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ENGLISH SUMMARY

A movement toward the regenerative energy harvester has been started for scavenging
the wasted energy from the environment and structures in the hope to fabricate self-
powered electronic devices. Kinetic motion is present in any natural and
environmental actions, making kinetic energy harvesting a popular topic. Among
different energy harvesting mechanisms, piezoelectricity is one of the leading
technologies because of its simple conversion mechanism, relatively high power
density, and easy integration into the various systems. A piezoelectric energy
harvester (PEH) is a beam consists of piezoelectric materials, substrate shim, bonding
adhesive, and added mass. Despite many research studies in Piezoelectric Vibration
Energy Harvesting (PVEH), there are still challenges in this field.

There are still struggles for correctly modeling harvesters in complex shapes and
under "real" vibration excitation. Furthermore, the power generation's sensitivity to
the PEH components, especially the bonding layer, needs further investigation. As a
perplex parameter, the damping coefficient determination requires accurate and
straightforward approaches and a systematic method to investigate the sources and
importance of different energy dissipation mechanisms in PEHs. Because of
numerous available vibration sources, finding new applications and designing
enhanced PEHs need constant research. In this Ph.D. thesis, the primary goals are to
provide a comprehensive modeling technique, explore the influential parameters on
the power generation, and develop and test PEHs for some practical vibration sources.

A comprehensive finite element (FE) method is proposed on the modeling techniques
that tackle the critical issues in the current FE and analytical models. The presented
FE model is applicable for a wide range of PEH designs, including multi-layered
composites, thick plates, variable thickness, and non-uniform piezoelectric patches.
The FE method presents a united matrix formulation that can accommodate the
classical (classical plate theory, first and third-order shear deformation theory) and
advanced Carrera's Unified Formulation (CUF). Moreover, the analytical beam model
is developed to understand the electromechanical coupling in PEHs better and study
the interaction of optimum electric load, resonant frequency, and excitation frequency.
By sensitivity analysis of electromechanical-coupled resonant frequency,
recommendations for the resonant matching designs are proposed. Besides, the
transient voltage signal from harmonic excitations is investigated.

The damping, bonding layer, substrate shim in unimorph, and tip mass effects are
experimentally investigated to analyze different PEH power output parameters. The
bonding layer material can cause variations in the peak and root mean square (RMS)
power generation. The substrate shim positively affects the unimorph power
generation as it deviates the neutral axis from the piezo-layer mid-plane. Tip mass
increases the power generation due to the beam deflection increase and reduces the
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resonant frequency, which can be used as a tuning factor for the resonant matching
design. Damping mechanisms in PEH beams are comprehensively investigated. Two
damping determination methods are presented, which can extract the damping
coefficient from only the piezoelectric voltage measurements without extra response
measurements.

Different harvester configurations are investigated for different applications in the
PVEH applications. Typical resonant design from the ordinary rectangular beams, the
trapezoid beams, variable-thickness piezoelectric layer, and composite energy
harvesters are presented and discussed. The energy harvesting from the DC motor is
experimentally measured. The power generation from the water pump is calculated
using the experimental acceleration data made on a water pump. As one application
for the PVEH, a conceptual design for autonomous condition monitoring is proposed
and applied for a water pump. Composite energy harvesters with variable piezo-fiber
directions are investigated and integrated into a harvester setting for broadband energy
harvesting.

This Ph.D. project is successfully presented the FE modeling technique for
piezoelectric energy harvesters, which can be applied to a wide range of piezoelectric
configurations. The experimental validations for these models prove the accuracy of
the FE method. Sensitivity analyses are carried out to study the power output
dependency to the different structural parameters. Moreover, experimental-based
straightforward methods are presented for the damping coefficient determination.
These damping determination methods are employed to study the damping
mechanisms systematically. Finally, the development of piezoelectric energy
harvesters is carried out for a series of practical applications, namely the water pump,
DC motor, and car vibration. The feasibility of a remote autonomous condition
monitoring system based on PEH is also investigated.



DANSK RESUME

Der er startet en bevaegelse mod den regenerative energihgster til at benytte den energi
i omgivelser, som gar til spild i hab om at fremstille selvdrevne elektroniske enheder.
Kinetisk bevagelse findes i eventuelle naturlig og miljgmassig bevaegelser, hvilket
ger hgstning af kinetisk energi, et populeert emne. Blandt forskellige mekanismer til
energihgstning er piezoelektrisk en af de farende teknologier, pa grund af dens enkle
konverteringsmekanisme, relativt hgjt effektteethed og nem integration i de forskellige
systemer. En piezoelektriske energihgster (PEH) er en bjaelke, der bestar af
piezoelektriske materialer, underlagsskinne, kleebemiddel og ekstra masse. Pa trods af
mange forskningsundersggelser i den Piezoelectriske Vibration Energi Hast (PVEH)
er der stadig udfordringer pa dette omrade.

Der er stadig mange udfordringer forbundet med korrekt modellering af hgstmaskiner
i komplekse former og under "eegte" vibrations anslag. Derudover skal el-
produktionens falsomhed over for PEH-komponenterne, iser bindingslaget,
undersgges narmere. Som en kompleks-parameter kreever bestemmelsen af
dempningskoefficienten ngjagtige og ligefremme fremgangsmader og en systematisk
metode til at undersege Kkilderne og betydningen af forskellige
energispredningsmekanismer i PEH'er. P& grund af adskillige tilgengelige
vibrationskilder er konstant forskning ngdvendigt for at finde nye applikationer og
konstruere forbedrede PEH'er. Primaere mal i denne Ph.d. afhandling er at
tilvejebringe en omfattende modelleringsteknik, udforske de indflydelsesrige
parametre pad glproduktionen, udvikle og afpreve PEHer for nogle praktiske
vibrationskilder.

Med hensyn til modelleringsteknikker foreslas en omfattende FE-metode (FE), som
kan handtere de kritiske problemer, der findes i de nuverende FE og analytiske
modeller. Den prasenterede FE-model kan anvendes til en lang reekke PEH-design,
herunder kompositter i flere lag, tykke plader, variabel tykkelse og ikke-ensartede
piezoelektriske pletter. FE-metoden prasenterer en forenet matrixformulering, der
kan rumme den klassiske (klassiske pladeteori, forste og tredje ordens
forskydningsdeformationsteori) og avanceret Carreras Unified Formulation (CUF).
Desuden er den analytiske strdlemodel udviklet for at forstd den elektromekaniske
kobling i PEH'er bedre og studere interaktionen mellem optimal elektrisk belastning,
resonansfrekvens og anslagsfrekvens. Ved fglsomhedsanalyse af elektromekanisk
koblet resonansfrekvens foreslas anbefalinger til resonansmatchende design. Desuden
undersgges det transiente spandingssignal fra harmoniske anslager.

| forbindelse med analysen af forskellige PEH-effektudgangsparametre undersgges
dempnings-, bindingslag, substratbelegning i unimorf og spidsmassevirkninger
eksperimentelt. Bindingslagsmaterialet kan fordrsage variationer i produktionen
begge to i spids (peak) og kvadratrod af gennemsnitlig kvadratafvigelse (root mean
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square -RMS). Substratskinnet pavirker den uniforme energiproduktion positivt, da
det afviger den neutrale akse fra piezo-lagets midler plane. Tipmasse gger
kraftgenerering pd grund af forggelse af bjaelkes nedbgjning og reducerer
resonansfrekvensen. Dette kan bruges som en indstillingsfaktor til
resonansmatchende design. Derudover undersgges dempningsmekanismer i PEH-
bjeelker grundigt og to bestemmelsesmetoder til deempning prasenteres, som kun kan
udtreekke deempningskoefficienten fra de piezoelektriske spandingsmalinger uden
ekstra responsmalinger.

| forhold til PVEH-applikationer undersgges forskellige hgstkonfigurationer for
forskellige applikationer. Typisk resonansdesign fra de almindelige rektanguleere
bjelker, trapezbjelkerne, det piezoelektriske lag med variabel tykkelse og
hgstmaskiner med komposit energi praesenteres og diskuteres. Energihgstningen fra
jeevnstrgmsmotoren méles eksperimentelt. Derudover beregnes energiproduktionen
fra vandpumpen ved hjelp af de eksperimentelle accelerationsdata, der er lavet pa en
vandpumpe. Som en applikation til PVEH foreslas et konceptuelt design til autonom
tilstandsovervagning og anvendes til en vandpumpe. Hgstmaskiner med sammensat
energi med variabel piezo-fiberretning undersgges og integreres i en hgstmaskine
indstilling til bredbandsenergihgstning.

I denne ph.d. projektet preesenteres en succesfuld FE-modelleringsmetode til
piezoelektriske energihgster, som kan anvendes til en lang raekke piezoelektriske
konfigurationer. De eksperimentelle valideringer for denne FE-model beviser
ngjagtigheden af FE-metoden. Fglsomhedsanalyser udferes for at undersgge
afhaengigheden af effektudgang til de forskellige strukturelleforhold. Desuden
praesenteres eksperimentelle baserede enkle metoder til bestemmelse af
dempningskoefficienten. Disse daempningsbestemmelsesmetoder anvendes til
systematiske undersggelse af dempningsmekanismerne. Endelig udfgres udviklingen
af piezoelektriske energihgster til en raekke praktiske anvendelser, nemlig
vandpumpe, jevnstramsmotor og bilvibrationer. Muligheden for et eksternt autonomt
tilstandsovervagningssystem baseret pa PEH undersgges 0gsa.
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CHAPTER 1. BACKGROUND AND
BEYOND

"If you want to find the secrets of the universe, think in terms of energy, frequency,
and vibration" Nikola Tesla

1.1. INTRODUCTION TO PIEZOELECTRIC ENERGY
HARVESTING (PEH)

With advancements in electronic development, the power consumption of small
electronic devices has been reduced substantially [1]. Table 1-1 gives an overview of
the small electronics' power consumption. The power consumption for
communication applications is tens of mW for continuous operation; however, this
power consumption can be reduced using intermittent operation. For medical
applications, like hearing aid and heart pacemakers, the power consumption is in the
range of UW. The voltage range for these applications lies within 2 to 4 V.

Device Power Current Voltage
ZigBee 60mW peak 20 mA 3.0V
Apple Watch 52mW avg 13.8 mA 3.76 V

Bluetooth 4.0 45 mW peak 15 mA 2.0-36V
GPS Tracker Intermittent Intermittent 30V
Hearing Aid 1 mW avg 0.67 mA 1.4V
Heart Pacemaker 33 UW avg 13 pA 25V
Analog Wrist Watch 2.8 uW avg 1.0 pA 28V
Timer 88 nw 35nA 25V

Table 1-1. The power consumption of small electronics [2].

The reduction in power consumption enabled researchers to seek new renewable
energy sources that make these small electronic devices free from the power supply,
battery, and wires. With the renewable energy sources from the environment, the
systems' lifetime can be improved, self-powered systems are achievable, wiring
difficulties can be eliminated, and more importantly, having access to inaccessible
locations becomes possible [3], [4].

Fig. 1-1 presents the power density (power normalized to the device volume) and
normalized power density (power density normalized to the square input acceleration)
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for three energy harvesting technologies (electrostatic, piezoelectric, and
electromagnetic) in the typical environmental frequency range (below 200 Hz). The
power density for piezoelectric energy harvesting is better than electrostatic and
electromagnetic, especially at higher frequencies. Piezoelectricity normalized power
density is 10 to 100 pW/cm?®/g? for below 50 Hz frequencies and between 1 to 10
mW/cm?3/g? for above 50 Hz frequencies. The piezoelectric power generation is in the
range of the required power for small electronic devices, so that using piezoelectric
energy harvesting for autonomous devices is feasible. The piezoelectric voltage
generation ranges from 0.01 to 20 V [5], which is suitable for many small electronic
devices, including those mentioned in Table 1-1.
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Fig. 1-1. Power density and normalized power density for different energy harvesting
technologies (electrostatic, piezoelectric, and electromagnetic) [2].

Piezoelectricity benefits from advantageous priorities over the other energy harvesting
technologies, including direct mechanical conversion to electrical [6], high practical
power density [1], easy integration into the various systems [7], matured
manufacturing methods [8]. Piezoelectric devices can be manufactured in various
sizes, from micro-scale to centimeter scale. Thus, piezoelectric energy harvesting has
been a focus for many researchers, and the number of publications in this area has
been considerably increasing during recent years, see Fig. 1-2.

29



DESIGN, MODELING, AND ANALYSIS OF PIEZOELECTRIC ENERGY HARVESTERS

1400

1200

1000 °

Number of publication
[ ]

0 PP
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Year

Fig. 1-2. Number of publications in piezoelectric energy harvesting [9].

Piezoelectric materials are a type of smart materials. Smart materials change their
physical properties in a specific manner in response to a stimuli input. Piezoelectric
materials are also categorized as a class of ferroelectric materials. Ferroelectric
materials exhibit spontaneous polarization when no external electric field is present.
Piezoelectric materials can be polarized by applying mechanical stress (without
applying an external electrical field).

Polycrystalline ceramic, as one of the most common crystal structures, has
microscopic randomly oriented poled units, see Fig. 1-3 (a). However, as their poling
directions are random, the macroscopic scale's net polarization is weak or null. If the
crystal structure is subjected to a strong electrical field, the random polarization
direction will be aligned in the electrical field direction, see Fig. 1-3 (b). The crystal
in this condition is called macroscopically polarized, and the net polarization is not
weak. Fig. 1-3 shows the polycrystalline ceramic structure before, during, and after
the polarization. Once the polarization is accomplished, the piezoelectric material is
poled, and this polarization remains after the external field removal, see Fig. 1-3 (c).

@ (b) ©

Before polarization During polarization After polarization

Fig. 1-3. Polycrystalline ceramic structure, (a) before, (b) during, and (c) after
polarization.

30



CHAPTER 2. PIEZOELECTRIC ENERGY HARVESTER

Piezoelectricity is a dual-way property. Direct piezoelectricity is the electrical field
generation due to the mechanical stress (sensor or generator), while reverse
piezoelectricity is the mechanical deformation due to the external electrical field
(actuator or motor). For the energy harvesting application, the direct piezoelectricity
effect is of interest see Fig. 1-4. In direct piezoelectricity, the electrical charges are
displaced by applying a mechanical deformation, generating a voltage difference. The
mechanical deformation direction will impose the generated voltage direction. For
continuous voltage generation, the mechanical deformation shall vary over time.

(a) (b) (©)

P

V-

Polarization P p T - <>+
v
v + + + + v

Fig. 1-4. The demonstration of direct piezoelectric effect (sensing), (a) polarization,
(b) piezoelectric stretched, and (c) the piezoelectric compressed.

Piezoelectric harvester operates in 33-mode or 31-mode depending on the direction
of mechanical deformation and polarization. The harvester operates in 33-mode if the
mechanical deformation and polarization directions are the same, while for the 31-
mode, the polarization and mechanical deformation direction are perpendiculars. Fig.
1-5 (a) and (b) show the 33-mode and 31-mode.
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Fig. 1-5. Piezoelectric harvester operation mode, (a) 33-mode harvester, and (b) 31
mode.
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Fig. 1-6 shows two examples of piezoelectric beams under loading. In Fig. 1-6 (a), a
vertical force bends the piezoelectric beam, which creates stress in the length direction
while the poling direction is through the thickness; thus, the bender acts as the 31-
mode harvester. If the force is applied lengthwise, and the piezoelectric material has
lengthwise polarization due to the interdigitated electrodes, as shown in Fig. 1-6 (b),
the beam serves as a 33-mode harvester.

(@) (b)
force (bending)

" Stress uv—s—»:ns « force

Stress “

Fig. 1-6. Examples of piezoelectric beams under different loading, (a) bending load
and 31-mode, and (b) axial load and 33-mode [10].

An energy-harvesting beam can have one or two piezoelectric layers called unimorph
or bimorph, respectively. Typically, the piezoelectric layer is attached to a substrate
shim or a host structure. The unimorph is less stiff and has a lower natural frequency.
On the other hand, the bimorph generates more power than the unimorph as it has two
piezoelectric layers. Fig. 1-7 (a) and (b) demonstrate the unimorph and bimorph,
respectively.

[— e
Piezoelectric
|

Substrate

shim \ Piezoelectric

(@) (b) \4

Fig. 1-7. (a) Unimorph harvester: one piezoelectric layer, and (b) bimorph harvester:
two piezoelectric layers.

1.2. PIEZOELECTRIC COEFFICIENTS
This subsection will briefly present the significant piezoelectric coefficients.

e  Piezoelectric charge coefficient (d)

The piezoelectric charge coefficient shows the induced strain (S) under an external
electrical field (E), as shown in Eq. (1.1),
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S =dE. (1.1)

d coefficient is important for actuators as it demonstrates the mechanical deformation
under a particular electrical field.

By considering the elastic relationship between strain (S) and stress (T),

T=QS=QdE=eE. (e=Qd) (1.2)
e
where Q is the elastic constant.

There is also an alternative way to express coefficients d and e, as given by:

D =dT. (1.3)

D = eS. (1.4)

where D is the electric displacement field.
e  Piezoelectric voltage coefficient (g)

The piezoelectric voltage coefficient calculates the generated electrical field (E) under
external mechanical stress (T'), as shown in Eq. (1.5).

E=—gT (1.5)

g coefficient is important for sensors (energy harvesting) as this is a measure for the
output voltage under mechanical stress.

By considering the elastic relationship, the piezoelectric voltage coefficient can also
be given by:

E=—hS, h=Qg. (1.6)

e  Permittivity (dielectric) constant (&)

The permittivity constant relates the electric displacement field (D) to the electrical
field (E) as given by:

D = ¢E a.7)
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By the permittivity constant definitions, the relationship between the piezoelectric
voltage and charge constants can be expressed by:

=~ 1.8
9= (1.8)
e  Coupling factor (K)

The coupling factor is defined as

2 _ Extracted electrical charge

(1.9)

- Applied mechanical energy

The extracted electrical energy is %sEZ and the applied mechanical energy is %ST.
Therefore, the coupling factor is,

1 2
K2= Z8E° _ ex(gm)? _ 2
%ST (T/Y)XT

(1.10)

As can be seen from Eqg. (1.10), the coupling factor depends on the piezoelectric
voltage coefficient, the permittivity constant, and the elastic modulus.

e  Electromechanical coupling factor (k)

The electromechanical coupling factor illustrates the generated charge from a
mechanical deformation under a specific vibration mode.

For the lengthwise vibration (33-mode), transverse vibration (31-mode), and shear
vibration (15-mode), the electromechanical coupling coefficients are defined by [11]:

Kas = day /(5,055 (1.11a)
1

ks, = d31/(g.;?3Qf1)§ (1'11b)
1

kys = dys/(e5,Q8)2 (1.11c)

. Piezoelectric effect on the elastic modulus

For piezoelectric materials subjected to mechanical deformation, in addition to the
mechanical stresses, a piezoelectric polarization is generated.
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The elastic stress is given by T, = QS.

According to Eq. (1.4), the piezoelectric polarization is given by D = eS. This
polarization will create an electrical field of E =g according to Eq. (1.7). This

esS _ e?s

£ e’

electrical field then will create mechanical stress of T, = eE = e

Thus, the resultant mechanical stress by applying a mechanical strain can be expressed
by:
62
T=Te+Tp=QS+eE=(Q+?)S. (1.12)

As can be seen from Eq. (1.12), the piezoelectric effect increases the structure's
stiffness.

e  Piezoelectric effect on the dielectric constant

Like the elastic modulus, the piezoelectricity also affects the dielectric constant. If an
electrical field is applied to a piezoelectric material, an electric displacement field is
created, and a mechanical strain due to the piezoelectric coupling.

The electric displacement field is D = ¢E.

The mechanical strain due to the electrical field is S = dE. This mechanical strain
causes an electric displacement field D,, = eS according to Eq. (1.4).

Thus, the total electric displacement field can be expressed by:

D=D+D,=c¢E+edE = (¢ + ed)S. (1.13)

1.3. TYPICAL PIEZOELECTRIC MATERIALS

There is a wide range of piezoelectric materials, from natural to synthetic materials.
Four types of piezoelectric materials have been extensively used in energy harvesting
applications, namely Piezoceramic, Piezo polymer, Piezo composite, and
piezoelectric single crystals. These four will be introduced in this subsection. Fig. 1-8
(a) to (c) shows the Piezoceramic, Piezo polymer, and the piezo composite.

Piezoceramic materials have a good piezoelectric property, so they have been

frequently used for energy harvesting. They have low cost, good conversion coupling,
high elastic modulus, high density, and brittle. They can tolerate their weight, but they
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are solely used alone because they are very brittle and stiff. Lead Zirconate Titanate
(PZT) is a popular and widespread member of Piezoceramic materials, with different
PZT-5A and PZT-5H.

Piezoelectric single ceramic has single crystalline structures, with a highly ordered
orientation of positive and negative ions [7]. PMN-PT and PZN-PT are two common
single crystal materials. Comparing with Piezoceramic, the single ceramic materials
have a better piezoelectric conversion, high permittivity, and low elastic modulus.

Piezo polymers are flexible materials with a low piezoelectric property. Nevertheless,
they have a lightweight, low elastic modulus and highly flexible. Polyvinylidene
difluoride (PVDF) is the most common member of piezo polymers. PVDF cannot
tolerate its weight, so a host structure is essential for the PVDF materials.

|
S

T

|

(©

Flexible MFC

Fig. 1-8. Three common piezoelectric materials, (2) Piezoceramic, (b) Piezo polymer,
and (c) piezo composite.

Table 1-2 shows the properties of these four types of piezoelectric materials. The
coupling factor in 33-mode for the single ceramic materials is approximately 90%,
which is the highest among these materials. Overall, the single ceramic materials have
the best performance, and the PVDF materials have the lowest energy conversion.
Overall, the MFC coupling factor is considerably better than the PVDF, still lower
than the Piezoceramic.
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PMN-PT

PVDF = PZT-5A (single crystal) MFC
Density (kg/m®) 1800 7800 8120 5440
Relative permittivity &/go 12 1800 4753 1600
ds; (102 C/N) -23 -190 -646 -170
ga1 (10 Vm/N) -216 -11.6 -15.36 -12.0
Ka1 0.19 0.35 0.46 0.25
ds3 (102 C/N) 30 390 1285 400
33 (10° Vm/N) 340 24 30.55 28.2
Kas 0.13 0.72 0.89 0.59
Y (Gpa) 8.5 52 20.4 30.3
Mechanical quality factor Q=1/( = 3-10 80 150
Curie Temp (°C) 150 200 90 150 [12]

Table 1-2. Comparing material properties between Piezoceramic (PZT and single
ceramic), polymer-based piezoelectric, and composite piezoelectric materials [13].

Fig. 1-9 compares the power output from Piezoceramic and single ceramic materials.
The efficiency of single-crystal materials is considerably higher than the PZT
performance [14]. The better performance of single crystals exists in both on-
resonance and off-resonance excitations [14].

3 1.0
- Power generation
| - Input mechanical power 103

— - Conversion efficiency ’
Z 2r 14.9% 06 B
= 27.5% 1Y% 2
5 | 2
z =]
L | 104 =
£ L
Z 5.4% {02

0

PZT PMN-PT PZN-PT
Piezoceramic | Single Crystal mateirals

Fig. 1-9. Power output and efficiency comparison between PZT ceramic and PMN-
PT and PZN-PT single crystals [14].

37



DESIGN, MODELING, AND ANALYSIS OF PIEZOELECTRIC ENERGY HARVESTERS

1.4. TYPICAL PIEZOELECTRIC BENDERS FOR ENERGY
HARVESTING

For many practical applications, including human motion, environmental vibrations,
and industrial sources, the working frequency span is below 200 Hz see Table 1-3.
This frequency span is a low-frequency category, and therefore, the focus for the
piezoelectric harvesters is the low-frequency designs.

Category Frequency span
Human walking and running Oto5Hz
Human motion 5t015 Hz
Automobiles’ vibration 15 to 50 Hz
Household appliances 50 to 200 Hz
Industrial vibration 200 Hz

Table 1-3. The working frequency range for different vibration sources [15].

The cantilevered beam is one of the most widely used configurations in piezoelectric
energy harvesting because it undergoes high deformation under vibration and
therefore is suitable for power generation. The cantilevered beam also has a relatively
low working frequency, suitable for low-frequency energy harvesting. Fig. 1-10
shows a typical energy harvester under the base excitation. The beam under the base
excitation experiences bending deformation. One way of applying the base excitation
is to attach the clamp box to a vibration shaker. Besides, a force transducer, an
accelerometer, or a laser displacement sensor may be employed for measuring the
input vibration characteristics. Fig. 1-10 illustrates the typical instrumentation of a
shaker test on the piezoelectric cantilevered beam.
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Fig. 1-10. A typical experimental setup for the piezoelectric energy harvester under
the clamped-free boundary condition [16].

As a typical performance of the piezoelectric bender, the voltage response of a
unimorph beam (Fig. 1-11 (a)) under harmonic excitation is shown in Fig. 1-11 (b).
The input vibration has a harmonic form, so the output voltage has a harmonic shape,
and the voltage output is AC. However, in many practical cases, the AC voltage will
be connected to a full-bridge rectifier to transform the AC voltage to an always-
positive voltage.

As the output piezoelectric voltage depends on the beam vibration, the excitation
frequency that affects the beam vibration will also influence the voltage generation.
The voltage output for harmonic excitations with a 0-70 Hz frequency range is shown
in Fig. 1-11 (c). As can be seen from Fig. 1-11 (c), the voltage output is negligible
firstly but sharply rises to a peak value at a specific frequency called "resonant
frequency". At the resonant frequency, the bender deflection is maximum, which will
therefore generate the maximum voltage.

An electrical resistance load is often attached to the piezoelectric beam so that the
current flows. In no-load condition (open-circuit or infinity load), the voltage is
maximum but no current flows, so the power generation is zero. When the load is
close to zero (short-circuit condition), the current flow is maximum, but there will be
no voltage difference, so the power generation is zero. An "optimum electrical” load
gives the maximum power output (Fig. 1-11 (d)), which should be found for
piezoelectric energy harvesting.
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These basic introductory definitions for the resonant frequency and optimum load will
be comprehensively developed in the following chapters.
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Fig. 1-11. (a) A piezoelectric unimorph with one MFC under the base excitation, (b)
the voltage response over frequency, and (c) resonant voltage and power outputs
versus electrical load resistance [17].
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The clamping in the cantilever configuration can be done in different ways. One way
can be using a clamp bar that keeps the energy harvester by tightening screws, or the
energy harvester is attached to a medium plate by adhesive, and then the medium plate
is joined to the base plate by screws. Fig. 1-12 (a) shows these two clamping types. It
is also typical to add a tip mass so that the beam deformation increases. Fig. 1-12 (b)
shows an added tip mass attached to a piezoelectric beam.

@

Two different
= clampin es
‘ ping typ

A . W

added tip mass

Fig. 1-12. The demonstrations of different (a) clamping types and (b) added tip mass
connection.

In many practical cases, an energy harvester may comprise more than one
piezoelectric beam to improve the power output performance. The multi-beam energy
harvesters can have multiple beams with different piezoelectric materials, Fig. 1-13
(a), or substrate shims, Fig. 1-13 (b). Since each beam has an optimal frequency range,
the two beams' combined performance is improved over the frequency range. Fig.
1-13 (c) illustrates a typical power output for a two-beam energy harvester.
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Fig. 1-13. Two-beam energy harvesters under the same base excitation, (a) one PZT
and one MFC sample in one energy harvesting box, (b) two MFCs attached to one
clamping box, and (c) a typical response from the two-beam harvester.

1.5. PIEZOELECTRIC VIBRATION ENERGY HARVESTER (PVEH):
STATE-OF-THE-ART

According to Scopus, piezoelectricity has been a significant focus for energy
harvesting research, with more than 1000 research articles annually. Thus, there are
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also vast review articles addressing the piezoelectric energy harvesting, from design,
material, and application perspectives [1], [7], [9], [10], [15], [18]-[29].

Sodano and coworkers [25] reviewed the energy harvesting by piezoelectric materials
in 2004. In addition to the harvesters' fundamental vibration, they also studied the
electrical circuit, electrical damping, and storage. [25]. Later, in a paper by Anton and
Sodano [26], Sodano and his team presented a review paper on piezoelectric energy
harvesting focusing on mechanical and electrical modulations for improving power
generation performance. Ten years later, in 2019, Safaei, Sodano, and Anton [24]
reviewed piezoelectric energy harvesting by reporting the recent advancements in
material science and electrical circuits as well as a comprehensive presentation of
different piezo-harvester designs.

In 2021, Sezer and Koc [9] reviewed the most recent advancements in piezoelectric
material developments and presented a comprehensive review of the different
piezoelectric harvesters from different vibration sources.

The following subsection, state-of-the-art piezoelectric energy harvesting, its
challenges, and the leading-edge solutions for these challenges, will be reviewed.

1.5.1. ABRIEF SURVEY ON THE PVEH FROM DIFFERENT VIBRATION
SOURCES

1.5.1.1 Environmental forces

As one of the available environmental forces, the air force has been extensively used
for piezoelectric energy harvesting. Wind energy can be a substantial source of
energy, as it has been shown that a wind speed of 4.6 m/s can approximately generate
0.35 mW power using a T-shape harvester with piezo-patches [30].

Aircraft is one potential vibration source experiencing structural vibration during the
flight. The aircraft vibration has been used for piezoelectric energy harvesting. Energy
harvesting from unmanned aerial vehicles (UAV) [31], wing-box [32], and composite
wing surface [33] are some research examples.

The wind turbine blade will experience mechanical strain during the turbine operation.
This strain energy can be used for piezoelectric energy harvesting [34]. It is suggested
that the stored electrical energy from piezoelectricity made on the wind turbine blade's
stored energy is sufficient for wireless sensor nodes [35].

Fluids (other than air) can also create energy sources for energy harvesting. Rain [36]

and ocean wave [37] energy are two familiar energy sources by water. In an actual
rain, it has been shown that in an actual rain in an 18 cm? surface area, 6.9 pJ/min
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energy can be stored from an actual rain [38]. The power output from ocean waves is
considerably high at the 30 W range [37].

1.5.1.2 Car, road, and bridge

The vibration in a traffic tunnel wall can reach 7 m/s? from a passing car to more than
20 m/s? for the induced vibration by a truck [39]. This kinetic energy source is often
wasted. The excitation frequencies from the tunnel are in the range of kilo-Hz. It has
been experimentally shown that power of 2.43 mW is generated from the pavement
road from a 1200 N axel passing with 60 km/h [40]. The power generation from a 6x6
in? prototype with four ®8mmxt8mm piezoelectric discs is estimated to be 1080 W h
of RMS energy per year [41].

In addition to the structural vibration, the moving car itself can be another vibration
source. By designing a flexible piezoelectric composite and attaching it to the tire
surface, a 380.2 J energy per tire revolution has been generated, equivalent to 1.37
pW/mm? [42]. The car suspension system can also be a potential energy source for
power generation in the range of Watts [43].

The piezoelectric energy harvesting from car and road can be used to power car
wireless sensors [42], smart tires [44], and smart roads [45] for the future.

Peigney and Siegert [46] showed that the traffic-induced bridge vibration could be
used for designing a wireless sensor for low-duty cycle structural health monitoring.

1.5.1.3 Floor and building

Walking can cause the floor to be excited by a considerable force. Therefore, floors
can be designed to accommodate piezoelectric harvesters for power generation.

A 63-kg pedestrian by a soft step can generate approximately 10 V and 0.18 A [47].
A floor tile with 150x150 mm? has been designed and showed that for one step from
a 68-kg man, 0.12 mW RMS power has been generated, which was enough to turn on

sixty chip LED [48].

It has been estimated that for an educational building at Macquarie University in
Sydney, by 3.1% piezoelectric coverage, 1.1 MW h/year can be generated [49].

1.5.1.4 Train and railway
A considerable vibration is induced into the railway by a moving train. The moving

train is a moving load, and a particular modeling type is required for this type of
analysis. Zhang et al. [50] presented a modeling technique for a piezoelectric
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cantilevered beam subjected to a moving load. The train-induced acceleration is in the
range of 600 m/s? and lasts for approximately 20 seconds at one point in the rail [39].
Wischke and coworkers estimated that energy of 395 pJ per train could be stored [39].

For the railway energy harvesting, the patch and stack-box designs have been
proposed by Wang and coworkers [51], and it has been calculated that 85.6 mJ and
21.88 mJ energy can be stored from the patch and stack designs.

Amini et al. [52] presented a complete study on the power output from multiple
moving loads and showed that power in the range of 1mW could be generated for
velocities above 30 m/s.

1.5.1.5 Industrial vibration

The vibration induced in the pipe by a moving flow can also be regarded as a kinetic
energy source. One issue for applying piezo-materials is that the piezoelectric patches
should be flexible. Thus, the Piezoceramic patches cannot be attached to the pipe
surface. The development of MFC materials for PVEH from pipes was demonstrated
with a demo that generated power above 3 mW/N? [53].

Motors, which inevitably emits vibration due to their rotating shaft, typically have a
high acceleration level with relatively moderate excitation frequency. Different
conversion mechanisms can be employed for the PEH from motor vibration. Direct
attachment of piezoelectric beam to the motor case [54] is the most straightforward
design; nevertheless, the vibration level might be low at some working conditions.
Another solution can be to use the shaft rotating motion as a base excitation, as shown
in Fig. 1-14 [55]. In addition to the rotation motion design, the shaft rotation motion
can be converted to a linear motion, and that this linear motion excites the
piezoelectric beam, as illustrated in Fig. 1-15 [56]. Another way to use the rotation
motion as a beam excitation force is to apply magnets, as shown in Fig. 1-16 [57].

Electric motor  Frame for harvester
attachment

Y

— Piezo layer

— Substrate

®
J

NT—«

Fig. 1-14. Piezo-beam for rotation energy harvesting with the application on the motor
[55]
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Fig. 1-15. Converting rotation motion to linear motion for parametric excitation of
piezoelectric beams [56].
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Fig. 1-16. Using the magnetic force in a rotating shaft to excite the piezoelectric beam
by tip force [57].

1.5.1.6 Kinetic energy from living sources

The human body is an excellent source of various energy types. Moreover, the human
body may need to have implants or biomedical sensors for health purposes. Fig. 1-17
illustrates a schematic of some implanted medical electronic devices [58]. Therefore,
the human body can be an excellent power generation source and a customer for the
power. Therefore, many studies have focused on the body as an energy-harvesting
source.
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Typical, the medical implants need power around 100uW (with a lifetime of 10 years),
and specifically for the pacemakers, the required power is within 10uW range (with a
lifetime of 5 years) [59]. Human motion and activities can be kinetic energy sources
with available power output in the range of mW to W, as illustrated in Table 1-4.
Thus, from a power consumption point of view, having self-powered implanted
medical devices is possible. Dagdeviren and coworkers [60] demonstrated a series of
practical demonstrations of the energy harvesters using biofuel cells, thermoelectric
generators, triboelectric generators, and piezoelectric generators. Their study focused
on the harvesters that can be implanted. For the on-body energy harvesters, Roundy
and Trolier-McKinstry [61] reviewed different energy-harvesting technologies,

including the piezoelectricity, for the on-body applications.
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Fig. 1-17. The various implanting medical devices [58]
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Activity Available electrical power Available energy per motion
Blood flow [62] 0.37W 0.37J
Exhalation [62] 04W 24
Breath [62] 0.091-0.42 W 0.5-251J
Upper limbs [62] 0.33-15W 1.5-6.7J
Typing by fingers [62] 0.76- 2.1 mW 143- 266 pJ
Walk [62] 5-84W 8.3-14.0J
Stepping- Heel strike [63] 2-20W 1-5]
Stepping- ankle [63] 66.8 W 33.41
Knee [64] 4.8 mW

Table 1-4. Estimation of available power and energy from human motion [62], [63]

Platt et al. [65] explored the use of PZT bulk elements in a knee implant toward the
use of autonomous biosensors. Furthermore, a vast number of studies focused on
human walking motions for power generation, and they showed that considerable
power could be generated from human walking. Examples of studies on the power
generation from human walking are Fan et al. [66], Wang et al. [67], and Hwang et
al. [48]. Fan et al. [66] could successfully design a piezoelectric harvester by which
an RMS voltage output of 1.64 V can be produced when the walking speed is 8 km/h.
Besides, kinetic energy from jaw motion [68] has been converted to electrical energy
by a flexible piezoelectric strap.

Moreover, several practical devices have been tested on animals for future body
applications. A flexible PVDF film was warped around a pig ascending aorta in one
study, and a voltage of 1.5V has been generated [69]. Furthermore, a PZT-based thin
film is integrated into the soft tissues for being attached to the heart, lung, and
diaphragm of cows and sheep [70]. Their study showed that a power density of 1.2
pUW/cm? could be produced from PZT materials [70]. Furthermore, a flexible thin-
film PMN-PT harvester with 1.7x1.5 cm? could generate an 8.2 V voltage from the
rat heart [71].

1.5.2. GENERAL TECHNIQUES FOR PVEH MODELING
1.5.2.1 Constitutive equations for piezoelectric materials
IEEE standard on piezoelectricity has introduced the linear piezoelectricity equations

from the first law of thermodynamics and the electric enthalpy density [72], as given
by:

Tij = QFraSki — exijEx (1.14)
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Di = eilekl + 85(Ek (115)

wherein T is the stress tensor, S is the strain tensor, E is the electrical field, e is the
piezoelectricity coupling coefficients, Q is the stiffness constants, D is the electrical
displacement tensor, and ¢ is the piezoelectric permittivity constant.

The IEEE piezoelectricity standard also has presented different piezoelectric
constitutive equations and the relationships between the piezoelectric coupling

coefficients. Eq. (1.16) and Eq. (1.17) show another alternative form of the
piezoelectric constitutive equations.

S = QiEjlekl + dy;;Ex (1.16)

Di = diklskl + E,’:I]‘{Ek (117)

Joshi [73] introduced the nonlinear constitutive equations for piezoelectric materials
by employing the thermodynamic Gibbs potential function, as shown by Eq. (1.18)
and Eq. (1.19).

1 1
Sij = QiEjlmTlm + diann + EQiEjlmqulmqu + EdijannEr

(1.18)
+ KijlmnTlmEn
T 1 1 T
Dy = digmSum + ExnEn + EKijlmnTlmqu + EgkannEr (1.19)

+ dklmnTlmEn
As can be seen from Eq. (1.18) and Eq. (1.19), nonlinear terms exist in the constitutive
equations.

Wang and Gross [74] have developed the constitutive equations for bimorph
piezoelectric bender with a substrate. Their formulation considers the voltage, point-
load, moment at the beam end, and uniform load.

Nguyen et al. [75] have developed the constitutive equations for two types of
piezoelectric harvesters, 31-mode by the top and bottom electrodes (TBE) and 33-
mode by interdigitated electrodes (IDE).

1.5.2.2 Linear models

In the linear models, the constitutive piezoelectric equations and the strain-
deformation relationships are linear. Therefore, the material and geometrical
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nonlinearities are not considered in the linear models. A great deal of piezoelectric
modeling techniques has been developed in the linear framework.

Single-degree-of-freedom (SDOF) models

In 1996, Williams and Yates [76] presented a mass-spring-damper model to illustrate
a micro-electric generator's performance focusing on the electromagnetic generator.
This model has not been developed for the piezoelectric purpose, and therefore the
material electromechanical coupling behavior is not present in the model.

Plat et al. [65] have developed an SDOF model with the electromechanical coupling
(from the linear constitutive equations) and extracted the steady-state response under
the harmonic excitation.

DuToit et al. [77] investigated an SDOF model considering the electromechanical
coupling effects. Using this SDOF model, they obtained the optimal conditions
(frequency and electrical load) for the optimum power generation. They also showed
that the piezoelectric voltage generation affects the beam stiffhess. The DuToit SDOF
model can provide a correct platform for sensitivity analysis of power output and
structural analysis. Nevertheless, finding the equivalent dynamic properties of the
piezoelectric beam for the SDOF model is an issue.

Therefore, some researchers employed the beam models to provide correlation factors
so that the SDOF model is correlated to the beam models, such as [78]. Shu and Lien
presented an SDOF model with correlation factors from the Rayleigh-Ritz
approximation [79].

Luschi and coworkers [80] have recently provided a global reduced one-dimension
beam model for piezoelectric beams under different beam dimensions, e.g., narrow
enough beams and beams with a very-thin piezoelectric layer and wide beams.

Beam distributed models

In 1999, Li and coworkers [81] presented the bending moment of a PZT-brass
unimorph considering the electromechanical coupling.

DuToit and coworkers [77] presented an analytical model for the unimorph and
bimorph beams using the generalized Hamilton's principle. Later, DuToit and Wardle
[82] presented the experimental verification for their analytical beam model by testing
a PZT-5A bimorph. According to their experimental data, the beam analytical model
under-predicts the mechanical response and the power output at the resonance or near
resonance.

Erturk and Inman in 2008 [83] critically reported issues in piezoelectric beam

modeling and provided solutions for these issues. Erturk and Inman, in another study
[84], presented a distributed beam model based on Euler-Bernoulli's beam theory.
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This study [84] presented detailed explanations about the power output,
electromechanically coupled responses, and power-load relationships. Later, Erturk
and Inman [85] expanded their model to bimorphs (parallel and series connections)
and carried out experimental data verifications.

In the distributed beam models, the equations of motion are often developed based on
the modal coordination so that for solving the equations, a summation over all the
modal modes (in theory, from one to infinity) is required. However, if the piezoelectric
beam vibrates with a frequency around its first natural frequency, the first mode
contribution is substantially more vital than the other modes' contributions; therefore,
the distributed beam models can be reduced to single-mode equations. Liao and
Sodano [86] introduced a reduced-order model using the analytical transverse
vibration of beams. Banerjee and Roy [87] developed a 1D reduced-order
electromechanical coupled model for the piezoelectric beams.

The previously mentioned models have been developed for conventional 31-mode
harvesters. Ajitsaria and coworkers [88] investigated unimorph benders' performance
with interdigitated electrodes by developing a theoretical model for this unimorph

type.

Kim and coworkers [89] thoroughly studied the effect of added tip mass on the
piezoelectric beams by employing the distributed beam model.

Lumentut and Howard [90] provided an analytical beam model for both bending and
axial vibration excitations, focusing on developing various frequency response
functions. Their model has good agreement with the experimental data.

Many material and geometrical properties are required for modeling the piezoelectric
harvester based on the beam models that may be incorrect or inaccessible. Therefore,
for making the beam models straightforward, Kim and coworkers [91] provided a
reduced-order beam model that the modeling parameters can be simply obtained by
the geometry and the modal data from the experiment.

The distributed beam models for trapezoid harvesters differ from the rectangular ones,
which have been generally assumed for the model development. Muthalif and Nordin
[92], Xie and coworkers [93], and Kherbeet and coworkers [94] have developed the
analytical beam models for the tapered beam configurations.

Most of the work on piezoelectric beam modeling has been derived from the Euler-
Bernoulli beam theory. Banerjee and Roy [95] presented a Timoshenko-like beam
model by taking the shear mode into account.

Paknejad and coworkers [96] developed an analytical solution for the piezoelectric
bimorph beams with a composite center shim.
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Wang and Wang [97] developed a beam model with a partially covered piezoelectric
layer and the tip mass for the nanoscale and considering the flexoelectric effect. They
showed that if the piezoelectric layer's thickness is less than 1000 nm, the flexoelectric
effect becomes significant, influencing the output voltage.

Zhang and coworkers [50] investigated a piezoelectric bimorph attached to a bridge
and developed a beam model under a moving harmonic load.

Mallouli and Chouchane [98] provided an analytical beam model for piezoelectric
harvesters with the macro fiber composite (MFC), which has the interdigitated
electrodes.

Zhou and Zhao [99] have recently revisited the classical beam approach for modeling
the piezoelectric energy harvesters and provided a comprehensive archive of the beam
models.

In the previous methods, the boundary condition is considered chiefly clamped-free.
If the boundary condition is changed, the piezoelectric beam formulation shall be
modified as well. Lu and coworkers [100] presented a beam model for two-span
piezoelectric energy harvesters and investigated this energy harvester type.

