04 TR

0* **102 2 *3* -

NEWCASTLE

#$ % % & " S ( )t #
* o
" %
/ # 00
4 #00 Of**1022  *3*- 5
6 % 7 7" $
#00 " 00# 0+ ,30
I % %" # !
/% 8 # # 9 "8
% 10 # 7 )" o#
$$m # # #$ %
$ $ # TS #
7 # # # % " $m™ #
% 7™ # 0 # 6
7
$ 7 0% "# $  # 6 $™#"
% #00 " o#" "
6 <$ tH#E" % $
% 7 #" #" 6 0 $
# % $ # % #" 87 #
= |
Northumbria . g
. . £.2 (&3
University

UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

Nonlinear broadband performancef energy harvesters

Mergen H. Ghayest, Hamed FarokHi

aSchool of Mechanical Engineering, University of Adelaide, South Australia 5005, Australia
b Department of Mechanical and Construction Engineeftagthumbria University, Newcastle upon Tyne NE1 8ST, UK
*Corresponding author: mergen.ghayesh@adelaide.edu.au
Email: (H Farokhi): hamed.farokhi@northumbria.ac.uk

Abstract

Broadband nonlinear energy harvesting capabilities of a parametrically excited bimorph
piezoelectric energy harvester is investigated for the first tifhke performance of the
energy harvester is significantly enhanced via usetoppersand an added tipmass in
conjunction with parametric excitationA fully nonlinear electromechanicalimodel of the
energy harvester was developed usibgam theory ofEulerBernoulli and the coupled
constitutive equations fopiezoelectricmaterials with the motion constaints modelled as
nonlinear springsA multrmodal discretisation was conducted utilisitige Galerkirscheme

the resultant set of equations was examined numerically through useootinuation
technique. It is shownthat a resonance bandwidth of 46¥hormalised with respect to
parametric resonancdrequency)is achievedwhich is almost 10 timethe resonance

bandwidth of the systemvithout any constraints

KeywordsEnergy harvesteiide resonanceandwidtliy Nonlinear Parametric excitation



1. Introduction

Vibrationbased @ergy harvestrsare devices whicltapturerandom environmental
vibrations andharvestthis otherwise wastedenergy[1-7]. The harvestecenergy can be
effectively utilised to power wireless electronicskensors in an attempt to make these
electronics devices setiowered. One of the mainconcerns about the efficiency of the
vibration basedenergy harvesters ithat they work efficiently only for a very narrow band
of frequency, which in turn makes these devices unusable if the environmental vibration
frequency does not lie within that band. A lot of research has been conducted aoving
this limitation of the vibration based energy harvestevération characteristics of the core
elements of these systems (i.e. structures in macro/micro/nano sd@es]) affect the
performance substantiallysize effect§29-40] are also important when these structures are
at micro/nano scale$41-46]. Nonlinearity of both geometric/material tyseg47-49] also
highly influence the system performancehe literature reviewis briefedin the following;
for more detailed review of the state ofvibration basedenergy harvestersthe readers are

referred toRefs [50-54].

A microelectromagnetiqgpower generatordesign was proposed Beeby et al[55],
targeting low ambient vibratios through use ofdiscrete componentsDesign consideration
for piezoelectric energy harvesters foricro sensorswere presented byDutoit et al. [56].
Soliman et al.[57] proposed an electromagnetic energy harvestesign by usinga
piecewiselinear oscillatorand conducted theoretical and experimental investigationbe
analysis andlesign of aan energy harvesteworking based on magnetic levitation were
conducted byMann and Sim$58], who utiliseda singlemode duffingtype model tostudy

the response of the systerand compare to experimental observationBhe steady state



solutions of a linear single mode mod#l a bimorph piezoelectric energy harvester were
derived by Erturk and Inman[59]; they conducted experimest and compared the
theoretical findings with experimental observations and reported acceptable agreement
between the two.Kim et al[60] utilised a singlenode linear model to examintne effects

