 to 0.15, the maximum output power
dropped from 22.69 nW to 14.30 nW in the calculatases.

Based on the above results, one can observe thatechanical and electrical parameters
have significant influence on the energy harvestr@gformance. It is noted that only the

599

© VIBROENGINEERING JOURNAL OF VIBROENGINEERING JUNE 2012.VOLUME 14,ISSUE2. ISSN1392-8716



785.BOND GRAPHBASED ANALYSIS OF ENERGY CONVERSION IN VIBRATIONPIEZOELECTRICITY COUPLING AND ITS APPLICATION TO A
CANTILEVER VIBRATION ENERGY HARVESTER CHUAN L1, DAEWOONG HONG, KWANG-HO KWON, JAEHWA JEONG

representative calculations are provided in thitise. Since more parametric influences can be
calculated using the above method, the proposeldatietan be employed to obtain the expected
energy harvesting performance for different VEH fagurations.

g 0.6 E
Q
g 05} 1
2 L i
£ 0.4
<
8 03¢} :
g
2 02y E

0.1} :

0 1 1 T

50 100 150 200 250
Frequency (Hz)
(@)
25
k31=0.10

20
E 15 |
o) k31=0.13 k31=0.14
2 10} k31=0.15 1
[a )

51 i

0 1 1 1 1 1

0 1 2 3 4 5 6
Load (MQ)

(b)
Fig. 5. Experimental results for different load resistamce
(a) voltage amplitude at resonant frequency, ap@kput power at resonant frequency

5. Conclusions

A graph-based approach was proposed to analyzenérgy flow and energy conversion of
piezoelectric vibration energy harvesters. The dopm architecture was used for the bond
graph modeling. The VEH was regarded as an entitip three stages in terms of energy
domain: mechanical domain, electrical domain or maeeal-piezoelectric coupling. In each
stage, different dynamical characteristics wereraggnted as graphic components using a
unified fashion. Considering the vibration-piezatfieity coupling, we formulated the
components of the bond graph based on the congervat energy. As an effective tool for
understanding multi-domain systems, the proposedd bgraph-based model dealt with the
energy conversion of the VEH in a unified fashion.

The proposed unified analysis approach was empldgeestimate energy harvesting
performance. Natural frequency, output voltage power were simulated using the bond graph
model. A cantilever VEH was fabricated and testadan experimental setup. The comparison
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of the measured data with the calculation resuitsfiomed the effectiveness of the proposed
method.
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