2-D Finite element models

Conventional and straightforward beam configurations can be solvable analytically
by the beam models. However, for the beam complex configurations, providing
analytical solutions is not possible. Besides, only the simple deformation theories can
be applied in the beam models; otherwise, finding the solutions would be complex.
Finite element (FE) models are powerful numerical models for solving the partial
differential equations (PDEs) under the boundary conditions (BCs).

In the FE method, the piezoelectric domain is divided into small elements, and the
PDEs are developed for the small element. Next, by assembling the PDEs, a matrix
representation of the PDEs over all the elements is obtained. This matrix equation will
be solved after applying the BCs.

Many researchers on the FE model for piezoelectric materials were devoted to the
actuator-sensor applications in a composite multi-layered structure, not energy
harvesting applications. The works by Hossack and Hayward [101], Lam and
coworkers [102], Reddy [103], and Azzouz and coworkers [104] are among the FE
models for the piezoelectric sensor or actuator applications. Later, studies have been
carried out for the FE analysis for the piezoelectric energy-harvesting applications,
including the works by Yaman [105], Moradi-Dastjerdi et al. [106], Lezgy-Nazargah
and coworkers [107], and Marqui-Junior and coworkers [108].
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Different plate theories can be employed for the FE formulation. Fig. 1-18 shows a
category of different plate theories based on the beam deformations' assumptions. In
the classical methods, the beam deformation in the thickness is null, so that the beam
displacement through the thickness is constant. In the classical methods, classical
plate laminate theory (CLPT) does not consider the shear stresses. While the shear
deformation theories consider the shear stresses, the out-of-plane stresses are not
continuous in the classical methods as the mechanical properties in the thickness are
not continuous. Here, the advanced theories appear as a tool for satisfying the inter-
laminar continuity.

The FE works on the piezoelectric energy harvesters have developed based on the
classical theories. For instance, the studies [105], [108] use the classical plate theory,
and the study [106] uses the high order shear deformation theory, but in all of these
studies, the deformation in the thickness is null. On the other hand, the studies that
used advanced theories, like [109], [110], have not been developed for energy
harvesting applications.

Classical plate theory

Classic:
No deformation in the First order shear deformation
thickness direction

Shear deformation theory

Higher order shear
deformation

Advanced: Carrera’s Unified Formulation
Deformation in the thickness

Plate theories

Fig. 1-18. Different plate theories for structural analysis of piezoelectric materials.

1.5.2.3 Nonlinear models

The piezoelectric energy harvester is typically designed to work in the resonant for
the highest possible electrical power conversion. The resonant operation can cause a
sizeable mechanical strain, as the deformation will be substantial at the resonance. If
the mechanical strain becomes substantial, elastic nonlinearities can occur, as
demonstrated by Priya et al. [111] for soft and hard PZTs.

Many of the developed models for the piezoelectric energy harvesters are obtained in

the linear framework. Nevertheless, nonlinearities can occur for the high strain
conditions. Abdelkefi and coworkers [112] developed a nonlinear distributed beam
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model for the 31-mode harvester considering the geometric, inertia, and piezoelectric
material nonlinearities. According to their conclusions, the PZT has a nonlinear
softening behavior, and the nonlinearity can affect the voltage generation performance
depending on the effective nonlinear coefficient. It has also shown that if the
piezoelectric beam exhibits nonlinear behavior, using the single-mode approximation
leads to misleading conclusions. Besides, Abdelkefi and coworkers [113] also
developed a nonlinear distributed beam model for a piezoelectric beam under the
length-wise vibration excitation.

Mam and coworkers [114] investigated the nonlinearity from large-deflection and
piezoelectric material nonlinearity for the piezoelectric beams with transverse and
axial base excitations.

Firoozy and coworkers [115] presented a nonlinear beam model for a piezoelectric
beam with a proof mass and showed that attaching a massive proof mass will change
the system behavior from linear to nonlinear, causing changes in the power generation
and optimal frequency and load conditions.

1.5.3. CHALLENGES AND PERFORMANCE OF THE PVEHS

1.5.3.1 Resonant frequency tuning

One of the challenges for piezoelectric energy harvesting is that they generate low
power on the off-resonant. Therefore, the harvester should be designed so that its
natural frequency matches the excitation frequency. Therefore, PVEH designs that
can adopt the harvester's natural frequency without changing the harvester
configurations are advantageous.

Considering a piezoelectric beam in the simply supported boundary condition,
applying a preload and using a mobile mass can be used for frequency tuning. The
preload can reduce the harvester's natural frequency up to 24%, which can also
partially increase the power output even though it also increases the damping
coefficient [116]. A mobile mass can provide an automatic resonant tuning for a range
of approximately 40 Hz [117]. Even though these techniques can lead to resonant
frequency tuning, the energy harvester with simply supported boundary conditions
has higher resonance than the clamped-free boundary conditions. This may hinder the
use of these harvesters for human motions and environmental forces.
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Fig. 1-19. Frequency tuning in simply supported beams, (2) the use of preload [116],
and (b) the use of mobile mass for the automatic tuning [117].

Using nonlinear mechanisms for resonant tuning is another option. The nonlinear
mechanisms can be applied by a direct mechanical nonlinearity (a stopper plate, for
example) or nonlinear couplings, like magnetic forces. With a spring-plate
combination in the bottom and stopper-plate on top, the resonant frequency can be
tuned by adjusting the gap between these plates [118]. Using magnetic forces and
adjusting the magnets' gap, the resonant frequency can be tuned [119]. In the non-
linear stopper and spring plates, the resonant frequency is tuned within the 150 Hz
range [118], and for the magnetic design, the resonant frequency is tuned within the
40 Hz range [119].

As mentioned before, the resonant frequency for the above resonant tuning is more
than 40 Hz, which may be significant for some applications. Another method is
adjusting the added mass position along a polymer-based large substrate [120], as
demonstrated in Fig. 1-20. This approach can provide resonant frequencies in the
range of 10 Hz.
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Fig. 1-20. The use of added mass position as a resonant tuning parameter [120].
1.5.3.2 Narrowband power output

As Fig. 1-11 (b) demonstrated a typical voltage output made on a piezoelectric beam,
the power generation will decrease meaningfully by a slight variation in the excitation
frequency. For the smaller damping coefficient becomes, the power frequency
response will have narrower bandwidth. This narrow bandwidth will reduce
piezoelectric harvesters' efficiency, as the source excitation frequency may slightly
change, which will cause a considerable power reduction. Thus, a wide range of PEH
studies has focused on providing broadband power generation. These techniques can
be broadly categorized into four groups:

e Group 1: Magnetic force [66], [119], [121]-[126]

Using the magnetic force has been one approach for providing a coupling between the
mechanical vibration and the magnetic force. Attaching magnets to the beam tip will
provide a magnetic force, which will create broadband power outputs. The magnets
can be simple permanent magnets, coils with an electromagnetic field, or oscillatory
magnets. Fig. 1-21 (a) and (b) show the permanent magnet use in two different
configurations.

(@) (b)
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Fig. 1-21. Improving the power bandwidth by (a) the use of one or two magnets by Li
and Thomsen [122], and (b) the use of a magnet and a rolling steel ball by Fan and
coworkers [66].

The power generation performances of permanent magnets in the fixed and oscillatory
configurations are compared with the standard linear harvester performance in Fig.
1-22. Comparing the standard and fixed permanent magnets in Fig. 1-22 (a) and Fig.
1-22 (b) shows that the power bandwidth is slightly improved, but the peak power is
reduced. This power reduction can be due to preventing the beam vibration by the
magnet force. Nevertheless, the oscillatory magnet design improved both the peak
power and the bandwidth power.
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Fig. 1-22. A comparison between the power outputs in (a) standard PVEH design, (b)
fixed magnets, and (c) oscillatory magnet mass [121].

e Group 2: Stoppers [127]-[132]
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Adding one or two mechanical stoppers at the beam tip can also provide a broadband
power frequency response. The mechanical stopper can be a piezoelectric beam [127]
or arigid stopper [129]. The power output over the frequency range for a piezoelectric
harvester with a beam stopper is shown in Fig. 1-23 [127], showing that the power
bandwidth is increased from a few Hertz to 25-35 Hertz. The stopper mechanism and
the magnetic forces can form a combined version for broadband energy harvester
[128].
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Fig. 1-23. The power output from a piezoelectric beam with another piezo-beam
stopper [127].

e  Group 3: Multi-modal beams [119], [133]-[136]

Another group of designs for providing broadband energy harvester is to use multiple
beams attached to one base. Such energy harvesters with multiple beams have been
shown in Fig. 1-13. By attaching several harvesting beams, a wider range of
frequencies can be covered and reach broadband power performance. One example of
the multi-modal beams is shown in Fig. 1-24 [136].

A

—
Cantilever beams
with added masses

Frequency Band

eak—Power Frequency

Frequency

Fig. 1-24. A multi-beam energy harvester design with its power output [136].

e  Group 4: Impact-driven forces [137]-[141]
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When an energy harvester is subjected to an impact, it vibrates with its natural
frequency. Regardless of the excitation frequency, each impact excites the beam with
its natural frequency; therefore, a wider power bandwidth can be expected in the
impact-driven designs. Fig. 1-25 shows an energy harvester with two piezoelectric
beams excited with the impact from a sliding mass [141]. Jacquelin and coworkers
[141] showed that this energy-harvesting design benefits from a wider power
bandwidth.

seismic mass

piezoelectric beam

Fig. 1-25. An energy harvester based on the impact force [141].

1.5.3.3 Mechanical damping

Damping has a negative role on the power generation by piezoelectric energy
harvesters as it dissipates the mechanical energy. The drop in the power output versus
the mechanical damping ratio is substantial, as can be seen from Fig. 1-26. For
instance, increasing the damping ratio from 1% to 2% will reduce the power from
2mW to 0.85mW [142].
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Fig. 1-26. The piezoelectric power output is a function of the mechanical damping
ratio [142].

As can be seen from Fig. 1-27 (a), the mechanical damping depends on the beam
width, according to Dayou and coworkers [143]. Therefore, they suggested that
splitting the beam into three splits will increase the power output due to the damping
reduction. The power increase of beam splitting is shown in Fig. 1-27 (b).
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Fig. 1-27. The influence of beam width on the mechanical damping, (a) beams with
reduced width, (b) damping ratio versus the beam width, and (c) the power output
improvement by splitting the beam [143].

For the piezoelectric beams that vibrate in the surrounding fluid, the fluid resistance
force is a factor that prevents the beam vibration. In other words, the fluid resistance
force dissipates the kinetic energy. The fluid resistance force is called viscous
damping. This viscous damping depends on the excitation amplitude and the
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surrounding fluid [144], as can be seen from Fig. 1-35 (a). The effect of surrounding
fluid on the power generation can be seen in Fig. 1-35 (b). The bimorph vibrating in
oil generates considerably lower power than that of vibrating in the air.
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Fig. 1-28. (a) The damping ratio is a function of excitation acceleration for the
bimorph vibration in air and oil and (b) the power frequency response for different
vibrating conditions [144].

One way to quantify the effect of viscous air damping on the PEH performance is to
study the power generation in a vacuum surrounding. This study has been carried out
by Elfrink and coworkers [145]. They showed a considerable power rise from the PEH
when it is vibrating in the vacuum, showing that the effect of viscous damping can be
reduced if the piezoelectric sample is inserted into a vacuum-package.
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Fig. 1-29. The power increase of piezoelectric sample using the vacuum-package
[145].

In addition to the viscous damping, internal energy dissipation is also another damping
mechanism. According to Baker et al. [146] and Crandall [147], which considered
structural damping due to acoustic radiation loss, internal damping is maximum at a
frequency called relaxation frequency. In Crandall's study [147], it was shown that by
adding a strip of damping tape to an aluminum plate, internal damping changes with
an order of six, indicating the importance of adding viscoelastic materials on structural
damping. Baker et al. [146] showed that structural damping has a negligible
dependency on the vibration amplitude for thin benders.

1.5.3.4 Fragility of Ceramics

Ceramics, Piezoceramic, and single crystals have excellent piezoelectric properties,
yet they suffer from fragility and inflexibility. Sessler in 1981 [148] reported that
piezoelectricity exists in the PVDF polymer. Nevertheless, the low piezoelectric
coupling coefficients in the PVDF are an issue. Thus, many efforts have been focused
on proving flexible piezoelectric samples with an excellent piezoelectric conversion.

One of the solutions is to manufacture composite materials with piezoelectric fibers.
Two of the widely used piezo-composites are Piezoelectric Fiber Composite (PFC)
and Macro Fiber Composite (MFC). The PFC has cylindrical fibers, while the MFC
has rectangular fibers. In both of them, the Piezo-fibers are aligned and embedded into
a polymer resin. Therefore, these composites become more flexible, but their power
generation performance diminishes [7].
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Fig. 1-30. The illustration of Piezo-composites, (a) Piezoelectric Fiber Composite
(PFC), and (b) Macro Fiber Composite (MFC) [149]

Crossley and Kar-Nayaran [150] discussed the thin-film flexible Nanogenerators
based on piezoelectric nanofibers. Using piezoelectric particles to form a piezoelectric
composite layer with interdigitated electrodes is investigated by Sun and coworkers
[151].

3D printing using the polymer PVDF can also manufacture the flexible composite
piezoelectric structures [152]. A highly flexible piezoelectric sample made from
PVDF sandwiched between aluminum substrates is developed for energy harvesting
from human vessels [69].

Another solution, developed by Hwang and coworkers [71], is to manufacture a thin
film ceramic and then attach it onto a flexible substrate. Hwang and coworkers
fabricated the flexible piezo-harvester from PMN-PT single crystal to harvest energy
from the external heart wall [71].

A flexible type of materials for piezoelectric energy harvesting is recently developed
from the pomelo fruit membrane [153]. This piezoelectric generator's performance is
low compared to the other materials, but this material is bio-waste and sustainable.

1.5.3.5 Temperature effect

The temperature harms the piezoelectric performance. Above the Curie temperature,
the piezoelectric materials will be depolarized and lose their conversion ability.
Between the room temperature and the Curie temperature, the temperature also affects
the piezoelectric voltage generation.

For the Piezo-composites, the MFC [12] and PFC [154], the conversion mechanism
has the best performance around 20°C, and after this temperature, the power
generation is expected to decrease. In another study in Ref. [155], it is observed that
for the Piezoceramic PZT-5A, increasing the temperature will reduce the voltage
output. For higher excitation forces, the voltage reduction due to the temperature
becomes more severe.
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Fig. 1-31. The temperature effect on the Piezo composites, (a) voltage output from a
Macro Fiber Composite (MFC) sample [12], (b) ds3, and (c) ds1 coefficients for

Piezoelectric Fiber Composite (PFC) [154].
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Fig. 1-32. The effect of temperature on the voltage output from PZT-5A [155].

The piezoelectric composite made from the piezoelectric particles in the polyimide
matrix has demonstrated excellent performance at high temperatures [151], as shown

in Fig. 1-33.
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Fig. 1-33. The improved performance of the piezoelectric composite made from
piezo-particles and polyimide matrix [151].

1.5.3.6 Long-term use of PVEHs

The discussion about the long-term use of piezoelectric harvesters has recently drawn
attention. There is a low number of studies on the fatigue performance of PVEHS.
Nevertheless, as PVEHSs aims to provide a long-term power source, their long-term
performance shall be considered. Salzar and coworkers [156] have recently reviewed
the fatigue behavior of piezoelectric materials for energy-harvesting applications.

The MFC fatigue behavior can be more difficult because, generally, composites'
fatigue behavior is challenging. Therefore, there are more studies on the MFC
behavior study than other materials.

The MFC composite with PZT fibers after around 1 million cycles experiences a drop
in the power generation and a shift in the resonant frequency, as shown in Fig. 1-34
(a) [157]. Therefore, this frequency shift should be considered if the resonant
matching design is considered. Besides, in Ref. [157], it has been observed that the
MFC layer in tension has more severed power degradation than the compressed MFC,
as shown in Fig. 1-34 (b). The severe power degradation in the tension-layer is
because of the initiation of Micro-cracks, which has been observed experimentally
[157].
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Fig. 1-34. The fatigue behavior of MFC with PZT fibers (a) frequency shift and (b)
the voltage output for the compression and tension layers [157]

Ref. [158] investigated the MFC's fatigue behavior with single-crystal fibers (soft and
hard single crystals). In both samples, after 1 million cycles, the power variation
initiates. Nevertheless, the power degradation for the soft single crystal fibers is more
severe [158]. This outcome can be seen in Fig. 1-35 (a) and (b).
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Fig. 1-35. The power output during a fatigue test for MFCs (a) hard single crystal fiber
and (b) soft single-crystal fiber [158].

Another study about the MFC fatigue behavior, the voltage output, surface strain, and
natural frequency is analyzed over a cyclic loading [159]. In the first 0.5 million

66



CHAPTER 2. PIEZOELECTRIC ENERGY HARVESTER

cycles, first, a drop in the voltage experienced, but afterward, again, the voltage value
is slightly recovered. The resonant frequency constantly reduces during the cyclic load
in contrast to the strain where it increases constantly. According to Ref. [159], if the
acceleration level is below 6 m/s?, the voltage degradation is negligible, as shown in
Fig. 1-36 (c).
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Fig. 1-36. The fatigue behavior of the MFC, (a) the voltage for 0.5 million cycles, (b)
the resonant frequency and strain for 0.5 million cycles, and (c) the voltage for
different strain levels during 20 million cycles [159].

Ref. [160] compared the fatigue behavior of PVDF, MFC, and PZT materials for three
different tip mass ratios. The power output made from these materials over the cyclic
load is shown in Fig. 1-37 [160]. PVDF does not demonstrate power reduction due to
the fatigue, while there is a power reduction for the MFC and PZT. The MFC fatigue

67



DESIGN, MODELING, AND ANALYSIS OF PIEZOELECTRIC ENERGY HARVESTERS

behavior is abnormal compared to the PZT. For 10% and 30% tip mass ratios, the
power output remains relatively constant, while for the 20% tip mass ratio, the power
is reduced over time. There is power degradation for all tip mass ratios for the Quick

Pack sample (with PZT layers); especially for the larger tip mass ratio, the power
reduction increases.
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Fig. 1-37. The voltage degradation for three different tip mass ratios for (a) PVDF,
(b) MFC, and (c) Quick Pack made of PZT [160].

Yang and Zu [14] showed that the fatigue performance of the single crystals PMN-
PT and PZN-PT is more substantial than the PZT.

In some applications, there is a need to insert the piezoelectric beam into a package
box. This packaging box will reduce the power output according to Ref. [145], as

demonstrated in Fig. 1-38.
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Fig. 1-38. The performance of piezoelectric energy harvester under atmospheric
packaging box [145]
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1.6. OBJECTIVES

As a general objective, this Ph.D. thesis aims to progress the state-of-the-art in
piezoelectric energy harvesting. By this project, the following objectives are
elaborated:

1. Modeling of piezoelectric energy harvesters (PEHS):

a.

Presenting a comprehensive finite element model by which a wide range of
piezoelectric harvester configurations can be analyzed.

Accommodating the advanced plate theories with shear-stress considerations
in the FE model.

Accommodating the viscous and structural damping mechanisms in the FE
modeling.

Presenting a layered model for the piezoelectric multi-layer composite
materials.

Developing a unified electromechanically coupled equation for the voltage
output toward better electrical and mechanical modulations of piezoelectric
energy harvesters.

Demonstrating the correlation between the simple spring-damper-mass,
distributed beam, and FE methods.

2. Parameter investigation for the PEHs

a.
b.

®

Clarifying the role of substrate and bonding layer on the power generation
The tip-mass effect on the power output, resonant frequency, and viscous air
damping

Developing straightforward methods for the determination of damping in a
simple experimental setup

Ilustrating the role of different damping mechanisms on the total damping
Demonstrating the role of structural damping

Investigating the viscous air damping under different piezo-beam excitations

3. Applications of the PEHs

a.
b.

Exploring the possible vibration energy sources for the PVEH

Investigation of piezoelectric energy harvesters with simple configurations
that can be easily adopted into motors

Comparing the performance of different materials in the energy harvesting
Developing and investigating the remote condition monitoring as a
significant possible application of the PVEH

Investigating different approaches for the resonant frequency matching
method.

Analyzing and developing power management systems so the output power
by PEH can power small electronic devices.

Optimizing PEHs from composite material toward better power generation
performance.

69



DESIGN, MODELING, AND ANALYSIS OF PIEZOELECTRIC ENERGY HARVESTERS

h. Improving the power generation from practical vibration sources by
geometry and material modulations.

1.7. THESIS OUTLINE

The thesis is structured with the following chapters.

Chapter 2 presents these thesis contributions to the modeling techniques for the
piezoelectric energy-harvesting beams. The SDOF method with an equivalent beam
approach for structural modeling of unimorph and bimorph is reported. The
distributed beam model is revisited to present a unified electromechanically coupled
equation for the voltage, which is then the transient response under the harmonic
motion is reported for the beam model. Finally, a comprehensive FE method for non-
uniform variable thickness beams using the advanced plate theories is reported. A
sideline subsection is dedicated to the layer-wised modeling of the MFC.

Chapter 3 presents this thesis's contributions to the sensitivity analysis of different
elements in a piezoelectric beam. The substrate structure, the added tip mass, and the
contact layer are studied.

Chapter 4 contributes to the damping determination methods in piezoelectric
harvesters from only the voltage measurement outputs. Moreover, the contributions
of different mechanisms in energy dissipation are investigated.

Chapter 5 presents the contributions of this thesis to the design of practical
piezoelectric energy harvesters. One application of piezoelectric energy harvesting,
the autonomous condition monitoring system, is studied in detail. The resonant
matching design is investigated. Moreover, a multi-beam trapezoid configuration with
improved strain contours is presented as a way for broadband power generation.

Chapter 6 summarizes the thesis's main contributions and comments on future
research directions.
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CHAPTER 2. PIEZOELECTRIC ENERGY
HARVESTER (PEH) MODELS

This chapter aims to present the methods for modeling piezoelectric energy
harvesters. Two of the typical 31-mode energy harvesters are unimorph and bimorph
energy beams. In the unimorph harvester, one piezoelectric layer is attached to a
substrate shim, as shown in Fig. 2-1 (a); in the bimorph harvester, two piezoelectric
layers are attached to the substrate shim, as shown in Fig. 2-1 (b). A proof mass may
be added to the beam tip to generate more power output in either of them.

‘ ::-,': 4

’
// ;/ £===— Piezoelectric

// L Contact layer h
PRSP SRR Substrate shim C

ﬁ %
A

Fig. 2-1. Typical energy harvesting beams, (a) unimorph [161] and (b) bimorph [4]

This chapter presents different models for modeling piezoelectric energy harvesters
derived from the previously published papers. Single-Degree-of-Freedom (SDOF)
method is rewritten from Ref. [161], the beam distributed model is rewritten from Ref.
[4], [162], finite element model is rewritten according to Ref. [163], and the modeling
for Macro-fiber Composite (MFC) energy harvester is rewritten according to Ref.
[164].

2.1. THE DESCRIPTION OF BENCHMARK EXAMPLE

Throughout this section, for validation and sensitivity analysis, a benchmark example
is used. The experimental data for this benchmark example has been reported by
Erturk and Inman [165]. Researchers have extensively used this benchmark example
for the model validations [32], [162], [163].
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The benchmark example is a bimorph piezoelectric beam with 0.012 kg added tip
mass, consisting of two PZT-5A piezo layers with a brass center shim. Table 2-1
presents the benchmark example's geometries and the material properties for the piezo
layers and the substrate brass shim.

Length of the beam (mm) 50.8 Width of the beam (mm) 31.8
Tip mass, (kg) 0.012 Damping (experimentally measured) = 2.7%
Substrate shim (brass)

density (kg/m?3) 9000 Young's modulus (GPa) 105

thickness (mm) 0.14
Piezoelectric layer (PZT-5A)
Density (kg/m?) 7800 thickness- each layer (mm) 0.26
£ (GPa) 66.0 e,5 (C/m?2) -15.9

Permittivity (F/m) 1.593x10-8
Table 2-1. The geometries and material properties for the benchmark example [165].

2.2. SINGLE-DEGREE-OF-FREEDOM MODEL (SDOF)

This section deals with the Single-Degree-of-Freedom (SDOF) model for
piezoelectric beams. DuToit model is employed as the base method for this section.
However, this method has some limitations, which will be discussed during the
method presentation. Some tips will be provided during the model derivation to
overcome the method limitations.

DuToit model is an electromechanically coupled model that represents a piezoelectric
beam with an SDOF vibration system. In the DuToit model, electrical and mechanical
equations are not separated and assumed coupled. The electromechanical-coupled
model is the correct model for piezoelectric materials [83], as piezoelectricity is a
material characteristic. DuToit model [77], as shown in Fig. 2-2 (a), comprises a
piezoelectric mass with internal resistance R, connected to a load resistor R;. In this
model, the entire structure is piezoelectric and, therefore, electromechanically
coupled.

This model has the following advantages and disadvantages.

Advantages:
e  Simple method requiring a small number of variables and easy to implement
e Representing the proper electromechanical behavior of piezoelectric

materials
e  Useful for both 31 and 33 mode energy harvesters
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e Considered the backward piezoelectric effect; able to demonstrate the open-
circuit and short-circuit condition effects on the structural response

e  Giving analytical function for the output voltage and power facilitate finding
the optimum electrical load

e Can accommodate the added tip mass

Disadvantages:

e Too much simplification for the structural modeling (material, layup, and
geometry)

e Not applicable to complex structures of the PVEHs

e Arough estimation of the natural frequency

For the electrical equivalent circuit, the piezoelectric material is modeled as
capacitance (Cp) and resistance (Rp) in series connection, see Fig. 2-2 (b). The scale
of internal piezoelectric resistance is >10°% which is large to the external load
(R;<1MQ); therefore, it can be neglected. According to DuToit et al. [77], [82], the
capacitance of a piezoelectric layer is defined as a function of the permittivity constant
&%, piezoelectric surface area A,,, and the piezoelectric thickness h,, by:

C, = 514y /My (2.1)
Mgt
pieZOEIeCtI'iC Mt x(t) Piezoelectric sz,i R';
[ h b -x _-)

Base Meff Mpiczo/3+M;

Xg(t) Rp Internal resistance

Length (L), Width(W), Elasticity modulus (E),
Density (p)

R, External resistance

(@)

R,

CP R A%
b L ﬁ

Fig. 2-2. (a) DuToit SDOF model for PVEHSs and (b) electrical circuit for the PVEH

The DuToit model can be used for 31 (bending) and 33 (extension) mode energy
harvesters. Therefore, the piezoelectric coefficient "d" should be inserted according
to the mode of vibration. In this section, the 31-mode harvester is considered, thus,
ds, is inserted into the model.
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The vibration equation for a non-piezoelectric SDOF vibration system is [166]:

F(t) + 20w, % (t) + w2x(t) = —i5(t) (2.2)

Wherein mechanical viscous damping coefficient and natural frequency are
respectively ¢, and w,,. {,, usually is extracted from experiments, but w, can be
extracted either by experiment or analytical modeling. Different methods estimate w,,
with different accuracies.

However, if the vibrating element is piezoelectric, a backward piezoelectric effect
should be added to the mechanical vibration equation due to piezoelectricity. DuToit
et al. estimate the coupling effect with 8 = w2ds; [77], [82].

Ref. [77], [82] assumed that the piezoelectric element is the only vibrating element,
while in many practical cases, the piezoelectric element is attached to a substrate. To
accommodate the unimorph design, a coefficient is introduced as the ratio of the
piezoelectric layer mass to the total beam mass, i.e., @ = Mpjez0/Mpeam- If the energy

harvester is only piezoelectric layer, then o=1.

Consequently, the equations of motion for this system under base excitation can be
expressed [77], [161]:
F#(t) + 2w, {nx () + w2x(t) — abV (t) = —ig(t) (2.3)

Rymegs0x(t) + R,C,V (D) +V(t) = 0 (2.4)

x, V and Xy represent the displacement field, output voltage, and base acceleration,
respectively. Besides, the effective harvester mass and piezoelectric coupling factor
for the harvester are respectively mqg and d. meg is the effective mass of the
piezoelectric layer because of the electromechanical coupling. m.¢ and w,, are given
by [77]:

Mesr = "lpiezo/3 + M, (2.5)

Wy = ’C.'flAp/meffhp (26)

wherein C£, is the elastic modulus in the 31 direction under the constant electric field.

By solving the first-order differential equation for voltage (Eq.(2.4)), it can be shown
that generated voltage can be expressed as:
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M Lt _S_
V() = —g—ffe CPleeCPRlJ'c(s)ds 2.7

b 0

As can be seen from Eq. (2.7), the voltage output has a time constant of ﬁ analogous
pil

to RC circuits, and a dependency to the velocity because of x(s). However, x(s) is
coupled with voltage output because of the backward piezoelectric effect, see Eq.
(2.3). Therefore, these equations should be solved simultaneously. 0

If the base excitation is a harmonic signal ¥ (t) = Xze/®1t, then the steady-state
displacement is also a harmonic function with the same frequency but with complex
magnitude such as x(t) = Xe’/“1t, By substituting these expressions into Eq. (2.3) and
(2.7), the output voltage per acceleration unit is

Ve _ JRiMegrw, 0
XB (1 +lew1Cp)(w121 - wlz +j2(mw1wn) +jaleeff92w1

eloat (2.8)

Because of the capacitance in the piezoelectric electrical circuit, the voltage output is
a complex parameter, and the measured voltage is the magnitude of this complex
parameter. Besides, from Eq. (2.8), e/®1¢ indicates that the steady state voltage is
harmonic, similar to the base excitation. The voltage magnitude per unit acceleration
can be expressed by:

40)
Xy

Rymegrw, 0

(02 — 0 = 20mwnw?R,C,)° + (2.9)

(Z{mwlwn + Rw,Cp(wi — w?) + aleeffGZwl)Z

2
By defining a new electromechanical coupling factor k?zcgn , @ dimensionless

S
31631

frequency Q = w;/w,, and r = R,C,w, [77], the displacement, voltage, and power
(lp@®)] = Rllv(t)lz) normalized to the acceleration can be expressed with:
1

x(O] J1+ (rQ)? (2.10)
Xp | w2 JT1 = (1 + 20nr) Q2] + [(L + ak2)rQ + 20, — r Q3]
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V(t) _ mefled31an (2-11)
X5 | Y= A+ 20,027 + [ + ak2)rQ + 20,0 — rO3]?

P(t) _ (1/a)n)meffrkgﬂz

%5’ 1= (14 28,1022 + [(1 + ak2)rQ + 24,0 — rQ3]? (212)

DuToit model estimates the harvester's natural frequency in the simplest way, which
is only valid for a single piezoelectric layer, not for unimorph and bimorph harvesters.
This inaccurate natural frequency estimation can lead to inaccurate power estimations,
as w,, appears in both voltage and power equations, see Eq. (2.11) and (2.12). There
are two ways to eliminate this issue. One is to extract the natural frequency from
experiments, and the other is to estimate the natural frequency using the Equivalent
Beam Method (EBM), as demonstrated in subsection 2.2.1.

As shown from power output in Eq.(2.12), apart from a piezoelectric harvester's
physical properties, output voltage depends on load resistance and excitation
frequency for a given excitation magnitude. Therefore, it is of great interest to find
the optimum load (R,.) and resonant frequencies (wyeson,) that give the maximum
power. The optimal conditions can be extracted by differentiating the power output
equation.

e  For obtaining the optimum electrical load: a%(|p(t)|) =0 R, = Ropt.

1 O+ (434 —-2)0% +1 (2.13)
Cown Q6 + (402 — 2(1 + k2))Q* + (1 + k2)2Q2

Ropt =

The optimum load not only depends on the piezoelectric electrical features (k2 and
C,), it depends on the mechanical properties (w, and ¢,,) and excitation frequency

().

The optimum load is plotted against the excitation frequency () and the mechanical
damping (¢,,) in Fig. 2-3. Four damping coefficient values, i.e. ,,=1%, 2.5%, 5%,
and 10%, and a range of excitation frequencies 0.2< Q<2 is plotted. As it can be seen
from Fig. 2-3, the optimum load has a great dependency on the excitation frequency
over the whole range. On the other hand, the damping coefficient influence on the
optimum load is prominent at two peak frequencies, but the rest of the frequency range
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does not considerably influence the optimum load. These frequencies will be
described in detail in the next paragraph. As these frequencies lead to the highest
power generation, then it can be concluded that the damping coefficient has a
considerable effect on the optimum load selection.

10
=% Cn=2% 3AMQ w,=31.3 le2
O AL/ — ds-593x10 rr;/v
106 £5=1.137x10°m/V
= M, =0.0075kg
z 4 M,=0.01kg
=, 10 376.8kQ hy=0.01m
j=h
= A,=0.0001m?
ko=1.134
10%} ]
10° . ‘ ‘
0.5 1 1.5 2
Q=w1/wn

Fig. 2-3. Optimum load as a function of excitation frequency and damping coefficient
in SDOF DuToit model.

e For obtaining the resonant excitation frequency: a% (p@®D =0>Q = Qreson.-

After the partial differential, it can be shown that the resonant frequency depends
on the electrical load (because of the backward piezoelectric effect). Therefore,
there is a coupling between the optimum resonant frequency and the optimum
load. Here two special load conditions are considered, i.e., short-circuit and open-
circuit.

At short-circuit condition: R;>0,

Qe =1, 0y =w, = ’C—flAp/meffhp'

At open-circuit condition: R; >0,

QOC =4/ 1+ kg = ’CflAp/meffhp.

(C2,: elastic modulus in the presence of electrical displacement)

According to these resonant frequencies, the coupling coefficient also can be
calculated by:
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kg = (ro/ﬂsc)z -1

(2.14)

Power output over the excitation frequency range of 0.2< Q<2 is shown in Fig. 2-4
for a range of small to large electrical loads. When the electrical load is in the
range of hundred to kilo Ohms, the peak power is at a frequency range Q. = 1,
which is close to the pure structural natural frequency of the beam. While the load
increases to Mega Ohms, the peak power occurs at Q,. = 1.52. Therefore, it can
be concluded that the frequency at which the power is maximum depends on the

electrical load.

10% € *

N ,.'~: ...... -
, , \\ ------ ‘/ \\ .......... w,=31.3 Hz
-------- et ~ 24 KN e,
----------------- ’ >< ~ d=593x102m/V
..... . e .
0 ey il R £5=1.137x108m/V
107 & ___A:- """""""" Ity
P M,=0.0075kg
b d
4 = Q,.=151 M,=0.01kg
g Qsc_l x h t-0 01lm
3 10-2 L > 1 R
= 4,=0.0001m?
= k,=1.134
10 . - ]
—R,=107(2) erverrems R=10"(Q)
- = “R=10°(Q) —---- R=10"()
107 ‘ ‘ ‘
0.5 1 1.5 2
Q=
o'}1/ wn

Fig. 2-4. The power output versus the excitation frequency and load in the SDOF
DuToit model.

2.2.1. EQUIVALENT BEAM METHOD (EBM) FOR NATURAL FREQUENCY
APPROXIMATION

As described before, the DuToit model uses a simple approach for natural frequency
estimation. The Equivalent Beam Method (EBM) is introduced to improve the natural
frequency estimation. The EBM method was introduced by Yi et al. [167]. An
advantage of the Yi approach is that it also accommodates the added tip mass effect
on the natural frequency.

According to Yi et al. [167], the beam's natural frequency can be estimated by

estimating the piezoelectric beam's effective stiffness and mass. They linked the
effective stiffness to the effective spring constant at the beam tip, which can be
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expressed by the bending stiffness, width, and length of the beam given by Eq. (2.15).
The effective mass is also estimated from the effective beam mass at bending and the
added tip mass, as given in Eq. (2.16).

eff = 33# (2.15)
Megs = 0.236Mpoam + M, (2.16)
wherein Dy is the bending stiffness.
Consequently, the natural bending frequencies can be obtained by:
w2 = 22 /02363 A’;ffff 247)

wherein 4, is the eigenvalue constant for the bending modes. Specifically, A,, are the
roots for the equation: cos(4,)cosh(4,,) = —1. For the first five modes, these
coefficients are: 1,=1.875, 1,=4.694, 1;=7.855, 1,=10.996, and 1;=14.137 [168].

The bending modulus per unit length can be expressed with:
e  For piezoelectric only sheet
hyp/2
Dy = QF zzdz—iQE h3
B — 11p - 12 11p"*p
—hypr2 (2.18)

Myeam = ppLBhp

e  For unimorph harvester (piezoelectric layer and substructure shim)
h

0 p
Dg = f Q11,(z — Zp)?dz +f Qf1p(z — Zn)?dz

—hg 0
QR Ry + QuilhE + 205, Qui hyphs (2hE + 2hE + 3hyhy) 2.19)

12 (Quy hs + Q5 1y )

Myeam = LB(pshs + pphp)
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e For bimorph harvester (two piezoelectric layers and substructure shim)

Dp = f Qflpzzdz + f Qu1,2%dz + f QllpZZdZ
hs hs hs
~hp= -3 ¥ (2.20)

2
= %(Qflp(Bhf; + 6h,hZ + 12h2h) + Qnshg)

Mpeam = LB(pShS + zpphp)

2.3. DISTRIBUTED BEAM MODEL

In the distributed beam model, the piezoelectric beam is analyzed using beam theories,
and an analytical model can be obtained for the mechanical and electrical responses.
Here, the beam equation of motion based on the Euler-Bernoulli beam theory is
employed.

2.3.1. MECHANICAL VIBRATION EQUATION

Fig. 2-5 presents the piezoelectric beams and the associated parameters. The presented
method here considers both unimorph and bimorph beams. These two configurations
are shown respectively in Fig. 2-5 (a) and (b). The beam shall be investigated as a
bending problem, requiring the neutral axis to be determined, as the z distance is
measured from this axis. The front-view and thicknesses are shown in Fig. 2-5 (c).
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(@) (b) (©)

neutral
axis

— 1_’:7

piezoelectric

neutral
axis

non-piezoelectric

Fig. 2-5. The piezoelectric beams with added tip mass and their parameters for
developing distributed beam model, (a) unimorph, (b) bimorph, and (c) thicknesses in
front-views. (L: length, b: width, h: thickness, ,,: axial strain, E,: electrical field,
Y5 (t): base excitation) [162].

Fig. 2-6 shows the steps for deriving the distributed beam model. It starts with the
equation of motion (based on Euler-Bernoulli theory), followed by stresses-strain and
strain-deformation relationships. These relationships transform the equation of
motion to a differential equation between the beam deformation, external acceleration,
and material properties. To solve this differential equation for the beam deformation,
the physical coordination is transformed to the modal coordination, and the beam
deformation is expressed as the summation of the vibration modes. The modal
expression will give a series of the decoupled second-order differential equation,
which their solution is known.

1.Equation of motion 2. Constitutive equations 3. Beam curvature relation
stresses +— memél
acceleration )
\ 1| stresses «— strain strain «— deformation
inertia (mass)

5.modal decoupling 4.Differential equation ‘
decoupled differential deformation < ex:erna}
equations using modal « acceleration

coordination

material properties

Fig. 2-6. Five steps for obtaining the distributed beam model.
The motion equation can be obtained using the beam'’s free diagram (see Timoshenko

[168]). By considering the Euler-Bernoulli beam theory, the beam equation of motion
can be given by [96]:
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0*M(x, t) ow(x,t) 0%w(x, t) d2Yz(t)
. s 221
92 +C, ot +m 92 (m* + M,) i (2.21)

wherein M(x, t) is the bending moment, m* is the effective mass per unit length, and
C, is the viscous damping coefficient. The bending moment, created by the axial stress
due to the beam deformation, can be expressed by:

M(x, t) = f (T: axial stress)dA (2.223a)

If the beam width is constant, then dA = bdz, and the bending moment yields to;

thickness
2
constant width
— M(x,t) =b f (T: axial stress)dz (2.22b)
_thickness

2

The bending moment for the unimorph and bimorph then can be given by [162]:

-2 0 2 (222C)
M(x,t) = —b <j TS, zdz + J TP, zdz + j TP, zdz)

~Za ~Zb 0 Unimorph

ns s By (2.22d)
M(x,t) = —b f N TP, zdz +fh TS, ZdZ+.L TP, zdz

~hp=3 2 z Bimorph

The superscripts "p" and" s" represent the piezoelectric and substrate properties,
respectively.

The constitutive equations will relate the stress in piezoelectric and substrate layers
and the strain. As the strain is linked to the beam curvature, it can only be directly
estimated from the beam deformation. The constitutive equation for piezoelectric and
substrate (non-piezoelectric) layers are different because electromechanical coupling
exists in piezoelectric materials. The constitutive equations for piezoelectric and
substrate layers are given by [162]:
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fo = Eflsxx —€31E; Ty = Yebu (2.23)

By applying the base excitation Y5 (t), the beam will deform with the deformation
shape w(x, t), as shown in Fig. 2-7. Using Euler-Bernoulli beam theory, in the linear
framework, the axial strain can be expressed by the beam curvature, as given by:

92w(x, t) (2.24)

beam deflection
w(x,t)

Fig. 2-7. Beam deformation and axial strains because of the beam base excitation.

By substituting the constitutive equations Eq. (2.23) and strain-curvature equation Eq.
(2.24) into the equation of motion, the beam equation of motion can be expressed with
the beam deformation and material properties as given by Eq. (2.25) [162]:

*w(x, t) ow(x, t) *w(x, t)
YI *
ot TG T o0
dé(x) dé(x—1L)
dx dx
d*Yg(t)

=—(m +M,)—2—-
(m+ t) dtz

(2.25)

+ PVR(t) <

Y1 is the beam stiffness, and P is the piezoelectric coupling factor. These parameters
are summarized in Table 2-2 for both unimorph and bimorph beams.

For solving the partial differential equation in Eq. (2.25), the method of variable
separation will be assumed. The generalized coordination is assumed the modal
modes because they are known for a wide range of problems and have physical
meaning. It is considered that the beam deformation is a summation of all vibration
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modes, but their contributions in the solution are unknown, which should be solved
through the differential equation. The beam deformation is given by:

Z ¢ (om; () (2.26)

wherein ¢;(x) are the modal modes and n;(t) are their contributions in the
summation. Until now, no assumption regarding the boundary conditions has been
made. The boundary conditions are introduced to the solution by assuming suitable
modal modes, i.e. ¢;-s. Therefore, the modal modes ¢; should satisfy the cantilevered
boundary conditions and also accommodate the added tip mass effect. The four
boundary conditions are given by:

Hwx =0,t) =0> ¢;(x =0)=0
(i) w'(x =0,t) = 0> ¢d;(x = 0)=0
(i) w(x = L, £) = 0> }'(x = L)=0 (2.27)

(iVyw"'(x =L,t) = 0> ¢ (x = L)=0
The cantilevered beams' mode shapes have been previously presented, as shown in
Eq. (2.28) [169].

_ A A A A
o) =x coshfx —cos X + a; <smhfx - smfx)] (2.28)

wherein

A; istheroot of 1 + cos A; cosh 4; + 4; % (cos A; sinh A; —sin 4; cosh 4;) = 0 and

. M¢
Im*L

cos A;+cosh A;—4;-2E [sin A;—sinh 4;]

sinA;—sinh 4;+4

L [cos 2;—cosh ;]
a; isgiven by a; =

tm*L

Because mode shapes are not unique, it is of interest to normalize them to the mass.

This mass normalization is achieved by setting the coefficient y; to a value that
e L,

satisfies ['m"¢7 (x) dx + M p7 (L) = 1.

Therefore, using the modal coordination, the equation of motion yields to:
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Y132, &P GOn; () + Co 221 by ()0 (6) + m* T2, by ()i (6) +

ds(x) ds(x-L)
PVR(®) (B2 = E2) = —(m” + MY, (0).

(2.29)

A4
From Eq. (2.28), ¢ (x) = (%) d; (). Eq. (2.29) is multiplied by ¢;(x) from the
right-hand side, and integrated from 0 to L, as given by:

vize | () ee0e,dx| no +
Ca X2 [fy ¢-<x)¢,-<x)dx]ni(t) T

m* 52 [ [ 00, () dx] fig(6) + PVR(0) L2
= (m fy o;(0)dx + M, f b;(x)dx) ¥z (0).

dd’](x) dd)](x L)| — (230)

The modal orthogonality characteristic states that fOL G ()b (x) dx = 6;;.
Therefore, Eq. (2.30) is simplified to:

I () 000) + £20,(0) + i) + P 22 o) =

- (m [F b ()dx + Mtq)n(L)) ¥, (0, where n=110 oo,

(2.31)

The definition of natural frequency and damping coefficient, as given by Eq. (2.32),
is applied to standardize the formulation.