of an added tipmass orperformance of arenergyharvester

The investigations were continued biguyenandHalvorsen61], who analysedhe
effect of softeningspringson performanceof a micro vibration energy harvesterthey
concluded that theperformanceis enhancedvhen theinput frequencyis in therange of
the softening responsdrequency Ju et al.[62] developedan energy harvesteutilising a
magnetoelectric compositand an added tip mass made gfermanent magnet Further
investigations were conducted kiiroozy et al[63], who utilised one DORonlinear model
to examinethe energy harvestingharacteristicof a piezoelectrienergy haresterwith a
tip magnet under harmonic base excitatignand Zhao and Yan{64], who proposed an
energy harvesteffor capturingenergy fromboth wind flows andbase vibrationsusinga

mechanicaktonstraint.

This study proposes for the first time, a model for a parametrically excited
broadband energy harvestesubject to motion constraintstaking into account all
nonlinearities associated with geometry and inertia while using a mutiilal discretised
model. The voltage and power outputs of the proposed desighthe energy harvester are
reported for various cases. The numerical results show that a significant enhancement in the
resonance bandwidth is achieved via use of motion constraintstHer parametrically

excitedenergy harvesterAdditionally, it is showthat it is absolutely essential to retain all



nonlinear terms arising from geometry and inersa asto obtain the energy harvester

behaviouraccurately.

2. Energy harvester nonlinear electromechanical model

The nonlineaelectromechanicatoupledmodel ofthe parametrically exciteBimorph
energy harvester is developed in this section. mbalinearbeam theory ofEulerBernoulli
[65, 66] is utilised while assuming an inextensible centreline for the cantilever, taking into
account nonlinearities arising from geometry and inertide piezoelectricconstitutive
equations are used as well to obtain the coupled electromechanical equationshef
bimorph piezoelectric cantilevefhe schematic of the energy harvester subject to motions
constraints is shown in Fig. To develop a general modet, is assumed that PZ{lead
zirconate titanat@ layerspartially cover the substrateAs seen, the with of substrate and
piezoelectriclayers are the same, and denoted by The substratdength is shown byL
while PZT layerare of lengthl{? 1. The system is under a base motion in the form of
xpSin(&t) in the axial directionx. For a bimorph piezoelectric cantilever with same PZT
0 C E+[ §Z] Ivee v usS E]oU §Z v uS&E o £A£Jo }( 8Z o C @
changed. This allows for writing the axial strain developed in substrate and PZT layers, using

the inextensibility ondition, as
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in which w represents the displacement in the transverse directianand subscript 1

indicatesthe x direction. Using Eq. (1),he substrate axial stresscan be formulated as



EV,, with Esdenoting e p *SE B} ivP [+ u} Thecenstitutive equations for the

S

two PZT layers are given by
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wherethe top and bottom piezoelectritayersequations are obtained by settingequal to

1 and 2 respectivelythe subscripts 1 and tdicatethe x andz directions respectively ¢}

is the PZTelastic stiffness A7 is the impermittivity constant and h{} is another PZT

constantwhich will be obtained later Vp”) is the axial stress developed in PZT layers while
Ds™ and B™ are the electric displacementand the electric fieldin the z direction,
respectively It should be noted that for both PZT layethe poling direction for boths
assumedo be in the positivez direction. VoltagesV® and V® are generated on thePZT
layers on top and bottom surfacegespectively due to base excitatiarThevirtual electrical
work of these voltagess expressed as

b3V xt B W xt @Ed: (3)
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The total kinetic energy of the layered cantilewsder base excitatiory,sin(&t) is given by

: . & gwt.
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0 W 2,00t g OWe ! (4)

mx YA 2G x A Gx LM
in which {/ and s denote themass densityf the PZT layerand substrate respectively,

while A, and As represent the crossectional area of the PZT layeasd substrate
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respectively. /b stands for the Dirac delta functionand Mo denotes the tip mass

Additionally,G x H x I H x I | with Hdenotingthe Heaviside function.