\% |1 Ca
on= (1) = 2o (2.32)

With these definitions, along with the new defined coupling coefficient Y, and the
excitation coefficient o (see Table 2-2), the electromechanical vibration equation
becomes:

i () + 28w (t) + @i, (£) + YVR(t) = —0,Yp(t), n=1t0 00 (2.33)
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Parameter Unimorph Bimorph
3 3 3
RN 2e RS ART AR N A A (/A LA
&b _, 5 €31b[p2 hs/ \?

;o R )
m' b(h, + hs) b(2h, + hs)

L
6 m [ g+ Mty (1)

0

d¢, (x)

Y, P ( dx -

Table 2-2. Summary of the defined parameters for the vibration equation of
piezoelectric beams

2.3.2. ELECTRICAL CIRCUIT EQUATION

For assessing the electrical equations, it should be noted that only the electrical
displacement in z (or 3) directions is non-zero due to the poling direction, see Fig.
2-5. According to Gauss's law, the current through each piezoelectric layer is given

by:
d
I(t) = a# D;(t)dA = ZVR(t) (2.34)

wherein D5 is the electrical displacement in 3-direction, and X is the circuit
admittance. As only a purely resistance is connected to the piezoelectric layer, the
admittance is £ = 1/R;.

D5 can be related to the mechanical stress and electric field using the piezoelectric
constitutive equation, as given by [96]:

D3(t) = €318, (t) + E33E5(L) (2.35)

wherein &;5 is the permittivity constant at constant strain (the plane-stress), which is
obtained from the permittivity constant (el3) at constant stress by &5 = €l; —
e3,/(¢t1)?[165].

E; can be estimated by assuming a constant electrical field through the piezoelectric
thickness, as can be expressed with:

Es(t) = — V‘,‘l—:f) (2.36)
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£ IN EQ. (2.35) is the average strain on the piezoelectric layer. ¢, is obtained from
Eq. (2.24) and assuming z to be the mid-plane of the piezoelectric layer. For the
bimorph z, = (hs + h,)/2, and for the unimorph z, = Z,, see Fig. 2-5.

Substituting the axial strain and the electrical field, the derivative of Eq. (2.35) is given
by:

dD;(t) _ 0Pw(x,t) &3 dVR(t)

dt PV gtax®  h, dt (2:37)

Substituting Eq. (2.37) into Eq. (2.34), the electrical equation becomes:
L

Vr(0) bf _ 0Pw(x,t)  E3dVR(t) d

R e ook TR, dt |
Or (2.38)

A
L

Vr(t) N €33bL dVR(t) _ 23w(x, t)

R, ' h, dt %) Taraxz

0

Now, term A is approximated using the modal expansion (presented in Eq. (2.26)), as
given by:

F 93w(x, b) de, (x)
= | S dx = Z( ] )nn( ) (2.39)
0 n=

Thus, the electrical equation yields to [4]

Vr(t) + €33bL dVR(t) _ —pre_31Z (d¢n(x) ) N0

R, ' h, dt ’
—— n=

cp Ip(D=35% 1 Aniin(t)

(2.40)

Eqg. (2.40) is analogous to Kirchhoff's current equation for an RC circuit. Therefore,
the term associated with the voltage derivative is called the capacitance C, and the
right-hand side of the equation is similar to a current source I, (t) due to piezoelectric
effect.

Eq. (2.40) is derived for only one piezoelectric layer. If the energy harvester consists
of more than one layer, an effective circuit can be found for either series or parallel

87



DESIGN, MODELING, AND ANALYSIS OF PIEZOELECTRIC ENERGY HARVESTERS

connections. Khazaee et al. [162] presented the effective circuit for bimorph under the
parallel and series connections, as shown in Fig. 2-8 (a) and (b), respectively. The
effective electrical resistances for the series and parallel connections are R ¢=R; and
R.s=2R;, respectively. Besides, the effective capacitance for the series and parallel
connections are Cp, o=Cp/2 and C, o¢=C,, respectively [165]. Therefore, the general

electrical equation yields

[oe]

Vr(t) dVr(t) .
R— + Cp,effL = Z Annn(t) (241)
n=

Bimorph- parallel
connection

(@)

poling direction

LOX Cq__ LO® C# ki3

Bimorph- series 1,(t) Ip(t)
connection

(b) R, ‘ poling direction
(©) lp (t) ﬁ) Cp,cffJI_— Rese % @

Fig. 2-8. (a) The electrical circuit for bimorph in parallel connection, (b) electrical
circuit for bimorph in series connection, and (c) effective circuit for vases (a) and (b)
[162].

Table 2-3 presents the summary of the defined variables for the electrical equation
Eq. (2.41).

Parameter Unimorph Bimorph
A Lz (@Y (hthy) (g (O]
n c®31 dx 2 3l dx
0 0
;o E33bLT
. &,abL e series: T
P,eff 7 _
‘ hy o parallel: &22r
hyp
e series: R;
Refe Ry

e parallel: 2R,

Table 2-3. Summary of the defined parameters for the electrical circuit equation
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2.3.3. STEADY-STATE SOLUTION

The steady-state solution for the pair of electromechanical equations for piezoelectric
beams is the focus of this subsection. These equations are given again here.

Tin(€) + 28 wnM, () + a)rzlnn(t) +YVR(6) = _O_n?B(t)n n=11to o (2.33)
V] dav,
% + peff ™ 3. R(t) Z Annn(t) (2-41)

Harmonic base excitation

Like SDOF steady-state solution, a base excitation of Ygz(t) = Yy cos(wt) is
considered. In this excitation, the mechanical response will be n,,(t) = 7,, cos(wt)
and the voltage response will be Vi (t) = Vi cos(wt). The only difference is that 7,
and Vi are complex variables because of the mechanical damping and the capacitance
constant. Therefore, the steady-state responses have the following relationships.

((*)?1 - w? +j26nwnw)ﬁn + anR = _O-nYB (2-42)
1 R S

(= Creon ) Ta = D jeohiy (2.43)
eff =1

By elimination method, the voltage and mechanical responses can be obtained, as
given by:

_ 1 joh o, .. 2.44
VR — T Zn 1] n“n"“n YB ( )
R + ijP,eff + jw Z;?:l Anynan

eff

0 Y1 A0y (2.45)

M = an?B Opn — V¥n ] ]
R + ]wCP,eff +jw Z;?:l Anynan
eff

where «,, the non-coupled frequency response function (FRF), which is given by
[166]:
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1
= 2.4
Mo = 07— w4 2nwnw) (2.46)

The power output can be obtained by the Pr(t) = (VR(t))2 /R,.

The presented solutions in Eq. (2.44) and Eq. (2.45) contain an indefinite number of
modes, i.e., n=1to co. Using higher number of modes generates results that are more
accurate even though the computational cost will be higher. It is common to present
the single-mode approximation outputs [165] because less computational time is
required and accurate. Fig. 2-9 shows the single-mode approximation accuracy in the
benchmark example's voltage and power output performance. It can be seen that the
single-mode approximation has good agreement with the multi-mode response, and

the error does not exceed 1%.

~
)
<
>
L
(@) )
8.0
= 10 ——Beam,n=5
= --0--Beam,n=1
102 10* 10° 108
Load (2)
~—~
o~
o0
S
2 00l
(b) E10
g ——Beam,n=5
[=) =--6--Beam,n=1
=% . L

102 104 10° 108
Load (©2)

Fig. 2-9. Comparison between the single-mode and multi-mode voltage and power
outputs from the distributed beam model for the benchmark example (differences
between the solutions for the voltage and power are 0.5% and 1.0%, respectively).

The benchmark example is investigated for the steady-state voltage and power outputs
versus the excitation frequency and electrical load, as shown in Fig. 2-10 in a
frequency range containing the natural beam frequency and an electrical range from
small to large values. It can be seen that the voltage increases from 0 to open-circuit
voltage at large loads. Besides, the voltage output is maximum at a specific frequency
called "resonant frequency". This resonant frequency also depends on the electrical
load due to the backward piezoelectric feature because the generated voltage will
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induce additional stiffness to the piezoelectric beam. Fig. 2-10 (a) shows the shift in
the resonant frequency due to the electrical load. The same behavior was also shown
in Fig. 2-4 for the SDOF DuToit model. This shift in the resonant frequency becomes
critically essential for the resonant matching design.

The power output is shown in Fig. 2-11 (b) illustrates that two conditions should be
met for the maximum power generation: the resonant frequency excitation and the
optimum load connection. A significant result from the zoomed-in view in Fig. 2-10
(b) is that the resonant frequency and the optimum load are linked to each other
because of the dual coupling between the electrical and the mechanical physics in a
piezoelectric beam. The same dependency was observed in Fig. 2-3 for the SDOF
DuToit model. Subsection 2.3.4 will try to investigate this dual-way relationship with
more details.

Resonant
frequency '

w (Hz) R, ()
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(b)

10

4

R, ()

10

w (Hz) 40

Fig. 2-10. (a) Voltage and (b) power outputs versus the electrical load and excitation
frequency for the benchmark example [162].

General (deterministic) base excitation

Next, if it is considered that the input base excitation is not a pure harmonic load,
however, it can be discretized into a series of harmonic functions using the Fourier
Transform. Therefore, the input base excitation should be absolutely integrable, i.e.
ffoleB (t)|dt < oo, or, for the discrete base excitation signals, > *%|Y; (t)| < .

Let assume that the base excitation is expressed by the Fourier Transform, given by,

[ee]

Y(t) =% I?B(w)ej“’tdw, Vp(w) = fYB(t)e'j“’tdt (2.47)

— 00

In practical vibration sources, Y (w) has significant components in the frequency span
for a wide range of frequencies, and each frequency excites the harvester beam, which
will eventually generate a voltage. For instance, Fig. 2-11 shows the time domain and
the Fast Fourier Transform (FFT) acceleration for a diesel car moving on the bumpy
highway. In this example, the acceleration between 20 to 40 Hz is higher than the
other frequencies and has a peak at 30Hz.
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Fig. 2-11. Time domain and FFT of the car acceleration data for a Grande Punto car
on a bumpy highway [170].

Then, by considering all frequencies' superposition effect, the voltage and power
outputs from the piezoelectric beam can be extracted by summing the outputs from
all the frequencies. Therefore, the mechanical response and voltage output, and power

output can be obtained by:

[oe]

M (t) = f Mo (D)dw = f € “tdw

IR

[oo]
D Ty eert

_oo r=—oo
(2.48)
Vr(t) = fVR_w(t)dw = JVR_wej“’tdw = z VR w,- e/t
—oo r=—oo

— 00

wherein 77, ., and Vg ,, are the mechanical and electric responses at each frequency
step, obtained from the solutions in Eq. (2.44) and Eq. (2.45). Thus, the mechanical
response and the voltage output for the general base excitation are given by:

[oe]

nn(t) = Z an,w?B(wr) 2%

r=—00

(2.49)
Wr Xn=1JAnOntn o, jowort
~—Vn 1 ] ] - .e/r
R_ + ]wrCP,eff + J Wy Zn:1 Anynan,wr
eff
< Ve (w)w, Y& jA 00 .
V() = Z 5(Wr) W X=1jAn 0y nwy elwrt (2.50)

r=—o m + jwrCP,eff + jwr Z?Lo=1 Anynan,wr
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Fig. 2-12 shows the results of power estimation of the benchmark piezoelectric beam
for the car vibration by applying Eq. (2.50). Fig. 2-12 (a) consists of two curves,
namely the car acceleration FFT and the power response function of the piezoelectric
beam per square unit acceleration with R;=24kQ. As can be seen from Fig. 2-12 (a),
the car acceleration FFT has a peak at 30Hz while the piezoelectric energy harvester
has a resonant peak around 47Hz. The output power can be obtained by multiplying
the square acceleration FFT to the power frequency response, given in Fig. 2-12 (b).
As can be seen from Fig. 2-12 (b), there are two maximums in the output power. One
is due to the car acceleration peak, while the other is due to the piezoelectric resonant
frequency. Because the beam dimensions have not been optimized for the frequency
matching, two weak peaks exist in the power spectrum. However, if one designs the
energy-harvesting beam for a specific application, there will be one strong peak in the
power spectrum. This PVEH design will be demonstrated in Chapter 5.

(a) (b)
0.4 . : .
10° 0.035
——Power FRF PVEH
Car Acc. FFT 0.03 resonant
c 0.3 frequency
o 0.025 = -
N g3
2 0.02 g 3 Car i
2 g § 0.2 acceleration
5 0.015 & K
o e eal
: s = |7
A 0.01 g 0.1
0.005
0
10 20 30 40 50 10 20 30 40 50
Frequency (Hz) Frequency (Hz)

Fig. 2-12. The power analysis for the benchmark example by assuming the car
vibration data from Fig. 2-11, (a) the power frequency response function (FRF) and
the acceleration FFT of the car vibration, and (b) the estimation of power output for
the benchmark example by the car vibration simulation.

2.3.4. AUNIFIED ELECTROMECHANICAL COUPLED VOLTAGE
EQUATION

As described previously, the voltage is dependent on the load and the excitation
frequency. For the maximum power generation, the harvester should be excited by the
resonant frequency, and an optimum load shall be connected. Previous models present
two coupled equations, one for the mechanical vibration and one for the electrical
circuit. In this section, a unified voltage equation will be presented that has the
electromechanical coupling effect. This equation has been reported in Ref. [162]. This
unified voltage equation presents the transient harmonic response in subsection 2.3.5
and damping determination in subsection 4.2. The single-mode approximation will be
employed (shown in Fig. 2-9 that this will not influence the accuracy).
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For obtaining a unified voltage equation, a relationship between the mechanical
response n, (t) and the voltage output Vg(t) should be found from Eq. (2.41). The
mechanical response should then be replaced by the voltage output, which makes Eq.
(2.33) an equation that contains only the voltage.

Finding a relationship between n,(t) and Vg(t) (from Eq. (2.41)) is not possible
generally because of the time derivatives in this equation. However, under certain
circumstances, this direct link can be found. These two conditions are 1) open-circuit
condition, 2) harmonic excitation with any electrical load.

1) Open-circuit condition (R; — o0,): As there is no current flow in the piezoelectric
in open-circuit condition, the term (1/R.¢) vanishes in the Eq. (2.41), and therefore,

dVe(@®) X, L ] N
Cp dt = Z Ant(t) — CpVr(D) = Z Ay (t)
n=1 n=1

(2.51)

single—mode C eff
—— ) = Ip\—evoc(t)
n

By substituting Eq. (2.51) into the mechanical vibration equation Eq. (2.33) [162], the
unified voltage equation can be given by,

YnAn
Cp,eff

. . Ay o
oo + 260w,Voc® +  (0F +122)  Voc(®) = 0, T3 (o)

—_—
2 .
wpqe: coupled resonant
frequency

(2.52)

The beam natural frequency is now replaced by the coupled resonant frequency w2,
in Eq. (2.52), which has the electromechanical coefficients of the harvester.

2) Harmonic excitation with R, load: In this case, the term R; remains, but using the
harmonic excitation assumption, the time derivatives in Eq. (2.41) can be analytically
applied. Therefore, the relationship between the mechanical response n,,(t) and the
voltage output Vi (t) can be shown by:

Ve (£)

n() = D)

(2.53)

wherein I'(w) is given by,
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E ) A
n(w) =
1 2 (2.54)

(m) + Cp?

Consequently, the unified voltage equation can be shown to be,

Vr(t) + 28,0, VR () + (w2 + YT (@) Vi (£) = 0,1, V(1)

~ (2.55)
Thus, an electromechanical-coupled natural frequency is defined by:
wpe = w2 + Y, (w), w: excitation frequency (2.56)

Eq. (2.52) is valid for all the excitation types in the open-circuit condition, but Eq.
(2.55) is valid for only harmonic excitations but in connection with any electrical load.

To validate the correctness of the electromechanical-coupled natural frequency, the
natural and the open-circuit resonant frequencies using this method are compared with
the experimental values in Ref [165]. The considered energy harvester is the
benchmark example. Table 2-4 presents these comparisons, which shows a good
agreement between the results, and therefore, the unified voltage equation can predict
the resonant variation concerning the electrical load.

w, (Hz) = w,.at open-circuit (Hz)

Present method 45.74 48.2
Erturk and Inman experiments [165] 45.6 48.4
Difference +0.2% -0.4%

Table 2-4: Comparing the natural frequency and the open-circuit resonant frequency
for the benchmark example (experiment by Erturk and Inman [165]).

Fig. 2-13 illustrates the coupled resonant frequency sensitivity concerning the
excitation frequency and the electrical load. The typical optimum range of the
electrical loads and the resonant excitation is indicated in Fig. 2-13. Fig. 2-13 (a)
shows that the ratio increases by increasing the electrical load, which is correct

Ync
Wn
for all the excitation frequencies. According to Fig. 2-13 (b), the ratio % is close to

n

1 in the small loads and reaches to a maximum at large load. Fig. 2-13 (b) shows that
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the ratio —= is frequency-insensitive for small and large loads. However, for the

%)
Wn

typical optimum load ranges, there is sharp jump in the % curves. Typical % value
n n

for the practical electrical loads in the resonant excitation design is 1.025 [162].

(b)
1.06 1.06
w/w, y R, (k6)
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1.02 102f , ¥
i1/ Typical optimum 7
1.01 47, |/
21 _/_ / Rirenge Lo1p,, | s Resonant excitation
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Fig. 2-13. The coupled resonant frequency is a function of the excitation frequency
and the electrical load connection for the benchmark example [162].

2.3.5. TRANSIENT RESPONSE TO A HARMONIC EXCITATION

The transient response of the voltage equation to a harmonic excitation will be
developed in this subsection. The transient voltage response has some beneficial
characteristics for the piezoelectric damping extraction and the power output
estimation under the varying excitation signals. This method is presented by Khazaee
etal. [162].

A harmonic excitation is considered as the base excitation Y5 (t) = Yzw? cos(wt). At
harmonic excitations, Eq. (2.52) is a particular case (open-circuit) for the general case
Eq. (2.55). Therefore, the focus will be on developing the transient solution for Eq.
(2.55), and the presented solution will be valid for Eq. (2.52) as well.

Eqg. (2.55) is a non-homogeneous second-order differential equation, which its
solution is well known. The solution for Eq. (2.55), as given in Eq. (2.57), contains a
general (transient) solution and a particular (forced or steady-state) solution.

VR(t) = Vtranse_{nwntSin(wdct + ¢) + Vsteady cos(a)t - 9) (2-57)

where the parameters for this solution are given by [162]:
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1 wq cos 6O

Virans = _KVsteadyl ¢ = tan {n@n cosO+wsin 6’ (258&)
rYpw? 1 2lpwnw
Vsteady = i 6 =tan™t ——7—.
y ' 2 1 YT-w? 2.58b
\/(m%+YF—w2)2+(§n{mnw)2 optIT-w ( )
. cos @
wherein k = o

Besides, wq, is the damped coupled resonant frequency, and given by:

, YT
Wae =W, |1 =72+ o7 (2.59)

The angles 8 and ¢ and coefficient k are plotted against the frequency ratio for 2.7%
and 10% damping coefficients. ¢ and 6 have a 90° shift. For under resonant excitation
Q<1 ¢ = 90 — @ and for over resonant excitation ¢ = —90 — 6. The ratio between
the transient and the steady-state solution, i.e., x, depends on 6 and ¢. k is plotted in
Fig. 2-14 against the frequency ratio for 2.7% and 10% damping coefficients.
According to Fig. 2-14, k is 1 for Q<1 and is -1 for Q>1. Therefore, the harmonic
transient response in Eq. (2.57) can be simplified to [162]:

V() = Vsteady(—#(Q)e'(“’ntsin(wdct + ¢) + cos(wt — 0)). (2.60)
wherein £(Q) = {11 gi i
()
(=2.7%

rk=cos(6)/sin(¢)
(=]
k=cos(#)/sin(¢)

0 0.5 1 1.5
Q:""/"“'dc

Fig. 2-14. The coefficients x, 8 and ¢ for different excitation
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To investigate the unified voltage equation, the output voltage for the benchmark
example using the unified voltage equation is plotted in Fig. 2-15 against the
experimental data [165] for R;=1 kQ and 6.7 kQ. A good agreement can be seen
among the analytical and the experimental data for both electrical loads.

10¢ model, 1k
‘ Erturk and Inman

™ 8 \ |[——model6.7k0
Ny
I
N

>

o

(3]
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@
-

30 40 50 60 70
Frequency (Hz)

Fig. 2-15. The experimental validation of the voltage versus frequency (the
experiment by Erturk and Inman [165]) for the benchmark example [162].

2.4. FINITE ELEMENT (FE) MODEL

This section presents the finite element (FE) model for the piezoelectric beams
developed by Khazaee et al. [163]. This FE model has the following advantaging
features:

e High order deformation theory is considered for relating the strains to the
deformations.

e Carrera's advanced formulation (CUF) is employed for the displacement fields,
which means that the deformation through the thickness is not constant.

e  Shear stresses are considered.

e Two-dimensional formulations with variable thickness are obtained.

e  The energy harvester can be non-uniform with partially covered by piezoelectric
layers.

e Contact layer effect and a viscous-structural combined damping model are
proposed.

e Added mass connected to the harvester is considered.

e The model is electromechanically coupled considering the backward
piezoelectric effect.

e The model is general for any type of excitation. However, the formulations are
also presented for the base excitation as the most applicable condition.

Fig. 2-16 shows a general non-uniform piezoelectric beam with added tip mass under
the base excitation.
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Piezoelectric sheet
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Base excitation

Fig. 2-16. The illustration of a typical piezoelectric beam is considered for the FE
model [163].

The derivation of the FE model has five steps, which are:

1. Constitutive equations: It will be derived by considering the orthotropic material
model for the piezoelectric and substrate layer.

2. Strains and displacements relationships: The Carrera's Unified Formulation (CUF)
and the Third Shear Deformation Theory (TSDT) will be used to find the
relationships between the strains and beam displacements.

3. Finite discretization and spatial approximation: The energy harvester domain will
be discretized into small elements, and the spatial approximation for each element
will be given.

4. The equation of motion: It will be derived according to the extended Hamilton's
principle.

5. Differential equations' derivation: The differential equations will be obtained for
each small element. Numerical methods for the element matrices' calculations will
be given.

The nomenclature for the parameters used in this formulation can be found in Appendix
E.

2.4.1. CONSTITUTIVE EQUATIONS

It is considered that the material model for the piezoelectric and the substrate is the
orthotropic material, while for the contact layer is the isotropic material. In the
orthotropic material model, transformations in the principal coordination are assumed,
as shown in Fig. 2-17. The linear material model is considered for all three material

types.
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Fig. 2-17. The transformation of principal coordination for the piezoelectric and
substrate layers [163].

The constitutive equation (the stress-strain relationship) for the piezoelectric material
as a linear orthotropic material, for the substrate layer as a linear orthotropic material,
and the contact layer as linear isotropic material are [163]

T, = [Q],S — [e]€  Piezoelectric layer

T. = [0].S Substrate shim
= [0l 260

T. = [Q].S Contact layer

where T is the stress tensor, S is the strain tensor, £ is the electric field, [Q] is the
stiffness matrix, and [&] is the piezoelectric coupling matrix. The components of these
matrices and tensors are:

(Oxx) [ Exx)

Oyy Eyy Ex
T = O-yz ’S= YyZ ,5= Ey s

O-JCZ )/XZ g
Oxy b’xy) :
[gn Q12 0 0 gm] [ 0 0 3'31] (2.62)
Qiz @2 O 0 Q% 0 0 e
0 0 0 el

0 0 Q4 €14 €24 0

[Q] =10 0 Qs4 @45 0f.,lel=
| A Qss O | ©:

lQm Q2 0 0 QGGJ eis s 0

wherein o; are the axial stresses, 7;; are shear stresses, Q;; are the stiffnesses, ¢; are

the axial strains, y;; are the shear strains, e;; are the piezoelectric coefficient, and &;

are the electric field.
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The electric constitutive equation for the piezoelectric material is given by [163]

Exx
D, 0 0 ¢e,650 Eyy
D=<D, 2[0 06_246_250] Yyzp+ €12 €2 O Ey ¢,
0 0 &lle, (2.63)

€11 €12 Ol Ex
D, e31€3 0 0 ez leZJ
Yxy

D = [e]'S + [€5]E.
wherein the permittivity matrix in physical coordination is denoted by [€°].

The overbar symbol indicates that the material properties are in physical coordination.
The relationship between the principal coordination (1-2 coordination) and the
physical coordination (x-y coordination) can be found in Appendix E.

For the 3-1 mode energy harvester, the poling direction is only in the z-direction, and,
therefore, the electrical field can be estimated from the voltage between the two
electrode surfaces, which is:

0 0
&= { 0 } = _01 V= {Ae}3x1V- (2-64)
=V/h, @

2.4.2. STRAINS AND DISPLACEMENT RELATIONSHIPS

In the FE model for a piezoelectric beam, the beam area is divided into small elements.
The 31-mode energy harvester undergoes bending, and therefore each element has a
2-D deformation shape. According to the assumption for the plate deformations, there
are different plate theories. Fig. 2-18 presents different plate theories' characteristics,
and Fig. 2-19 illustrates different deformation shapes. The present FE model uses the
advanced theories with the TSDT plate model.
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Plate theories
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Fig. 2-18. Different plate theories, classical (CLPT, FSDT, and TSDT) and advanced
(CUF) plate theories.
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Fig. 2-19. (a) The plate deformations for classical plate theories, and (b) the present
model based on Carrera’s unified formulation and the TSDT approximations [163].

According to the assumptions, the displacement field for an element can be given by:

n(xy,20) (0 Sy + 2wy 2k + Wy
r=4n(yzt) ;= {0} +Z 3, +iw, (— (¥ 2Py + 3wy, (- (2.65)
1,(x,y,2,t) w w 0

where ¢, = # (h is the total beam thickness). Moreover, z is the distance to the neutral

axis. The above formulation is a general formulation that can accommodate all the advanced
and classical theories, including CLPT, FSDT, and TSDT.

The strain tensor now can be calculated from the displacement field by
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2.4.3. DISCRETIZATION AND SPATIAL APPROXIMATION

(2.66)

By Finite Element Method (FEM) analysis, a complicated structure is divided into
small elements, and therefore a finite element mesh is formed. Then the equations of
motion are applied for each element. In a typical piezoelectric structure, there are
layer-wised elements in the finite element mesh. One way to deal with this is to
compute an equivalent element that contains all layers' structural stiffness properties.
According to the plate theory that will be used, each node has six mechanical degrees
of freedom (DOFs). Because of the piezoelectricity, each element has one voltage
DOF. As there are six DOFs per node, a high number, element shapes with small node
numbers can be used. Here, 4-node quadrilateral elements will be considered. Fig.
2-20 shows the finite element mesh, the multi-layer element, and the equivalent

element with its DOFs.
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Fig. 2-20. The finite element mesh illustration, a typical layered element, and the
equivalent element [163].

The DOFs for each node are given by

t
DoFpthnode = [WP Wh ), ¢F o) WP]. (2.67)

Note the DOFs' order, as in matrix assembling for all the elements; this order should
be kept.

Similar to the modal expansion method in the distributed beam model, spatial
approximations should be inserted instead of w(x,y,t), W(x, y,t), ¢,(x,y,t), and
¢y (x,y,t). Asin the strain equation in Eq. (2.66), there is the second derivation of w,
the shape functions for w should be continuous differentiable in the order of three.
Besides, the shape functions for W, ¢,, and ¢,, need to be differentiable in the order
of two. Therefore, the Hermite shape functions (4;(x, y)) will be used for w, and the
Lagrangian shape functions (1;(x, y)) will be used for W, ¢,, and ¢,,. These spatial
approximations are given by:

¢x(x!y' t) ~ ?=1Xie(f)1/’i(x,Y):
¢)y(x,y, t) = ?:1 Yie(t)l/}i(xry)l
W(X, Y, t) ~ 11:21 Ag(t)Ai(x' J’),

W(xly! t) ~ ?:15{3(‘?)1/11(35;3")
The shape functions ;(x, y) and A;(x, y) can be given by [163]:

(2.68)
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1 x4 Y1 X1
Y2 X2Y2

Wl =hval =0 xy o3|y 2 00 0L =T
Wi 1 x4 Ya X4)Ys
x]

[A] = [A; -+ Ag] = {P}[Z]71, where
P} ={1 xy x* xy y* ¥* x*y xy* y* 2’y xy?}

P} P P} ] To@
71 = || P P}, P}, I{P} ‘ ‘

P
{P}’y (x1,91) {P}‘y (x2,¥2) {P}'y (x3,3) { }y (x4,y4)

The displacement and the strain vectors in Eq. (2.65) and Eq. (2.66) shall be presented
using these spatial approximations. Since a numerical integration shall be carried out
on each element volume, the matrix relations for the displacement and strain vectors
will be presented in a separate matrix form so the volume integration can be
implemented separately for reducing the computation time.

The displacement vector is given by

4 12

5

2 -6 ) X+ (2 -e2) Y Mo,
i=1 i=1

4 12
5
ry,z0 = 126 - 6,7 Z ve@w + (- 36.7°) Z OIS

4

Z FOWY) + Z B0,

[Am(z)]3x6[B (x, y)]6><24{)( () }24x1
where the element DOF vector is y© and [4,,] and [B,,,] are the two auxiliary matrices.
These parameters are given by:

(2.71)

{Xe(t)} = {Xf eee X4e Yle eee Y4e Ei’ eee Ez Ag “ee Agz }t’ (2.72a)
5 1 5 0
2(z—0cz3) O 0 0 (—z - —6’123)
An@]=|" ¢ a0 0t g (z-2c.2%) (2.72b)
0 z 1 '
0 0 0
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1 (0] [0] [0] .
BEEE [ 8k
0 0 nyx1t (0]
Bue] = [0] 101 (0] 4] R E R e (2.720)

o o oL | 19l e 21 !
U TR T N 1) I (TR (A W A

1X4 1X4 1X4 1x12
Similarly, the strain vector is presented as the product of two auxiliary matrices and
the DOF vector, as given by

S(x,y,2,t)

f(z—elzs)zx-'f(r)w,x (z-le7 ZAE(:)ALH

| =

(2= ,2%) Z Y@, + (22 - 362 Z MDA,

5,
"
4

= ) B O, +5(1 - 362 )(
i=1

12

YE@W; + Z A OA; y> (2.73)

M""’P

i

Il
b

4

12
2 B, +o (1362 (Z XE (O, + Z Af(t)Al,x>

i=1

4 12
5
2 -6z ) X Oy, + 30 - €12 Z ve@wi,+2(3-32°) ) MM,
i=1 =1 i=1

= A @sra B G Moo Ohaaa
wherein the auxiliary matrices are presented below.

0 0 Sz—c2%) 0 0 0
0 0 *+ 0 0 0 SG-c,2?)
M@l=| 0 a1-3¢:) g 0 O
;(1—3(3122) 0 0 0 0
l 0 0 0 ;(2—6123) ;(2—6123) 0
. . 0 L o 1 (2.74a)
8 0 0 0 0 (ZZ _16123)(12__6 Z3)
0 9 0 1451 -3¢,22) : o
2 0 1+31-3¢2) - 0 0
00 0 o 2(G-17) 0
[l o] o] [0]7 -1 [0]
o [l [o] 0] {N}[[cﬁ] {N}[[(;g]’i {3} (0]
[l [0o] [0] [O] (N}, [X] [0] [0] [0]
(o [yl (o] o o WL [l [0
wly (o o e e oj
o] [, [[0]1 {8} o] Wxt o [O] ﬂ
. _ , _ 0
(B (x, )] = {g} {g} [:f]' o |=| o] o) WL (2.74b)
YAl [0] [0] V3, X171 -1 )
[0] [0] [0] . (0] 0] 0] P} (2]
o] [0 [0 [N o o o Pl
] o] [o] [Alx (0] [o1 1o} (P} y[2]7
o o o Wl |0 o o e
(0] (o] [0 [Aly [0] [0] O Pyl
1X4 1X4 1X4 1X12 yY
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2.4.4. DERIVATION OF FE FORMULATION FOR ONE ELEMENT

The equation of motion for the piezoelectric beam should now be developed. In the
first step, the FE formulation is developed on one element. The equation of motion
here is derived from Hamilton's principle.

Hamilton's principle does not include electrical work and potential. Nevertheless, a
generalized Hamilton's principle was developed for the piezoelectric domains [108].
According to the generalized Hamilton's principle, the definite integral

to

I= f [(KE — PE + W,) + W]dt (2.75)
0

is stationary regardless of the path along with the integration is calculated. Therefore,
the variation of I is 0, i.e., 61 = 0. This feature is used to derive the equation of
motion.

The Kinetic energy, the inertial energy for all the layers in the piezoelectric beam, is
given by:

1, . 1, . 1., .
KE = IET usTdVs + fzr urdV, + fzr tpTdVy (2.76a)

Vs Ve Vp
The potential energy, the elastic energy stored in the material, is given by:

2

Vs Ve Vo
The electrical energy, the energy caused by electric charge transfer, is given by:

1 t 1 t 1 t
PE = f—s T,dV, + st T.dV, + jES T,dV, (2.76b)

1
W, = f ~€°DaV, (2.76¢)
Vp
The external work by the external mechanical work and the electric charge is given
by:

WE = 5TE.fE + s(beqe (2.76d)

By inserting these expressions into Eq. (2.75), 61 = 0 yiels to [163]:
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to

o= [ L{x}t I [ Bl A s Al Bl NV, + [ (Bl LAl A B 1)V
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+ f Bo] T 1 (A ) B (), + f (B T4 Q) [A[B G}V,
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VS

+ f (Bl T4 Q1 (A B G}V, + f (Bl T4 Q) [Acl Bl )V,

Ve Y

2.77)

- f (B A [ [A]vedVy — fr
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+oro}| [ 11 BIN, + [l 1A lnav, +q.

Vp Vp
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|

=0

Setting §{y}*=0 and §{®}=0, two sets of equations will be obtained. The equation
obtained by &{x}*=0 is the mechanical vibration equation and the one obtained by
6{®}=0 is the electrical circuit equation. Some standard definitions are employed in
order to present the FE equations in the standard form. These standard matrix
definitions are the mass matrix, the stiffness matrix, piezoelectric coupling matrix,
capacitance scalar. These are given by [163]:

Mass: [m®] = Xo—s.cp Ao Jy, (Bl [Am] 1o [Am][Bn]dV, (2.78a)

Stiffness: [kGq| = Xozs.cp Ao J;, [Bil [Ac] [QL.[AL][Bi]aV, (2.78b)

Electromechanical coupling: [k&s| = 4, pr [Bi]'[A]t[€][A,1dV, (2.780)
Capacitance scalar: kg, = 4, fV {4} [°]{A.}dV, (2.78d)
14
In Eq. (2.78a) to Eq. (2.78d), the coefficient 4, controls if a material is present in the
multi-layered finite element mesh. 4, equals to one if the piezoelectric and contact

layers are present in the multilayered element.

Using the matrix definitions in Eqg. (2.78a) to Eq. (2.78d), the equations for one
nominal element can be given by:
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[me1{re} + [k [ e} — [kglve = (£} (2.79)

t
[kep] (X} + qe + k§pve =0 (2.79b)

{f£} is the external vibration force acting on the piezoelectric beam. In this FE
formulation, any mechanical force can be applied by inserting the force vector's proper
DOF. One type of input force, which is very common in energy harvesting, is base
excitation. In the base excitation, the beam is attached to the piezoelectric base. The
effective force under the base excitation is due to the structure inertia in the transverse
direction (z).

Uy = [N (=my)da + (A lago M, (2.80)
Ap
This effective force for the base excitation can also be approximated from the beam
distributed model. This approach will be introduced when the global finite element
matrices are obtained by assembling the element matrices.

In Eq. (2.78a) to Eqg. (2.78d), there are integrations over the element volume.
According to the thickness properties of the layers, the volume element for different
layers is given by:

ShC

-h
(dvp)lower = f—Thzs_h dz pr dxdy ,

c=hp

—hg/2
@V iower = —h:/z—hc dz fAc dxdy ,

_ ths/2
dV, = f—hs/z dz fAs dxdy , (2.81)

hs/2+hc
(AVodupper = Jy 5y < dz [, dxdy,

hg/2
_ hs/2+hc+hy
(dvp)upper = fhs Toen. 0z pr dxdy.

Obtaining analytical solutions for these integrations becomes time-consuming;
instead, the numerical method as an alternative solution is preferred. One integration
will be investigated as an example, and the rest of the integrations can be calculated
accordingly. As in the matrix representations, matrices are break into z-only and x-y
matrices; therefore, the volumetric integration can be break into an integration over
the are times the integration over the thickness, as illustrated in Eq. (2.82).
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f (B (t, 91 (A (2]t [ ()] [Bye G, 1)1V,
Vp
7 (2.82)
- f [Bm(x.y)rl f (A (D]t [Am(D]dz | B (x, y)1dA,
Ap

-zp

The integration over the area for a quadrilateral element can be obtained using the
Gaussian integration. However, the original Gaussian integration is for rectangular
shapes. Thus, a modification should be made before applying the Gaussian numerical
integration rule. To do so, Ref. [163] suggested that the element area become divided
into three subdomains, and then the Gaussian integral can be applied easily. Fig. 2-21
shows this element division for a general quadrilateral element. The details for the
Gaussian integration rule can be found in Appendix E.

Quadrilateral element Bifurcation into three subdomains

(x0)

@)

(xoy,) (D

g1(x)
("‘;'Y.,\\/g'

Fig. 2-21. The illustration of the element area bifurcation into three subdomains [163].

2.4.5. MATRIX ASSEMBLING AND FE MODEL FOR THE WHOLE DOMAIN

Once the FE matrices for all the elements have been calculated, the global FE matrices
should be calculated by assembling the element FE matrices. This assembly should
be carried out according to the degrees of freedom in the element (element DOFs).
The global mass, stiffness, electromechanical coupling matrices are denoted by [M],
[qu], and [Kq¢], respectively. The assembled external force vector is also denoted

by [Fg].

Some assumptions should be made to form the general matrix assembling process.
These assumptions are:

1. Damping matrix: The damping matrix is introduced in the general matrix
equations. The proportional Rayleigh damping is one the most common damping
model in vibration systems, which has been used by many studies in vibration
and also in energy harvesting [108], [163], [171]. The source of damping can be
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structural and viscous damping. Viscous air damping depends on the velocity,
while structural damping is due to the material. Therefore, these two damping
types are different, requiring different models to represent them. Here, both
damping mechanisms are considered, but the structural and viscous damping's
contribution shall be determined before extracting these damping coefficients.
More information about the damping mechanisms contribution will be given in
Chapter 4. The viscous and structural damping matrices are denoted by [C] and
[H], respectively, and are given by:

[C] = B [M] + B, [Kyq] (2.833)

[H] = y[Kqq) (2.83b)

wherein S;, B,, and y are the damping matrix coefficients, which should be
determined based on the experimental data. Assuming that the viscous damping
ratios at frequency f; are ¢, the viscous damping coefficient at frequency f; is
{5, and the structural damping is n,, then the damping matrix coefficients
become:

_ $12=$2/1 _18L-01f1 _
B = 47Tf1fzw B2 = 2 =Y (2.84)

Special consideration for the electrodes:

Commonly, the piezoelectric layers are covered by a negligible thickness
electrode on both sides. These electrodes impose certain conditions on the global
matrixes.r

The voltage difference in all the elements is the same, which is equal to the
voltage difference between the electrodes. Thus, a single value for piezoelectric
voltage, denoted by V, is assumed.

The coupling matrix [K,| should be modified into a new coupling matrix [Ky|
in order to consider the electrode coverage because the adjacent elements cannot
have different voltages. All the coupling values at all electrode elements should
be summed up for each mechanical DOF's coupling parameter. Thus,

[I?q¢] = [Kq¢]{diag(1Ne)} or (Eq¢)7e[1,n] = ZZ;(KW)M (2.85)

The general capacitive coefficient is the summation of the capacitive for all the
elements, as given by:
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Kpp = (Zic1 kGp) (2.86)

Electrical load:

The transferred charge from the piezoelectric element is introduced into the
electrical equation. However, this transferred charge shall be related to the
voltage. Therefore, the electrical equation, Eq. (2.79b), is differentiated
concerning t, which is given by

o 1t ) . .
[kéo] 23+ ge +kGgve =0 (2.87)

=ve/R

The time derivative of extracted charge is current, which according to Ohm’s
law, can be expressed by ¢, = v, /R.

Parallel and series connections:

The FE equations have been developed by considering only one piezoelectric
layer. However, in the bimorph beams with two piezoelectric layers, these
equations should be modified as two electrical connections are available. The
electromechanical coupling and the capacitance should be modified for two
piezoelectric layers as they have been calculated for a single piezo layer.

In the parallel connection, the effective capacitance and coupling matrix are
equal to the summation of that for the bottom and upper piezoelectric layers. On
the other hand, in the series connection, the effective capacitance is half of the
single-layer capacitance, and the effective coupling matrix is equal to that of a
single piezo layer. In equation form

Para”el: K¢¢eff = K‘M’lower + K‘M)upper' [Kq¢]eff = [Kq¢]lower + [Kq¢]upper (288a)
Series: Ko = Kby o/ 2 [Kasl g = [Kao), e (2.88b)
Added mass:

The added mass can be easily accommodated by updating the mass matrix. Note
that the stiffness matrix does not change provided that the added mass is stiff
enough compared to the piezoelectric beam. If the added mass is placed at the 4
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-th node in the FE mesh, then the following matrix is added to the 4-the node

DOFs,
DOFs
6i—5[M, 0 0 0 O 0
6i—4l0 0 000 O
6i—3/0 0 000 O M,: added tip mass (2.89)
6i—2l0 0 00 0 O Ly, and I,,,,: the moments of inertia
6i—1]0 0 0 01, O
6i L0 0 00 0 Iy

6. Force term:

Various types of input forces can be applied to the FE problem using the force
term. Overall, the force term for point loads can be expressed by [Fz] = F.{T},
where F is the total point load at a certain point on the beam surface, and the
vector {7} contains the DOF of this applying load.

For the case of base excitation, the base excitation creates an inertial force at all
the elements. Therefore, the force term for all the elements shall be calculated.
Then, the element force vectors shall be assembled to form the general force
term. There is another simple way to consider the base excitation. A single force
replaces the force term for all the elements at the beam tip, and the single force
term contains a sufficient mass of the beam mg. For base excitation, the single
point approximation is given by:

mp

F = mege¥p, where mege = iy (222 4+ M, ) (uy in [83]) (2.90)

By considering the above discussions, the global FE equations for piezoelectric
energy harvesters are given by:

M1} + (€103 + ([Kqql + JIHD OB = [Kop ]V, = [Fe] (2.91a)

[Roo] G+ V /R+ KyV = 0 (2.91b)
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2.4.6. STEADY-STATE SOLUTION

The response to a harmonic load of [F;] = Fe/®t. {T} (w is the frequency) is of
interest. In this case, the mechanical and voltage responses are also harmonic
functions with the same frequency, which can be expressed by {x} = {#}e’/*¢ and
V, = V,e/®t. However, {¢} and 1}, are complex values because of the capacitance and
the damping in the equations of motion. The steady-state solution can be found by
inserting these expressions into Eq. (2.91a) and Eq. (2.91b). The complex values of
the mechanical and voltage responses are given by Eq. (2.92a) and (2.92h),
respectively.

{2} = [A(w)][Fg] (2.92a)

-1 e o
B =jo (Yp+jwKey)  [Ropl TR@IE} (2.92b)

In Eq. (2.92a) and (2.92b), [A(w)] is the coupled transfter function between the
mechanical displacement and the mechanical force vector, as given by:

[A(w)] = ((—wz +jwB)M] + (14 + wB2))[Kyq]
AT (2.93)
+jo(1fg +Jokes) gl ool )

If the base excitation is the applying vibration, then F = m,Y;, thus, the amplitude
of the mechanical response and the output voltage is given by:

|%| = Mege[A(w) {T} (2.94a)

|:—Z| = megjoo (1/p + ij¢¢)_1 [Ryo] AT (2.94b)

The output power can also be expressed with:
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P(t)

(%)’

_ (Vg + jokpe) R m\ @5
R <(—w2 +jo)IM] + (14 + 0B2)[Kqq] +>

jo(Y g+ jwKpe) [Repl[Res'

Once the steady-state response is obtained, one can extract the mechanical strain and
stresses and the FE domain's electrical displacements. The following steps lead to the
extraction of these parameters [163]:

1. The element responses {#¢} shall be extracted from the global responses {#}.
Afterward.
2. The element deformation vector is calculated by:

P, y,2) = (i #y 7 = [An(@][Bn(x, 012 (2.963)

3. The strain vector is calculated by:

~ A A ~ ~ ~ t A
$,y,2) = { &x &y Pyz Pxz Pry} = [A@1Bi (e, 1)1} (2.96b)
4. The electrical displacement vector is calculated by:

D ={D, D, D,} = [el'Sx,y,2) + [£°]{0 0 —1/h,}7, (2.96¢)

5. The stresses for the piezoelectric, contact, and substrate layers are calculated by:
T, = [Q1,5(x,y,2) — [€]{0 0 — 1/h,}V,
T, = [Q1:8(x, y,2), (2.96d)

Tc = [Q]cSA(x: ¥, Z).
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2.4.7. COMPARISON OF THE FE RESULTS

This subsection presents the results from the presented FE model with the literature
and the experimental data. Two cases are considered: One is the bimorph harvester
without the tip mass, the other is the bimorph harvester with a tip mass.

2.4.7.1 For a bimorph harvester

This bimorph harvester was first presented by Erturk and Inman [5] for model
validation. This example was later employed by Akbar and Curiel-Sosa [32] for model
verification. Here this example is used for comparing the undamped natural
frequencies and the open-circuit resonant frequencies using this study and the other
modeling methods.

This example is a bimorph piezoelectric beam with aluminum substrate and without
tip mass. Table 2-5 presents the properties of this example.

Description Piezoelectric Substrate
Material PZT-5A Aluminum
Length (mm) L=30
Width (mm) b=5
Thickness (mm) 0.15 (each) 0.05
Density (kg/m?) 2700
Elastic modulus (GPa) See Table 2-1 62.3
Poisson’s ration 0.33

Table 2-5. The geometries and material properties for the bimorph example.

The comparisons between the natural and coupled resonant frequencies for the first
three bending modes are given in Table 2-6 and Table 2-7. As shown in Table 2-6,
the first mode's present FE results have a negligible difference from the other
analytical models. However, for the 2" and 3" modes, this difference becomes
immense. The FE model considers the shear stresses, and therefore, extra stiffness due
to the shear stresses can be expected.

Table 2-7 shows how the resonant frequencies can change due to the short and open
circuit conditions. The short-circuit and open-circuit resonant frequencies are denoted
by £,7¢ and £,°¢, respectively. There are good agreements between the present model
with the analytical Erturk-Inman beam model. In both cases, due to the large electrical

oc
load connection, £,°¢ is greater than £,°. The ratio of% for both modeling approaches

o

oc
are the same. One impressive result is that the ratio of % for the 2" and 3 becomes

o
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smaller, indicating that the effect of load on the resonant frequency for higher modes
becomes negligible.

Undamped natural frequency (Hz)

Vibration mode = Beam analytical Akbar-Curiel Sosa [32] Present FE [163]
Erturk-Inman [5] = Beam analytical = Finite element TSDT approx.
1% bending 185.1 185.1 187 185.9
2" bending 1159.8 1160.1 1162.3 1174.4
3" pending 3247.6 3248.3 3238.5 3356.4

Table 2-6. Comparing the undamped natural frequencies for the bimorph example
[163].

1% bending 2" hending 3" bending
rSC ﬂGC f;'SC f;'OC f;'SC ﬂOC
Erturk-Inman [5] 185.1 | 191.1 1159.7 11716 32453 @ 3254.1
Finite Element [163] 1859 191.3 11744 1186.4 3356.4 3368.0

Difference between Erturk-Inman
04%  01% 125% @ 1.25% 3.31% 3.38%
and present FE

oc

= 1.03 1.01 1.004
Table 2-7. Comparing the short-circuit resonant frequencies and open-circuit resonant
frequencies for the bimorph example [163].

2.4.7.2 For the benchmark example (a bimorph harvester with tip mass)

Here, the present FE results for the benchmark example are compared with the
experimental data provided by Erturk-Inman [165]. The benchmark example is a
bimorph energy harvester with a tip mass, and their properties were given in
subsection 2.1.

According to Table 6 in Ref. [163], the present FE model predicts the short-circuit
fundamental natural frequency of 45.69 Hz, which is 0.2% greater than the
experimental value of 45.6 Hz.

The comparison between the natural frequencies from different plate theories is given
in Table 2-8. In Table 2-8, the error (ER) in percent is calculated concerning the
advanced CUF-TSDT method. Overall, the CLPT method's accuracy is lower than the
other methods, in a way that the 3 bending mode has a 13% difference compared to
the CUF method. The difference between the classical method using the FSDT and

118



CHAPTER 2. PIEZOELECTRIC ENERGY HARVESTER

TSDT with the advanced method TSDT is slight, less than 0.5%. It can be concluded
that the CLPT plate theory is not suitable for a comprehensive analysis, and at least
the first shear deformation theory (FSDT) shall be employed. Besides, it can be settled
that for the thin-layered piezoelectric energy harvesters, using the advanced method
by high-order shear deformation theory generated similar results with the classic
method considering the shear deformation theories.

Advance

Mode number Classic method method
and type (CUF)
CLPT  ER(%) @ FSDT @ ER(%) @ TSDT | ER (%) TSDT

1% Bending 45.008 -1.49 45.703 0.03 45.687 0.00 45.687

1% Torsion 318.841 -24.80 424.206 0.05 423.592 -0.09 423.987

2" Bending 500.121 -4.10 521.556 0.01 521.233 -0.05 521.482
2" Torsion 1138.693 = -21.86 @ 1458.357 0.08 1454.942 -0.15 1457.174
3 Bending 1286.336 = -13.35 = 1486.863 0.16 1483.320 -0.08 1484.453
4™ Bending 2183.624 -6.42 2335.924 0.10 2332.049 -0.06 2333.486
3 Torsion 2444333 = -19.80 = 3052.329 0.15 3041.001 -0.22 3047.853
5" Bending 2490.304 = -22.05 @ 3211.723 0.53 3190.174 -0.15 3194.821

Table 2-8. The comparison between the natural frequencies in (Hz) from different
plate theories [163].

The voltage response and the beam tip velocity from the present FE method are
compared with the Erturk-Inman experiments, as depicted in Fig. 2-22 (a) and (b),
respectively. These comparisons are given for three resistive loads, i.e., 1kQ, 6.7 kQ,
and 100 kQ. Overall, there are fair agreements between the experimental data and the
FE model outcomes; however, some comments about the differences can be made.

First, the correlation among the voltage data is better than among the tip velocity data.
This fact can be due to the lower accuracy of the mechanical response measurements.
Overall, the devices for measuring the voltage are capable of measuring in mV scales.
However, the experimental error for the tip velocity measurements can be higher due
to the senor error, stand error, and recording system error. Besides, since the
piezoelectric layer is covered with the electrode, the output voltage is a surface-
integration parameter, while the tip velocity is a local parameter, and therefore, more
sensitive.

Second, in both voltage and tip velocity curves, the electrical load increases the
resonant frequency, and the FE model captures this effect well.
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Third, in the tip velocity curve, increasing the electrical load first reduces the tip
velocity; however, when the load becomes enormous, the tip velocity increases again,
yet smaller than the short-circuit tip velocity.

o Experiment (Erturk and Inman 2009) —Present FE
1000 5
3 100kQ
@) 5
o0
= E
= 01 6.7kQ 1kQ
o1 t+—r——
30 40 50 60 70
Excitation frequency (Hz)
o Experiment (Erturk and Inman 2009) —Present FE
=m 13
R 100kQ
E ]
(b) E o014
o E
2 q
g
=
001l +—/——T"——"TT 7TV 7T T T T T T T T T T
35 40 45 50 55 60

Excitation frequency (Hz)

Fig. 2-22. The comparison of the (a) voltage and (b) beam tip velocity between the
results from the present FE and the experimental data (Erturk and Inman [108]) [163].

2.5. MACRO-FIBER COMPOSITE ENERGY HARVESTER
MODELING

This subsection briefly presents the modeling of the macro-fiber composite (MFC).
This approach for modeling the MFC is based on the FE and is derived from Ref.
[164] (see Appendix F).

In Ref. [164], a piezoelectric bimorph harvester with a composite substrate and two
MFC layers is modeled with the high-order-advanced-element FE method. This
biomorph is shown in Fig. 2-23 (a). The steps for discretization, spatial
approximation, matrix derivation, and solution are the same as the FE approach
described in subsection 2.4. The only difference here is to find the equivalent element
for a layered MFC. The MFC has seven layers, one active layer, two electrode layers,
two acrylic layers, and two Kapton layers, as shown in Fig. 2-23 (b). The substrate
layer is usually a metal layer; however, as a general case, it is considered that the
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substrate is also a composite layer with fiber orientation 6, as shown in Fig. 2-23 (c).
The active layer itself, shown in Fig. 2-23 (d), is a composite lamina with PZT
rectangular cross-section fibers with a fiber orientation 6,. These rotations in the
fibers for the substrate and the active layer are tools for modifying the resonant
frequency and the power output. These will be discussed in the application section.

(a) (b)
MEQ [(TT_11 Electrode (copper+epoxy)
- 1 Active layer (PZT fiber+epoxy)

Contact / Composite
layers substrate

—> z=0 [ Acrylic 1 Kapton

7 MFC

e

PZT fibers

Fig. 2-23. (a) a bimorph beam with two MFCs, (b) the MFC and its layers, (c) the
composite substrate with a typical E-glass fiber, and (d) the active piezoelectric layer
in the MFC [164].

Mixing and transformation rules for obtaining the material properties at different
conditions should be presented. Besides, specific material properties for each layer in
the MFC need to be reported. These pieces of information will be given in the
following subsections.

2.5.1. MIXING RULES FOR THE COMPOSITE LAMINATE

The electrode layer and the active layer in the MFC and the substrate layer are
composite laminate, for which the micromechanical equivalent properties can be
obtained using the mixing rules. If “1” denotes the direction in length, “2” denotes the
direction in width, the superscript “f” denotes the fiber, the superscript “m” denotes
the matrix, and “v;” denotes the fiber volume fraction, the engineering material
properties in the “1” and “2” direction are given by [172]:
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E; = vE] + (1 —v;)E™ (2.97a)

E_z = E Em (2.97b)
Vip = valfz + (1 - vf)v{’% (2.97¢)
1 v, 1-v
f f
—=—" " 2.97d
GlZ Glfz Gm ( )
Gi3 = v;Gly + (1 —vy)G™ (2.97¢)
I/ i (2.97f)

— =1+
Gas (;Zf3 ™

As the active layer is a composite material, assigning the PZT coupling material
properties to the active layer coupling properties is not correct. The piezoelectric
properties for the active layer can be extracted by the mixing rules, as given by [173]:

1

1
dsy = —d§yv1; + vpd3 Y (1 4 vy) (2.98h)
€33 = Vf€qs (2.98¢)

2.5.2. TRANSFORMATION RULES FOR THE MATERIAL PROPERTIES

A fiber orientation different from zero will change the stiffness properties for all the
layers and the active layer's piezoelectric properties. It should be noted that the fiber
rotation in the PZT and substrate are arbitrary and denoted by 6,, and 6,. Besides,
6=90° for the MFC electrode layer according to the manufacturer's datasheet.
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If [Q;;] and [Q;;] are the stiffness matrices in the principal and physical coordinates,
respectively, the relationships between their components can be given by [103]:

Q11 = Q11 cos* 8 + 2(Q12 + 2Q46) sin? O cos? § + Q,, sin* 6

Q12 = (Q11 + Q25 — 4Q¢¢) sin? B cos? 0 + Q;,(sin* 8 + cos* 6)

Q22 = Q11 5in* B + 2(Qq, + 2Qg6) sin? @ cos? O + Q,, cos* 6

Q16 = (Q11 — Q12 — 2Qe6) Sin 0 cos® B + (Q11 — Q12 + 2Qe6) sin® 6 cos 6

Q26 = (Q11 — Q12 — 2Qe6) sin® B cos 6 + (Q11 — Q12 + 2Qge) sin 6 cos® 6 (2.99)
Q66 = (Q11 + Q22 — 2Q15 — 2Qg) sin? 8 cos? O + Qg (sin* 6 + cos* 9)

Qas = Q4405?80 + Q55 Sin? 6

Qas = (Qs5 — Qua) cOs O sin 6

Qss = Qs5c0s% 6 + Quq sin® 0

The material properties for the piezoelectric layer due to the 9-rotation are given by
[103]:

@31 = e3, €0s% 0 + e;, sin% @

€35 = €37 Sin* 0 + e3, cos? 6

e3¢ = (e3; — e3,) sin 6 cos 6

e14 = (15 — e54) sinf cos 6

834 = €34 €05% 0 + e, sin? 6

€15 = e;5c0S% 0 + ey, sin? O

(2.100)
&5 = (e15 — e54) sinf cos O

€11 = €11 C0S%2 0 + €,,sin? 0
€55 = €11 5in? B + €,, cos? O
€1, = (€11 — €,5) sinf cos B

€33 = €33

2.5.3. MATERIAL PROPERTIES FOR THE MFC SUBLAYERS

Accurate MFC modeling is a challenge because there are many sublayers that their
material properties shall be inserted into the model. Many of these material properties
are not given explicitly by the manufacturer's datasheet. Therefore, the equivalent
properties for the sublayers shall be calculated from the raw material properties. The
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seven sublayers' properties are derived from Ref. [173]-[175] and are given in Table
2-9. The small fiber volume fraction in the electrode layer can be due to the light
weightiness and flexibility design criteria. On the other hand, the high volume fraction
in the active layer should be due to the necessity for high power generation; yet 0.14%
epoxy volume creates flexibility in the active layer.

Properties Active layer = Electrode layer = Acrylic layer = Kapton layer
Fiber volume fraction v, 0.86 0.24 — —
Layer thickness (um) 177.8 17.78 12.7 254
Fiber material PZT-5A Copper — —
Matrix material Epoxy Epoxy — —

Table 2-9. The MFC sublayers’ properties [173]-[175].

Six different materials are used in the MFC, ranging from PZT to viscoelastic epoxy.
The PZT material is considered orthotropic, while epoxy, copper, acrylic, and Kapton
are considered isotropic materials. Material properties for these six materials are given

in Table 2-10.

Properties PZT fibers = Epoxy = Copper = Acrylic = Kapton
E1:53
Young’s modulus (GPa) 3.378 117.2 2.7 25
E,=61
612:12
Shear modulus (GPa) Gp3=22.6 1.33 447 1.0 0.93
G13:22.6
V12:0.384
Poisson’s ratio 0.27 0.31 0.35 0.34
Vz3:0.35
Density (g/cm3) 7.75 1.4 8.96 1.185 1.42
Coupling charge constants (pC/N) = ds;=-167.28
dgz:'167.28
Dielectric constants (nF/m) 1850¢ — — — —

Table 2-10. The material properties for the materials in the MFC sublayers [164].
2.5.4. COMPARISON WITH THE EXPERIMENTS

Using the mixing rules and the sublayer material properties, the FE model outcomes
adopted for the MFC are compared with the experimental results. Fig. 2-24 (a) shows
the experimental setup, an unimorph piezoelectric harvester with the MFC undergoing
harmonic base excitation. Fig. 2-24 (b) shows the natural frequency comparison
between the FE model and the experiment, 205.7 Hz and 197.5 Hz. A 4% error exists
in the natural frequency comparison. The power output is compared with the
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experiments Fig. 2-24 (c) as a frequency ratio function, where the frequency ratio is
the excitation frequency divided by the natural frequency. The FE model results are
given in two states, one undamped without damping matrix and the other with the
damping model. The proportional damping coefficients are extracted using the
model's correlation to the experiment based on the peak power. Fig. 2-24 (c) shows
that the resonant occurs at approximately Q~1.016 for both the experiments and the
FE results. The undamped FE model's peak power is substantially overestimated,
while the FE power curve matches perfectly with the experimental data using the FE

damped model.

@ (b)
aluminum clamp box
p 1% natural frequency
(H2)
unimorph energy Experiment [161] 1975
harvester with the MFC
FE model [164] 205.7
Difference +4%
shaker
The output power with R = 31.5(kQ2)
o i o Present FE-undamped ; .,
M'f‘. 1 | = = Present FE- damped .
8 10 ® Experiment _.‘.-~’ “p,
© = Gl 8-S -¢: e
\"/" [ "_.(r - = X “Ce. »
o -3 g7 e
B 100t -l 3
v S el
= [g=¥-" X |
0.96 0.98 1 1.02 1.04

Frequency ratio, Q2

Fig. 2-24. (a) Experimental setup: A cantilevered unimorph piezoelectric beam with
the MFC, (b) the comparison of the natural frequencies, and (c) the comparison of
output power between the FE model in undamped and damped model with the

experiments [164].

2.5.5. COMPARISON WITH FE COMMERCIAL SOFTWARE

In this subsection, the current FE model's output is compared for a trapezoid
piezoelectric bimorph beam. These results are given from Ref. [164].
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The trapezoid energy harvesting beam has two PZT-5A piezo layers attached to an E-
glass fiber unidirectional composite with 50um epoxy contact layers. Fig. 2-25 shows
this piezoelectric beam. The material properties for the substrate composite and the
contact layers are given by t. The piezoelectric active layer's layerwise characteristics,
the substrate composite, and the contact layers are given in Table 2-12.

Fig. 2-25. The trapezoid piezoelectric bimorph with E-glass unidirectional substrate
and two PZT-5A piezo layers [164].

Properties E-glass fibers Contact layer
Young’s modulus (GPa) E=30 1.05
Shear modulus (GPa) G=30 0.40
Poisson’s ratio v=0.32 0.3
Density (g/cm®) 2540 1.4

Table 2-11. The properties of the E-glass fibers and the contact layer for the bimorph
shown in Fig. 2-25.

Properties Active layer Substrate layer Electrode layer Contact layer
Length (mm) 100
Width (mm) 100
Fiber direction 6 (deg) 6,=10 6,=30 90 —
Layer thickness (um) 177.8 150.0 17.78 50.0
E-glass
Fiber material PZT-5A Copper —
v5=60%
Matrix material Epoxy Epoxy Epoxy —

Table 2-12. The layerwise characteristics considered for the bimorph shown in Fig.
2-25.

The first three modes for this bimorph harvester are shown in Fig. 2-26 (a). The first
mode is the bending mode, and the second and third modes are bending-torsion
modes. The 1% mode, which is the bending mode, does not considerably vary
concerning the element numbers. In contrast, the 2" and third modes require a fine
mesh to generate accurate natural frequencies. There is good agreement between the
present FE model and the COMSOL® software results in all three modes. Note that
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for an accurate FE model in all the modes, approximately 300 elements are required.
Nevertheless, for energy harvesting applications, the bending mode is of great interest.
Therefore, for energy harvesting applications, Khazaee et al. [164] only used a 24-
element mesh, which is accurate enough for the 1st bending mode.

@

First three modes with fine mesh in case of a=-5°

©1=34.3 (Hz) ©,=46.8 (Hz) ©3=145.4 (Hz)
(b)
:E/ 400 _ =T 200 ;:
B 300 - L 150 g X COMSOL®
=] \/ -
g -\ g 1st Mode
g 200 + N - 100 g — — 2nd Mode
= ] N Ko X X X 3 3rd Mode
£ 100 - N - 50 &
2 | ¥ = — o S — Time
< O
Z 0 T T T T T T 0
4 16 64 256

Number of elements

Fig. 2-26. (a) the first three modes using COMSOL®, and (b) The natural frequency
comparisons for the first three modes between COMSOL® and the FE model at
different element numbers [164].

2.6. COMPARISON BETWEEN THE SDOF, DISTRIBUTED AND FE
METHODS

The natural frequencies and the output voltage and power for the benchmark example
are compared against each other for comparing the Single-Degree-of-Freedom
(SDOF), analytical beam, and the finite element methods.

Table 2-13 illustrates the first and second mode natural frequencies using the SDOF,
beam, and FE models and the first experimentally obtained natural frequency. In the
first mode, the FE natural frequency is the closest value to the experiment.
Nevertheless, the error for the first mode is less than 1%. For the second mode,
however, the SDOF model gives an incorrect value, and the beam model result has a
3.7% error. Therefore, the SDOF and beam models are not accurate for estimating the
natural frequencies in higher modes.
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SDOF Beam FE Experiment
w,(H2) w,(H2) w,(H2) w,(Hz) [108]
Mode | 45.17 45.73 45.69 45.6
(Variation) (0.43Hz) (0.13Hz) (0.09Hz)
Mode I 282.27 541.24 521.73

Table 2-13. The comparison of the first and second mode natural frequencies between
SDOF, Beam, and FE methods.

The voltage and power outputs from the SDOF, beam, and FE models under the
resonant excitation are compared in Fig. 2-27 (a) and Fig. 2-27 (b). Overall, while the
beam and FE method results are similar, the SDOF behavior has considerable
differences. From Fig. 2-27 (a), the open-circuit voltage of the SDOF, for instance, is
notably lower than the other methods' results. The optimum load for the maximum
power in Fig. 2-27 (b) shows that the SDOF method will give an inaccurate optimum
load, even though the peak power can be similar to the beam and FE peak power.
Thus, estimation of the optimum load based on SDOF is not accurate. Besides, the
output voltage from the FE method is slightly lower than the beam model.

Nevertheless, this difference becomes smaller in the electrical load range of 10% to 10°
Q. This range of loads is within the optimum loads for many piezoelectric beams.
Therefore, the beam model gives accurate results in the optimum conditions, even
though the open-circuit and short-circuit conditions slightly overestimate the power.

v 1L ®. J
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> 4
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(@ oo y/
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(b)

Power(mW/gZ)
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" 1 S

102 10* 10° 108
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Fig. 2-27. (a) Voltage and (b) power outputs versus electrical load under the resonant
excitation using the SDOF, beam, and FE models.

2.7. LARGE DEFLECTION NON-LINEARITY

In the linear framework, the beam tip deflection is also doubled by doubling the base
excitation amplitude. The voltage is doubled, and the output power is multiplied by
22 for all three models in Chapter 2. Also, in the linear framework, the beam's natural
frequency is independent of excitation magnitude. However, this independence is not
valid in reality, and for the large beam deflections, the large deflection non-linearity
will occur.

Ref. [176] carried out tests on a small unimorph beam with a single MFC. The voltage
output from the unimorph was measured over a range of frequencies for three different
excitation amplitudes. Fig. 2-28 shows the experimental setup from Ref. [176].

National Instrument Piezoelectric
cDAQ, 9215 & 9172 Harvester
modules

Graphical Interface!

Y

3 — % Kepco AC Power L
/0 vspao1 | o Supply l
Rectifier and Load Shaker s 1

i

|
|
|
|
|

e

Fig. 2-28. The experimental setup on a small MFC unimorph for illustrating the large
deflection nonlinearity [176].
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The power output for three different excitation amplitudes, 0.1, 0.2, and 0.25V shaker
input signal, is shown in Fig. 2-29. Each test is repeated two times. As expected, Fig.
2-29 shows that the output power increases by increasing the base excitation
amplitude. Besides, Fig. 2-29 indicates that the resonant frequency reduces by
increasing the base excitation, from 219 Hz to 214 Hz. Since the electrical load is
constant at all the tests, the resonant frequency reduction is due to the damping
increase or the natural frequency reduce, because w; = w,+/1 — {%. The damping
increase should be extremely high to cause such a reduction in the resonant frequency,
which is not realistic. Therefore, the resonant frequency reduction is due to the natural
frequency reduction.

600 a®n . A Amp 0.1, Replicate 1
E 500 4 " . ] [~ % Amp 0.1, Replicate 2
3 ] g + Amp 0.2, Replicate 1
= 400 A :
g . [°] * ¥ ¥x% X " ):Amp 0.2, Rep]lc.ateZ
2 3004 a ¥ 4 * g Amp 0.25, Replicate 1
e~ * x [ 0 Amp 0.25, Replicate 2
3 2 X Xy, 8 e
o
g 200 4 4 * ; "g
=100 A YT *xggg
o lanaasadd® ST V44111 1T
205 210 215 220 225 230 235
Frequency (Hz)

Fig. 2-29. The output power for three different harmonic excitation amplitudes with a
31.5kQ resistance load (the test setup shown in Fig. 2-28 [176].)

Fig. 2-30 shows how the natural frequency reduces by increasing the base excitation.
As can be seen, atyl = 2.5, the natural frequency is reduced by a factor of 0.972. This
0

natural frequency reduction illustrates that this unimorph has a softening behavior.

130



CHAPTER 2. PIEZOELECTRIC ENERGY HARVESTER

1R 9
] —e— Frequency X
1 »
1 --¢--Power /,/ 7
0.99 - L’ C =
(=} T g r ﬁ
=) 4 4 B g
8 ] -* =Y
= . - < L \><
8 098 - - r s
] el -3 A
-
- ”I’ I~
P D
1

097 _0’ ——————T—T—T——
1
Y/Y,

Fig. 2-30. The natural frequency and power output variation as a function of base
excitation amplitude [176].
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CHAPTER 3. FURTHER
INVESTIGATION OF SOME PEHS’
CHARACTERISTICS

A piezoelectric beam has some sub-components, substrate shim, the added mass, and
the contact layer, as depicted in Chapter 2, that affect the system's vibration
characteristics (modal parameters) and the output power. This chapter introduces
investigations about these parameters’ effects on the natural frequency and power
generation.

3.1. SUBSTRATE SHIM

The purpose of adding a substrate shim in the piezoelectric beam is to provide a
substructure for the piezoelectric layers, which are often fragile and substantially stiff.
These subsection results are derived from Ref [16], where a piezoelectric MFC
unimorph is subjected to shock-based base excitations for the vibration and power
performance analyses. Further details about the test configurations can be found in
Ref. [16].

The substrate shim changes the natural frequency as it adds stiffness to the system.
Fig. 3-1 compares the first bending mode between the No-Shim and Alu-Shim
samples over a range of different base excitations. In this example, the substrate shim
and contact layer increase the natural frequency by a factor of 20%, from an average
of 16 Hz to 22 Hz.

First bending mode
25 1
] A -
22 ; =5 A
] o
S y——"°
Z 19 ]
< .
8 16 3 e o
] | —a — Alu-Shim No-Shim|
13 —T T T
0.5 1.5 2.5 3.5

Ac/ gO

Fig. 3-1. The substrate's effect on the first bending mode for the piezoelectric MFC
unimorph [16].
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The voltage generation from a single MFC layer and a unimorph consisting of a MFC
and an aluminum substrate is compared. The MFC has a thickness of 0.3mm, and the
substrate shim is 0.12mm aluminum.

Fig. 3-2 compares the voltage outputs under a shock-excitation for the piezoelectric
beam with and without the substrate shim. The Alu-Shim sample's peak voltage is
approximately 1.6V, which is four times greater than the 0.4V for the No-Shim
sample, illustrating the positive effect of the aluminum shim on the voltage
generation. The zoomed-in view in Fig. 3-1 an interesting outcome because high-
frequency (over 100Hz) fluctuations can be seen in the No-Shim sample, while these
variations are not visible for the Alu-Shim sample. Besides, the voltage response in
the Alu-Shim is damped out faster than the No-Shim sample.

2 T T T T
——sample 2 (Alu-Shim)
——sample 1 (No-Shim)
1 -
—
\>_/ 0.12 0.14 0.16 0.18
-
_1 1 il 1 1
0 0.1 0.2 0.3 0.4 0.5

Time (s)

Fig. 3-2. The voltage response of a piezoelectric MFC unimorph under the 1.779g0
(90=9.81m/s?) shock-based excitation with and without a substrate shim [16].

Fig. 3-3 illustrates the effect of substrate shim on the voltage generation under the
stochastic DC motor vibration. The With-Shim sample generates the voltage two
times larger than only the MFC layer. According to Fig. 3-2 and Fig. 3-3, the substrate
shim increases the voltage output in both shock-based and stochastic vibration
excitations.
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Fig. 3-3. The voltage response comparison between the No-Shim and With-Shim
samples under the vibration from a DC motor [177]

In the piezoelectric MFC sample, the substrate shim increases the voltage generation
substantially for both shock-excitation and practical stochastic vibration, proving that
the substrate layer has a substantial positive effect. The same results about the positive
effect of the substrate layer have been observed by Hong and coworkers [178]. The
reason behind this is due to the neutral axis position in the bender [178]. As shown in
Fig. 3-4, adding the substrate shim will deviate the neutral plane from the piezoelectric
mid-plane, which will affect the charge distributions so that the resultant charge output
becomes large.

Piezoelectric layer

N
55
S

Neutral plane

g

/

e o
e Substrate layer Bl

Fig. 3-4. The neutral axis position for (a) a piezoelectric layer without the substrate
shim and (b) a piezoelectric layer with the substrate shim [178]

3.2. ADDED TIP MASS

A tip mass is often added to the piezoelectric energy harvester in the piezoelectric
energy harvester design. This subsection investigates the effect of the added mass on
the systems’ vibration.
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Table 3-1 shows the natural frequency variations when a 4.2g added tip mass is
introduced, 80% mass of the No-Shim sample, and 58% mass of the Alu-Shim sample.
It can be seen that the added tip mass reduces the first natural frequency by 50%,
which is a substantial reduction. The added tip mass causes a 72% reduction for the
second-mode natural frequency, which is even more significant than the first mode's
natural frequency reduction.

Description wy(Hz) .
: : Frequency ratio
no tip mass 4.29 tip mass
No-Shim sample
- first mode 16.2+0.4 8.2+0.2 0.51
- second mode 108.6+3.5 78.0£3.6 0.72
Alu-Shim sample

- first mode 21.3+0.7 10.8+£0.5 0.51

Table 3-1. The natural frequencies’ variation due to the added tip mass [16].

It has been shown by many researchers that the added tip mass enhances the voltage
generation by piezoelectric harvesters. The outcomes of the experiments, as shown in
Fig. 3-5, also prove this statement. The tip mass increases the output voltage
considerably in both No-Shim and Alu-Shim samples. This increase for the Alu-Shim
sample is from 0.9V to 1.4V, while for the No-Shim sample is from 0.1V to 0.6V.
Thus, the added tip mass increases the No-Shim sample's voltage more prominent
because the No-Shim sample is less stiff, and the tip mass causes more significant tip
deflection than the Alu-Shim sample. Since the No-Shim sample is more flexible than
the Alu-Shim, the added tip mass vibration endures for a longer time, as shown in Fig.
3-5.
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Fig. 3-5. The effect of added tip mass on the voltage for the piezoelectric MFC
unimorph subjected to a 0.88go shock excitation (a) with substrate shim and (b)
without substrate shim [16].

Fig. 3-5 only compares the voltage output for one shock excitation. The comparison
between the voltages is repeated for a range of different shock excitations, shown in
Fig. 3-6. Itis still valid that the added tip mass increases the peak voltage considerably
for both the No-Shim and Alu-Shim samples.
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Fig. 3-6. The tip mass effect on the voltage (peak voltage) for No-Shim and Alu-Shim
samples over a range of shock base excitations [16].

Under the shock excitation, the RMS of the output power is more important than the
peak power. Thus, the power RMS plotted in Fig. 3-7 compares the power RMS to
add tip mass. Overall, by increasing the shock excitation amplitude, the effect of tip
mass becomes more significant. Besides, the increase in the power for the No-Shim
sample is more significant than the Alu-Shim sample. The tip mass induces extra tip
deflection due to its inertia, and if the beam is less stiff, the extra tip deflection
becomes more extensive, which consequently increases the output power. In the No-
Shim sample, the vibration damps out slower, and therefore, the power RMS will also
be more prominent.

25 Power root mean square for samples 1 and 2 with tlp mass
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Fig. 3-7. The tip mass effect on the power RMS for Alu-Shim and No-Shim samples
over a range of shock excitations [16].
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3.3. CONTACT LAYER

The contact layer is an inseparable part of a piezoelectric beam because the
piezoelectric beam is made of different layers, which need to be joined. However, the
contact layer effects are often neglected. In this subsection, the numerical and
experimental results are presented for pointing out the contact layer effect.

First, numerically, the contact layer's effect in an energy harvester with two
piezoelectric layers is investigated using the presented FE model in subsection 2.4.
The geometries of the energy harvester are given in Fig. 3-8. The power output versus
the harmonic excitation frequency is shown in Fig. 3-8. The contact layer Opm, which
is not valid in a real case, leads to the highest power output. However, by increasing
the thickness of the contact layer, the peak power output drops. The contact layer
shifts the resonant frequency to the right because it adds stiffness to the beam.
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Fig. 3-8. The effect of contact layer thickness on the power output under harmonic
excitations using the FE model [163].
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For further investigation, the experimental voltages from the unimorph beams with
different contact layers from Ref. [16] are presented in Fig. 3-9. The base excitation
is shock excitation; therefore, the voltage response has a peak voltage and then damps
out. Thus, for comparisons, both voltage peak and RMS are plotted in Fig. 3-9. The
sample with the thinnest contact layer generates the highest voltage peak and the
voltage RMS. The sample with a 1200um contact layer, on the other hand, generates
the smallest voltage output.

In addition to the peak voltage changes due to the contact layer, the voltage RMS
varies substantially with different contact layers. Therefore, it can be concluded that
the contact layer not only changes the peak voltage but also changes the decaying
response.

Votlage response

31.5 mm
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1 0.12
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Fig. 3-9. Experimental investigation for the contact layer effect on the voltage output
from the large unimorph with the MFC under the shock-based base excitation [16].

The numerical and experimental results prove that the contact layer effect is not
negligible if the thickness is not small. The contact layer effect depends on its
thickness and material. Less contact layer thickness gives better power generation
performance. Nevertheless, the manufacturing process affects the contact layer
thickness substantially. For instance, Fig. 3-10 shows two different energy harvesters;
one built in the laboratory, Fig. 3-10 (a), while the other is a commercially
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manufactured product, Fig. 3-10(b). As can be seen, the unimorph built in the
laboratory has a considerable contact layer thickness because controlling a thin
thickness of the epoxy is difficult.

On the other hand, in the commercial bimorph beam, the contact layer has a negligible
constant. Thus, for the energy harvester manufacturers by advanced treatment, the
contact layer thickness may be eliminated. However, if the piezoelectric composite
beam is built in the laboratory and by hand, the contact layer thickness will be
inevitably in the range of 100um, which affects the piezoelectric performance. The
damping effect of the contact layer is investigated in detail in Chapter 4.

@ ()

Contact layer ; 2
® Substrate Piezoelectric Substrate

Harvester with
substrate and
contact layer

the MFC __y
harvester

Fig. 3-10. (a) A unimorph beam without substrate and a unimorph beam with substrate
and contact layer manufactures in the Aalborg University laboratory and (b) a
bimorph beam commercially manufacture.
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The power output from piezoelectric energy harvesters also depends on the damping,
among other factors. A piezoelectric beam is a composite beam vibrating in the
surrounding fluid, often has mechanical support. Energy dissipation in such a
piezoelectric beam can have different reasons. These different energy dissipation
sources, as shown in Fig. 4-1, are:

e Viscous airflow force: When the beam is vibrating in the air, the airflow force
resistance applies a resistance force against the beam surface.

e Squeeze force: The force created by the airflow against a fixed wall generates a
squeezing force against the beam vibration.

e Internal energy dissipation: Any energy dissipation inside the piezoelectric beam
due to acoustic emissions, heat flux, and viscoelasticity, is categorized as internal
energy dissipation.

e Support loss: When the piezoelectric beam is clamped or has mechanical
supports, energy will be lost through the support.

e Damage damping: If any imperfection occurred between the piezoelectric beam
layers, this damage could cause energy dissipation.

B l

Airflow
| force

Internal energy dissipation I h Ix(t)

| Squeeze
| Damage / [};,:LYL \ g
| dampir

amping 0

Fixed Wall

Y

A

Support
loss

|

Fig. 4-1. Energy dissipation sources in a piezoelectric beam during the vibration [161]

These energy dissipation sources depend on many parameters and can be different for
different piezoelectric beams. Quantifying these energy dissipation sources can help
to understand the nature of damping in piezoelectric energy harvesters. The following
subsections try to present methods for determining the damping coefficient and
quantify different damping mechanisms.

4.1. SUPPORT LOSS AND DEBONDING DAMPING MECHANISMS

This subsection presents the support loss damping and the debonding damping results,
which have been derived from Ref. [161].
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4.1.1. EXPERIMENT SETUP

The experimental setup for obtaining the power output response over the frequency is
given in Fig. 4-2 [161]. The piezoelectric sample, clamped by a clamp box, is
subjected to harmonic excitations by the V201 shaker controlled by the NI 9215
module. The NI 9263 module measures the output voltage. Consequently, the output
power is measured using Ohm’s law.
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cDAQ and Modules

Rectifier and _ VSD 201 Shaker =

>
Load N =

5
I'
I°= - = Unimorph 2
> & harvester
A
| 00({9

NG

NI cDAQ 9172

|

|

| NI 9263 module (Input)
I Y3 M2 o

o o o @“* =1=t
- W VSD 201 Shaker Output Input
FBR :

R/
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| a s w2 o
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Fig. 4-2. Experimental setup for the support and damage damping mechanisms [161]

Fig. 4-3 shows the piezoelectric samples’ dimensions in this study. Piezoelectric
beams are unimorph beams with MFC and 0.12mm-thickness aluminum substrate,
which are joined together with epoxy adhesive. Besides, there is a thickness difference
between the pristine and the debonded samples due to the bonding layer, affecting the
damping coefficient. Typically, having greater thickness can cause a structural
damping increase. For debonding effect study, the MFC size was selected to be large
so that the debonding effect can be seen clearly.
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Thickness = 820 pm=7% Thickness = 609 pm+11% r 735 i |
: . =

Clamp Box
© Active
~N

Area

Fig. 4-3. The piezoelectric samples (pristine and debonded) were tested with the
dimensions [161].

Fig. 4-4 (a) shows the experimental samples used for assessing the support loss
damping. Again, the piezoelectric beams are unimorph samples with the MFC and the
0.12-mm-thickness aluminum substrate. Fig. 4-4 (b) and (c) show the piezoelectric
sample connected to two different clamp boxes, one aluminum clamp box, and one
plastic clamp box. In both of these boxes, four screws are used to clamp the beam.

37
Sample for support loss test Clamp Box

Thickness = 665 um+7% 25.5

- - > LY

[e] n .
- ™ Active Area
i

Torque=T

(@)

Fig. 4-4. The piezoelectric sample tested at different support conditions for measuring
the support loss, (a) sample with the dimensions, (b) the aluminum clamp box, and (c)
the plastic clamp box [161].
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4.1.2. ANALYSIS METHOD

The analysis method relies on the SDOF method and model correlation. It has the
following steps:

a. The piezoelectric beam is modeled using the SDOF method. The power output

then will be:
PO _ (1/w,)Meggrk202
£5 1= (1 28,0022 + [(1 + ak2)TQ + 20, Q — rQ3]? (2.12)

The power output model in Eq. (2.12) is based on the SDOF simple model.
However, some critical parameters are extracted based on the experiments so
that the model becomes accurate.

b. Natural frequency (w,) will be obtained through the experimentally obtained
frequency response function, e.g., power output FRF.

c. A model correlation is performed between the analytical SDOF model and the
experimental so that the damping coefficient is updated until the resonant power
outputs from the experiment and the model match.

Fig. 4-5 shows the SDOF model correlation using the resonant peak difference
minimization by model correlation using the above steps (a)-(c). As can be seen from
Fig. 4-5, there is good agreement between the analytical and experimental data after
the correlation; however, there are some differences in the power response bandwidth
of the experimental data and the analytical SDOF model. This SDOF model is simple,
but the model updating using the SDOF is less time-consuming and more effortless.
Besides, this study aims to track the damping variation relatively due to the support
loss and damage damping, so having an acceptable accurate damping model is not the
critical need in this study.
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Fig. 4-5. The SDOF model correlation using experimental data by updating the
damping coefficient [161].

4.1.3. SUPPORT LOSS DAMPING

Fig. 4-6 illustrates the variation of power over frequency for different clamp boxes
with different tightening torques. If the torque for the clamp box is varied, the output
power is also changed. The clamp box material also affects the output power; using
the plastic clamp box leads to higher power generation.

Plastic clamp box

Aluminum clamp box
A

RMS of power density
(WW/g)
(=]
(%5}

0 I I I
190 195 200 205 210 215 220 225 230 235

Excitation frequency (Hz)
—e—T=05N.m =—4=T=0.6 Nm =—tb=—T=0.7N.m =—8=—T=0.8N.m

Fig. 4-6. The power output over the frequency range for the aluminum and plastic
clamp boxes with different tightening torques [161].

The natural frequencies between the plastic and aluminum clamp configurations for a

torque range of 0.5-0.8N.m are presented in Fig. 4-7. The sample's natural frequency
with a plastic clamp is 8.2% higher than that for the sample with an aluminum clamp.
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Fig. 4-7. The natural frequency comparison between the aluminum and plastic clamp
configurations with different tightening torques [161].

The power output for different support clamp conditions is shown in Fig. 4-8 (a).
There is an evident variation in the power output between the plastic and aluminum
clamp box; the piezoelectric sample with plastic clamp has higher power generation.
Besides, for both clamp boxes, by increasing the tightening torque, the power output
reduces. The tightening torque is increased from an initial value to the final value and
then reduced to its initial value for the plastic clamp box to ensure that the variation
is repeatable. There is a good agreement between the power outputs in changing the
tightening torque despite some minor variations.

Fig. 4-8 (b) illustrates the identified damping coefficient that the model correlation
approach has obtained. Overall, it can be concluded that applying more pressure on
the clamp box by the screws will increase friction in the support and therefore increase
the damping coefficient. It also indicates that the aluminum clamp box leads to higher
support loss.

146



CHAPTER 4. DAMPING IN PEHS

@
0.5

—@—» Plastic clamp box

0.45 —& Aluminum clamp box

0.4 ' \§-=
~N

RMS of power at resonance
(nW/g)

0.35 | ~
N—
0.3 B ~
’ ~
Direction of torque variation ~
025 1 1 \
0.50 0.60 0.70 0.80
Tightening torque (N.m)
(b)
0.08
=—A=— Aluminum Clamp Box A
72007 | . =
o —6— Plastic clamp box _ 7~
=
— {
§ 0.06 | b —_
= ~
<0.05 -
o »
(8]
%D 0.04
3
003
a
0.02 . . .
0.5 Nm 0.6 Nm 0.7 N.m 0.8 Nm

Screw tightening torque

Fig. 4-8. (a) The power outputs from different clamp support conditions and (b) the
identified damping for different clamp support conditions [161].

4.1.4. DEBONDING DAMPING

Debonding in the contact layer can be a phenomenon that occurs during
manufacturing techniques or aging. Here, the performance of a piezoelectric beam is
investigated due to the debonding in the contact layer. Fig. 4-9 shows the sample with
the debonding area. This debonding area was created without any control on its
boundaries to resemble a real debonding.
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Debonding edge

Clamp Line

Fig. 4-9. The deboned sample with the debonding area [161].

The power output FRFs for the pristine and the debonded samples are shown in Fig.
4-10. There are two peak frequencies in the power FRF. It can be seen that the resonant
power drops significantly due to the debonding with more than 40% power drop in
the first bending mode frequency. Moreover, the peak frequencies are also reduced by
approximately 20%. Hence, this debonding has a significant effect on both the
resonant frequency and the power output; therefore, the piezoelectric beam
performance would considerably change. In this clamped-free boundary condition,
the strains close to the clamp box are substantially larger than other areas. Therefore,
most of the power output in a piezoelectric cantilever is generated from the clamp line
regions. This debonding area is located in the region close to the clamp line, leading
to significant influences on the piezoelectric beam performance.
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Fig. 4-10. The power FRF for the pristine (undamaged) and debonded samples [161].