The variation of the substratgtrain energyis formulated as
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in which Is representsthe second moment area of the substrate crosssection The

variatiorsof the Wed o S§irai& efergesareformulated as
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Usinggeneralised, u]J]oS}v[e %o @é vYolldésingddupledequationsare obtained
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The force exerted to the cantilever beam by the maticonstraints modelled as

nonlinear springsgan be formulated as

- (12

c

Gx LHW gsgnw klw g klWw g,

in which go denotes the gap width and H and sgnrepresent the Heaviside and sign

functions, respectively.



Combining Eq98)-(10), denoting the base acceleration lay, and taking into account the

contact force of the constraintgields
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To obtain the power output, an electricé circuit equationis needed to couple the
motion of the bimorphsystem to changes in thgeneratedvoltage.The generated electric

current in eachHPZT layer can be obtained as

a
jo W 3D dAs, n 1,2, (14)

W g
in which D representsthe vector of electric displacementn represens the unit vector
(normal to the electrodesurface area@)). The current generated in each PZT layer can be
obtained through substitution ofEgs. 9) and (@0) into Eqg. 1{4). Assuming that the

electrodes cover the full surfaces of the top and bottom PZT layteesfollowing relations

can be obtaind for parallel connection of PZT layers

V.ot
vt VO ¢ Vp t, L @ p_, (15)



in whichR is theload resistancan the electrical circuitUsing Eqg.15), the equation of

motion, i.e. EQ.X3) can be rewritten as
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Utilising Egs.9) and (10) along with Egs. @) and (5b), one can obtain the electrical circuit

equation of the bimorph cantilever energy harvester with PZT layers connected in parallel as

0. (17)

Ay LB %t DL LT w w1 we R
dt ° 2b 1P 1P R £, o VI W2 X
Equations 16) and (IT) represent the coupled nonlinear electromechanical
continuous model of the bimorph energharvester. In what follows, the Galerkin
discretisation technique is employed to reduce the model partial differential equations into

ordinary differential ones. First, the transverse displacement is defined as series expansion

consisting okpatialtrial functions ) , X multiplied bygeneralised coordinateg(t) as

N
W Xt : XDt (18)

ni

in which
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in which £ is thenth root the equation1 cos codh (. SettingN=6, and applying the

Galerkin method67-70] to Eg. (B) yields a set of nonlinearly coupled equation$t should

be noted thatin this study a modal damping mechanisms used to model the energy

dissipation in the system. This modal dampisgadded to the discretised equatiomghile
sepu]vP Z u} |- u %o Jpraporiignal to its natural frequencyThe final

discretised model consists of various sources of mealiity; a continuation code is

developed, capable of handling all these nonlinearities, to examine the response of the

energy harvester neaparametricresonance.

3. Broadband energy harvesting

The energy harvesting capability of the parametrically excibéshorph piezoelectric
cantilever energy harvesteis sudied in this section The dimensionsand mechanical
properties of the energy harvester examined in this study are detailed in Tablhich

allows for calculatinghte following piezoelectricconstants

1
Ch Sy (fﬂ/ [s 69.81 GPa,
hy, dy S,/e/dy =~ 579.76MV/m, 20)

w E, di/s/ 38.03 Mm/F.

Throughoutthis section it is assumed that Ff;:o and Igf‘;:l_, and that the base

acceleration is 9.81 m/<€. Additionally, a nondimensional quantity is defined as
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J M, / AL 2 B representing the ratio of the tip mass to thetal mass oboth the

layered beam The following two subsectionsexamine the behaviour of two energy

harvester designs with different tip masses.

3.1 Constrained bimorph system with2.0

This section examines the parametric response of an energy harvester »@th
and dimensions and properties given in TableFar such a harvester, the sharircuit
natural frequency is obtained a4.7564 Hz. Given that the system is under axial base
excitation, parametric resonance expected tooccur for frequencies aroundwice the
natural frequency, i.e. 988 Hz. Figure 2lustratesthe nonlinear parametricesponseof
the constrained bimorph energy harvester. As seen, two nontrivial branchesc&ié from
the zerecamplitude trivial branch as the base motion frequency is vaasalindtwice the
natural frequency. Periodoubling (PD) bifurcations occur at these points rendering the
trivial configuration unstableOne of the interesting features the proposed design is the
presence of motion constraints at both sides of the cantilever beam, as demonstrated in Fig.
1. For the case examined hergy is set to 42 mm. As seen, in Fig. 2(a), the transverse
motion amplitude almost stops growing as @aches 42 mm, signalling contact with the
motion constraintsadditionally, it is seen that the width of the parametric resonance band
is increased significantly as a result of the impact between the cantilever and the
constraints. More specifically, thesonance band is increased from @8Hz to 1.821Hz,
i.e. an increase of almosB00% Hence, the energy harvester displays a normalised
resonance bandwidtlof 20%; the normalised resonance bandwidth is the ratio betwiben

resonance bandwidth and resonance frequency, with the latter being twice the first natural

11



frequency for parametric resonanc&he points shown by TR and SD denote the 2@nd
saddlenode bifurcations.The dotted line between TR points represents quasiperiodic
motion while the dashed lines indicate unstable responfbe power output for this
broadband energy harvester is shown in Fig. 2(c). It is seen that, as the contact is initiated,
the maximum power output is around 18 mW. The power output incredisesighout the

wide resonance band as the base frequency is increased reaching a maximum of around 27
mW. The detailed responsesof the energy harvester a&=10.0458 Hz and 11.2666 ki

one periodic of oscillation are shown in Figs. 4 and 5, respectively

The effect of thdoad resistancen the voltage and power outputs of theystemis
highlightedin Fig. 3The widest resonance band is achieved wi#&r 1k , which is almost
two times the bandwidthof the caseR = 5k . Increasing thdoad resistanceesults in
decreased bandwidth, but increases the power output lewdence, choosing théoad
resistancemagnitude is a critical task in the design of a constrained parametrically excited
energy harvester. In particular, the choice of the resonance lgad tradeoff between
resonance band and power output level. The optimum value ofldhd resistancelepends

on the type of energy harvester and its usage as well as the environmental vibration range.

The gap width effect on resonance response of thedsph energy harvester is
depictedin Fig. 6. As seen, the resonance bandwidth of the voltage and power outputs
decreases slightly with increasing gap width; however, the voltage and power output levels
increase with increasing gap width. Hence, theordlyca larger gap width is beneficial as it

results is larger power output levels while not sacrificing the resonance bandwidth much.

Figure 7 shows a comparison between the voltage and power outputs of a bimorph

energy harvester constrained from both eglto those of the same harvester constrained

12



from one sidei(e. the top). As seen, the resonance bandwidth is much larger for the case
constrained from both sides. Hence, the conclusion may be drawn that a deiddd
constrained energy harvester hastter efficiency compared to a onsided constrained

energyharvester.

3.2 Constrained bimorph system with3.0

The performance of a parametrically excitednergy harvester with =3.0 is
examined in this section; the rest of the system parametersain unchanged compared to
Section 3.1Due to increased tip mass ratishort-circuit natural frequencydecreases to
3.9541 Hzcompared to4.7564Hz of the system of Section 3.As a resu| the parametric
resonance occurs in the vicinity of base frequency of §19H0z. Figure 8 shows the
parametric resonance responses of the constrained energy harvester for tip transverse
displacement, voltage output, andence the power output. The energy harvester
performance is enhanced significantlghrough widened resonance bandwidth due to
presence of motion constraint§.o put it into numbers, the presence of motion constraints
increases the bandwidth from 0.38 Hz to 3.682 Hz, i.e. an imease ofalmost900%.The
normalised resonance bandwidth for this case is obtained as A@#itionally, compared to
the case of the system of Fig. 2 witt2.0 and a resonance bandwidth of 1.3bHz,a 96%
increase in the bandwidth is achievedidditionaly, it is seen that the power output levels
vary in the range 23 mW to almost 40 mW which is higher than the power output level of
the system of Section 3.Another change that can be observed compared to the case of
the previous section is the increasadmber of regions showing quasiperiodic motidrhe

energy harvester displacement, voltage and power outputs in one period of oscillation at