As discussed in the analysis method, the analytical model power will be updated by
updating the damping coefficient so that the peak power outputs match, and it is
assumed that this identified damping is the correct damping value for the piezoelectric
beam. Fig. 4-11 shows the performance of the model correlation. It can be seen that
the analytical model power is matched with the experimental peak power for the
updated damping coefficient. The resultant identified damping is also shown in Fig.
4-11 for the undamaged and the debonded samples. The damping coefficient in the
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debonded sample is considerably greater than that of the undamaged sample.
Therefore, this debonding will increase the damping coefficient.
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Fig. 4-11. The identified damping coefficient for the undamaged and deboned samples
using the power output correlations [161].

* The fluid-structure damping is different between the undamaged and debonded samples because of their
different thicknesses.

Table 4-1 summarizes the comparisons of the performance parameters between the
undamaged and debonded samples. Overall, the debonding reduces the power output
by 41%, reduces the natural frequency by 23%, and increases the damping coefficient.
The damage-induced damping coefficient is almost responsible for one-third of the
total damping.

Parameter Undamaged Debonded
Active area (cm?) 20.58 17.49
RMS resonant power (UW) 132 77.9
Resonant frequency (Hz) 30 23
Cm (Correlated value) 4.83E-02 7.65E-02
Cruid-strucure [161] 7.90E-04 1.24E-03
Cstructural [28] 5.00E-07 5.00E-07
Csupport (FEm Crvig-structure™ Cstructurat) 4.75E-02 4.75E-02

CDamage (:Qm' CFIuid-Struclure' CSlruclural' CSupport) - 2-78E'02

" The fluid-structure damping is different between the undamaged and debonded samples because of their
different thicknesses.

Table 4-1. Comparing power output, resonant frequency, and the damping coefficient
between the undamaged and debonded sample [161].
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4.2. HTVR METHOD FOR DAMPING DETERMINATION

The damping is a sensitive parameter depending on many influential parameters,
including the boundary conditions and the manufacturing process. Therefore, it is of
great interest to present simple methods to quickly and reliably determine the damping
coefficient. One method for the damping determination for the piezoelectric beams is
the harmonic transient voltage response (HTVR) method [162], which uses only the
voltage measurements made on piezoelectric beams; no pre-knowledge about the
system is needed. This subsection presents the HTVR method and its performance for
the damping determination according to Ref. [162].

4.2.1. HTVR METHOD PRESENTATION

HTVR has four main steps, as shown in Fig. 4-12.

Step 4: Peak selections and Damping
Step 1: Recording the voltage signal Step 3: Envelope curves determination

Y5 (t) = V5 cos(Qu,t) Voltage measurements

l _ 5, = ok

s -— ime i

harmonic excitation i Vpeak o g — gt) ——— 7 Vsteady
Wi / signal

= . / Step 2: Applying FFT
T ™ o - @ ¢ w,T;

Wdc
Q=w/wy. : @ B—1
in

No »{=—

e |

13

Fig. 4-12. The four main steps for the HTVR method [162].

The first step is to apply a harmonic base excitation to the piezoelectric beam and
measure the transient voltage response. It is critically important that the voltage
response be measured from the zero conditions. A sample of the measured transient
voltage is shown in Fig. 4-12.

The second step is to apply the Fast Fourier Transform (FFT) to the measured signal.
By this, the excitation frequency and the damped natural frequency can be obtained.
Because the voltage is measured from the zero conditions, the response also contains
the natural frequency information because it is evident in the transient response. Fig.
4-13 shows that how the FFT can reveal the dominant frequencies in the voltage
response.
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Fig. 4-13. The FFT of the voltage signal determines the excitation and the damped
natural frequency [162].

The third step is to obtain the envelope curves for the transient voltage response. The
transient voltage response equation was investigated in subsection 2.3.5. The transient
voltage response has specific patterns for specific excitation frequency ratios. In two
specific excitations, a straightforward analytical equation can be derived for the
voltage envelope curve. These two conditions are (1) resonant excitation, Q=1 and (II)
under or near-resonant excitations, Q<1 or Q ~1. The voltage transient response and
the envelope curve for these two categories are shown in Fig. 4-14. In these two cases,
the envelope curves are given by:

Case one (Q=1) 8(t) = Viteaqy (1 — e7¢9n%), for all ¢ 4.1

Case two (Q<1 or Q ~1) () = Viteaay (1 + e ¥ sin (“""Z—"‘“ t), fort <= (42)

i50 Envelope curves at different excitation frequencies
o T T T

case On€ ___ A
100 F g(t)*) h
case two
S s50f
N
o
£
S sof
-100F — Q=1
— =095
_150 1 1 L A 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

Fig. 4-14. The envelope curves for the transient voltage response at the two excitation
cases [162].
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The last step is to select the transient peaks and the steady-state value, and by using
the envelope curve equations, calculate the damping coefficient. Fig. 4-15 shows the
transient peaks and the steady-state value for a resonant excitation case. The damping
coefficient can be determined from the ratio of the peaks. If §; is the ratio of the
transient peak at a time T} to the steady-state value, as given by:

- Vpeak|@Tl (4.3)
’ Vsteady

, then the damping coefficient can be given by:

Case one (Q=1) = _lnS ; B) (4.4)
n!j
lnﬁé—_l
Case two (Q<1 or Q ~1) B |sin (—wdcz @ T,)l (4.5)
N A

One should note that for case two, the transient peak should be located in the early
stage no later than 7 = {w,, e.9., T; < %

— Peak selectlons and steady state value
“transient peaks

B
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(=]
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Fig. 4-15. The illustration of the transient peaks and the steady-state value [162].

steady-state Value (V

teady

4.2.2. EXPERIMENTAL VERIFICATION FOR THE HTVR METHOD

Experimental data is used to assess the performance of the HTVR method for the
damping determination. The experiments are carried out on a unimorph piezoelectric
beam with the MFC. Fig. 4-16 (a) to (c) illustrate the experimental setup and the
piezoelectric sample dimensions.

152



CHAPTER 4. DAMPING IN PEHS

accelerometer MFC sample Casing \‘
pamm——" Clamp line

1L

Electrode 7/
Active \

area

| le— 28mm —HT_:
(b) le— 31.5mm —>

transient voltage
1o, Measurement

accelerometer g [Jl] ’ ( l \
- P
LabX!EW R i _ oy 02 04 06
r—- L Time (s)
harmonic base
o (mm—
|Q’”‘ é\é 1 ,\’ motion
[«
NI cDAQ 9172
KEPCO suppl;
I [ N19201 module (Input) J e
l ] L] gz
— A% || | BEe
[ NI19263 module (Output) ] Output -, p Input_|
L . signal =]
(©

Fig. 4-16. (a) the experimental setup, (b) the piezoelectric sample with its dimension,
and (c) the devise setup for the excitation and the measurement [162].

The piezoelectric sample is excited with 14-Hz and 15-Hz sinusoidal base excitations,
and the HTVR method is applied to the voltage response for the damping
determination.

The voltage transient response and the FFT transform of the voltages are shown in
Fig. 4-17 (a) and (b), respectively. The transient and the steady-state zones are also
given in Fig. 4-17 (a). Besides, the dominant frequencies in the voltage response can
be seen from the FFT plots in Fig. 4-17 (b)
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Fig. 4-17. (a) The transient voltage response under the 14Hz and 15Hz harmonic
excitations and (b) applying the FFT on the transient voltage responses [162].

By applying the HTVR method to the transient voltage responses, the damping
coefficients can be determined. Table 4-1 shows the parameters associated with
applying the HTVR and the identified damping coefficient. According to the HTVR
results, the identified damping in 14Hz and 15Hz excitations are in good agreement
with each other.

vy .
T1 (ms) V(Tl) (V/g) Vsteady (V/g) V— ( (Aj)
steady
w =14 Hz 95.6 8.629 5.95 1.45 4.38
w=15Hz 171.0 13.29 10.1 1.32 4.82

Table 4-2. The identified damping coefficients from the 14Hz and 15Hz harmonic
excitations using the HTVR [162].

Having the damping from the HTVR, the optimum electrical load is obtained from
the analytical formula given by [179]:

1 2¢

opt _
R ™ =

(4.6)

For the understudy MFC unimorph, the analytical and experimentally obtained
optimum load is given in Table 4-3. The difference between the experiment and the
optimum analytical load is 25kQ. However, this difference maybe is less in reality
because the selective loads in the experiments are discrete.
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Analytical by Eq.(4.6) Experiment [162] Difference

R 25kQ 27kQ 7.4%

Table 4-3. The comparison of the optimum analytical load with the experiments.

4.2.3. ACCURACY EVALUATION FOR THE HTVR METHOD

This subsection assesses the HTVR method's accuracy under different circumstances
and compares the HTVR against other damping determination methods. The
benchmark example in subsection 2.1 is used for the investigations.

4.2.3.1 Comparison with the other methods

Here, the benchmark example is investigated by the HTVR method, and the HTVR
results are compared with the results from the half-power bandwidth [180] and
logarithmic decay [166] methods.

The half-power bandwidth method needs the steady-state FRF response (see Fig. 4-18
(a)), while the logarithmic decay curve needs the transient response to an impact or
shock excitation (see Fig. 4-18(b)).

The damping coefficient from the half-power bandwidth method is:

Aw 2.4

= = 2.499
20g. 2 X 4825 %

{=

Besides, the damping coefficient from the decay curve method using the first two
peaks is:

2n

l In Vpeak—l
N Vpeak—N
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Fig. 4-18. (a) The steady-state voltage response for the half-power bandwidth method
and (b) the transient response for the logarithmic decay method [162].

Table 4-4 presents the identified damping coefficients from the HTVR, half-power
bandwidth, and the logarithmic decay methods. According to the results in Table 4-4,
the HTVR method gives the best damping coefficient values.

Determined damping Exact damping

Method . . Error (%)
coefficient coefficient
HTVR method (Q ~ 1) 2.71% 0.0
HTVR method (Q = 0.9) 2.64% 2.2%
half-power bandwidth method 2.49% 2.7% 7.8%
logarithmic decay method- N=2 2.37% 12.2%
logarithmic decay method- N=3 2.98% 10.4%

Table 4-4. The damping coefficient determination using different methods [162].
4.2.3.2 Effect of the excitation frequency

The HTVR method requires that the structure be excited with a harmonic force. Then,
it will be essential to explore the effect of the excitation frequency on the HTVR
damping results. Therefore, the transient responses for the benchmark example under
different harmonic excitations are considered inputs to the HTVR, as shown in Fig.
4-19.
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Harmonic voltage responses at dlfferent frequency ratios

sof . -

g I b b ‘ i ; Lk —g=g.‘;
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-, 2=0.9
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0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 4-19. The transient voltage responses for the benchmark example under different
harmonic excitations [162].

The analysis of these transient voltages using the HTVR is given in Table 4-5.
According to the HTVR results, the HTVR has the most accurate results for resonant
excitations. Besides, the near-resonant excitations leave the accurate results with a
2.2% error. Nevertheless, the HTVR error for the damping determination never
exceeds 5%, which is a low accuracy compared to the other damping methods [181].

T, (ms) V(Ty) Vsteady ¢ Exact ¢ Error

(V/g) (V/g) value
Q=04 52.01 13 7.8 2.57% 4.8%
=07 30.81 22.53 12.82 2.82% 4.4%
Q=08 52.21 30.07 18.06 2.58% 2.7% 4.4%
Q=09 93.41 49.04 33.41 2.64% 2.2%
Q=10 502.9 125.30 127.83 2.71% 0.3%

Table 4-5. The effect of the excitation frequency on the identified damping coefficient
using the HTVR method [162].

4.2.3.3 Effect of the added white noise

As the HTVR investigates the time voltage responses, the noise can pollute the data
and hinder HTVR performance. Thus, the effect of adding 2% and 5% white noise to
the transient voltage response is investigated here.

Fig. 4-20 illustrates the identified damping coefficient from the time voltage signals
polluted with the white noise. As can be expected, adding the white noise will increase
the damping identification error. However, the HTVR method still accurately
identifies the damping for the near-resonant or low-frequency excitations.
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3.1 é / \ Exact value
S 3 \_ no noise
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2.7 F---# 2 —= 5% noise
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Fig. 4-20. The effect of adding white noise to the identified damping by the HTVR
method [162].

4.3. MODIFIED STFR METHOD FOR DAMPING DETERMINATION

The modified STFR (Short-Term Fourier transform and Resampling) is derived based
on the STFR method in Ref. [182] that has been used for the modal analysis of non-
piezoelectric structures. Some modifications have been added to the primary STFR
method so that the modified STFR has more capabilities to filter unwanted data and
provide a more accurate curve fitting process.

In the STFR (main and the modified versions), the structure response to an impulse,
shock, or shock-based excitation is required. In the primary STFR method, the
response should be measured from the structure by a sensor. Nevertheless, in the
modified STFR, which is derived for the PVEHS, there is no need for extra response
measurements, and only the decaying voltage response is measured. Fig. 4-21 shows
a typical decaying voltage response made on a piezoelectric sample.

Piezoelectric voltage (V)

IR AAA
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=
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Fig. 4-21. A typical decaying response of the PVEH to a shock-based excitation [16].
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Fig. 4-22 shows the modified STFR process for the damping determination. The
approach has five main steps, which will be discussed in detail.

Step 1. Response measurement and segmentation
The voltage response is measured after an excitation, impulse, or shock-based type

applied to the beam. It is considered that the voltage is measured with a sampling rate
of Fs with the total data points of Ns. Thus, the duration of the measured voltage signal

is % The voltage sequence V[k] is denoted by

V[k] =V(t = kAT) for 0<k <N,—1 4.7
wherein AT = 1/F, is the time-step and k is the sample number.
An impulse force excites the structure in all the frequency range from zero to infinity
(in ideal condition). Therefore, the measured response V[k] contains the effects of not
only the first mode but also from higher modes. Therefore, ideally, the STFR method
can be applied to extract higher mode modal parameters, e.g., V[k] = ¥V, Vi[k].

According to the transient voltage response presented in subsection 2.3.5, the voltage
response to an initial impulse condition can be given by:

Vi[k] = Aze~$i®nieAT) sin(@, ; (KAT) + 6;) (4.8)

Therefore, the envelope curves have an equation of A;e ~%i®ni(kAT) and the peaks lye
in this envelope curve.

The original sequence V[k] is divided into U segments to form a decay curve from
these segments. As the result of segmentation, the number of data points at each
segment is N,, = N;/U. The segmented voltage signal is expressed by:

V,w] =V( = (uN, + wWAT)HWw,N,), O0<w<N,—1 (4.9)

I (w, N,,) is the symmetric Hann function of N,, length to ensure smooth corners in
the segmented signal.

An average time is assigned to each segment, as given by:
N,
tmlu] = uN, AT + TAT (4.10)

The FFT on the segmented signal is denoted by:
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Ny—1

V,[n] = Z (v(t = (uNn,, + w))AT)e_jzn% (4.11)
w=0

Step 2. Resampling and Short-Term FFT

Reducing the total data points by segmenting will reduce the frequency resolution,
and therefore the accuracy for the natural frequency determination becomes less. A
resampling and zero-padding process are carried out to improve the frequency
resolution. The resampling is performed by a factor of d, and the zero-padding with a

factor of b. Thus, the frequency resolution becomes Aw,, 4 = 2;%.
S

The decay curve in the modified STFR is formed based on the peaks obtained from
applying the FFT on all the samples, Short-Term Fourier Transform (STFT).
Therefore, the FFT should be applied on each resampled segmented signal, as
expressed by:

Np—1
Vyalnl = Z (v(e = (N, + w))dAT)e_jan_Z (4.12)
p=0

A scaling process shall be carried out to scale up the resampled FFT (Vu,d[n]) to the
original segmented FFT (¥, [n]) because the resampling and zero-padding change the
number of data points.

Step 3. Extract peak from the STFT

For the frequency range of interest, at each resampled segment, the (local) maximum
is searched in the FFT signal 7, ;[n]. The local maximum for the i-th modal mode is
denoted by Vyax;[u]. In other words, V., ;[ul-s are the peaks in the ¥, 4[n] for the
i-th mode. The location of the peaks (resonances) in the frequency span is also stored
inthe wy ; [u].

Step 4. Curve fitting on the peaks

After extracting the local maximums at each resampled segmented signal, the peak
values can be plotted over the segmented time t,,[u] to form the decaying curve.
According to the exponential form of the envelope curves (A4;e~$i®ni( A1) 'the peak
values have the exponential scale representation. Rather than performing an
exponential curve fitting, a linear curve fitting between the segment time and the peak
logarithmic value will be performed so that all the peak data points have the same
weight in the least-square curve fitting. The linear relationship between the
logarithmic peak values over the times is given by:
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log(Vmax,i[u]) = logAi - é‘itm [u] (413)

Therefore, §;, the slope of the logarithmic peak values over time is obtained from the
STFR method.

Step 5. Modal parameter extraction

The damped natural frequency for the i-th mode is calculated by averaging the w, ; [u],
as expressed by:

1
Bai = ) wadul (4.14)

From the damped natural frequency and the fitting slope &;, the damping coefficient
is estimated by [16]:

\[ (1+ (8:/@4,)") (4.15)

These steps are briefly discussed in this subsection. More information about the STFR
practical tips can be found in Appendix G.
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Fig. 4-22. Step-by-step guide for the modified STFR [16].
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4.4. VISCOUS AND STRUCTURAL DAMPING CONTRIBUTIONS

As the damping mechanisms discussed, the sources of damping can be different in the
PVEHSs. This subsection tries to quantify the contribution of the viscous and structural
damping in PVEHs with different configurations. First, using the “modified STFR”
for damping coefficient determination, a technique to separate the viscous and
structural contributions is introduced. Effect of the bonding layer added tip mass and
additive adhesive tape on the damping coefficient would also be presented. The
methods and the results of this subsection are derived from Ref. [16].

4.4.1. TECHNIQUE FOR SEPARATING THE VISCOUS AND
STRUCTURAL CONTRIBUTIONS

According to the experimental tests [183], a proper damping model has two
components: structural and viscous. The structural damping part has a negligible
dependency on the vibration amplitude [146], [184]; therefore, the damping
coefficient is considered to be a combination of the structural and viscous parts, as
given by [16]:

{m = Cstruc T @lq (4.16)

If @ and (., are experimentally determined, the damping model is quantified, and
the structural and viscous damping parts are differentiated. The piezoelectric harvester
is subjected to shock-based excitation with a series of increasing excitation amplitudes
to achieve this. Then, by fitting a line to the experimental damping coefficients and
extrapolating back to the zero amplitude point, the structural part (s, Moreover, the
slope a can be determined.

@ (b)

Excitation:

A.: Acceleration
F.: Force tip Cm
deflection

R STR |, Lo

t CSU'UC

voltage VWWW\WM

Fig. 4-23. (a) The piezoelectric beam under the shock-based impulse with the
decaying voltage response and (b) the line fitting and extrapolating back for obtaining
the structural g, and the slope a [16].

Increasing A, (or F.)
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4.4.2. EXPERIMENTAL SETUP

Seven piezoelectric samples are tested for the damping determination. All the samples
have one MFC 8528-P2 type serving as the piezoelectric layer. Then, different
configurations are considered, with and without substrate shim, different bonding
layers, and with and without tip mass. Tests are categorized into three groups, as
described in Table 4-6. There are various factors that the damping coefficient for them
should be determined; therefore, each sample is tested for a specific objective. Fig.
4-24 shows the objectives for carrying out tests on these seven samples.

Bonding layer

Group = Sample | Piezoelectric . Tip mass
Substrate shim . Thickness
No. No. layer Material (9)
(nm)
1 - - - O0and 4.29
MFC
| t,=120um
2 tppc=300pm . Epoxy rapid 332 t.=260 0and 4.29
aluminum
t;=100pum
3 Epoxy 3430 t.=300 0and 9.2g
brass
MFC
1 t,=100um
tmrc=300pm
4 brass+ Tesa® Epoxy 3430 t.=300 0and 9.2g
adhesive tape
t;=100pm 3M Compan
5 T _ pany t,=100 -
copper double-sided tape
MFC t,=100um 3M Compan
m 6 T _ pany £,=300 -
tyrc=300pm copper double-sided tape
t,=100um Tesa® adhesive
7 t.=1200 -
copper tape

Table 4-6. The seven tested piezoelectric beams for the damping determination tests
[16].
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» Structural damping = for MFC

sample 1 |, Viscous damping = a and effect of 4.2g tip mass

« Structural damping = for epoxy bonding layer

sample 2 |, Viscous damping = a and effect of 4.2g tip mass

» Structural damping = for epoxy bonding layer

sample 3 |, Viscous damping = effect of 9.2g tip mass

« Structural damping = for adhesive damping tape

sample 4 |, Viscous damping = effect of 9.2g tip mass

« Structural damping = for the bonding layer of 3M

sample 5 | 100um double-sided tape

» Structural damping = for the bonding layer of
sample 6 | 300um double-sided tape

« Structural damping = for the bonding layer of
sample 7 | Tesa® 1200um double-sided rubber-type tape

RN

AV VA VA VANVAVAVE

Fig. 4-24. The objectives for performing experimental tests on each sample [16].

The boundary condition for the piezoelectric samples is clamped-free. Fig. 4-25 (a)
shows a typical energy harvester with a tip mass. The tip mass is made of steel and is
attached to the top of the harvester by double-sided tape, as shown in Fig. 4-25 (b).
Adding an adhesive tape for exploring the structural damping effect is shown in Fig.
4-25 (c). Besides, Fig. 4-25 (d) to (f) illustrate the piezoelectric samples with different
bonding layers.
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J tape
substrate

- shim

%) (e) ®
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bonding layer

1300pum
bonding layer
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Fig. 4-25. (a) The dimensions for a typical sample with an added tip mass, (b) the tip
mass connection, (c) adding an adhesive tape to the bottom of the substrate shim, (d)-
() the piezoelectric samples with different bonding layers [16].

The experimental setup and the devices employed for measuring the acceleration and
the piezoelectric responses are shown in Fig. 4-26. The cantilevered piezoelectric
sample connected to the shaker is shown in Fig. 4-26 (a) and (b). The data acquisition
systems for measuring the acceleration, force, and piezoelectric voltage response are
also shown in Fig. 4-26 (c).
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Fig. 4-26. The cantilevered piezoelectric sample in connection with the shaker for (a)
Group | tests, (b) Group I tests, and (c) the data acquisition systems [16].

4.4.3. ADDED TIP MASS EFFECT ON THE DAMPING

In samples 1 and 2, a tip mass of 4.2g is added to the beam tip. The damping
coefficient for samples 1 and 2, extracted by the modified STFR, is shown in Fig. 4-27
(a) and (b), respectively. Overall, it can be concluded that due to the presence of tip
mass, the damping coefficient increases, or in other words, the voltage response
decays faster.
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Fig. 4-27. The variation of damping coefficient due to the 4.2g added tip mass for (a)
sample 1 (No-Shim sample) and (b) sample 2 (Aluminum substrate shim) [16].

In total, samples 1 to 4 have been tested with and without tip mass. Table 4-7 shows
how the natural frequency and the damping coefficient vary because of the added tip
mass. In all the samples, adding tip mass reduces the natural frequency significantly.
Besides, the damping coefficient overall increases by adding tip mass; the decaying
voltage response vanishes faster. The variation in the natural frequency is identical
between the samples; nevertheless, the damping coefficient variations are not in the
same range because the tip mass changes the beam tip deflection according to the
beam stiffness.

In the first sample, where no substrate shim is present, the harvester is the most
flexible case so that the tip mass increases the beam tip deflection significantly, and
therefore, the damping coefficient increases more substantially than in other cases. In
sample 2, with the thickest substrate shim (120pum aluminum shim), the beam is the
stiffest sample, and therefore the damping increase is less than the other samples.
Samples 3 and 4, with 100um brass shim, have an increase of around 40% to 70%.

tip mass (g) 0 4.20 9.20 Variation (%)
SampleNo. ' w, (Hz) = {n (%) @, (H2) G (%) w,(HD)  §n (%) o, m
1 16.20 0.78 8.20 1.59 - - -49.38 | 103.85
2 21.30 3.34 10.80 3.59 - - -49.30  7.49
3 23.42 231 - - 9.84 331 -57.97  43.73
4 23.14 3.79 - - 10.14 6.52 -56.2 7213

Table 4-7. The variation of natural frequency and damping due to the tip mass [16].

4.4.4, AMEASUREMENT OF THE STRUCTURAL DAMPING

As a measurement of the structural damping, an adhesive strip with 60x20x1.2 mm3
dimensions, Tesa® rubber-type adhesive tape, is attached to the harvester with 100um
brass and the MFC. These samples are sample 3 (No adhesive tape) and sample 4
(With adhesive tape).
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An adhesive tape is added because the damping increase due to the extra adhesive
tape can be related to the structural damping because this adhesive tape will not
change the beam's stiffness properties. Therefore, any variation in the damping
coefficient can be related to the adhesive tape's structural damping.

Fig. 4-28 (a) shows the voltage-time responses made on piezoelectric samples 3 (no
adhesive tape) and 4 (with adhesive tape) with and without a tip mass. In both no-tip-
mass and tip mass cases, adding adhesive tape reduces the peak voltage generation
and leads to faster voltage depredation. Therefore, the effect of adhesive tape can be
substantial concerning power generation. Fig. 4-28 (b) compares the samples' peak
voltage without and with the adhesive tape. As can be seen from Fig. 4-28 (b), the
peak voltage is reduced because of adding the extra adhesive tape to the substrate.

no tip mass-no adhesive tape =-=-= no tip mass-with adhesive tape
——9.2 tip mass-no adhesive tape - = - 9.2 tip mass-with adhesive tape

1 T T

2 osf & | = % ]
Q™
S l i
® ~ H
2= il !
a ikl 13
) 0 !il‘d?\“"v”""
z i’
: ' —-
>

051 L L 4

0 0.5 1 1.5

6F ' i
TS
S
o St ]
joT}
I
E
54| |
o
i &/Do & no adhesive tape
g 3F A/Aa/o O with adhesive tape .
A AM linear fit (no tape)
2F c/bn -------- linear fit (with tape) | ]
1 2 3 4 5 6
Applied force (N)

Fig. 4-28. (a) Comparing the voltage responses with the adhesive tape attachment and
(b) the peak voltage comparison between the samples with no adhesive and with
adhesive tape [16].
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For further investigating the effect of the adhesive tape, the modal parameters from
the modified STFR method are compared in Fig. 4-29. Fig. 4-29 (a) shows that the
adhesive tape does not change the natural frequency, meaning that the beam stiffness
properties remain relatively unchanged. However, from Fig. 4-29 (b), the damping
coefficient is increased by adding the adhesive tape. This increase in the damping is
sole because of the structural damping of the adhesive tape. Therefore, it can conclude
that the structural damping contribution is not negligible.

(a) (b)
25 9 r
F P e e Y F —*—no tip mass-no
20 F ~7 adhesive tape
2 g L —e - no tip mass-with
Z 15 F N 5 F . adhesive tape
g P& . .. e 9.2g tip mass-no
10 E 3 F e — -V T~ adhesive tape
F F MR e 9.2g tip mass-with
Y S T S S S M adhesive tape
1 2 3 4 1 2 3
Applied force (N) Applied force (N)

Fig. 4-29. (a) The natural frequency and (b) damping coefficient variations due to
adhesive tape [16].

4.4.5. THE EFFECT OF BONDING LAYER ON THE DAMPING

The shock-based excitation tests three samples with different bonding layers, and the
damping coefficient is extracted by the STFR method. Fig. 4-30 shows the details
about the contact layers in these three samples.

100um 3M 3x 100um
company 3M company
£
5
2 || |8 =l Il 2 e
= S = S = g |s
=t
8
S
Sample 5 Sample 6 Sample 7

Fig. 4-30. The detail of the different bonding layers for samples 5, 6, and 7.

Fig. 4-31 compares the damping coefficient between the samples with different
bonding layers. The apparent differences can be seen among the damping coefficients
for these samples. The smallest damping ratio is for sample 5 with a 100um-tape
bonding layer. The bonding layer for sample 6 is made of three attached layers of the
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100um-tape. Therefore, the adhesion force between these layers is strong, and
therefore, the damping coefficient for sample 6 is the highest value. The damping
coefficient for sample 7 lies between these two samples’ damping coefficient. Table
4-8 summarizes the damping coefficient obtained from samples with the different
bonding layers.

The identified damping

7 T
Sample 5
i (100pum-tape)
SRS e x 4 Sample 6
= i (300pm-tape)
iim Sample 7
(1200pum-Tesa tape)

Ac/gO

Fig. 4-31. The identified damping for three samples with different bonding layers [16].

Sample No. Bonding layer Cm (%) Variation
Sample 5 100um tape 3.6
Sample 6 300um tape 6.0 68%
Sample 7 1200um Tesa® tape 41 13%

Table 4-8. The variation of the damping coefficient for the samples with different
bonding layers [16].

The structural damping coefficient can be estimated for the different bonding layers
by separating the structural and air damping mechanisms. Fig. 4-32 shows the
estimated structural damping for four bonding layers. Generally, the double-sided
tapes have a lower damping ratio compared to the epoxy viscoelastic bonding-layer.
Besides, the thinner double-sided tape (3M Company tape) has less damping
coefficient, showing that it is better to use less flexible materials for the bonding layer
from a damping point of view.
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The structural damping for the bonding layers
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Fig. 4-32. The identified structural damping for four different bonding layers [16].

4.4.6. THE CONTRIBUTION OF VISCOUS AND STRUCTURAL DAMPING

According to the damping coefficient results, the damping has a constant part and an
amplitude-dependent part. The amplitude-dependent part changes with the excitation
amplitude because the tip deflection will change the fluid-structure forces. Therefore,
the amplitude-dependent part is called viscous air damping. The resistance air force
causes the viscous air damping against the beam, and as the air resistance force has a
functionality of the velocity, the air damping is influenced by the velocity [146]. On
the other hand, the structural damping shows no dependency on the excitation
frequency [185]. Hence, these two damping mechanisms should be differently
accounted for in the vibration equation, as given by [186]

X({t)+2¢,0,X (t)+a)n2 (1+j77)x —amasswfdglvp(t) =X (). (4.17)

In Eq. (4.17), {m, the viscous air damping, depends on the velocity, while n, the
structural damping coefficients, depends on the displacement. The total mechanical
damping is the combination of £ and n, but these coefficients' contribution in the total
damping should be investigated. As can be seen from Fig. 4-33, different assumptions
about the viscous and air damping contributions greatly influence the peak power
output. If only the viscous air-damping model is employed, the power generation is
underestimated considerably. If the total damping is assumed structural damping, the
peak power output will be overestimated. Thus, an appropriate model for the viscous
and structural damping mechanisms is needed.
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Fig. 4-33. The effect of different viscous and structural damping contributions on the

power output [186].

The viscous air damping's influence becomes more extensive by increasing the
excitation amplitude, as shown in Fig. 4-34. The contribution of the viscous and
structural damping depends on the bonding layer as well. Therefore, as can be seen
from Fig. 4-34, for the sample with the substrate shim and bonding layer, the viscous
air damping is accountable for less than 20% of the total damping, showing that the
structural damping contribution is higher than 80%, and is more significant due to the
epoxy bonding layer. Nevertheless, if the 200um 3M double-sided tape is used as the
bonding layer, the structural damping contribution is 34% [16], which is remarkably
lower than the samples with epoxy contact layers.
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Fig. 4-34. The contribution of the viscous air damping as a function of the excitation

amplitude [16].
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CHAPTER 5. DIFFERENT PEH DESIGNS
AND APPLICATIONS

This section discusses the applications, different designs, and optimization processes
for the piezoelectric vibration energy harvester (PVEH) toward a better performance
harvester.

First, a series of piezoelectric beams are attached to a practical vibration source (DC
motor), and the power output from these beams is measured.

Next, an energy-harvesting box is designed based on resonant matching for a moving
car as a practical vibration source.

Afterward, as an application of piezoelectric energy harvesting, the feasibility and
functionality of an autonomous condition monitoring for a water pump are
investigated by a resonant-matched bimorph harvester.

Later on, it has been observed that the narrowband power can be an issue for practical
piezoelectric energy harvesters. Therefore, some initiative designs in the geometrical
configuration and the material layup are proposed to enhance the power density
generation

5.1. ENERGY HARVESTING FROM A PRACTICAL VIBRATION
SOURCE (DC MOTOR)

This subsection’s results are derived from Ref. [177] (See Appendix J).

As a practical source of vibration, a DC motor is selected as a kinetic energy source,
and it has been tried to estimate the amount of power that a piezoelectric energy
harvester can produce. The DC motor is a V88.57 type motor from DRIVE
SYSTEMS, with 1.7kW power (maximum supply voltage 24V and maximum current
85A) and a maximum 1500 Rpm. The motor's output shaft is connected to an
intermediate bearing connected to a coupling and brake system. While the motor
rotates in the ideal condition, the bearing vibration amplitude is the lowest value.
However, an energy-harvesting box is attached to the main bearing to estimate the
power generation in an ideal condition. The setup for this DC motor test is shown in
Fig. 5-1 (a). The energy-harvesting box is designed in a way that can accommodate
multiple piezoelectric harvesters. Fig. 5-1 (b) shows one configuration of a energy
harvesting box consisting of two piezoelectric beams: the MFC unimorph (with 8528-
P2 MFC from the Smart Materials) and the other is the PZT bimorph (T215-A4-
503Y). A B&K accelerometer measures the acceleration in the R- and Z-directions.
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Fig. 5-2 (a) and (b) show the measured acceleration in the R and Z directions,
respectively. The R-direction acceleration level is 35% larger than the Z-direction.

Therefore, both R and Z-direction accelerations can be employed for power
generation.

Added tip
mass

MFC sample

PZT sample Acceleromter

R direction

Z direction

(b)

Fig. 5-1. (a) The DC motor experimental setup, and (b) the energy harvesting box with
two piezoelectric beams with tip mass [177].

(®) (b)
Acceleration in radius direction , max=1.51, 5=0.45 Accelerationin Z direction, max=1.12 , 5=0.33
=2 — 15
2, |
g £ s
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Time (s} 0 2 4 6 8 10
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Fig. 5-2. The measured acceleration from the DC motor in 24V supply [24.65Hz or
1480 Rpm rotation speed], (a) radius, and (b) Z directions [177].
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Three configurations are testes, MFC unimorph without tip mass, PZT bimorph
without tip mass, and PZT bimorph with 13.8-g tip mass. When the motor starts, the
piezoelectric harvesters start generating power. However, the initial power generation
is not the same as the steady-state condition. Therefore, the voltage output values will
be reported for the steady-state condition.

Fig. 5-3 illustrates the output open-circuit voltage from the DC motor working at an
ideal condition. The PZT bimorph generates 0.5 V, which is approximately double the
MFC sample voltage output according to Fig. 5-3 (a). This higher voltage generation
is expected because the PZT sample has two piezo-layers while the MFC sample has
one MFC layer. Adding the tip mass to the PZT bimorph enhances the voltage
generation in both transient and steady-state parts. The steady-state voltage is around
1.1 V in the open-circuit condition, which is 120% higher than the no-tip-mass
configuration. The orientation of tip mass is also explored, and it has been
demonstrated that the width-wise tip mass attachment generates higher power, see
Fig. 5-3.

Open-circuit voltage under the Z-axis acceleration
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Fig. 5-3. The open-circuit voltage from the DC motor in ideal condition for (a) MFC
unimorph and PZT bimorph without tip mass and (b) PZT bimorph with 13.8¢g tip
mass [177].
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Next, artificially, a 1.5% shaft misalignment is created to assess the piezoelectric
power generation in the shaft misalignment condition. A PZT bimorph (Quickpack
Q220-H4BR-2513YB) with 8.6 tip mass is served as the energy harvester in the shaft
misalignment condition. Fig. 5-4 (a) shows the method for creating the shaft
misalignment, and Fig. 5-4 (b) shows the PZT harvester.

I <+ bearing
N\

shaft misalignment coupling

(@)

piezoelectric
bimorph

—

(b)

Fig. 5-4. () 1.5% Shaft misalignment applied to the DC motor setup and (b) PZT
sample (Quickpack Q220-H4BR-2513YB) with the accelerometer [177].

Fig. 5-5 shows the DC motor measured acceleration with shaft misalignment fault
working with different supply voltage values. When the DC motor’s supply voltage
increases, the rotation speed also increases, which consequently increases the level of
the DC motor’s vibration, as can be seen from Fig. 5-5. By comparing acceleration
signals in ideal and misalignment conditions in Fig. 5-2 and Fig. 5-5, it can be clearly
seen that the bearing acceleration is considerably increased due to the shaft
misalignment. Thus, the output voltage in the shaft misalignment condition is
expected to be higher.
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Fig. 5-5. The R-direction acceleration from the DC motor in shaft-misalignment
condition with different supply voltage [177].

The output voltage made on the PZT bimorph from the shaft misaligned DC motor is
measured under different DC motor supply voltage. The FRF of the voltage signal is
calculated to extract the motor’s rotational speed at each supply voltage. The voltage
responses, time, and FRF signals, made from the piezoelectric harvester are plotted in
Fig. 5-6.

The piezoelectric voltage generation under the motor excitation in shaft misalignment
condition is considerably higher than in the ideal working condition. This
considerable difference implies that the voltage output from piezoelectric harvesters
can be treated as an indicator for damage detection in high-speed rotatory machines.

The acceleration increases by the supply voltage, and therefore the voltage generation
increases, see Fig. 5-6. However, the voltage generation growth is much more
significant than the acceleration increase; by increasing the motor’s supply voltage,
the motor rotational frequency increases, and hence the base excitation frequency
increases. This frequency increase in the base excitation acts like an influential
positive factor in the voltage generation. Therefore, it can be concluded that by
increasing the motor supply voltage, the motor’s rotational speed becomes closer to
the harvester’s natural frequency.
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Fig. 5-6. The PZT sample open-circuit voltage responses, time and FRF, from the
shaft-misaligned DC motor in different rotational speeds [177].

The power normalized to the square input acceleration is plotted in Fig. 5-7 against
the rotation speed to investigate further the relationship between rotation speed and
power generation. The motor’s rotation speeds are 9.5 Hz, 11.5 Hz, 14.9 Hz, 18.3 Hz,
20.75 Hz, and 22.95 Hz. For both 56-kQ and 110-kQ electrical loads, the power
generation is maximum at the 18.3-Hz rotation frequency, showing that the PZT
sample natural frequency is matched to the 18.3-Hz rotation speed.
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Power generation at different speeds
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Fig. 5-7. Power normalized to square input acceleration for different rotation speeds
[177].

As observed in Fig. 5-7, the power generation with f,=18.3 Hz excitation leads to
higher power generation. However, if the excitation frequency is slightly decreased to
f.=17.8 Hz, the power generation drastically enhances. The 0.5-Hz difference in the
excitation frequency increases the power by 90%, demonstrating the high sensitivity
of power to the excitation frequency (or DC motor’s rotation frequency). It can also
conclude that the 17.8-Hz is closer to the resonant frequency than the 18.3Hz.
Observing the beating phenomenon in the 17.8-Hz base excitation can also
demonstrate that the rotation speed of 17.8-Hz approaches the harvester’s natural
frequency; however, it is not precisely the harvester’s natural frequency.
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Fig. 5-8. The demonstration of the power generation's high sensitivity to the excitation
frequency in the DC motor (R=110kQ) [177].

In a simple vibrating system, DC motor in this study, the electrical load also has a
considerable effect on the power generation. By increasing the electrical load, the
voltage increases; however, the current flow decreases. Thus, there is an optimum
point for power generation. In this study, the optimum load is 110kQ. The voltage and
power with 110-kQ load are 8 V and 520 pW/g?, sufficient to be fed into a wide range
of commercial power management systems. The power density is 5200 pW/cm? per
1g? acceleration for the DC motor vibration (with 18V motor supply power).
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Fig. 5-9. Finding the optimum electrical load for the best power generation [177].

5.2. FREQUENCY MATCHING DESIGN FOR CAR VIBRATION

As observed in subsection 5.1, power output highly depends on the excitation
frequency. Therefore, one way to deal with this high sensitivity is to use the frequency
matching design. In this design, the energy harvester's resonant frequency is designed
to be as close as possible to the vibration source's dominant frequency. This subsection
presents a resonant-based harvester design for energy harvesting from a moving car.
This subsection’s results are derived from Ref. [187] (See Appendix I).

The acceleration measured from a Grande Punto diesel car moving in an urban road
is shown in Fig. 5-10. The car vibration data is retrieved from the Real Vibration
database [170]. Fig. 5-10 (b) also shows the FFT signals from the car vibration data.
From Fig. 5-10, neither the acceleration levels nor the dominant frequencies in the X,
y, and z-direction are the same. Therefore, for each direction, one piezoelectric
harvester is considered. The dominant frequencies for the x, y, and z directions are
19.3Hz, 31.2Hz, and 12.1Hz.
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Fig. 5-10. Car vibration data for a car on the urban road from Real Vibration dataset
[170] (a) time signals and (b) FFT signals in x, y, and z axes [187].

Fig. 5-11 shows the energy-harvesting box layout with three harvesters. PHy, PHy, and
PH; are excited from the acceleration in the X, y, and z directions, respectively. With
this configuration, the vibration in the width and length directions will have negligible
effects because the excitation frequencies are on a low-frequency scale.

Outer box

Harvester PHy

L

Z

Fig. 5-11. The energy harvesting box with three harvesting beams; each beam is
excited with the acceleration in one direction [187].

Harvester PH,

Harvester PH,

Clamp box

For each piezoelectric beam, the material properties from a PZT bimorph are
employed, but the harvester length is considered the tuning parameter for the resonant
frequency matching. Table 5-1 shows the material properties, thicknesses, and beam
width for this PZT bimorph.
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Properties Values
Piezoelectric stiffness at the constant field, ¢c_11F, GPa 66.7
Piezoelectric density, pp, kg/m® 7870
Electromechanical coupling coefficient, es;, C/m? -35.5
Piezoelectric layer thickness (each), t, mm 0.19
Piezoelectric permittivity constant, € 3, F/m 3800x¢gg
Substrate Young's modulus, Y, GPa 100
Substrate thickness, h, mm 0.13
Substrate density, kg/m? 8300
Piezoelectric beam length, L, mm 57.2

Table 5-1. Material properties of bimorph piezoelectric energy harvester (QP220-
H4BR-2513YB)) [187].

This bimorph harvester's power generation performance is estimated using the FE
method and employing the viscous-structural damping model. Fig. 5-12 (a) and (b)
show the bimorph model and the FE model verification experimental setup. The
experimental power output is plotted in Fig. 5-12 (c) against the FE model results for
two damping models, namely pure viscous damping and combined viscous-structural
damping models. The contribution of structural damping is considered 40% based on
the results developed by Ref. [16]. The pure viscous damping model underestimates
the resonant power while the FE output results agree with the experimental data. Thus,
it can be concluded that the combined viscous-structural damping model has better
accuracy for the power estimation.
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Fig. 5-12. (a) The FE method for modeling the Quick Pack piezo-bimorph, (b) the
experimental setup for FE verification, and (c) correlation between experimental data
and FE model with viscous and viscous-structural damping models [187].

Now, the validated FE model is used for the analysis and frequency matching design.
For the frequency matching design, the objective function is defined as the difference
between the car vibration’s dominant frequency and the harvester's natural frequency.
Fig. 5-13 shows that the harvester length can change the natural frequency
considerably; therefore, the beam length is considered the tuning parameter. For the
PHx, PHy, and PH, harvesters, the objective functions are (@,py, —19.3)%,
(aLPHy—sl.z)z and (@1,%—12-1)2, respectively. Fig. 5-14 shows the optimization
history for the PHy, PHy, and PH; harvesters. The beam length for the PHy, PHy, and
PH; harvesters are 111.3 mm, 87.6 mm, and 140.6 mm.

Furthermore, the power output is plotted in Fig. 5-15 for these optimal length values
against the electrical load to determine the optimum electrical load.
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Fig. 5-13. The effect of harvester’s length on the fundamental resonant frequency

[187].
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Fig. 5-15. Finding the optimum electrical load for the PHy, PHy, and PH; harvesters
[187].

The acceleration level over the 0-100 Hz frequency span for the moving car is
illustrated in Fig. 5-16 (a). The acceleration in the y-direction is more than five times
larger than the acceleration in x and z directions. Hence, the voltage output will be
considerably higher in the y-direction, as can be seen from Fig. 5-16 (b). The peak
voltage output from the PHy is 0.05V, six times larger than the PHy and PH, harvester.
The peak power for the PHy is 0.55uW, which is considerably higher than 0.03pW
for the other harvesters. Thus, these results imply that designing an energy harvester
in the direction with the highest acceleration level is much better than having multi-
directional harvesting beams.

The power generation in the frequency span of 30-35 Hz is substantial for the PHy
harvester. By summing the power generation over the frequency span, the total power
output is 407 pW for the PHy harvester and 7.34 uW and 9.35 pW for the PHy and
PH; harvesters, respectively.
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Fig. 5-16. (a) The acceleration level for the moving car in different directions, (b) the
voltage, and (c) power output with Roy electrical load in different directions [187].
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5.3. TOWARD REMOTE AUTONOMOUS CONDITION
MONITORING: WATER PUMP CASE STUDY

In subsection 5.1, it has been demonstrated that the shaft misalignment will
considerably increase the voltage generation. This conclusion then becomes the
central idea for applying the piezoelectric energy harvesting; remote condition
monitoring for the high-speed rotating machinery. This subsection’s results are
derived from Ref. [4] (See Appendix D).

The idea for remote condition monitoring is that an RF transmitter, which is being
powered by a piezoelectric harvester, sends a pulse signal to an RF receiver, and by
investigating the time elapse between pulses, one can assess the machine state.
Because piezoelectric power generation depends on the vibration level and frequency,
if any fault changes the vibration amplitude or shifts the dominant frequencies, the
pulses' elapsed time will alter. Fig. 5-17 shows the protocol for this approach for
remote condition monitoring. Ref. [4] suggest the PIC16F676 microcontroller, which
consumes 17uW (8.5pA at 2.0V). The RF transmitter consumes 23.1mW (7mA at
3.3V) during the transmission data and 330nW (100nA at 3.3V) in standby mode.

Microprocessor > Power Computer
]
----» Data
T A A
[ ' ]
1 : 1
Harvesting ) Harvesting 3 Storage [ RF RF
Device Circuit device L. =) Transmitter g Receiver

Fig. 5-17. The protocol for remote condition monitoring using the piezoelectric energy
harvester [4].

When the water pump works normally, the piezoelectric harvester, designed based on
the normal working condition, charges the energy storage. After the energy reaches a
specific value, the microprocessor will be activated. After this point, the
microprocessor permits one RF signal transmission when the capacitor voltage
reaches a designed value. Sending RF signal will discharge the capacitor;
nevertheless, the piezoelectric harvester charges the capacitor repeatedly. Fig. 5-18
(a) is the condition monitoring performance under normal conditions. If a defect
increases the acceleration level, then the charging process is faster, while the RF
power consumption is the same. Thus, sending the RF pulses will be faster. By
analyzing the elapsed time between the RF pulses, water pump condition monitoring
can be obtained. If the effect of each specific defect on the acceleration signal in terms
of vibration amplitude and frequency domain signals can be determined, the defect
type can also be determined [4]. More details about the pulse condition monitoring
approach can be found in Ref. [4].
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Fig. 5-18. The pulse system performance at (a) defect-free and (b) defected condition

[4].

Fig. 5-19 (a) shows the conceptual design for the energy-harvesting unit and the RF
transmitter. The energy harvesting unit is directly attached to the bearing's external
box as the bearing is sensitive to damages (the Ref. [188]). The energy-harvesting
beam is a bimorph (T226-A4-503X from Piezo Systems) with tip mass in the
clamped-free boundary condition. The harvesting beam will undergo base excitation
from the bearing acceleration. The harvester output wires are connected to an
electrical load and then to a rectifier-conditioner-storage circuit. Fig. 5-19 (b) shows
the energy harvesting unit. To create the AC output to an always-positive output and
scale-up the output voltage, a five-stage Multistage Dickson Charge Pump (MDCP)
is used, as shown in Fig. 5-19 (c).
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Fig. 5-19. (a) The conceptual design for the water pump remote condition monitoring,
(b) the piezoelectric beam with the harvesting circuit, and (c) the five-stage Multistage
Dickson Charge Pump (MDCP) [4].

The acceleration data is measured from an actual water pump during working, as
shown in Fig. 5-20 (a). The acceleration data is recorded at three conditions: defect-
free, shaft misalignment, and shaft looseness, as shown in Fig. 5-20 (b). Fig. 5-20 (b)
shows that the shaft looseness and misalignment faults increase the vibration level;
nevertheless, the shift in the dominant frequencies does not occur, see Fig. 5-20 (c).
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Fig. 5-20. (a) Measuring the acceleration from the water pump bearing, (b) the
measured acceleration at defect-free, shaft looseness and shaft misalignment
conditions, (c) the contribution of the FFT peaks [4].

The piezoelectric beam is designed so that the piezo-beam natural frequency matches
49.5Hz, the 1X rotation speed of the water pump. The frequency tuning is
accomplished by tunning the tip mass, so the piezoelectric geometry is unchanged.
Fig. 5-21 (a) shows the tip mass tuning process. An 8-gr tip mass, shown in Fig. 5-21
(b), is found to match the natural frequency to 49.5Hz. Therefore, the designed energy
harvester is a bimorph (T226-A4-503X from Piezo Systems) with an 8-gr tip mass.
The voltage frequency responses for different load resistances are shown in Fig. 5-21
(c). The power output versus the electrical load is shown in Fig. 5-21 (d). As discussed
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in subsection 2.3.4, the resonant frequency will change by the resistance connection,
and because the uncoupled harvester’s resonant frequency is matched to the 49.5Hz,
the harvester’s coupled resonant frequency will be slightly higher than 49.5Hz. In the
electrical load range of 50kQ, the coupled resonant frequency is 50.1Hz.

Consequently, the power output for 49.5Hz excitation is less than the power for
50.1Hz excitation. Similarly, the optimum load for the 49.5Hz and the 50.1Hz
excitations is slightly different. Nevertheless, the optimum load for the 49.5Hz shall
be selected because the measured excitation source (water pump) has the 49.5Hz
dominant frequency.
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Fig. 5-21. (a) Resonant matching using tuning tip mass, (b) the tip mass for the
matched resonant, (c) the voltage frequency response over different loads, and (d)
power versus the electrical load [4].

Because the water pump acceleration is different at different conditions, the voltage
and power output from the piezoelectric beam would be different as Fig. 5-22 (a)
shows the direct voltage and power from the piezo-beam per cm? for different working
conditions. The capacitor voltage under different working conditions would be higher
than the original piezo-beam voltage output by considering the five-stage VM circuit.
Fig. 5-22 (b) shows the capacitor voltage, which is charged by the piezo-beam and the
five-stage MDCP circuit, in the absence of the RF transmission. It can be seen that the
defect-free condition leads to the lowest voltage output.
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The capacitor’s voltage from the starting point is shown in Fig. 5-22 (c) when all the
energy harvesting and power management circuit elements are active. After the initial
point, the voltage reaches a level that the microprocessor is activated. Afterward, an
RF signal is transmitted when the capacitor voltage reaches 8V (pre-defined by the
designer). Again, as the water pump is working, the capacitor will be re-charged until
the subsequent RF transmission. However, the charging process at different working
conditions is not the same as the vibration level is different at different working
conditions. Therefore, the time elapsed between the RF pulses becomes shorter when
a shaft looseness or shaft misalignment occurs in the water pump. The elapsed time
between the RF pulses transmissions under different working conditions are shown in
Fig. 5-22 (d) and (e).

Thus, this concept can be used for assessing the condition of a machine. By defining
a state parameter according to the elapsed time, the machine state is monitored
continuously. Fig. 5-23 illustrates the performance of this remote condition
monitoring for the water pump's acceleration signals. A transition period is added
between the defect-free and shaft-misalignment condition to resemble real damage.
In the first 8 seconds, where the machine is working at defect-free condition, the
elapsed time is constant, so the state parameter is 1. While the abnormal condition
starts, the elapsed time becomes shorter so that the state parameter deviates from 1,
showing that a fault occurs in the system.
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Fig. 5-22. The harvesting unit and the RF system performance at different water pump
conditions. (a) voltage and power without adding the power management circuit, (b)
the capacitor’s voltage without sending RF pulses by considering the VM circuit, (c)
the capacitor’s voltage with sending RF pulses and by considering the VM circuit, (d)
the elapsed time between the RF pulses at defect-free condition, and (e) the elapsed
time between the RF pulses at defected conditions [4].
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Fig. 5-23. (a) The acceleration signal from a defect-free condition to a shaft-
misalignment condition, and (b) the elapsed time between the pulses and the machine
state [4].

5.4. ENERGY HARVESTERS WITH VARIABLE THICKNESS PIEZO
LAYER AND COMPOSITE SUBSTRATE

This section’s results are derived from Ref. [163] (See Appendix E). The analysis of
this proposed energy harvester is carried out based on the FEM, presented in
subsection 2.4.

Toward enhancing the power generation, a non-uniform energy harvester with
variable-thickness piezoelectric sheets and the composite substrate is proposed. In this
design, the piezoelectric sheets partially cover the substrate layer so that the beam
becomes less stiff and has a low natural frequency. The substrate shim is a composite
lamina with E-glass fibers so that by changing the fiber orientation, the harvester
performance can be improved. Besides, variable thicknesses of piezoelectric sheets
are considered for the analysis. Fig. 5-24 shows the understudy piezoelectric energy
harvester. The dimensions and material properties for this example are given in Table
5-2.
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Fig. 5-24. A non-uniform piezoelectric harvester with variable thickness piezo-layers
[163].

L Piezoelectric Substrate Contact layer
Description . .
(PZT-5A) (E-Glass composite) (Epoxy adhesive)
Length (mm) 100 200 100
Width (mm) 25 50 25
Added tip mass (kg) 0.01
h,, = 0.3 (each layer)
Thickness (mm) . . hy=0.2 h. =0.02
h', is variable
Density (kg/m3) 7800 1759 2750
Structural constants 6=10° (standard configuration)
Q11 (GPa) 66.0 56.4
Q3 (GPa) 66.0 18.0
2 E = 1.05 (GPa)
Q. (GPa) 20.46 3.6
v=03
Q44 (GPa) 22.8 9.0
Gss (GPa) 22.8 9.0
Ges (GPa) 22.8 9.0

Table 5-2. The material properties and the dimensions for the non-uniform variable-
thickness harvester [163].

Using a variable thickness will increase the power generation, as shown in Fig. 5-25.
Besides, the natural frequency will slightly change, about 1.5Hz, when h, < h', <
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2.5h',. The natural frequency change can be positive or negative depending on the
thickness increase ratio. Overall, the variable piezoelectric thickness enhances the
power output, which is a positive effect.
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Fig. 5-25. The effect of variable thickness on the harvester power output [163].

Changing the fiber orientation in the substrate composite lamina will initially increase
the power output and decrease the power, as can be seen from Fig. 5-26. The
harvester's natural frequency reduces from 16 Hz to 13 Hz with 6=40°. The natural
frequency variation by tuning the fiber orientation can be used as an approach for
frequency matching design, positively affecting the power output.
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Fig. 5-26. The effect of changing the fiber orientation in the composite substrate on
the harvester power output [163].

As a measure to find the optimal power generation condition, Fig. 5-27 illustrates the
power versus the fiber orientation and the thickness increase ratio. As shown in the
zoomed-in view, the maximum power output is obtained with 6=20° and h',=2.75h’,,.
The power output is 104.7mW/g? at the optimal condition, which is 50% higher than
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the standard design power output. Nevertheless, by the variable thickness design, the
harvesting device volume is increased by 33.7%.
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Fig. 5-27. Power sensitivity (with optimum load
variability and fiber orientation [163].

connection) to the thickness

5.5. ABROADBAND PERFORMANCE IMPROVED COMPOSITE
ENERGY HARVESTER WITH CAR VIBRATION CASE STUDY

A conceptual design for a broadband energy harvester with higher power generation
performance will be proposed and investigated in this subsection. Afterward, the
power generation using this proposed harvester will be simulated under the car
vibration input by the FEM modeling in subsection 2.4 and 2.5. These subsection
results are derived from Ref. [164] (SeeAppendix F).

In a common clamped-free boundary condition, the stresses near the clamped line are
considerably higher. Fig. 5-28 shows the von Mises stress for a clamped-free
piezoelectric beam. Thus, in the piezoelectric cantilever beam, the high-stress regions
generate considerably higher power than the other regions. Therefore, a large portion
of the piezoelectric sheet does not contribute to power generation.
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Fig. 5-28. The von Mises stress along the beam length for a piezoelectric harvester
vibrating with its resonant frequency [189], the stress near the clamped region is high,
so the power generation around the clamped regions is considerably larger than other
regions.

An energy harvesting beam has been proposed in Ref. [164] with a composite
substrate and two composite MFCs, see Fig. 5-29 (a). The substrate and the piezo-
MFC, fiber rotations of 8s and 6, are considered, and the power generation variation
is studied. As can be seen from, the piezoelectric fiber orientation 6, will substantially
increase the power output and with more influence than the substrate fiber orientation
0s. This piezoelectric fiber orientation will also reduce the harvester's natural
frequency. These two conclusions can be seen in Fig. 5-29 (b) and (c).

The piezoelectric fiber orientation improves the stress (or strain) contour, increasing
the power output [164]. When 6,=0°, there are uniform displacement, strain and
electrical displacement contours, as can be seen from Fig. 5-30 (a)-(d). On the other
hand, when 6,=35°, there are non-uniform contours for the displacement and strain
contours. While the displacement field is due to pure bending motion for 8,=0°, the
beam deformation is a mix bending-torsion motion for 6,=35°.

In addition to the uniform contour distortion, the beam stiffness in the x-direction will
be reduced by rotating the piezo-fibers because their Young’s modulus in the length
direction is greater than the width direction, leading to more significant displacement
and strain values.
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Fig. 5-29. (a) The composite energy harvester, (b) power output, and (c) natural
frequency variations by changing the piezoelectric and substrate fiber orientation
[164].
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Fig. 5-30. (a) Beam deformation, (b) normal strain, and (c) electrical displacement for
0° and 35° piezoelectric fiber orientation [164].

It is known that the trapezoid configurations, Fig. 5-31 (a), can lead to better power
generation, as can be seen from Fig. 5-31 (b). The trapezoid configurations can have
another important feature; they can vary the natural frequency substantially. The
power and power density of trapezoid (extended and tapered) configurations are
compared with the reference beam model in Fig. 5-31 (a) and (b). The extended
configuration generates higher power output, see Fig. 5-31 (b); however, its volume
is larger than the reference configuration. On the other hand, the tapered beam power
density is larger than the reference configuration because of its smaller volume. The
tapered beam has a greater natural frequency, while the extended beam’s natural
frequency is smaller than the reference configuration.
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Fig. 5-31. (a) The reference, extended, and tapered configurations, (b) power output
for trapezoid configurations, and (c) power density trapezoid configurations [164].

Increasing the piezoelectric fiber orientation enhances the power output up to an
optimum value, which afterward, the power drops sharply. The same trend can be seen
for the power density. The natural frequency also decreases until the optimum fiber
orientation. The optimum range for the piezoelectric fiber orientation, shown in Fig.
5-32, has a peak power generation performance with a reduced natural frequency that
is merit for low-power energy harvesting applications.
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By introducing two optimizing parameter, one material, and one geometry, a design
performance envelope are obtained. Table 5-3 presents the variation study for these
parameters. The natural frequency can be varied from -45% to 24% of the reference’s
natural frequency, giving a wide design range for the resonant matching design
approach. The power output and power density can be enhanced by a proper selection
of these two optimizing parameters.

Parameter Natural frequency Power Power density

Value = Variation Value Variation” Value Variation

(Hz) (%) (MW/m?.s™) (%) (MW.cm®¥/m2.s4) (%)
*a=0, 6,=0 37.81 - 440.03 - 56.41 -
a=-15, 8,=0 33.11 -12.43 457.50 3.97 38.19 -32.31
=15, 8,=0 46.73 23.59 399.22 -9.27 110.28 95.49
a=0, 6,=0,p¢ 24.06 -36.37 518.24 17.77 66.44 17.77
a=-15,0,=6,, = 20.40 -46.05 524.64 19.23 43.79 -22.37
=15, 0,=6,,; 30.31 -19.84 521.31 18.47 144.01 155.27

Table 5-3. The variation study for the fiber orientation parameter and taper angle
[164].

As the case study, the car vibration data is taken from Chapter 2, and an energy
harvester with multiple beams is proposed for this case study. The time-domain and
FFT of the car vibration are shown below. The acceleration between 26Hz to 35Hz is
always higher than 0.011g (g=9.81m/s?). Therefore, the car acceleration is
considerable in a 9Hz range, while the power frequency response of a piezoelectric is
extremely narrowband, approximately 1-2 Hz. Thus, for obtaining the best power
generation from the car vibration, a multiple-beam energy harvester will be analyzed.
The multiple-beam harvester for covering the 9 Hz range can be designed in two ways:
a standard way by having multiple beams with different beam length values and using
the taper angle as a tuning parameter considering the optimum fiber orientation. Fig.
5-33 (a) and (b) demonstrate the proposed and the standard designs.
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Fig. 2-11. Time domain and FFT of the car acceleration data for a Grande Punto car
on a bumpy highway [170].
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Fig. 5-33. Multiple-beam energy harvester for broadband energy harvesting, (a) the
proposed design by the taper angle as the tuning parameter, and (b) standard design
by the beam length as the tuning parameter [17].

Fig. 5-34 (a) shows that the proposed harvester's power frequency response has a
larger amplitude than the standard design. The proposed harvester power response has
fewer fluctuations with a smoother trend in addition to the larger amplitude. By
multiplying the power frequency response to the FFT acceleration square, the
generated power by the car vibration can be determined. The power generated by the
proposed and the standard designs is shown in Fig. 5-34 (b). Fig. 5-34 (b) shows that
the proposed generated power is considerably higher than the standard design. The
generated peak power is 120 uW for the proposed design with a 23.7 cm® volume,
comparing with the 50 W peak power with a 44.9 cm?® volume for the standard

design.
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6.1. REMARKS ON THE MODELING TECHNIQUES

Chapter 2 presents the modeling approaches for analyzing the piezoelectric energy
harvesters. Three kinds of models have been presented: the SDOF model, analytical
beam model, and the FE method. These modeling techniques will be used to analyze,
optimize, and design the energy harvesters for different applications in the following
chapters.

The SDOF method replaces a piezoelectric beam with a single mass-spring-damper
system with an electromechanically coupled term due to the piezoelectricity. The
SDOF method does not accurately estimate the natural frequency, leading to
inaccurate power output estimations. The Equivalent Beam Method (EBM) is
introduced to estimate the natural frequencies in the unimorph and bimorph
configurations with a tip mass. The EBM improves the 1% mode natural frequency
accuracy; nevertheless, the higher modes' inaccuracies exist. Besides, the optimum
load obtained by the SDOF method is not accurate.

The analytical beam model is suitable for single or double piezoelectric beams, with
contact thickness layers and rectangular configurations. The beam model has good
accuracy in the first resonant frequency in the constant cross-section and rectangular
shape. However, the natural frequency estimation accuracy drops for the higher
modes, yet with considerably better performance than the SDOF method. The beam
model has good agreement with the FE method over the optimum load selection, while
it slightly overestimates the power. However, for the load range around the optimum
load, the power overestimation is smaller than the extremely large or small loads.

The FE model developed and presented covers a wide range of analysis for
piezoelectric energy harvesters, including the non-uniform, variable thickness, non-
rectangular, multi-layered, and composite designs. The FE method considers high-
order shear elements suitable for thick-layer and bulk configurations. The FE model
is also modified to accommodate Micro-Fiber Composite (MFC) piezo-layers
modeling in a multi-layered manner. The FE model is validated for various cases,
namely the bimorph without tip mass, bimorph with a tip mass, unimorph with the
MFC, and trapezoid bimorph beams.

The modeling techniques for the PEHSs are derived in the linear framework. However,
it is shown that by increasing the amplitude of the base excitation, the resonant
frequency shifts backward. This resonant frequency shift can be around 3%. By
increasing the base excitation amplitude, the beam tip deflection also increases, and,
eventually, due to the large deflections, the beam'’s natural frequency becomes smaller.
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6.2. REMARKS ON PARAMETER INVESTIGATIONS

In Chapter 3, some of the characteristics of piezoelectric energy harvesters are
investigated to understand the harvesters’ behavior better.

The substrate shim will positively increase the output power for piezo-beams because
it will distance the beam’s neutral axis from the center of the piezoelectric layer, and
therefore, the piezoelectric layer generates higher power under the bending. Besides,
the substrate layer affects the natural frequency.

As a general rule, added tip mass increases the beam deflection, and therefore the
output power will be increased. Tip mass also shifts the natural frequency to the left
substantially. The tip mass inertia will make the voltage damped out slower under
shock excitations and lasts longer. If the beam is less stiff, the tip mass increases the
output voltage more considerably than for a stiff beam.

The contact layer is an inevitable part of a piezoelectric beam, as the piezoelectric
layers are joined to a substructure. For the commercially manufactures samples, this
contact layer can have a negligible thickness; nevertheless, for the samples built by
hand, controlling the contact layer thickens is difficult. The laboratory samples may
have influential contact layer thickness. The contact layer can change the natural
frequency and the power generation performance of the energy harvester.

6.3. REMARKS ON DAMPING MECHANISMS

In Chapter 4, damping in the piezoelectric energy harvesters was studied. Two
methods were presented for the damping coefficient determination, namely the HTVR
and modified STFR. Numerical and experimental results were presented about each
method. Both methods are derived for the piezoelectric beams, and only the voltage
responses are required, without the need for extra sensor installation and structural
response measuring. Therefore, these methods can be used for in-situ damping
measurement using only the piezoelectric beams' voltage recording.

Moreover, by testing different piezoelectric harvesters, it has been tried to quantify
the damping coefficient at different configurations, with and without substrate shim,
with and without the tip mass and different bonding layers. The contribution of the
viscous and structural damping mechanisms was also presented.

6.4. REMARKS ON APPLICATIONS FOR THE PIEZOELECTRIC
ENERGY HARVESTERS

The focus of Chapter 5 is the applications of piezoelectric energy harvesting. The
vibration from the moving car, water pump, and DC motor is assumed to excite the
piezoelectric beams.
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In the DC-motor tests, the power generation depends on the motor rotation speed;
even a 0.5-Hz difference in the rotation speed considerably changes the power output.
In the actual application, experiments show an optimum load leading to the maximum
power generation. It has been also demonstrated that the shaft misalignment in the DC
motor would vary the piezoelectric voltage generation considerably.

For a moving car with vibration in three-axes, an energy-harvesting box consisting of
three harvesting beams is analyzed for power generation. Resonant frequency
matching was carried out by tuning the beam length values. It has been demonstrated
that the energy generation from one axis is considerably higher than the other two
axes.

Using the conclusion from the DC-motor tests, remote condition monitoring is
developed, and its performance is studied for a water pump acceleration. The method
is based on the RF pulse transmission, and the machine condition is investigated by
analyzing the elapsed time between the RF pulses. It has been shown that the
piezoelectric energy harvester can provide power for a microprocessor and an RF
transmitter for sending limited-time pulses.

One geometry parameter and one material parameter are introduced that can improve
the power generation by piezoelectric beams. The material factor, the piezoelectric
fiber orientation in a composite harvester, will increase the strain contours over the
beam surface to increase the power generation. The geometry parameter, tapered or
extended angle, leads to trapezoid configurations that will improve the power
generation. The geometry parameter can also be used as a tuning factor for frequency
matching. Using these two parameters, an energy-harvesting system with multiple
beams is proposed for broadband energy harvesting from a car vibration.

Three tuning parameters have been investigated for the resonant matching method,
namely beam length, added mass, and tapered angle. The beam length is the least
practical among these tuning parameters because the natural frequency is sensitive to
the beam length, so the tuned beam length cannot be manufacturing accurately.
Tuning added mass is the most practical method; however, one should be careful
because it may increase the viscous air damping and reduce the harvester's fatigue
life. The taper angle is the best from a power generation perspective; however,
manufacturing trapezoid configuration can be challenging.

6.5. FUTURE WORKS
The thesis structure has been categorized into modeling, sensitivity analysis, and
applications. According to these categories, the direction of further research in the

PEH can be suggested as follows:

¢ On the modeling techniques.

210



>
>
>

CHAPTER 6. CONCLUDING REMARKS

Developing nonlinear finite element model.

Estimate the power under random vibrations.

Estimate the power by solving the equations time-dependent, especially for
non-harmonic excitations.

e  On the sensitivity analysis

>

>

Further investigation of the added mass effect on the output power with
changing the added mass's location and dimensions.

Employing different shim materials with a particular focus on the flexible
substrates.

Further investigation of the contact layer effect by employing controlled
thickness layers and exploring new bonding processes like UV adhesives.
Further investigation of the viscous air damping by testing the harvester
performance in different air pressures and under different air temperatures.
Further investigation of the tip-mass effect on the damping with a focus on
harmonic excitations.

e On the application

>

>

Experimental testing on the composite piezoelectric harvesters with variable
fiber directions.

Focusing on the optimum electrical load for calculating the optimum load
quickly and time-dependent for practical applications.

Exploring the long-term performance of piezoelectric harvesters.

Exploring the power variation due to the packaging and under variable
surrounding conditions.

Further exploration for broadband energy harvesting so that the power output
is less dependent on the excitation frequency.
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Abstract

Damping plays a critical role in power generation by piezoelectric energy harvesting, and yet there is a lack of sensitivity
studies on different sources of damping. In this paper, two damping sources in unimorph piezoelectric energy harvesters,
namely support loss and damage damping mechanisms, are experimentally investigated. Variations of the power gener-
ation are evaluated with respect to the sources of damping. Accordingly, the power generation model is developed
according to the experimental results in this work and using a single degree of freedom analytical model. This study
focuses on the debonding effect, as an internal damping source, and support loss, as a critical source of external energy
dissipation. The results show that the debonding reduces the output power dramatically at resonance and, particularly,
at anti-resonance frequencies. Moreover, investigation of the support loss shows that the material of clamp as well as

installation torque have an impact on the support loss and, consequently, affect the output power.

Keywords

Piezoelectric energy harvesting, unimorph, damping effect, debonding effect, support loss

I. Introduction

With the recent developments in electronics, for exam-
ple, the decrease in power consumption (Khaligh et al.,
2010), low power energy harvesting from thermal and
kinetic sources of energy is being widely considered as
an essential tool to introduce self-powered devices for
elaborating system abilities in terms of life time and
accessibility of remote systems (Ahmed et al., 2017).
Furthermore, energy harvesting systems can be manu-
factured using additive manufacturing techniques
(Mortazavinatanzi et al., 2018) for flexible ink-based
nonflat surfaces (Qing et al., 2018; PiezeTech Arkema
Group, n.d.). Among the energy harvesting mechan-
isms, piezoelectric energy harvesters (PEHs) have
drawn much attention due to structure simplicity and
ease of integration into the host structure (Khazaee
et al., 2019). Piezoelectric materials can be grouped
into three types: ceramic; polymer; and composite
(Ahmed et al., 2017). Macro-fiber composite (MFC)
with ceramic fibers is a composite material with excel-
lent electromechanical properties of ceramics as well as
polymeric flexibility (Khazaee et al., 2019), that makes
it an ideal material for long-endurance kinetic energy
harvesting.

Unimorph geometry is one of the most widely used
configuration for PEHs (Li et al., 2014), in which one
piezoelectric layer is bonded into a nonpiezoelectric
substrate shim with clamped-free boundary condition.
A number of researchers used MFC materials for PEH
in unimorph configuration (Sodano et al., 2006; Erturk
et al., 2008; Shan et al., 2015; Khazaee et al., 2019).
Shan et al. (2015) used a bonded beam from MFC
and polyvinyl chloride layers in the clamp-free bound-
ary condition. The beam was subjected to water ver-
texes induced from an upstream cylinder for PEH
and obtained a maximum output power of 1.32 uW.
Moreover, by an experimental study. Sodano et al.
(2006) compared the maximum instantancous power
of three types of materials in unimorph geometry,
including the MFC material, over 12 bending modes
and obtained 11.714uW at third bending mode.
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Obtaining maximum power from vibration sources is
the main research subject within PEHs. Reddy et al.
(2016) introduced a cavity inside the substrate beam
in order to enhance harvested power from PEHSs. In
the context of power estimation, it is a well-known
fact that damping has a critical role on the output
power by PEHs (Roundy et al., 2003). Four factors
contribute into energy dissipation of unimorph PEHs,
namely energy dissipation from air resistance force,
squeeze force, internal energy dissipation, and support
loss (Hosaka et al., 1995).

Internal energy dissipation in composite structures is
a parameter influenced by five factors, namely matrix
or fiber viscoelasticity, interphase, damage, viscoplastic,
and thermoelastic (Chandra et al., 1999; Bhattacharjee
and Nanda, 2018). In almost all numerical and experi-
mental studies on PEHs, a perfect bonding has been
assumed, while adhesion loss or debonding due to the
aging or improper manufacturing process is a major
concern about adhesive joints (Pazand and Nobari,
2017). Saravanos and Hopkins (1996) showed that
delamination cracks between layers of a composite
beam increases modal damping of the beam.
Although debonding can have a substantial effect on
damping (Khazaee et al., 2018) and consequently will
change the PEH power dramatically, there is currently
no investigation on the effect of this damage on the
output power.

Support loss, also called clamping loss, is the energy
dissipated from a vibrating structure through its sup-
port. As the structure undergoes flexural vibration, it
excites its support both by shear and moment forces
causing elastic wave propagating into the support,
which consequently leads to energy absorption by the
support (Hao et al., 2003). Chen et al. (2017) looked at
the support loss in micro-electromechanical systems
and introduced it as the inverse of quality factor,
which can be obtained through elastic wave propaga-
tion through the support. Although all the cantilever
clamps are created by screw joints, the studies by Hao
et al. (2003) and Chen et al. (2017) did not consider the
effect of joint characteristics on the support loss. If the
joints are used to provide clamps, then friction regions
due to the bolted joints may cause slipping, which is a
source of damping (Goyder, 2018). An important
source of energy dissipation in bolted joints is joint
tightness. High clamping pressure produces greater
penetration forces (Ibrahim and Pettit, 2005). Since
unimorph geometry is built by clamping the piezoelec-
tric harvester with the screw, any source of energy dis-
sipation in the clamps, including joint tightness, should
be considered for investigation of power generation by
a piezoelectric layer.

Within the energy harvesting research area, which is
highly dependent on the different aspects of vibrational

characteristics of the device, there is a lack of studies
investigating the dependency of the power to vibra-
tional features within the system such as damage and
support damping mechanisms. Thus, in this paper a
series of experimental studies are carried out to inves-
tigate the effect of debonding, as one of the regular
defects in adhesive layers, and support loss on output
power of a composite beam with MFC piezoelectric
layer. In addition, using a single degree of freedom
method, change of the power with respect to debonding
and support loss is modeled as the damping variation
within the system.

2. A modeling technique for
unimorph harvester

There are various techniques for modeling of PEHs
ranging from simple one degree of freedom (1D) to
two-dimensional multi degree of freedom methods.
While 1D methods require fewer parameters to model
the system, other methods require more parameters to
be defined and are computationally time consuming.
Moreover, as proposed by Erturk and Inman (2008),
a 1D method that considers electro-mechanical cou-
pling can be a suitable method for assessment behavior
of piezoelectric harvesters. 1D methods were previously
used for studying PEHs (Roundy et al., 2003; DuToit
et al., 2005; DuToit and Wardle, 2007). In this study,
the experimental data and analytical model are corre-
lated to obtain the damping coefficient in many case
studies in order to keep the model as simple as possible
but still accurate. Hence, a 1D model with electro-
mechanical coupling is created in a suitable form for
the investigation by elaborating the damping coefficient
in this model. In the result section, the accuracy of the
model is presented to predict the experimental data.
Figure 1 presents the schematic of the model, which
comprises a piezoelectric mass with internal resistance
of R,, and a proof mass simply connected to a load
resistor, R;. This model is valid for the case in which
there is no substrate shim. In order to comprise the
effect of the substrate, a coefficient, «,,, which is the
proportion of piezoelectric mass to device mass, is
added. Therefore, the equations of motion for a piezo-
electric harvester with the substrate and piezoelectric
layer can be shown as (DuToit et al., 2005)

X(l‘) + 2§mwrlx(t) + ng(t) - amwf,dﬂ Vp(t) = _jC.B(z) (1)
R.,C, Vp(t) + V() + mgﬁRengla)ﬁX(t) =0 (2

where Xz [m/s’] is the base excitation acceleration, x
[m] is the relative displacement of harvester tip in

respect to the base, w, [1/rad] is the undamped natural
frequency of harvester defined as /k/my, ¢, is the
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Figure I. Single degree of freedom electromechanical model (DuToit et al., 2005).
mechanical viscous damping ratio, ¥, [V] is the output The presented model is a simple 1D model.

voltage, and mgy = M, +m,/3 [kg] (DuToit et al.,
2005) is the effective mass of piezoelectric layer contrib-
uted to shunt damping effect. The overhead dot indi-
cates the time derivative. In addition, d5; [C/N] is the
piezoelectric coupling coefficient in 3—1 mode, R, [2]
is the equivalent electric resistance, C, is the capaci-
tance of the piezoelectric coupling. The capacitance is
defined in terms of dielectric constant K, the permittiv-
ity of free space (g9p=28.9 nF/m), piezoelectric area A4,
[m?] and thickness 7, [m] with C,=K &) A4,/t,,.

If the base excitation is assumed to be harmonic,
¥5(f) = Xpe/, then the displacement and voltage will
be a harmonic function with the same frequency but
with different phase, for example, V(1) = V e/t
and x(7) = Xe/*¢. By defining magnitude of power
to be P,y = (7,])2 /Rey, it can be expressed as (DuToit
et al., 2005)

Paut
Xp

_ emyrki(Re/R), 3)

[(1 - (1 + 27'{,,1)92)2
+H26 D) + (12 = 1) + k2 R)’]

where r = R.,w,C, is dimensionless resistance term,
Q = w/w, is dimensionless frequency, and k. is the
electromechanical coupling factor defined with k2 =
k3,/(1 — k3;). As can be seen in equation (3), as well
as physical properties of the piezoelectric harvester, the
output voltage depends on load resistance and excita-
tion frequency for a given excitation magnitude. The
output power from the piezoelectric harvester is max-
imum at an optimum load resistance called optimum
load, R,,,. Moreover, plotting the maximum power at
short-circuit and open-circuit conditions versus the fre-
quency shows that two frequencies, called short-circuit,
wye, and open-circuit resonant frequencies, w,., respect-
ively, are assigned to the maximum power. According
to these values, one can calculate the electromechanical
coupling factor,k,, of the piezoelectric harvester with

kg =y (woc/wsc)2 -1

However, because the output power obtained by this
method is expressed in terms of coefficients obtained
experimentally, see equation (3), the model presents
accurate data compared to the experimental data, as
shown in DuToit and Wardle (2007). For instance, w,
can be obtained through experimental tests. By evalu-
ating w,. and wy through measurements of the power
over a wide frequency range, k., can be calculated.
However, the damping coefficient needs to be investi-
gated. The analytical model is assigned a single
coefficient, for example, ¢,, for considering energy
dissipation in the energy harvesting system in the can-
tilever configuration. This study aims to capture the
effects of two sources of damping mechanisms, for
example, damage damping and support loss, which
have different natures. Thus, to make the damping
model closer to the actual one, all sources of energy
dissipation in the system are identified, and all the
other damping mechanisms are evaluated analytically
while the damage and support loss damping are
extracted according to the measurements.

The energy dissipation consists of internal energy
dissipation, fluid-structural viscous damping and sup-
port loss due to the cantilever boundary condition. For
the case of the debonded sample, a damaged damping
term is considered. The sources of energy dissipation
are shown in Figure 2. Thus, ¢, can be expressed by
equation (4)

gm = CStructural + gFluid—Slructure + {Support + CDamage (4)

The fluid-structural damping, ¢guig-siucture, 18 due to
airflow force by vibration of beam in free air and
squeeze force by airstream from the near fixed bound-
ary wall. Internal energy dissipation, syuenrai, 1S the
energy dissipated inside the material, which is an
energy dissipation source inside the beam. Calculation
of the fluid-structural damping terms are straightfor-
ward as analytical formulas were reported, such as in
Hosaka et al. (1995). These authors estimated the resist-
ance force against beam transverse vibration induced
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Figure 3. Piezoelectric energy harvester configuration.

from the surrounded fluid. On the other hand, damage
(¢pamage) and support 10ss (Lsuppor:) mechanisms are
difficult to deal with and are often measured with
experimental data. In the current research, fluid-
structural and internal energy dissipation mechanisms
are calculated according to analytical expressions in
equation (5) (Hosaka et al., 1995), and the support
loss and damage damping mechanisms are evaluated
based on experimental data

L . sz + %nbz\/ 2 Pgir @y
Fluid-Structure 2,0ng hwn 2,01,hb1a),1 (5)

CStructural = 7]/2

where p and p,; are dynamic viscosity and density of
air. In addition, g¢ is distance between the fixed wall
and beam outer surface as shown in Figure 2 and 7 is
the structural damping coefficient. In this study a value
of 0.5 x 107% is considered for n (Blom et al., 1992).

Due to the presence of damping in the equation for
output power, equation (3), damping will have a sig-
nificant effect on the output power in a unimorph
energy harvester. This work aims to investigate the
effect of changing the damping coefficient, ¢,,, through
debonding and the support tightness, on the output
power while four damping mechanisms are considered
(see equation (4)). In Section 4, the support loss damp-
ing is evaluated from the defect-free state, which can be
used for the debonded state to evaluate the actual
damage damping.

3. Experimental procedure

The effects of the debonding and support loss on the
output power were investigated through experiments.
The experiments were carried out with piezoelectric
samples in unimorph geometry. The piezoelectric sam-
ples were clamped with a clamp box on one end. Then,
they were excited with a magnetic vibration shaker by
sinusoidal input signal, where their response in terms of
output voltage and current were recorded. Figure 3
shows the configuration of the PEHs throughout
the study.

The piezoelectric layer is an MFC with elastic
modulus of 30.336 GPa and 15.857GPa in x- and
y-directions, respectively, and Poisson’s ratios of 0.31
in xy and 0.16 in yx and shear modulus of 5.515 GPa.
Thickness of the MFC is 0.30 mm while the thickness
of the lead zirconate titanate fibers are 190 pm with
a density of active area of 5.44 g/cm®. The electromech-
anical properties of the piezoelectric layer are
d3;3; =460 pC/N, and d;;=-210pC/N. The center
shim is made of aluminum with thickness of 0.12mm,
elastic modulus of 68.9 GPa, and density of 2.7 g/cm?>.
The piezoelectric layer is bonded to the center
shim with epoxy rapid 332 adhesive with density of
1.16 g/em®. For investigation of the debonding effects
in Section 4, thickness of the bond layer in perfect and
poorly cured bond conditions are 400 and 189 um,
respectively. In Section 5, where effect of the support
loss damping is investigated, the bond layer thickness is
equal to 245 um.
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Figure 4. Setup for measuring voltage output.

The aforementioned unimorph energy harvester is
excited with a VSD 201 Shaker while its input voltage
and electrical power are measured. Signal generation
and data recording were carried out with National
Instrument modules. For signal generation, NI 9263
module, a 4-channel+10V 16-Bit Analog Voltage
Output, which is adjusted by LabVIEW™ 2013 is con-
nected to a Kepco AC power generation and the output
from Kepco power supply is wired to the shaker. A NI
9215 module with 4-channel+10V 16-Bit Analog
Voltage Input is used for recording the voltage output
of the piezoelectric harvester. A National Instrument
Compact data acquisition system (cDAQ) type 9172
is used as the medium between the modules and experi-
mental components, for example, the shaker and piezo-
electric samples. Figure 4 shows the experimental setup.

4. Debonding effects

During the model derivation for the PEH from vibra-
tion, mostly cantilever configuration is considered
with the perfect bonding between piezoelectric and
metal substrate. In practice, the perfect bonding
assumption may be degraded over time during oper-
ation or during the manufacturing process in the first
stage (Pazand and Nobari, 2017). In particular, as the
loading condition is dynamic and the harvester mostly
vibrates close to its fundamental natural frequency, it is
likely to observe debonding between the substrate and

the piezoelectric layer. The debonding might have two
influences on the output power. An obvious effect is
that it prevents the vibration of a part of the energy
harvester, so it will reduce the active area for power
generation. Moreover, the debonding may increase
the damping ratio of the device, which results in less
power generation. This increment in the damping
depends on the vibration mode (Khazaee et al., 2018).
In this section, an experimental verification of the
debonding effect on the output power is presented.
Two samples are tested with the same length and
width, each consisting of a 0.3 mm thickness MFC piezo-
electric layer. The samples are bonded to an aluminum
substrate with 0.12mm thickness by epoxy rapid 332
adhesive. Figure 5 shows the pristine and debonded sam-
ples with capacitance of C,=177.07nF/m for an active
length of 85 mm. The piezoelectric harvester is connected
to a 31500-Q) resistance load. The unimorph is excited
over a frequency range of 5 to 100 Hz with 1Hz fre-
quency step with the same excitation amplitude. Three
replications are used to show the repeatability of tests.
As can be interpreted from Figure 5, thickness of the
adhesive layer for one sample was considered 211 um
less than the other sample to make it vulnerable to
debonding due to inappropriate debonding thickness.
Then, the sample was excited by the shaker on its
natural frequency until a debonding area is initiated
and developed. It is worth mentioning that after initi-
ation of the debonding, the propagation was quick.
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Figure 5. Macro-fiber composite pristine and debonded dimensions and unimorph configuration with clamp box screws.

The samples were scanned using Acoustic Microscope
KSI V8 from the aluminum substrate and from MFC
layer down to the other front side to find out the layers
within them in which debonding occurred. Figure 6
shows the Acoustic Microscope KSI V8 for scanning
the samples from the aluminum side.

Figure 7 shows the scanned pictures of the samples
in depth with ultrasonic waves. Areas with different
colors in Figure 7 represent the regions with different
densities. In order to recognize debonding regions,
similar regions with different colors should be observed
at different depth levels. It has been observed that, the
debonding was initiated between aluminum shim and
adhesive layer, as the color scattering in the surface can
be seen from Figure 7 (b)—(c). Since the dark color
regions exist at different depths, from Figure 7 (a)—(e),
this area is the likelihood-debonding region. This
region is marked with a white box in Figure 6. In add-
ition, there are two regions with distinctive colors in
Figure 7 (e)—~(f) on the pristine sample, which based
on thickness measurements is found to be the result
of higher density of adhesive in these regions.

Figure 8 shows the frequency spectrum of root
mean square (RMS) of the power generation for three
replications. Firstly, the results obtained from the
duplications are identical, showing that the experiments
are repeatable. As it can be seen from the frequency
spectrum, there are two peaks for the output power
at frequencies of 30 Hz and 49 Hz. The first peak fre-
quency is related to the device fundamental bending
natural frequency, while the second peak is a result of
the anti-resonance frequency of the device. Anti-reso-
nance frequency is the result of electromechanical cou-
pling. At this frequency, the voltage and current are
considerably different from resonance frequency even
though the power is similar (DuToit et al., 2005).