13



&=8.3700 Hz and 113634 are depictedin Figs 9 and 10 The impact behaviour of the

systemis very visible in Fig. 10

The effect of theload resistanceon the voltagepower outputs of thebimorph
piezoelectricenergy harvester idllustrate in Fig. 11.The figure shows that as thimad
resistanceis increased from 5 k to 8 k , the voltage and power outputs increase
accordingly while the resonance bandwidth decreases sligitdytheload resistances
further increased from 8 kto 11 k , a similar increase in the power output is observed but
at the cost of reduced bandwidth; a siar behaviour is observed by increasing tbad
resistancefurther to 15 k . Hence, the resonance bandwidth and the power output level
are competing objectives; the optimunioad resistancecan be obtained by giving
appropriate weights to resonance bandwldand power output level anthen maximising

the weighted summation dboth.

The effect of the gap width on voltage and power outputs of fferametrically
excited constrained energy harvester is depicted in Fig. Siéhilar to the case of the
previous setion, it is seen that increasing the gap width has almost no effect on the
resonance bandwidth; however, the power output is significantly increased as the gap width
is increased from 27 mm to 45 mrlence from theoretical point of view, for the current

energy harvester desigihe performance can be enhanced by increasing the gap width.

A comparison between an energparvesterconstrained from both sides to another
harvester constrained from one side is shown in Fig Ak3seen, the resonance bandwidth
is reduced almost 50% as the number of constraints is reduced from two tdHamee, the

figure clearly shows that an enerd¢parvester design with constraints at both sides displays
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superior efficiency in capturing the energy of a wider range of environmental vibration

compared to an energy harvester constrained from only one side.

4. Conclusions

The performance of nonlinear nstrained bimorph piezoelectric energy harvester
under parametric excitation was studied in detdib ensure the accuracy of the proposed
theoretical model, all the nonlinear terms arising from geometry, inertia, ematact with

motion constraints wereatained while deriving the coupled electromechanical equations.

Two designs were proposed for an energy harvester capturing the energy of base
parametric motions. To enhance the efficiency of the energy harvgsteotion constraints
were placed at both des of the bimorph piezoelectric cantilevdt.was shown that the
performance of both energy harvesters were enhanced significantly through widened
resonance bandwidth. More specifically, the fidgsign with =2.0achieved anormalised
resonance bandwidth of 20% while this value was increased to 46% for the second design
with =30. Compared to the cases without any constraints, the addition of motion
constraints increased the resonance bandwidth by 800% for the first design and almost

900% for the second design.

The effect of various parameters on energy harvester performance and efficiency
was examined and the following conclusions were drawn: (i) increasintpaderesistance
magnitude results in increased power output levels but rdeses the resonance
bandwidth; (ii) as the gap width is increased, the power output increases as well while the

resonance bandwidth remains almoite same; (iii) removing one of the constraints, i.e.

15



constraining the system from only one side, resultsignificantly reduced bandwidth, i.e.

almost 50%.

Appendix A. Effect of sources of nonlinearity

Figure l4depictsthe nonlinear frequencyurve of the tip transverse displacement
of the bimorph cantilever based on various models, namely a complete nonlinear model (i.e.
the one used in this study), a nonlinear model retaining only geometric nonlinearities, a
nonlinear model retaining only inertialonlinearities, and a linear modelt is seen that
geometric nonlinear terms tend to have a hardening effect on frequency response of the
*C*3 u AZ]Jo ]Jv ES] o v}vo]v E 8§ Eue Z A *}(3 v]vP (( § }v
responseln is interestingo note that a linear model is incapable afticipatingthe system
behaviour beyond the trivial zeramplitude solution branch. This shows the significant
importance of employing a fully nonlinear model when examining the response of a