The debonding reduces the active area in the device,
which is an important factor in the power generation,
and it increases the internal structural. Figure 9 shows
the output power from the pristine and debonded sam-
ples as a function of frequency. Table 1 shows the vari-
ation of peak frequencies and output power between
pristine and debonded samples. The debonding reduces

Figure 6. Pristine and debonded samples scanned with
Acoustic Microscope KSI V8.

the device stiffness and, hence, decreases the resonance
and anti-resonance frequencies by 23% and 18%,
respectively. Reductions in the peak frequencies are in
the same order, showing the stiffness reduction of the
beam. Moreover, the presence of the debonding area
causes a dramatic reduction in the output power at res-
onance and anti-resonance frequencies. There are two
reasons for reduction of the power generation due to
the debonding: reduction of the active area; and incre-
ment in the damage damping. To measure the real
debonding area, the debonded sample is exploited and
the debonding region is marked, as shown in Figure 10.
The debonding area is measured to be 15% of the
active area. If a uniform generation of power is
assigned to the whole area, 15% active area reduction
will reduce output power by 15%. Hence, the rest of the
power reduction is due to increment of the damage
damping. In addition, it can be noted from Figure 9
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Figure 7. Pristine (top sample) and debonded (bottom sample) samples scanned with ultrasonic waves through depth from the

aluminum shim side (a)—(f).
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Figure 8. Frequency spectrum of power for three replications on macro-fiber composite sample.

that degradation of the output power is two times at the
anti-resonance compared to at the power reduction at
the resonance frequency, proving that the power at
anti-resonance is much more sensitive to the debonding
effect.

By applying the model presented by equation (3) and
by updating the ¢, through an error-minimization pro-
cess, the analytical output power is correlated with

respect to the experimental output power. This process
is then repeated for the case in which the debonding
occurs by reduction of the active area. Figure 11
shows the comparison of the resonance power between
the undamaged and bonded states based on the analyt-
ical and experimental results, and variation of the
mechanical damping obtained after the model updating
process. Figure 11 (a) shows that the power is
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Table |. Comparison between pristine and debonded samples.

Variation
Parameter Pristine Debonded (%)
Resonance frequency 30 23 —-233
(Hz)
Anti-resonance fre- 49 40 —184
quency (Hz)
Root mean square 132.0 77.9 —41.0
(RMS) of power at
resonance
RMS of power at 152.7 30.5 —80.0

anti-resonance

successfully correlated at resonance by updating damp-
ing in the presented model. The presented model with
the correlation factor has better accuracy at resonant
frequency compared to the other frequencies. However,
as maximum available power is of interest in energy
harvesting applications and this maximum power is
obtained at resonance, the presented model can be
used for maximum power correlation. Moreover,
Figure 11 (a) shows that correlation for the pristine
sample is more accurate than for the debonded
sample. This is due to the nonlinearity that is intro-
duced into system due to debonding. As shown in
Figure 11 (b), correlated mechanical damping for
the debonding sample shows that the debonding
caused to increase the ¢, from 0.0483 to 0.0765. ¢,
comprises the support loss, fluid-structural and internal
friction damping mechanisms for defect-free state
and damage damping for the case of debonded state.
Fluid-structural damping is the same for both cases and
is evaluated using equation (5). Since during the tests
the boundary conditions remained unchanged, the sup-
port loss is identical for both pristine and debonded
states. However, the thickness of samples was slightly
different for pristine and debonded samples, and the
viscous damping coefficient was calculated for each

Clamp Line

Figure 10. Debonded area within adhesive and aluminum layer.

condition. The damage damping was calculated by sub-
tracting the calculated fluid-structural damping and the
structural damping and, moreover, the experimentally
obtained support loss damping from the correlated
mechanical damping.

Table 2 summarizes the obtained results from this
section. As was shown, the debonding area reduces
15% of the active area responsible for the power gen-
eration. This reduction decreased the RMS resonant
power density 20.53% from 60.83 to 48.34 uW/cm”®.
The support loss, which is obtained by subtracting the
fluid-structure and structural damping from the corre-
lated damping coefficient, has a great contribution in
the total damping proving that the support loss damp-
ing is an important part of the energy dissipation in the
system. Hence, the next section is dedicated to this sup-
port loss. The damage damping in the debonded sample
is responsible for 27% of the total damping mechan-
isms, showing that the debonding can strongly affect
the damping coefficient.

The nature of the damping variation due to delam-
ination in the composite materials has been investigated
by Khazaee et al. (2018). The variation in damping
depends on the vibrating mode, which causes penetra-
tion motion or slip motion between layers near the
delamination (Khazaee et al., 2018). Fundamental
mode shape of the unimorph harvester is shown in
Figure 12. In this mode, if a debonding region is pre-
sent, layers on top and bottom of the debonding area
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increase due to debonding.

Table 2. Variation of output power, mechanical damping and structural damping due to improper bonding.

Parameter

Undamaged sample Debonded sample

Active area (cm?)

Root mean square resonant power
density (uW/cm®)

Cm (correlated value)

Criuid-structure (€quation (5))

structural (€quation (5))

‘:Support ( = Cm - QFIuid-Structure —QScruccural)

CDamage ( = Cm _CFIuid-Structure - cStructuraI' CSupport)

20.58 17.49

60.83 4834
4.83E-02 7.65E-02
7.90E-04 1.24E-03
5.00E-07 5.00E-07
4.75E-02 4.75E-02

- 2.78E-02

(@ (b)

Perpendicular layers' motion

—

1%t bending mode

Figure 12. Mechanical damping increases due to debonding in the first bending mode.

have a penetration motion in a perpendicular direction
which causes an extra energy dissipation mechanism
inside the harvesting material.

5. Support loss damping

Unimorph or bimorph is among the most applicable
configurations of PEHs, where one end is clamped
and the other end is free. To create the clamp, often a
part of the energy harvester is clamped within a clamp
box in which screws are tightened to provide a nonmov-
ing area. Due to this clamp, an extra loss is introduced

into the system, called support loss (Hosaka et al.,
1995). In this section, output powers from a unimorph
PEH under a clamp-free boundary condition with dif-
ferent clamp box configuration are compared to each
other in order to study the effect of the clamp charac-
teristics on the output power.

Figure 12 (a) shows the sample for testing the sup-
port loss effect on the output power. The thickness of
the MFC piezoelectric, adhesive and substrate layers
are 300, 245, and 120 um, respectively. The clamp box
consists of two 60 x 30mm blocks with four screws
placed symmetrically in the corners with 6 mm center-



2418

Journal of Vibration and Control 25(18)

(@)

Sample for support loss test -
Thickness = 665 pum£7%

N\

- Clamp Box

Toniue=T

Figure 13. (a) macro-fiber composite (MFC) harvester dimensions and unimorph configuration with clamp box screws; (b) alumi-

num; and (c) plastic clamp boxes clamping the MFC harvester.

to-edge distance and one center hole for the shaker
attachment. To observe the effect of the support loss,
two types of materials were used for clamp box made
by plastic and aluminum, as shown in Figure 13. The
weight of clamp box set with screws for aluminum and
plastic types are 59.09g and 25.86g, respectively.
Moreover, the screws of the clamp box were tightened
with different torques, and for each set of torques the
power was measured over a frequency range close to its
natural frequency.

Figure 14 shows the output power density in uW/g
over a frequency range including the resonant fre-
quency of the PEH, where g=9.81m/s?, from the
MFC sample with the aluminum and plastic clamp
boxes at different levels of tightening torques. The ver-
tical axis shows the output power normalized to input
base acceleration in terms of RMS, when the MFC
sample was excited by a harmonic excitation with the
maximum force of 17.8 N. For each case of excitation
with the specific frequency, the output voltage and cur-
rent were measured with 31500 () resistance load and
then the power was calculated by product of the voltage
and current. Tightening torque, N.m., was the torque
used for fastening the four screws of the clamp box
as well as the shaker attachment screw, as shown in

Figure 13 (a). A sample of the measured voltage, cur-
rent, and output power is shown in Figure 15 for a
plastic clamp box with tightening torque 0.5 N.m and
excitation frequency of 220 Hz. The immediate conclu-
sion to be drawn from Figure 14 is that, the output
power spectrums represent different values for different
clamp box materials and tightening torques. Therefore,
the clamping characteristics play an important role in
the energy harvesting by cantilevered piezoelectric
beams. The resonant frequency, as displayed in
Figure 16, for plastic clamp lies between 212.1 Hz and
220.4Hz with an average value of 215.8 Hz that is
higher than the resonant frequency for the aluminum
clamp with an average of 199.5 Hz lying in the interval
198.4,202.1 Hz. It can be seen that the tightening
torque on the clamp box changes the output power
of the energy harvester as well as slightly altering the
resonant frequency of the piezoelectric harvester. The
output RMS power at resonance is 0.39 uW/g for
T=0.5N.m, while it is 0.26 uyW/g for T=0.8 N.m
when an aluminum clamp box is used. Therefore, the
output power reduces 33% due to the tightening
torque. This power reduction for the plastic clamp
box is 14%, showing a lower dependency of the
power to the tightening torque. In addition, the
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resonant frequency varies maximum 3.7% in the case of
the plastic clamp while this variation is maximum 1.7%
with the aluminum clamp.

Output current signals over a 1.5 seconds period
from the piezoelectric harvester with plastic clamp
vibrating at its resonant frequency for different tighten-
ing torques are displayed in Figure 17. The RMS of the
output currents for tightening torques of 0.5, 0.6, 0.7,
and 0.8 N.m are 23.8, 22.2, 21.9, and 21.7 uA, respect-
ively. Therefore, increasing the tightening torque on
the cantilever clamp box reduces the output current.
Increasing tightening torque from 0.5 to 0.6 N.m
reduced the current by 6.7 % while this drop is 1.4%
for 0.6 to 0.7 N.m, and 0.9 % for 0.7 to 0.8 N.m tighten-
ing torque. Figure 18 shows the power at the resonance
at different levels of tightening torque for the aluminum
and plastic clamp boxes. Since the plastic clips have a
degree of flexibility, to prove that the trend is recipro-
cal, the tests were performed from the lowest torque,
T=0.5N.m, to the highest torque, T=0.8 N.m and
vice versa. The results show that the harvester with
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Figure 18. Variation of power versus torque applied on clamp
screws for different clamp box.

the aluminum clamp box produced lower power.
On the other hand, by increasing the tightening
torque of the screws of the clamp box, RMS of the
maximum power decreases, for both the aluminum
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Figure 19. Variations of identified damping variations versus clamp pressure for aluminum and plastic clamps.

and plastic clamps. Figure 18 implies that the plastic
clips, which are more flexible than the aluminum, can
provide higher output power and lower support loss
compared to that with the aluminum clamp.

Similar to the previous section, using the developed
model for the unimorph harvester, and with the mini-
mization of the error between the maximum resonance
powers, the mechanical damping ratios are identified
for different clamp boxes at different tightening levels.
These identified damping ratios are shown in Figure 19.
Overall, the aluminum clamp introduces higher energy
dissipation, which in turn causes to reduce the damped
natural frequency in Figure 14. Therefore, in compari-
son with the aluminum clamp box with higher support
damping, the lower resonance frequency of the
harvester with the plastic clamp box is due to lower
support damping. However, with increasing the clamp
pressure by higher tightening torque, the support loss
increases for both clamp boxes, independent of clamp
material.

6. Conclusions

This study presented an experimental investigation of
the effect of damage and support losses damping mech-
anisms on the output power of PEHs in unimorph
geometry. The results show that by using a simple,
but practical, single degree of freedom model, the
power variation can be modeled with the mechanical
damping variation. The debonding, as an internal
source of damping inside the harvester, is investigated
in this study. It is concluded that the debonding
increases the damping and reduces the output power
dramatically. Moreover, the support loss, as an external
damping source, has an effect on the output power in
such a way that the clamp material as well as clamp
pressure will change the output power.
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Modelling of piezoelectric energy harvesting systems from vibration point of view is of interest of
many researchers and plays an important role in the estimation of power output for these systems.
This paper deals with the dilemma of damping modelling in piezoelectric harvesters as in most of
modelling techniques only the viscous damping is considered. A discussion is firstly presented about
the effect of damping modelling on the power output. Then a modelling approach for different damp-
ing mechanisms is presented by which energy dissipation in the piezoelectric harvester can accurately
be modelled. Finally, based on this damping model, an analytical model is derived for power output
estimation of piezoelectric energy harvesters.

Keywords: Damping Mechanisms, Piezoelectric, Energy Harvesting, Structural Damping,
Viscous Damping.

1. Introduction

Modelling of piezoelectric energy harvesting systems from vibration point of view is of interest of
many researchers and plays an important role in the estimation of output energy for these systems. There
are a vast number of studies focused on vibrational modelling of piezoelectric bimorph (or unimorph)
harvesters. All of these studies mentioned the effect of damping on the power output of the harvester.
The less mechanical damping leads to the higher power output [1]. In the spite of great impact of damping
on power output, as far as the authors are aware of, there is no deep study about different damping mech-
anisms in piezoelectric energy harvesters.

For energy harvesting applications, mostly researchers used viscous damping model in their approach
for single-degree-of-freedom models, and for multi-degree-of-freedom modelling, they extended the
concept of viscous damping and used Rayleigh proportional damping. Based on the literature [1]-[3],
damping modelling techniques used for energy harvesting applications are viscous damping, which is
proportional to the velocity. DuToit et al. [3] used a formulation for damping ratios from a previous study
by Hosaka et al. [4], which internal friction, air-damping, squeeze force, and support loss had been re-
ported as energy dissipation mechanisms of a cantilever beam. In DuToit formulation just the viscous
damping is modelled, which is proportional to the velocity of vibrating mass. In the Finite Element for-
mulation presented by Junior et al. [2], proportional Rayleigh damping matrix was considered.
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Except one study that recently compared the structural and viscous damping [5], there is no research
that taken the structural damping into account as a separate term in the vibrational equations of motion
for the harvester. Just in the recent short paper by Cooley et al. [5], the role of structural damping in the
modelling of piezoelectric energy harvesting has been mentioned. In the experimental work by Sodano
et al. [6], they investigated the power output from PZT and MFC materials bonded to an aluminium shim
with double sided tape. They mentioned the role of tape damping into decreasing power output, but no
correction factor or modelling has been presented to consider damping. Crandall [7] mentioned the acous-
tic radiation and internal damping mechanisms as for damping in vibration of a beam. Crandall [7] stated
that internal damping is a frequency-dependent factor and is a function of the material, So, it is not correct
to consider a general constant value for friction damping, as considered by Hosaka model [4]. Also,
Crandall [7] mentioned the dependency of air damping to frequency.

In this research, the role of damping mechanisms in output energy from piezoelectric energy harvest-
ing are studied as not previous studies addressed this issue. Afterwards, a model for damping in piezoe-
lectric harvesters will be presented that considers viscous and structural damping mechanisms. Moreover,
a more comprehensive discussion about different mechanisms in structural damping is presented as in
the previous studies this has not been studied. Section 2 gives a current 1-D modelling approach for
piezoelectric harvesters. In section 3, the drawbacks of this methods are reviewed and a new model con-
sidering different damping mechanisms are presented. Section 4 presents a numerical error to emphasis
on the effect of damping mechanisms for output power from the harvester.

2. Current 1-D Modelling

Error! Reference source not found. presents the schematic of 1-D model [3], which comprises of a
piezoelectric mass with internal resistance Rp with a proof mass simply connected to a load resistor R.
In this model, the entire structure is electromechanically coupled, unlike unimorph beams in which a part
of the harvester is metal substrate.

Proof mass

A 1
x(t) Piezo Rp§ Rl; V[,(Z)
?

X
Base

xp(0)

v

Figure 1: 1-D electromechanical model [3]
The coupled equations for the system shown in Fig. 1 can be derived from equations in [3] as

X () 428,05 )+ o)x —od,V () =—x, (1), (1)

mn

R,CV,()+V, @) +m

eq - p P

o Regd 0% (1) =0, )

where Xgis the base excitation acceleration, x is the relative displacement of harvester tip respect to the
base, V) is the output voltage, @n is the undamped natural frequency of harvester, {n is the mechanical
damping ratio, ds; is the piezoelectric coupling coefficient in 3-1 mode, R, is the equivalent electric
resistance, Cp is the capacitance of the piezoelectric, and mey is the effective mass of piezoelectric layer.
The overhead dot indicates the time derivative. The capacitance is defined in terms of dielectric constant
K, the permittivity of free space (£0=8.9nF/m), piezoelectric area A, and thickness 2, with Cp=K &0 Ap/tp.
In general, if only viscous damping is considered for energy dissipation from the system, energy dissi-
pation can be modelled as

2 ICSV26, Montreal, 7-11 July 2019
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[C]{x 1}, 3)

where {x} is the velocity vector.

In the concept of finite element, proportional damping matrix is a linear combination of mass and
stiffness matrices with constant coefficients. If /M] and /K] are global mass and stiffness matrices of a
multi-degree-of-freedom vibrating system, then proportional damping matrix considered for modelling
in cantilever piezoelectric energy harvesting system will be presented as

[Cl=a[M]+B[K], (4)

where o and f are Rayleigh damping coefficients [2]. This damping matrix will act as a viscous
damper as it is proportional to velocity. Rayleigh damping coefficients should be determined with exper-
imental vibration tests. In the study by De Marqui Junior et al. [2], no discussion about these coefficients
has been presented, just these figures presented as the known variables.

3. Proposed model

In the study by DuToit et al. [3], the piezoelectric layer has just been considered, without any substrate
layer or contact layer, so the Hosaka damping model may be applicable for their case study. However,
as in most piezoelectric energy harvesting, a piezoelectric layer is attached at a substrate surface to form
a unimorph or similarly bimorph. In these configurations, damping model presented in Eq. (3) will not
be useful anymore, as the viscoelastic damping from the contact layer should be considered. In addition,
in the Eq. (1), the vibrating system is only the piezoelectric material. However, in most piezoelectric
harvesters, the piezoelectric layer is attached onto a substrate surface. Thus, the model by Eq. (1) and Eq.
(2) cannot be used for these cases as there is a proportion of the device which does not contribute to the
power generation. So, a model is needed to distinguish the portion of mass, which contributes to vibrating
motion, and the portion for power generation.

By adding the effect of substrate using a mass coefficient and a general form of damping, the equations
of motion for a piezoelectric harvester with substrate and piezoelectric layer can be shown as

myX (O)+fy +kx —a,, kd ()=, () (5)

R,CV,O)+V,(t)+my,R, dywlx()=0 (6)

eq p p

, Where amass= mp/ mp is the compensation factor, m»s is the device mass, my is the piezoelectric element
mass, f4 1s the energy dissipation, and 3 is the base excitation force. The energy dissipation can be related
to air resistance against beam vibration, fi«ir , and internal structural damping, fi-s». Air-damping force
can be estimated based on viscous damping model, as it has been done by [7] and [4]. However, the
internal damping is much more complex for piezoelectric harvesters, as the beam is a composite beam
with materials exhibiting elastic and viscoelastic behaviours at the same time. In the following, the tools
for appropriate energy dissipation for a piezoelectric harvester will be presented.

When a cantilever oscillator vibrates in the air, there is an air-resistance force, which cause to dissipate
energy from the dynamic system. This energy dissipation is proportional to velocity and hence, as it can
be modelled as a dashpot, it is emerged as a viscous damping term. Hosaka et al. [4] investigated the
energy dissipation of a macro oscillator in the air with the assumption that beam length is much larger
than the other dimensions and also width is much larger than thickness. By these assumptions, faqir can
be expressed as

3 2 1/2)
3mw +=7w (2 @ m
(w0 207 (yp0) o, o

fdfair =

X = 2é/m a)nmh'x 4

pbW zh
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where u is the air dynamic viscosity, w is the beam width, /4 is the overall beam thickness, {m is the
viscous damping coefficient, p» and p. are the density for beam and air, respectively.

For internal energy dissipation, the energy dissipation is often introduced as the complex term of
stiffness and is defined as [§]

fd-m :jk nm,x, (8)

where 7 is the structural damping coefficient. Here, the aim is to extract an expression for 7.

Overall composite materials represent a higher energy dissipation due to the viscoelasticity of the
polymeric matrix [9]. Chandra et al. [10] mentioned four main factors for energy dissipation in compo-
sites, which are viscoelasticity, interphase, viscoplastic, and thermoelastic. Viscoelastic nature of matrix
or fiber creates viscoelastic damping. The region adjacent to the fibres along the length will create inter-
phase damping. In the case of applying high vibration or stress a degree of non-linear damping due to
the present of high stress is evident, which is called viscoplastic damping. Thermoelastic damping is due
to the heat flow from compression stress zone to the tensile stress zone. Thermoelastic damping depends
to the amplitude and frequency of applied load, sample thickness and number of cycles and is more
important for metal composites [10]. A piezoelectric energy harvester consisted of one or two orthotropic
piezoelectric layers, an isotropic substrate layer, and an adhesive viscoelastic layer. Due to the nature of
the harvester, viscoelastic and interphase damping mechanisms are evident in the model. In addition, due
to cyclic loading and the presence of metal in the harvester, thermoelastic damping should be taken into
the account. So, the internal structural damping coefficient can be shown as

77 = nv[sc + 77phas + qthermo 4 (9)

where 7isc, Mphas and nmermo are difficult coefficients, which it is not easy to evaluate an analytical ex-
pression for them. So, it is recommended to simulate 7 as

n=m+7, (10)

where 7 is the structural coefficient count as energy dissipation for the material and 7 is the damping due
to the interphase and thermoelastic mechanisms. Here, in this modelling method, 77 is estimated for the
materials and then 7j is tuned in such a way that the experimental data match the output from the analyt-
ical method. It is worth mentioning that tuning 7 should be regarded as an iteration process.

Internal energy dissipation for homogenous metal materials was proved that does not depend to the
stress level but to the frequency , although some small dependency observed for glass/epoxy composites
[11]. If the stress-dependency of structural damping is ignored, it can be shown that internal energy
dissipation is identical to the theoretical loss factor due to transverse heat flow [7]. Hence, the internal
structural coefficient can be estimated as [7]

’ET oo,

¢, 1+(w/ @)

n= (11)

where « is thermal expansion coefficient, 7 is temperature, £ is modulus of material, ¢y is specific heat,
and o is vibrating frequency, and v is the material relaxation frequency, which is given as

° 2¢h*’ (12)

where k is material conductivity.
To sum up, the equations of motion shown by equations (5) and (6) can now be given by

‘x(l) + zgm a)nx (t ) + a)j (1 +J77)x - amaxs a)lfdﬂVp (Z) = _X'B (t )7 (13)
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R,CV (0)+V,(t)+myR, dywx(t)=0, (14)

eq " p p

where wx is defined as /k/m,,.

If a harmonic excitation is assumed, X5 (t) = Xge/®t, then the displacement and voltage will be a
harmonic function with the same frequency but with complex magnitude, e.g. V,(t) = I7pej“’t and
x(t) = Xe/®t. By substituting these expression into equations (13) and (14),

[((a)j —a)z)+j(2§ma)"a)+77wf))f —amma),fdMV_pJej“” =X e’ (15)

((1+jR C a))V_p +jm

eq - p

R,y 0 0X )efwf =0 (16)

Then, by defining the dimensionless frequency and load with 0 = w/w, and r = R, Cpwy, the steady
state solutions for output voltage as a function of input frequency can expressed as:
V_ mg_[f Req d}l a)n Q

7
|, | \/[((1 ~02)-rQ(2¢,Q+0)) +((26,Q+7)+rQ(1-rQ*)+ (amsmeﬁ.Reqdfla)jQ))z}

(a7

Using the calculated voltage from Eq.(17), the magnitude of output power from piezoelectric harvester

_ 12
|/
can be calculated with B, = l pl / R, By defining a new electromechanical coupling coefficient k2 [3],

power can be estimated from Eq. (18).

P, m,, rk’Q°
()

o, [((1 ~0)-rQ(26,Q+ ;7))2 +((2¢,2+7)+rQ(1-0%)+(a,,.r ka))z}

(18)

As it can be seen from Eq.(18), the energy dissipation term is 2, Q2 + 1, which has two parts, one is
constant at all frequencies and the other changes with ().

4. Numerical example

Now, to clear the role of damping mechanisms, a numerical example is presented. This numerical
example is the analysis of a bimorph piezoelectric energy harvester with dimension 120x30 mm. Piezo-
electric layer is a PZT-5A Piezoceramic with elastic modulus of 66.0 GPa, Poisson’s ratio of 0.33 and
density of 7.75 g/cm® with the thickness of 0.27 mm. The electromechanical coupling properties of the
piezoelectric layer are as follows: d33=374 pC/N, d31=-171 pC/N, and Cy=177.07 nF/m. Centre shim is
made of brass with thickness of 0.14 mm, elastic modulus of 105 GPa, Poisson’s ratio 0.3 and density of
9.0 g/cm®. In order to estimate the natural frequency for this harvester, COMSOL Multiphysics software
under license number 12073023 was used. As it was shown in Fig. 2, the piezoelectric beam is meshed
with Tetrahedral elements and the natural frequency of the harvester was obtained @.=23.1 Hz.

Figure 2: Finite Element analysis of bimorph for natural frequency
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Now based on the presented method in Eq. (18), output power from piezoelectric harvester is com-
pared for different cases. Three different systems in terms of energy dissipation were considered which
are denoted with lightly, medium and highly damped system according to their damping coefficient. In
lightly, medium and highly damped system Cm+1 are 0.02, 0.04 and 0.1, respectively. Moreover, load
resistances were considered to be 1e3 or 1e6 Q for all these three cases. At each case, three combination
of damping mechanisms were considered, namely structural damping only, viscous damping only or half
combination of both damping mechanisms. Power ration for lightly, medium and highly damped systems
are shown in Fig. 3, Fig. 4 and Fig. 5, respectively. It is worth mentioning that power ratio is the power
normalized with the case of viscous damping only. As it can be seen from Fig. 3, the output power in the
case of structural damping only is 4 times and in the case of combined damping mechanisms are 1.8
times higher than the viscous only case, independent of the load resistance. These figures are approxi-
mately the same for medium and highly damped systems in Fig. 4 and Fig. 5. There is only a slight shift
in the resonant frequency due to increasing damping, as can be seen by comparing Fig. 3 and Fig. 5.

4

(a) Ri=1e3 Q " 4 (b) Ri=1e6 Q o szo , 1’]:002
35F W
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Figure 3: Effect of different damping mechanisms on power for lightly damped system
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Figure 4: Effect of different damping mechanisms on power for medium damped system
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Figure 5: Effect of different damping mechanisms on power for highly damped system

The variation of power respect to damping mechanisms emphasis that it is important to select the
correct form of damping mechanisms unless the viscous only damping model will underestimate output
energy by piezoelectric energy harvester. DoToit et al. [12], presented a model for predicting output
power from piezoelectric only by considering viscous damping and their experimental verification sho-
wed that output power in the resonant was underestimated with this model. Fig. 6 shows the output power
from their piezoelectric harvester using analytical model and experimental data. It is obvious that their
model could not predict output power close to resonance. This can be due to inappropriate consideration
of only viscous damping mechanisms.

500 500
*
- * Measured (b) Ri=5.29e4 Q : * | * Measured
() Ri=1.95e4 Q — Simulated
= 300 = 300
= =
200 200
o o
100 100
0 0
0.5 1 15 0.5 1 15
Frequency ratio, Q [Dimensionless] Frequency ratio, Q [Dimensionless]

Figure 6: A comparison between experiment and analytical model with only viscous damping mod-
elling m=0.0178 [12]

5. Conclusion

This paper dealt with the problem of proper damping modelling in piezoelectric energy harvesters.
After reviewing current popular damping modelling approach, viscous only damping mechanism, a
damping model was presented that considers both viscous and structural damping mechanisms. Viscous
damping was related to the energy dissipation from the system by air resistance while structural damping
comprises of energy dissipation through elastic waves inside material, interphase and thermoplastic
mechanisms. An analytical estimation for structural damping also was presented. A numerical example
was presented that showed the role of different damping mechanisms in output power from piezoelectric
harvester. It was shown that if only viscous damping is taken into the account, then output power at
resonance will be underestimated considerably.

ICSV26, Montreal, 7-11 July 2019 7
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ON THE EFFECT OF DRIVING AMPLITUDE, FREQUENCY
AND FREQUENCY-AMPLITUDE INTERACTION ON PIE-
ZOELECTRIC GENERATED POWER FOR MFC UNIMORPH

Majid Khazaee, Alireza Rezaniakolaei and Lasse Rosendahl
Department of Energy Technology, Aalborg University, 9220 Aalborg East, Denmark.
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In this paper, an experimental study on effects of frequency, amplitude and frequency-amplitude in-
teraction of base excitation on vibration piezoelectric energy harvesters is presented. To do so, a
unimorph piezoelectric harvester made from macro fiber composite (MFC) piezoelectric layer is
tested. A two-factor factorial design with two replications is considered, in which frequency and am-
plitude of driving vibration are the treatment factors. For changing treatment factors, an appropriate
frequency range is considered to include the device fundamental frequency and three excitation levels
are considered. In order to investigate the effects of treatment factors on the power output, a linear
model is considered. Results show that increasing amplitude of excitation vibration causes a stiffness
softening behavior of the piezoelectric oscillatory beam leading to reduction in the harvester natural
frequency. In addition, from the frequency-amplitude interaction analysis, output power is much more
sensitive to vibration amplitude for driving frequencies near the harvester natural frequency compared
to frequencies far away from the harvester natural frequency.

Keywords: Piezoelectric Harvester, Driving Frequency, Vibration Amplitude, Nonlinear Be-
haviour, Frequency-Amplitude Interaction

1. Introduction

In order to enhance system performance in terms of life time and accessibility for remote systems [1],
piezoelectric energy harvesting (PEH) has become an important part of energy harvesting techniques
because of its simplicity, easy integration [2] and availability of vibration in any environment [3]. In
PEH, frequency and amplitude of vibration source have great effects on output power. Consequently,
researchers focused on the study of influential parameters on the output power from PEH [4], [5].

Excitation frequency is the most critical parameter in PEH, as frequency matching to the natural fre-
quency of harvester is essential in order to obtain suitable amount of power in practice. Therefore, two
types of harvesters exist, namely linear and nonlinear generators [3]. In linear generators, there are two
optimum frequencies for operating a piezoelectric harvester, namely fundamental natural frequency of
the device and the anti-resonance frequency [6], depending on electrical and mechanical properties of
the device. Roundy et al. [5] investigated the dependency of power output versus driving frequency,
added mass, and piezoelectric coupling coefficient based on simulations. In the previous studies, only a
one-factor analysis has been carried out that only considered one parameter in each study.
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Amplitude of vibration is another important factor affecting generated power. Wei and Jing [7] and
Roundy et al. [8] using a general linear and inertial-based generator, Erturk and Inmarn [9] using a beam-
type model, and De Marqui Junior et al. [10] using a two-dimensional finite element model showed that
for harmonic base excitation, the power is dependent to the square of external vibration magnitude. On
the other hand, in the nonlinear framework, natural frequency of the harvester as a dynamical system can
experience a minor change due to high amplitude vibration [11] or due to other parameters such as pre-
load [4]. Evensen [11] showed that by increasing the vibration excitation on a beam, a degree of nonlin-
earity in fundamental frequency will emerge. This nonlinear effect is much more prominent for the
boundary conditions those that are more flexible [11]. In the spite of the nonlinear effect of vibration
amplitude on the beam resonance frequency and the fact that piezoelectric harvesters are mostly clamped-
free flexible beams, there is no previous studies presented this effect on piezoelectric power output.

PEH is a research area, which has close connection to harvester vibration characteristics and yet there
are many vibrational phenomenon that should be addressed. To investigate the interactions of driving
frequency and amplitude on piezoelectric generated power, a two-factor factorial design is considered
for the experimental test, in which frequency and amplitude of driving vibration are two treatment factors.
Then with two replications, a set of runs with different treatment factor levels is carried out. Using an
experimental model for the designed tests, main effects of frequency and amplitude as well as frequency-
amplitude interaction are investigated.

2. Experimental Setup

Excitation frequency and magnitude can cause important changes in the power generated by piezoe-
lectric materials. To track these changes at different frequencies, a set of experiments are designed to
investigate the effect of excitation frequency and amplitude of excitation on piezoelectric harvester.

Unimorph geometry as one the commonest configuration of piezoelectric harvesters was used in this
study. Piezoelectric sample comprises of a Macro Fiber Piezoceramic-Composite (MFC M2814 P2) from
Smart Materials Corporation [12] bonded to an aluminium substrate with epoxy rapid 332 adhesive with
the density of 1.16 g/cm3. Centre shim is a 0.12-mm thickness aluminium shim with elastic modulus of
68.9 GPa and density of 2.7 g/cm3. Piezoelectric harvester was clamped at one end with a clamp box as
shown in Figure 1 and then was connected to a VSD 201 shaker for base excitation. VSD 201 shaker is
fed by a Kepco AC power generation. National Instruments modules NI 9263 and NI 9215 were con-
nected to a National Instrument Compact data acquisition system (cDAQ) type 9172 for performing sig-
nal generation and data recording, respectively. LabVIEWTM 2013 was used as the graphical interface
between computer and experimental equipment. Figure 1 shows the experimental setup.

National Instrument Piezoelectric
cDAQ, 9215 & 9172 Harvester
modules

665 pm+7%

S N

: ” - Kepco AC Power
" vsD201 | s STl

Rectifier and Load Shaker ’ . . 7 i— . G p— i

Figure 1: Experimental Setup and piezoelectric harvester
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It is aimed to investigate the dependency of harvested power to excitation magnitude over a range of
frequencies containing device natural frequency. Since there are frequency and amplitude of excitation
as input factors, a two-factor factorial design should be used. The response is the RMS of output power
when the piezoelectric harvester is connected to a 31500-Q resistance load. Frequency factor is named
Factor A and is a continuous parameter rather than a factor with discontinuous levels, hence a random
sampling technique will be used. Factor B is the levels of excitation and is a level-based factor. Two
replications are considered for the test as well as 40 frequencies with three amplitude levels of 0.1, 0.2,
and 0.25 V for shaker input. Therefore, in total, 240 runs will be tested.

3. Results and Discussion

In this section, outcomes of this paper will be presented. It is categorized into three subsections. The
first part presents the primarily assessment of experimental data. The next two subsections deal with the
investigation of the trend in changing output power with respect to the magnitude and frequency of ex-
citation.

3.1 Primarily Experimental Data

Figure 2 shows the RMS of generated power at different frequencies and with different levels of am-
plitude excitation, e.g. 0.1, 0.2 and 0.25 V. Power responses for two replications in Fig. 2 show that the
experimental runs are met with each other. A well-known fact also is proven here; output power is max-
imum at the resonance frequency for all three excitation amplitudes. However, by comparing power re-
sponses for three different amplitudes, it can be observed that resonance frequency was decreased by
increasing excitation amplitude. This behaviour shows that another factor will play a role in piezoelectric
power generation.

600 ,

a®n . A Amp 0.1, Replicate 1
§ 500 - N . 8 x Amp 0.1, Replicate 2
= . 5 & Amp 0.2, Replicate 1
5 400 - 8 ¥ ¥ % s X Amp 0.2, Replicate 2
% 300 4 @ 8 X 3 X X 8 q B Amp 0.25, Replicate 1
E: $ X X L S O Amp 0.25, Replicate 2
© 200 { %X ¥ B
= X LT
2 100 - CKKKAX *xggi

O_AAAAAAt“ AKX x g "!l!!ll
205 210 215 220 225 230 235
Frequency (Hz)

Figure 2: RMS of power obtained from experiments at different amplitude levels versus frequency

3.2 Nonlinear Behaviour of Unimorph

From vibration theory for a viscous damped single degree of freedom system, oscillatory frequency

willbe wy = wy+/1 — {3 [13], where w,, = /k/m is the undamped natural frequency and {,,is the vis-
cous damping coefficient. The reduction in oscillatory frequency in Fig. 2 can be due to reducing w,, or
increasing (. Using the relation between damped and undamped natural frequencies, one can concluded
that ¢,,, should increase from 0.01 to 19.1% in order to cause a decrease in w, from 219 Hz at 0.1 V to
214 Hz at 0.2 V provided that w, remain constant. This increase in mechanical damping ratios is not
realistic, and hence a reduction in w,, is necessary to occur during increase in excitation amplitude for
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causing a decrease in w,. As the harvester mass remained unchanged during tests, it can be concluded
that stiffness of the piezoelectric harvester decreased when it is subjected to higher excitation amplitudes.

If the test with excitation amplitude of 0.1 V is considered as standard and denoted with 0, one can
compare the fundamental natural frequency, w,,, and resonant power output, P,,,, with respect to the
standard state, as shown in Fig. 3. From Fig. 3, it is observed that as excitation magnitude increases, the
fundamental frequency of the device nonlinearly decreases, while maximum power increases. The power
increase due to vibration amplitude will be thoroughly investigated in the next section. Here, the main
focus is the change of piezoelectric resonance frequency due to excitation magnitude. Since piezoelectric
resonance frequency decreases with excitation magnitude increase, a softening stiffness behaviour is
present in piezoelectric unimorph harvester.
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Figure 3: The effect of excitation amplitude on oscillatory frequency and resonant power

3.3 Sensitivity of Interaction Analyses
In this section, it is aimed to perform an appropriate sensitivity investigation on excitation magnitude
and frequency. Hence, a statistical model is needed to describe the experimental data for the sensitivity
analysis. To do so, a well-known linear model for two-factor factorial design will be used for data treat-
ment. Based on two-factor factorial design, the linear model for these experiments can be expressed as
[14],
Hij
. , 1
Yik = 0+ @ + B+ @By + €. i=1,.,40, j=12,] =3, k=12 (1

where i associated to frequency level, j to amplitude level and £ is the replicates. In Eq. (1), y;j is the
RMS of output power, u is the grand mean of RMS power, q; is the effect of frequency, f; is the effect
of excitation amplitude, (af3);; is the interaction effect of frequency-amplitude and €y, is the experi-
mental error. It is assumed that the experimental errors are independent and normally distributed with
zero mean and standard deviation of 62, e.g. €; ixk~N(0, 02). This assumption later on will be evaluated.
The model in matrix form can be represented as [14],

u
W,
[¥] = [X][%] + [€] = [11 X Il Xg] | wp, | + [€] )
Wep
where [Y] is the 12 X 1 response matrix, [X] is the 12 X 12 coefficient matrix, [¥] is the 12 X 1 ma-

trix containing grand mean, main effect, and interactions, and [€] is the 12 X 1 error matrix. In order to
solve Eq. (2) for [¥], one can easily state that [X]'[X] should not be singular. As [X]'[X] is singular, a

4 ICSV26, Montreal, 7-11 July 2019



ICSV26, Montreal, 7-11 July 2019

method should be used in which y;; cell mean is made the standard and consequently [W] will be

changed to [‘T’] , by dropping the first level of factors in the main effect [14]. By this transformation,
treatment effect and the error sum of squares (ssE) can be expressed with equations (3) and (4).

[®] = CIx1’ X])‘I[X]’[Y] 3)
ssE = [Y]'[v] - [®][X]' [ 4)
As it was mentioned, it is assumed that the residuals are 1ndependent and normally distributed. Figure
4 (a) shows the experimental residuals versus frequency. It can be seen that residuals scattered randomly
for different frequencies, emphasizing residuals’ independency. Moreover, as it can be seen from normal

Q-Q plot in Fig. 4 (b), experimental data are located close to the fitted line, showing that the residuals
can be considered normally distributed figures.
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Figure 4: (a) Experimental residuals versus frequency and (b) Norm Q-Q plot

Figure 5 shows residuals of experimental units at different treatment levels. For first experimental
unit, frequency, Fig. 5 (a) shows a randomly distributed residuals over frequency range. However, for
the second experimental unit, residuals increase with the increase in excitation amplitude. This shows
that generated power by piezoelectric harvester is not a linear factor of excitation amplitude. This con-
clusion is already known from literature, such as Roundy et al. [8].
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Residuals vs Exp. Unit: Frequency
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Figure 5: Distribution of residuals at different levels of experimental units

Figure 6 shows the main effects, o and f, in the model presented by Eq. (1), with respect to the mar-
ginal average of the other factor. As it can be seen from Fig 6 (a), generated power is maximized at a
specific frequency, which is equal to resonant frequency of the harvester with that excitation amplitude.
In addition, Fig. 6 (b) shows that increasing the excitation level will lead to dramatic increase in the
output power. This conclusion with the analysis of residuals in Fig. 5 (b) proved that the increase in the
power with respect to excitation amplitude is exponential rather than linear.
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Figure 6. Main effects of treatment factors (a) frequency (;) and (b) excitation amplitude () effects

Figure 7 shows the interaction effects of frequency-amplitude on generated power. Each curve repre-
sents output power over different excitation levels with the same excitation frequency. As it was shown
in Fig. 6 (a), power is maximum at 214 Hz. In order to observe interaction effects at different frequencies.
A set of frequencies ranging from far away from natural frequency, for instance 206, 210, and 222 Hz,
to the natural frequency is considered. Figure 7 shows that frequency-amplitude interaction is much more
prominent at frequencies close to the natural frequency. For instance, curves assigned to frequencies 213
and 214 Hz having the highest dependency to excitation amplitude while the interaction effect will be
lesser for frequencies far away from natural frequency.
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Figure 7: Frequency-amplitude interaction (@f;;) on average of RMS power
4. Conclusion

This paper dealt with an experimental investigation of driving amplitude, frequency and frequency-
amplitude interaction on piezoelectric output power from a MFC piezoelectric harvester in unimorph
geometry. Varying excitation frequency showed that the output power is maximum while the device is
vibrating at its natural frequency. On the other hand, increasing amplitude of vibration will lead to the
exponential increase of power output. By considering frequency-amplitude interaction, two main con-
clusions were made. Firstly, piezoelectric harvester in unimorph geometry represented a nonlinear stift-
ness softening behaviour in such a way that resonance frequency will decrease as excitation amplitude
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increases. Furthermore, the sensitivity of output power to driving amplitude is different for different
driving frequencies in such a way that output power is much more sensitive to the driving amplitude at
frequencies near resonance frequency.
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This paper presents a novel autonomous method for condition monitoring of rotating machines during
operation based on radio frequency (RF) pulse transmission using energy harvesting from operational
vibration. An energy harvesting unit is designed to generate and rectify the energy harvested from the
machine vibration using Voltage Multiplier (VM) circuit and to store the energy into a capacitor. Then,
this energy harvesting unit runs a smart system consisting of a microcontroller and the RF transmitter
designed to send a pulse at specific capacitor voltage. A pulse-based condition monitoring approach is
introduced which monitors the state of the machine during the operation. In order to estimate power
output of the piezoelectric harvester for a realistic vibration signal, the Fourier Transform concept for sig-
nal decomposition is incorporated into the well-known electromechanical distributed parameter model.
Using experimental data, performance of this autonomous condition monitoring system is tested for
a water pump at different conditions. To do so, acceleration data from a centrifugal water pump are
acquired with an accelerometer, which then decomposed into a series of harmonics using Fast Fourier
Transform. Then using analytical distribute model, a bimorph energy harvester with two Piezoceramic
layers is optimized to generate maximum power from the water pump vibration. Consequently, the con-
dition monitoring of the water pump is performed using the presented pulse-based approach. Results of
this study show that, the fault diagnosis can be performed autonomously by applying the pulse-based
method presented in this work, and by using the piezoelectric harvesting device as an energy source.
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Water pump

1. Introduction of a water pump [5] were employed for condition monitoring

applications. In recent years, to overcome difficulties related to

Online condition monitoring (CM) of machines during operation
is a key approach for reducing unscheduled downtime and main-
tenance cost during useful life. CM of rotary machines is one of
the most successful and established method using so-called pat-
tern recognition in time or spectra responses [1]. There are vast
number of studies for CM using different measurement sensors,
which record one response of system during operation, and apply-
ing different analyses on the recorded data, such as Fourier or
Wavelet transforms. Regarding the connection type for sensors,
contact and contactless sensors have been widely practiced for
CM of rotating machines. For instance, accelerometer installed on
bearing housing [2], accelerometer installed on machine outer case
and current sensors on input wires [3], accelerometer installed
on bearing housing for shaft [4] and accelerometer on outer case

* Corresponding author.
E-mail address: alr@et.aau.dk (A. Rezaniakolaie).

https://doi.org/10.1016/j.sna.2019.05.016
0924-4247/© 2019 Elsevier B.V. All rights reserved.

direct instrumentation of rotating components, some researchers
applied non-contact sensors for condition monitoring of rotating
machines using K-Band Doppler radar [6], laser sensors [7] and
vision-based non-projection fringe pattern [8]. Although using con-
tactless sensors helped the direct instrumentation complexities,
these methods still suffer from wiring, instrumentation complexi-
ties and battery-related problems.