bimorph piezoelecic cantilever energy harvester under parametric excitations.
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Table 1Properties and dimensions of the substrate gnelzoelectric layers of the bimoprph
cantilever energy harvester

e swtte prass)_poreten e P O
ts (mm) 0.3 tp (mm) 0.2
b (mm) 20 b (mm) 20
L(mm) 150 L (mm) 150
Is (kg/m?3) 8490 Io (kg/md) 7400
E (GPa) 106 s11 (pm?/N) 16.4
33 o (0=8.8542 pF/m) 3400
dz1 (pm/V) -250
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Fig.1. Schematic of the constrained bimorph piezoelectric cantilever energy harvester.
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Fig2. Frequency responses of the parametrically excited constrained bimorph cantilever energy hargster:
maximumtip transverse displacementb, ¢ maximum voltage and power outputs, respectiveR=5.0 k ,
=2.0,00=42.0 mmanda,=9.81 m/<.
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Fig3. Response of the system of Fig. 2&£10.0458 Hz(ac) tip transverse displacement, voltage output, and
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Fig4. Response of the system of Fig. 2&t11.2666 Hz(ac) tip transverse displacement, voltage output, and
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26



(@)

15
| R=1k
S B R w— rox
12 | - noa
i || o~ ———— R=7k
I || “““’(,\ﬂ-‘.‘-f)
=
! : 7 g
B | I
@ |l
g 6; II il - TS PP _,_4:*
O T G-
> | :" s
.'!I I
B
i E!I IIE /\_/\-/
ol
L
1B
Illgr
O‘ 5 10 10 —L SIS Ei— .

05 10 105 11 115 12 125 13
Z [HZ]

(b)

30

25

20

Power . [mMW]
H
(6}
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

125 13

L L I L L L L I L L L L I L L L L I L L L L I L L L L I L L L

95 10 105 11 115 12
4, [HZ]
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harvester:(a, b maximum voltage and power outputs, respectivédz5.0 k , =2.0, anda,=9.81 m/<.

28



(@)

127
10F
— 8F
Z |
é |
() Gj
3 i
=) |

> Af Constrained from both sides

(| - Constrained from one side
2
07

L | 1 | 1 T T |

9.5 10 10.5 11 11.5
Z, [HZ]
(b)

25
20
E 15F
x I
E -
% i
2 107

i Constrained from both sides

5 ] e Constrained from one side

0 T I ] I |

9.5 10 10.5 11 115

4 [H7]
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Fig8. Frequency responses of the parametrically excited constrained bimorph cantilever energy hargster:
maximumtip transverse displacementb, ¢ maximum voltage and power outputs, respectiveR=8.0 k ,
=3.0,00=45.0 mmanda,=9.81 m/<.
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Fig9. Response of the system of Fig. 8&t8.3700 Hz(ac) tip transverse displacement, voltage output, and
power output in one period of oscillation, respectivety. normalisedtime.
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(c)

Figl0. Response of the system of Fig. 8&t11.3634 Hz(ac) tip transverse displacement, voltage output,
and poweroutput in one period of oscillation, respectivety. normalisedtime.
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Figll Load resistanceffect on frequency responses of the parametrically excited constrained bimorph
cantilever energy harveste(a, b maximum voltage and power outis, respectively =3.0,go=45.0 mm, and
a=9.81 m/s.
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Figl2 Gap effect on frequency responses of the parametrically excited constrained bimorph cantilever energy
harvester:(a, b maximum voltage and power outputspectivelyR=8.0 k , =3.0, anda,=9.81 m/<.
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(b)

Figl3. Frequency responses of the parametrically excited bimorph cantilever energy harvester constrained
from both sides versus those constrained from one si@®;b) maximum voltage and poweroutputs,
respectivelyR=8.0 k , =3.0,go=45.0 mmanda,=9.81 m/<.
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Figl4. Frequency responses of the parametrically excited bimorph cantilever energy harvester obtained via
different models
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