All the aforementioned approaches used conventional mea-
surement methods which require wiring for sensors to transfer
data to a control room. For an industrial plant that includes many
rotating machines, the cost of wiring and regular inspection of
wires and their connections will be considerable. To eliminate
problems in conventional methods, e.g. wiring difficulties, setup
implementation and immobility [9], an outline for machine con-
dition monitoring was presented using wireless sensor networks
(WSNs) [10]. Although WSNs improved common CM approaches,
those that are powered with batteries suffer from short lifetime due
to the battery lifespan [11]. In an attempt toward self-powered CM
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methods, energy harvesting (EH) has emerged as a source of energy
for powering batteries in CM applications [11].The energy har-
vesting has seen a worldwide growing attention in academic and
industry during recently [12]. There are various methods to convert
often-lost mechanical energy into electrical energy for motor or
generator applications, including electromagnetic induction, elec-
trostatic induction and the piezoelectric effect [13]. In the recent
years, the number of studies considering energy harvesting for
structural health monitoring is rapidly increasing [11]. Energy har-
vesting by piezoelectric materials provides higher energy density,
and can be simply integrated into a system [13,14].

Recently, smart materials as sensors for system operational con-
dition and structural health monitoring were employed. In some
cases, these smart materials also acted as transducers that gen-
erate voltage according to the sensed vibration. This concept was
used for bridge condition monitoring under forced vibration by
adopting piezoelectric energy harvester [15]. In cases, it has been
demonstrated that these sensors can provide enough energy for
themselves and, hence, can be regarded as self-powered sensors
without the need for wiring [16,17]. Moreover, in some studies, it
was shown that a wireless connection can be powered by these self-
powered sensors for transferring data or sending a pulse [18,19]. In
the research by Lim et al. [20], piezoelectric patches were installed
on wind turbine blades to demonstrate that the patches can pro-
vide power for wireless connection from blade strain energy. In
the existence of a structural imperfection or a fault in the system,
introduced vibration on these smart materials will be different and,
hence, this concept can be used for condition monitoring or struc-
tural health monitoring. In another study, Lim et al. [21] showed
that, by analyzing the time of sending discrete signals between
three blades, blade state can be monitored. Patange et al. [22]
installed piezoelectric patches onto composite beams in defect-
free and delaminated conditions to study output power from these
patches under low-frequency vibration excitation. They showed
that delaminated beams will generate less energy compared to
defect-free ones by demonstrating that the energy harvesting can
be employed for health monitoring. However, they did not assess
whether this energy output could be enough for running a self-
powered system or how to manipulate output power differences
in order to perform health monitoring.

Most of state-of-the-art about fault detection and condition
monitoring using smart materials presented only the feasibil-
ity of such systems and have not adequately focused on power
management and system performance for self-powered condition
monitoring. On the other hand, studies that focused on electrical
power management for these self-powered systems have not pre-
sented appropriate condition monitoring approaches. In addition,
in the self-powered condition monitoring systems, the design of
vibration energy harvester and related optimization process, as a
significant step, has not been addressed. Moreover, most of previ-
ous studies about self-powered CM were carried out for structural
imperfections such as crack and delamination while there are, apart
from the structural faults, some other faults that can occur in an
operating machine. One study reported the use of harvested energy
from an electromotor for transferring acceleration data through
wireless connection [23]. In the presented study, all three essen-
tial sections for a vibration-based self-power condition monitoring,
namely, the design of energy harvester, power management and
condition monitoring approach, are addressed. To the best knowl-
edge of the authors, such a study containing all these areas has
not been presented. The presented study uses a new established
method based on pulse timing for fault detection of a complex rotat-
ing system in conjunction with cantilever piezoelectric beam for
generating electrical power, which is easy to integrate in the sys-
tem. By applying the presented energy harvester and pulse timing
method for CM, power and data-transfer wires are no longer nec-

essary. This system can be integrated into an industrial production
plant with many rotating machines in a cost effective manner. This
study will contribute to the elimination of the need for expensive
accelerometers, data acquisition unit with high sampling rate, sen-
sor and equipment, which are typically being used for condition
monitoring of high-speed rotary machines.

A robust self-power system is proposed for remote condition
monitoring in which elapsed times between RF transmissions are
investigated. In this study, experimental data from a real operating
water pump is used as self-vibration machine. Then, the vibra-
tion signals are considered as base excitation for a piezoelectric
harvester beam. Afterwards, using a well-known analytical model
based on distributed Euler beam theory, output power from a
bimorph with an added tip mass is optimized for maximum power
generation from the experimental vibration data. Lastly, a method
for remote condition monitoring is established that is relied on
pulse-sending times. In this framework, section 2 is dedicated to
propose the condition monitoring approach in system level, the
conceptual design of energy harvesting unit and pulse-based con-
dition monitoring method. The piezoelectric harvester contributes
to energy harvesting from piezoelectric direct effect. In section 3,
the energy harvester model is developed to estimate the output
voltage analytically from operational vibration using the Fourier
Transform of real vibration signals. Section 4 is dedicated to the
experimental test study with a primarily signal processing step
for the experimental signals. Finally, results of the applying the
proposed condition monitoring on the presented case study is pre-
sented in section 5.

2. Autonomous remote condition monitoring

The main objective of this study is to design an autonomous
condition monitoring system capable of remote health monitor-
ing for rotating machines during the operation. Therefore, at first,
components of the system are selected based on requirements that
should be met to achieve online condition monitoring. Then, these
components are evaluated regarding power consumption which
is followed by an assessment that shows the required energy for
the condition monitoring can be provided by the energy harvest-
ing device and, therefore, the system is autonomous. This studs
introduces a novel method based on pulse transmission from RF
technology for remote condition monitoring. The method relies on
comparing the elapsed time between pulses from a continuous
operation machine generating vibration during operation. Since
vibration is an unavoidable phenomena in operational machines,
the focus for energy harvesting in this study is piezoelectric tech-
nology as the vibration of machines often contains high frequency
harmonics. This section is dedicated to demonstrate such a system
in terms of system design, power consumption, energy harvesting
unit and pulse condition monitoring approach.

2.1. System design and power consumption

According to the functionality of this novel CM approach, the
system should comprise a harvesting unit to generate, rectify and
store energy, a low-power microprocessor to control the signal
emitting, and RF transmitting unit for sending a binary signal when
microprocessor allows. The storage system should always main-
tain the energy for running microprocessor as well as providing the
energy for RF transmitter when it is enabled. Microprocessor can be
programmed to power RF circuits when the voltage in the storage
reaches to a specific value. This signal transmitting will repeatedly
continue after the harvested energy reaches to the defined value
each time. If the level of acceleration changes, the harvested energy
will be directly influenced and, consequently, the time of RF trans-
mitting is altered. Furthermore, a Failure Index is introduced in
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this work, which is defined based on the elapsed time between
signal transmissions in operation compared to values recorded in
defect-free condition. The component in this system are shown in
Fig. 1.

The units in the protocol Fig. 1, which consume energy,
are microprocessor and RF transmitter. Among these, the RF
transmitter only consumes energy when it is activated by the
microprocessor for signal transmitting. On the other hand, the
microprocessor needs a permanent energy supply through running.
For this reason and to fulfill requirements for this CM method, the
microprocessor should have low-power consumption, operate in
low voltage, be capable to perform simple calculations and have at
least one comparator.

Microchip Technology Inc. [24] is a leading provider of low-
power and high-speed flash technology microprocessors, which are
appropriate selections for microprocessors in the wireless system
design [19,25]. PIC16F676 as an 8-bit microcontroller is selected
for this system because of its low-power consumption, operating
at low voltage and very low standby current of 1 nA. It also has 1
comparator and 128 bytes of memory, which makes it suitable for
programming with one checking condition. According to [26], this
microcontroller consumes 8.5 LA at typical 2.0V during operating
at 32 kHz.

The RF module transmits the data from the Microprocessor
when needed. The RF module stands in standby mode for the rest
of cycle. The RF module in this work, RTFQ1P [27], is a 9.6 Kbps data
transmitter with transmitting range up to 250 m with low-power
consumption operating with 3.0V supply voltage in the standby
mode. This RF transmitter consumes 7 mA at 3.3V voltage supply
during the transmission of date and requires a maximum current
of 100 nA in the standby mode [27].

2.2. Energy harvesting unit

In this study, the piezoelectric based energy harvesting unit is
responsible for providing continuous energy to run the micropro-
cessor and RF transmitter request. The harvesting unit consists of
an energy harvester, a harvesting circuit and storage system as
shown in Fig. 1. The piezoelectric energy harvester is considered
as the source of energy production from the machine vibration.
The harvester is designed to generate adequate energy to power the

remote condition monitoring system. This device should accommo-
date two critical goals. At first, it should have capability to generate
enough electrical energy for continuous operation of the remote
condition monitoring system described in subsection 2.1. Secondly,
this device should be designed to be sensitive to occurrence of
faults. In many practical cases, the output voltage from the piezo-
electric harvester is less than the input voltage required for running
the electronic components. In addition, the generated voltage is an
A.C. signal while the end-users require D.C. Thus, it is essential to
provide a circuit for voltage enhancement as well as converting the
A.C.toD.C.Inthis work, therefore, the energy harvesting circuit pro-
vides power supply suitable for the end-users. The capacity of the
capacitor in the energy harvesting unit plays an important role in
the health monitoring. The energy capacity should be large enough
to provide energy in order to guarantee the system operation. On
the other hand, since the microprocessor can activate or deacti-
vate the RF transmitter based on voltage level of the capacitor, the
capacitor should be small enough to experience a sensible voltage
drop due to a short RF transmission. Fig. 2 shows these components
in the energy harvesting unit.

There are different types of piezoelectric harvesters and har-
vester’s configuration generally depends to the nature of available
load and its frequency. A typical piezoelectric energy harvester as
shown in Fig. 2 is made of a bimorph harvester. This bimorph struc-
ture is made of a thin substructure shim (usually a metal helping for
charge transferring) which is bracketed with two piezoelectric lay-
ers. Among piezoelectric harvesters, cantilever configuration is the
most widely used option, especially for vibration energy harvesting
from mechanical systems [13]. In addition, in some cases an added
mass mg is attached to the end of bimorph for frequency matching.
This typical configuration is popular since, in a reasonably small
volume, it delivers higher power density [13]. Piezoelectric ceram-
ics have the best piezoelectric characteristics in comparison with
the composites and polymers [28]. Among piezoelectric ceramics,
PZT is an important material because of its high Curie tempera-
ture and excellent energy harvesting potential. It is a well-known
fact that piezoelectric harvester generates the maximum voltage
when it is excited by an external force with frequency close to its
natural frequencies [14]. Generated power from bimorph piezo-
electric harvester at resonance is higher than other frequencies
even anti-resonance frequency [29]. Hence, in order to scavenge the
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Fig. 4. Storing capacitor voltage outputs for an input magnitude of 1.85V at 49.5 Hz.

maximum energy from piezoelectric bimorph, a configuration con-
taining PZT material as the piezoelectric layers should be designed
to be excited at its fundamental natural frequency.

One solution for the energy harvesting circuit to increase the
voltage and to convert AC to DC is so-called voltage multiplier
(VM) or charge pump circuit [30], where a capacitor is charged in
one-half of the A.C. input and then discharged into the next cir-
cuit section during the second half cycle. Within the framework of
VM, Multistage Villard Voltage Multiplier (MVVM) and Multistage
Dickson Charge Pump (MDCP) can be used in order to increase the
power [31] as have been done by Torah et al. [26] and Galchev et al.
[32]. In this study, a MDCP circuit is applied in order to amplify
the generated voltage. The MDCP circuit consists of diodes and
capacitors, where the stage of MDCP determines the number of
diodes and capacitors. In order to obtain the optimum staged of
the MDCP, a number of different circuits were compared using
MATLAB® Simulink. Siemens BAT760 diodes with a forward bias
voltage of 100 mV and current of 0.1 mA were used due to the low
forward voltage drop and reverse leak current. For the energy stor-
age, a capacitor with 150 wF was considered in the simulations and
the voltage of the capacitor is compromised at different MDCPs
in order to obtain the optimum VM circuit. Fig. 3 shows a 5 stage
MDCP circuit with BAT760 diodes and the optimum values for the
capacitors. The storing output voltage of the capacitors for differ-
ent MDCP stage circuits and input of 1.85V at 49.5 Hz are shown in
Fig. 4. As can be seen, the 5 stage MDCP delivers the highest voltage
output with fast charging time. Therefore, the configuration shown
in Fig. 3 is selected as the best design for amplifying the output volt-
age from the piezoelectric harvester and it is used for the further
steps in this study as of the optimized VM configuration.

2.3. Pulse condition monitoring

The presented method relies on the pulse timing method by
the RF transmitter for remote condition monitoring. As discussed,
the RF transmitter will be enabled by microprocessor to trans-
mit a signal whenever the level of energy in the storage device
reaches to the defined value. If the machine is working under nor-
mal conditions, no major changes in energy capacitor charging and,
consequently, in the RF transmitting processes are expected. There-

fore, the pulse timing lies within a band. However, if any fault occurs
during machine operation, the immediate change in the acceler-
ation affects the energy storage charging and, consequently, the
pulse timing.

Fig. 5 shows the process of condition monitoring based on the
pulse timing method. In Fig. 5 (a), the system performance dur-
ing the normal operation is shown. On top, a typical acceleration
of the system is shown. Then, the stored energy is plotted and
finally, in the bottom, elapsed time of the pulses are shown versus
time. It is worth mentioning that plots do not contain specific
values since these figures are presented for showing the concept
of this approach rather than focusing on one specific application.
When the stored energy reaches to the limit for microprocessor, the
microprocessor will be activated through a voltage-level switch to
the circuit. Thus, the energy drops in the stored energy curve. This
process is before sending any pulses and is only for the start phase.
From this moment the microprocessor is active and tunes the RF
transmitting. After the energy in the storage device reaches to an
peak value, the microprocessor allows RF transmitter to send the
first pulse at time T'. Sending pulses will continue each time after
the elapsed time, T, in the regular operation. In Fig. 5(b), the perfor-
mance of the system is shown when the fault occurs. The first and
second pulses are transmitted after T’ and T elapsed times, respec-
tively, just similar to the normal operation. After a specific time, it
is assumed that a fault occurred in the machine causing increment
in the acceleration and, consequently, the charging process will be
faster. Therefore, the elapsed time reduces from normal T to a value
of Ty where Ty < T. It can be seen that if the fault occurred during
one of the charging phases, the elapsed time is not equal to T nor Ty
as the capacitor has not been charged in none of healthy and dam-
age conditions. This charging phase is called transient interval and
its elapsed time is denoted with T, where T; < Ty < T. This tran-
sition phase is an indicator that machine state is being changed. It
is worthy to note fast charging of capacitor at abnormal condition.

One important assessment in this method is the statistical anal-
ysis of elapsed time as obviously the elapsed time of the pulses
undergoes minor differences due to the nature of experimental
errors. The elapsed time between the pulses can be modeled as:

Tij=/,L+Ti+£iji=1,...,Ncnd,j=],...,Nexp (1)

where u is the average of elapsed times in defect-free condition, t;
is the effect of machine condition on the elapsed time, ¢;; are the
experimental errors, N4 is the number of conditions considered
and Neyp is the maximum number of elapsed time figures obtained
experimentally for different conditions of the machine. The exper-
imental errors are independent and normally distributed due to
randomness of experiments, e.g. g;;~N (0, al.z ,where g; is the stan-
dard deviation of errors. It is worth mentioning that i = 1 is the
defect-free condition while i > 1 corresponds to faulty conditions.
Based on these definitions, 71 = 0 while 7;-; # 0.

Now, the pulse condition monitoring can be performed as fol-
lows:

Step 1: A set of data from the machine at different working con-
ditions including defect-free state is formed and then one should
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Fig. 5. Condition monitoring based on pulse timing method.

be able to compute the statistical features in Eq. (1), e.g. i, 7; and
0j.
Step 2: After each pulse transmission, the elapsed time, called T,
between the current pulse and previous pulse should be computed.
Step 3: Fault Index (FI) is defined as:

Fl = (%4)2 )

Flisin the range of 0-1, where O means the machine is in defect-
free condition while 1 means that the machine works abnormally.
In addition, a considerable change in the FI identifies a change in
the machine state. This FI has a confident limit (CL) of:

CL=1-DPvu+r1 (3)

where D, is the distance between elapsed time T and the average
of elapsed time in £ -th machine condition. In addition, % is the class
in which Dj, :JT —(n+ ‘L'k)| is minimum. By this definition, CL is
the certainty of FI, which demonstrates assurance of the identified
machine condition. The higher CL is, the more reliable the machine
condition monitored.

Step 4: In order to detect type of the fault, a state parameter can
be defined as S:

A 2
L 1) )
m+Ts

If Sis equal to 1, the state of machine is normal, otherwise S is
the class of defined fault.

In order to show the performance of this CM method, a situation
is considered in which the state of a machine changes from “1” to
“2” and then to “3”. State “2” has lower elapsed transmission time
while elapsed transmission time of “3” is higher than “1”. Fig. 6(a)
shows the considered elapsed time between the transmissions over
time. Based on these values, the FI and machine state S are calcu-
lated using Eqgs. (2) and (4), respectively and graphically shown in
Fig. 6(b). As shown, the FI is close to O until the elapsed time is
within the range of “1” state. After the system state changed to “2”,
S jumped to 2 and Fl is no longer close to 0. Finally, in the second
change of system state to “3”, Sremains at 3 and a change in the FI
scatter can be observed. Although this is a numerical example of the
pulse system performance, it shows that in the both cases whether
the elapsed time is lower or higher than the standard elapsed time,

I's = min (

this method can predict state of the machine and the FI value can
be an accurate indicator of the state.

3. Modeling of piezoelectric energy harvesting device

This work will model the piezoelectric bimorph harvester
with electromechanical distributed parameter model in which the
bimorph harvester is considered as a uniform beam with Euler-
Bernoulli beam assumptions according to the study by Erturk and
Inman [33]. A perfect bonding between substructure and piezo-
electric layers are considered. Moreover, it is assumed that the
piezoelectric layers are covered with negligible thickness contin-
uous electrode layers and are connected in series. In this study, it
is assumed that the base displacement induced from the machine
operation is only defined by translation and not rotation as the
vibrationisin translation form. However, if rotation plays an impor-
tant role in base excitation, its effect can be added to the equations
but here only translational base excitation is considered.

As shown in Fig. 2, the base acceleration expressed with dg (t)
causes a relative transverse deflection of the beam to its base at
location x and time t shown with wy, (, t). it is of interest to define
Wre (X, t) with modal expansion such as:

o0

Wrel (%, 0) = Y i ()i () (5)

i=1

where ¢; (x) is the beam mode shapes of the i -th vibration mode
and »; (t) is the mechanical response in modal coordinates. For the
clamped-free boundary conditions, beam mode shapes is given by
Eq. (6) [34]:

@i (x) = xj[coshiix — cosA;x + o (SinhA;x — sinA;x)] (6)

where ¢; is a constant given by Eq. (7) and ; is a constant for satis-
fying mass normalization of the mode shapes, e.g. fol m*q’)i2 (x)dx +
mag? (L) = 1.

sin; — sinh A; 4+ A; 54 [cos A; — cosh A;]
aj =
"7 cosA; +coshA; — A; e [sin A; — sinh A;]

(7)
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Fig. 6. An example for pulse condition monitoring, (a) Elapsed transmission time and (b) FI and machine state.

With the modal expansion defined and applying the modal
orthogonality conditions, the electromechanical coupling equa-
tions can be expressed with:

i1; (£) + 2&i@im; (£) + ;i () + YiVp (£) = fi (£)

CpVp (£)+ (1/R;) Vp(t (8)

ZAm,

where &; is the undamped natural frequency of the beam in short
circuit condition expressed with Eq. (9), ¢; is the mechanical damp-
ing ratio, f; (t) is the modal mechanical force given by Eq. (10), Cp is
the internal capacitance given by Eq. (11) as a function of relative
permittivity €33 and piezoelectric layer geometry, Y; is the modal
electromechanical term defined by Eq. (12) and A; is the modal
electrical coupling term expressed in Eq. (13):

& = (MDA Yn'14

fi(t) = —m’ag(t) {/OL of (X)dx+ma¢>i(L)} (10)
Cp = £33bLt (11)
Y, = ezltb { /4 — (t+h/2>2] . % y (12)
4o B (t2+ mb dq;i)gx) y (13)

In Eq. (9) A; is the characteristic number shown obtained from
solving Eq. (14), e3; is piezoelectric constant in 31 mode and €33 is
the permittivity constant. Also, m* is the unit mass per length and
El is the bending stiffness given by Eq. (15) [33].

1+ cosA;coshA; + A (cosk isinhA; — sini;coshA;) =

3
vl = 2b3 |:Ysh3/8 +ci ((t + h/z) - h3/8)]

where Y; is the Young's modulus of substrate layer and ¢4, is the
stiffness of piezoelectric material at constant electrical field.
If ap is presented with a series of harmonic functions using the
Fourier Transform, Eq. (20), then by defining the sampled frequency
N-1

=) Fi(w)edon,
k=0

(14)

(15)

27k

with wy = ¢, the force term becomes f; (t)

where F; (wy) is expressed as follows:

1, t
Fitw) =-m' (5 [A@d)]) [ / ¢ () dx + mady (LJ} (16)
0

By this harmonic representation of base excitation and super-

impose characteristic for linear systems, the resulting complex

voltage amplitude is also a series of harmonic functions shown as:
N-1

Vp(t)=Y Vp(ap)eH

k=0

(17)

where Vp (w) is the magnitude of output voltage corresponding to
each frequency. By substituting Egs. (16) and (17), the steady state
voltage response can be shown as:

o0

Z kaA Fi(wy)
N-1 A D2 -wp 4260 ;
Vp (t) = Z i=1 etioxt (18)
k=0 1 Cp kaAY
R HIOKT Z w28

Using the calculated voltage from Eq. (18), the magnitude of
output power from piezoelectric harvester can be calculated as P, =

2
Vol .
4. Experimental procedure and primarily signal processing

For the tests, a centrifugal pump with five vanes connected to an
electromotor was equipped with an accelerometer type VMI-102,
as shown in Fig. 7. Vibration signals in time-domain were directly
measured from the water pump working under different conditions
at a constant rotation speed of 2970 rpm. The accelerometer has a
sensitivity of 100 mV/g and a resonant frequency of 30 kHz, was
mounted vertically on the water pump body.

The accelerometer was connected to the signal conditioning unit
(X-Viber FFT analyzer), where the signal goes through a charge
amplifier. The software SpectraPro-4, which accompanies with the
signal conditioning unit, was used for recording the signals directly
in the computer. The vibration signal for each pump condition
was acquired with an 8192-Hz sampling frequency at a duration
of 100s. Each vibration signal was segmented into 50 smaller
vibration signals called data samples. Therefore, each data sam-
ple included a 2-s vibration signal with 16,384 data points. Each
data sample was then transferred into frequency-domain by FFT
method.

Acceleration data in time domain from water pump in healthy,
shaft misalignment and shaft looseness conditions are shown in
Fig. 8. A rough look into these signals reveals that the amplitude
of the acceleration is different when water pump is working in
faulty conditions. Shaft looseness and misalignment enhanced the
acceleration sensed by the sensor, from a maximum of 8.11 ms—2
in defect-free condition to 13.00ms~2 and 27.44 ms~2, respec-
tively. It can also note that not only the maximum acceleration was
increased by the faults, the dispersion of the data increased from
0 =2.51m.s~2 in defect-free condition to o = 7.47 m.s~2 for shaft
misalignment and ¢ = 3.72m.s2 for shaft looseness conditions
too.
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Fig. 7. The water pump connected to the accelerometer.
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Fig. 8. Time signals of the water pump in defect-free, shaft looseness and shaft misalignment conditions.

In this work, a primary signal processing using the Fourier Trans-
form is performed for two reasons. Firstly, frequency matching
between fundamental frequency of the harvester and vibration
source is essential for designing the harvester. Second, in order
to demonstrate which frequency from the vibration source is
more sensitive to the faults, amplitude of the Fourier Transform
coefficients at dominant frequencies was compared. Since each
acceleration signal is a finite sequence of the data, Discrete Fourier
Transform (DFT) was applied. If @(t) is the acceleration data which
is defined at N time sequences, DFT A (w) and inverse of DFT i (k)
are defined by Eqgs. (19) and (20), respectively [35]:

N-1
Aw)=Y (ke Fok (19)
k=0
1 N-1
aek) = Nz:A(w)eﬂ'%”wk (20)
w=0

Note that A(w) is complex while @ (k) is real. From the inverse
DFT and Euler formula for complex numbers, the contribution of
a (k) from A (w) is expressed as:

b (k) = % |A(w)] et F o = % |Ao)|

sin (Zank+ g +Arg {A(w)}) (21)

Fast Fourier Transform (FFT) is a fast numerical method to apply
DFT onsignals [35]. FFT of acceleration signals from the water pump
at different working conditions are extracted by MATLAB® and are
shown in Fig. 9. To carefully consider frequencies of interest and for
better view, a detailed view of FFT signals in 0-500 Hz range is plot-
ted in dB scale. Working under normal condition, the water pump

response has dominant frequencies of 49.5 Hz, 100.0 Hz, 148.0 Hz,
197.5 Hz, etc. These frequencies are the 1X, 2X, 3X, and 4X frequen-
cies of the water pump. When water pump is working under faulty
conditions, either shaft looseness or misalignment faults, dominant
frequencies experience no change in 1X and a minor change in 2 x .

By applying Eq. (21) on the FFT signals, contribution of the
eight dominant frequencies in the pump acceleration signals at
different working conditions is shown in Fig. 10. Unlike the res-
onant frequencies which slightly changed, the contribution of
the frequencies in the acceleration signals varied considerably
for different conditions. The contribution of 1X frequency 49.5 Hz
in the shaft misalignment and looseness conditions are 1.04
and 1.49 m.s~2, respectively, which are considerably higher than
0.49 m.s™2 for the defect-free condition. However, the mode con-
tribution is not always higher in defected conditions. For instance,
contribution of 2X frequency in shaft misalignment is less than the
value for the defect-free and shaft looseness conditions.

5. Condition monitoring results and discussion

For presenting the condition monitoring results for the water
pump based on the designed system in section 2, the acceleration
data from the experiments, presented in section 4, is used as the
base excitation for piezoelectric beam. The piezoelectric beam is
connected to the outer case of the water pump with a solid plate,
so the piezoelectric beam will be excited from the clamped end
with acceleration signal measured experimentally. Fig. 11 shows
a schematic of energy harvester attached to the water pump.
Afterwards, output power are estimated analytically by using the
distributed beam model with the measured base excitation sig-
nal at different pump conditions. Lastly, the state of the water
pump is monitored by applying the pulse-timing based method.
Piezoelectric beam optimization is performed with COMSOL®. All
other numerical simulations, including the output power estima-
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Fig. 9. Fast Fourier Transform (FFT) of time signals from water pump at different conditions with focus on 0-500 Hz range (a) defect-free, (b) shaft misalignment, and (c)
shaft looseness conditions.
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Table 1 1 AN
Material properties of bimorph piezoelectric energy harvester (T226-A4-503X). Stee N
Properties Values \ \ 31.8mm
m,

Piezoelectric stiffness at constant field, cfl, GPa 66.0 \\
Piezoelectric density, p,, kg/m? 7750 S
Electromechanical coupling coefficient, e3;, C/m? ~14 . N
Piezoelectric layer thickness (each), t, mm 0.26 Brass
Piezoelectric permittivity constant, €33, F/m 1800x &g
Substrate Young’s modulus, Ys, GPa 105 ! 8 mm
Substrate thickness, h, mm 0.14 |
Substrate density, kg/m3 9000

Device length (active length as clamped), L, mm 55
Device width, b, mm 31.8

tion, voltage multiplier simulation and pulse-timing method are
carried out with MATLAB®.

Piezoelectric bimorph generates the maximum power when
vibrates at its resonance. Since the power generation has a square
factor of magnitude of the excitation acceleration [36], it is prefer-
able that this frequency has a high mode contribution. Furthermore,
in order to satisfy the criteria for condition monitoring, the con-
tribution of this frequency should vary noticeably with respect to
water pump condition. Thus, optimal design of the piezoelectric
harvester has a fundamental frequency close to one of the dominant
frequencies in the water pump acceleration signals. By considering
these guidelines and analyzing Fig. 10, the 1X frequency is selected
as the fundamental frequency of the piezoelectric harvester since
the contribution of the frequency 49.5 Hz is high at every working
condition and is, moreover, sensitive to the pump working condi-
tions.

Maximum power from piezoelectric harvester is obtained when
optimum load resistance is connected and the harvester natural fre-
quency matches to excitation frequency. In this research, with the
bimorph topology shown in Fig. 2 and PZT-5A as selected piezo-
electric material, the optimization process for frequency matching
was proceeded. Afterwards, using analytical modeling approach
in section 3, optimum load resistance was selected. Piezoelec-
tric harvesters are available in different geometries and therefore
the optimization can be performed for any combination of these
geometric parameters, such as length or thickness. In order to
narrow down optimization factors, a commercial piezoelectric
harvester with low natural frequency from Piezo Systems Inc.
(T226-A4-503X) was selected and then by tuning the added mass,
frequency matching was performed to match the fundamental nat-
ural frequency of the harvester to 49.5Hz from the water pump
acceleration. This piezoelectric sample have been previously used
for energy harvesting by [33,37]. The bimorph sample consists of
two oppositely polled PZT-5A layers embracing a brass substrate,
representing series connection between the piezoelectric elements.
Geometric and material properties of this samples is presented in
Table 1.

To optimize the energy harvester, an objective function is
defined as the square of difference between the fundamental nat-
ural frequency of the harvester, which is a function of added mass,

Epoxy -
(adhesive
connection)

PZT-5A ‘
4 mm

Fig. 13. Detail view of harvester beam with dimensions of the added mass and its
connection to the piezoelectric sheet.

and frequency of 49.5 Hz as the excitation frequency from the water
pump. The objective function shown by Eq. (22) is employed to find
the value of m, by minimizing the objective function.

I (ma) = (@1 (ma) - 49.5)° (22)

Fig. 12(a)-(c) show the error versus iteration number, objective
function and the variation of the harvester first natural frequency
with respect to the added mass, respectively. Objective function in
Fig. 12(b) shows that, with an added mass of 7.3< m, <8.5g, the
objective function is less than 2.5, which is equal to 3% error. As
can be seen from Fig. 12(c), with an added mass of 8 g, the funda-
mental natural frequency of the harvester matches to 49.5 Hz. For
structural steel with the density of 7850 kg/m?3 for the added mass,
8 g will be equal to a solid block with 4 x 31.8 x 8 mm dimensions.
Hence, the volume of the energy harvester, including the piezoelec-
tric sheets, substrate layer and tip added mass, are 2.15 cm3. The
added mass block can be connected to the piezoelectric sheet with
an adhesive connection by an epoxy. For stronger connection, it is
recommend to cut a groove in the added mass in order to insert
the sheet and fill the gap with the epoxy. Fig. 13 shows added mass
features, e.g. material and dimensions, and its connection to the
piezoelectric sheet.

An analytical modal analysis was performed for this designed
bimorph configuration with 8 g added mass and the results are
shownin Fig. 14.1t can be seen that the first natural frequency of the
beam is 49.5 Hz. Moreover Fig. 14 shows that, the other natural fre-
quencies do not match with the operational working frequencies of
the water pump. Hence, the contribution of other working frequen-
cies, e.g. 2X, 4X, is negligible. Therefore, in Eq. (18), w, = 49.5 Hz.

The next step in the design of piezoelectric harvester is selec-
tion of load resistance R; in order to obtain the maximum power.
The output voltage and power, considering a unit excitation mag-
nitude of 1 m/s? using Eq. (18), are plotted in Fig. 15(a) and (b),
respectively, for different resistance loads. As shown, by increas-
ing R), the voltage continuously increases while the output power
decreases when the applied load resistance is higher than the opti-
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Fig. 14. The first three bending modes for the optimum bimorph harvester.
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mal resistance. In addition, resonance frequency is slightly changed
by increasing the load resistance due to the back piezoelectric
effects. To find the optimum R;, output power curves at resonance
and at 49.5 Hz are shown versus the load resistance in Fig. 15(c).
Since the resonant frequency experiences a small change due to
increment of the load resistance, the power plots separate after a
specific load resistance. The resonant output power is higher than
the power at 49.5 Hz, but power at 49.5Hz is of interest because
of the dominant frequency of the water pump vibration. The max-
imum power is 320 wW/m?2.s~* at 49.5 Hz at load resistance (R;),,
equals to 44.6 k2.

If the designed harvester is attached on the accelerometer loca-
tion, as shown in Fig. 11, the measured vibration shown in Fig. 8 can
be applied as the base excitation for the harvester. Acceleration in
theory is a summation of indefinite number of harmonic functions.
In practice, the acceleration signal can be decomposed into a series
of defined harmonic functions, as shown in section 4, where the
FFT is employed for decomposing the signal into harmonic func-
tions. However, since piezoelectric energy harvesters generate the
maximum power at its resonant frequency and the designed har-
vester has a natural frequency of 49.5 Hz, the significant harmonic
in the water pump acceleration is the main dominant frequency, e.g.
1X=49.5 Hz. According to Fig. 10, the magnitudes of 1X harmonicin
the water pump acceleration are 0.49, 1.04 and 1.49 m.s~2 in defect-
free, looseness conditions and shaft misalignment, respectively.
Using these figures as the input acceleration, one can calculate out-
put voltage and power for the optimum load resistance. Fig. 16(a)
and (b) show the output voltage and power from one bimorph har-
vester over a frequency range. As stated, the important figure for the
outputvoltage and power is that of frequency 49.5 Hz, which s plot-
ted for different water pump conditions. The output peak-to-peak

voltages from the water pump acceleration at the optimum load are
1.85,3.93 and 5.63V at defect-free, shaft looseness and shaft mis-
alignment conditions, respectively. The corresponding powers are
76.84, 343.12 and 710.45 pW, respectively. If the power density
per device volume is divided into square of the input accelera-
tion, power density per square acceleration is 30.8 mW/cm?3. g2 in
all operating conditions. The results does not depend to the input
acceleration and is only a function of geometries of the piezoelec-
tric harvester and its material. The voltage and power densities
per device volume for different working conditions are shown in
Fig. 16(c). The power density values are equal to 35.7, 160.99 and
330.4 wW/cm? for defect-free, shaft looseness and misalignment,
respectively. Therefore, the power density is increased by 350% and
824% due to presence of the shaft looseness and shaft misalignment,
respectively. This high variation of the power density proves that
the storage capacitor will be charged faster in the faulty working
condition.

Using the optimum VM configuration with 150 wF capacitor,
the stored energy in the capacitor from the water pump vibration
was calculated. Since the pump acceleration is different at different
working conditions, the generated voltage and, hence, the stored
energy in the super capacitor are not similar. Fig. 17 shows volt-
age in the storage capacitor for various water pump conditions.
As expected, the voltage is distinctively higher in both shaft mis-
alignment and looseness than the voltage in defect-free condition.
Moreover, the capacitor voltage is significantly higher for the shaft
misalignment compared to the looseness condition.

The performance of this designed system is moreover investi-
gated for condition monitoring application. It is worthy to note the
microprocessor consumes 28.05 wW (8.5 wA and 3.3 V). By consid-
ering the capacitor constant, e.g. 150 wF, a voltage drop occurs in
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Fig.17. Voltage outputs in the capacitor from the piezoelectric harvester at different
pump conditions.

the capacitor during operation of the microprocessor. Hence, a volt-
age level switch is considered that enables the microprocessor after
4.0V to ensure the continuous operation of the microcontroller. As
advantage of this level switch, Torah et al. [26] noticed the cold start
problem during experiments, where PIC microcontroller drew sig-
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nificant power as the voltage reached to a specific value. This level
switch addresses the cold start problem. After the microprocessor
starts operating, the microprocessor enables the RF transmitter for
a period of time when the voltage reaches to a specific figure. Dur-
ing the transmission, the RF transmitter consumes 7 mA current.
For this simulation, the PIC microcontroller enables the RF trans-
mitter when the storage capacitor reaches to 7V for a duration of
0.02 s. By considering the voltage equation across the capacitor with
C=150 pF, the voltage drop during the transmission time is calcu-
lated as 0.93 V. After the transmission period, the storage capacitor
is charged by the piezoelectric harvester. Nevertheless, the charg-
ing time to reach 8V depends on the voltage generation by the
piezoelectric, which is different for different pump working condi-
tions. The storage capacitor voltage during the full operation from
the initial conditions are shown in Fig. 18. In this work, to include
unknown errors during the operation, 2% random error is added to
the capacitor voltage. As shown, due to less pump acceleration dur-
ing the defect-free condition, the charging process is slower than
the other conditions; so that the first RF transmission occurred at
1.18s. On the other hand, the water pump acceleration is higher
for the defected conditions. Therefore, the first transmission time
and the time intervals between the transmissions are significantly
lower compared to the defect-free condition.

35

1.5
0.5
Time (s)

Fig. 18. Voltage output from storing capacitor during full operation for different water pump conditions.
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The elapsed times between the RF transmissions are shown
in Fig. 19 for different water pump conditions. While the first
transmission for the defect-free occurs at 1.18 s, it happens after
277 and 177 ms for shaft looseness and misalignment conditions,
respectively. More important than the first transmission is the
time between the transmissions as it is directly proportional to
the charging process which is linked to the water pump acceler-
ation. The elapsed time values between the transmissions are 350,
39 and 25ms for the defect-free, shaft looseness and shaft mis-
alignment conditions, respectively. Therefore, if the water pump
condition changes from the defect-free to one of these faults,
the elapsed time between the transmissions decreases immedi-
ately.

To analysis the elapsed time data from Fig. 19, the parame-
ters in Eq. (1) are obtained as i = 0.350, 79 =0, 71 = —0.311, 75 =
—0.326, 01 =1.63E — 2, 05 = 1.39E — 3 and o3 = 9.98E — 4. Since
a statistical model for the elapsed time for the different operating
conditions was obtained, the state of water pump was conditioned
by calculating the FI and S using Eqs. (2) and (4).

In order to demonstrate possibility of the procedure, one case is
considered in which the state of the water pump changes from the
defect-free to the shaft misalignment in a duration of 20 s. Fig. 19(a)
shows the reconstructed time signals. Here a 5% random noise is
added to the data in order to test the performance of the system in
case of noisy environment. For 2-second interval, the FFT is applied
on the signals and the contribution of 1X=49.5Hz in the signal is



M. Khazaee et al. / Sensors and Actuators A 295 (2019) 37-50 49

extracted. This mode contribution is within the range of 0.50 m/s 2
in the defect-free condition to 1.53 m/s2 in the shaft misalignment
condition. The 1X contribution is fed into the bimorph piezoelec-
tric model, Eq. (18), with the calculated optimum load resistance
of (Ry)opr =44,600 €2. Range of the piezoelectric voltage output is
from 1.9V in the defect-free to 5.8V in the shaft-misalignment
conditions. Moreover, the voltage generation from the bimorph
is considered as the input for the optimum MDCP circuit and the
voltage outputs are obtained using simulation. The final voltage in
the storage capacitor ranges from 9.0V to 28.3 V for the defect-free
and shaft misalignment conditions, respectively. Fig. 19(b) shows
the 1X mode contribution, piezoelectric voltage and MDVM volt-
age output over ten 2-second period intervals. According to the
immediate capacitor voltage, the elapsed time between the trans-
missions are calculated upon which the FI, CL and machine state S
are obtained through Eqgs. (2) to (4), respectively. Fig. 19(c) shows
the FI of the water pump and the CL for this index over 20 s period.
As shown for a duration of 8s, from 15t to 4™ 2-second inter-
vals, the FI lies closely on 0 value. However, once the machine
condition changes to the transition operation and the accelera-
tion increases, the FI tends to rise from 0. The FI further increases
until reaches to a symptom value for the shaft misalignment con-
dition. The CL, which is an accuracy indicator for the condition
monitoring process, is always close to 1 except for transition period
which is dramatically less than the other values. Consequently, the
machine state S is shown in Fig. 19(d) with elapsed time over this
20s time period. It can be seen that, the state of the water pump
is correctly identified as “3” state through the faulty operation,
which corresponds to the shaft misalignment. However, during the
transition period, the system identified “2” for the machine state
which is not correct. By considering the CL values for transition
period, one can avoid from incorrect conditions of the machine
(Fig. 20).

6. Conclusions

In this study, a self-powered condition monitoring system is
designed to perform operational condition monitoring based on
the RF transmission pulses. After design of the system, an energy
harvesting unit is proposed to provide sufficient energy and voltage
level for this system. This energy harvesting unit comprises a piezo-
electric bimorph harvester and Voltage Multiplier circuit. For this
study, input acceleration, which is a signal consisting of harmonics
from a frequency range, is decomposed into a series of harmonic
function using FFT. A distributed parameter model of piezoelectric
harvester was used to estimate the output voltage. For the machine
condition monitoring, a pulse-based approach has been proposed
relying on the analysis of elapsed times between the RF transmis-
sion pulses. The performance of this system has been demonstrated
for condition monitoring of a water pump. The designed system has
been applied on experimental vibration signals captured from the
water pump and shown that the water pump condition can be mon-
itored during the operation. This system can be applied on larger
network of machines for autonomous condition monitoring.
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APPENDICES

Appendix E. Paper 5: Reference [163]

A comprehensive electromechanically coupled
model for non-uniform piezoelectric energy
harvesting composite laminates

M. Khazaee, L. Rosendahl, A. Rezaniakolaei.

This paper has been published in
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shear stresses, and contact layer effect between the substrate and piezoelectric layers
and in addition cannot predict the performance of many recently introduced piezoelectric
harvester configurations, such as non-uniform, thick piezoelectric patches, and variable
thickness beams. This paper presents a comprehensive finite element formulation to calcu-
late power generation by piezoelectric harvesters in a broader range of design cases. The

Keywords:
Finite element method
High-order element

Piezoelectric elements presented high-order shear FEM not only is suitable for thick composite-based harvesters
Energy harvester design but also accommodates the drawbacks of the previous methods. The coupled finite element
Shear stress approach is verified versus experimental and analytical results. The model developed in

this work is employed to analyze a non-uniform energy harvester with an E-glass fiber
composite substrate layer sandwiched between piezoelectric layers with variable thick-
ness. The numerical results show that, the advance formulation is capable of analyzing var-
ious piezoelectric harvesters including various influential parameters such as contact layer
and damping dissipation. The results, furthermore, indicate that variable piezoelectric-
layer thickness and an optimum fiber direction in composite substrate lamina can enhance
performance of the piezoelectric harvester.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Vibration-based piezoelectric energy harvesting (VPEH) has been extensively employed as a mean to feed electrical
power to small electronic devices from available kinetic energy due to its high energy density, easy integration into the sys-
tem and the availability of unwanted vibration in many operational systems [1]. In many systems with low-power sensors,
piezoelectric energy harvester (PEH) has been integrated into system to harvest energy from the system kinetic energy in
order to provide self-power sensors [2,3] or wireless sensor networks [4,5]. The clamped-free cantilever beam configuration,
also known as the 3-1 mode PEH, is the most widely used boundary condition in VPEH with benefits including relatively low
natural frequency, large deformations and simplicity of design and integration [2]. In this configuration, the clamped end is
fixed to a vibration source and consequently vibration acts as a base excitation, causing transverse motion of the cantilever
that applies a significant normal strain to the piezoelectric element [6] in the length direction, i.e. 1-direction. The piezoelec-
tric layer in this configuration is poled through its thickness, i.e. 3-direction. Regarding the PEH material, Lead Zirconate
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Nomenclature

Abbreviation

CUF Carrera’s unified formulation

PEH piezoelectric energy harvester

FEM finite element method

VPEH Vibration-based piezoelectric energy harvesting
KE kinetic energy, J

PE potential energy, J

DoF degrees-of-freedom

CLPT classical laminate plate theory

FSDT first shear-order deformation theory
TSDT third shear-order deformation theory

Greek script

BT
Y

A
€o

€

SR

SN gatE >

B3

N

[I]L’D=8 IS

dimensionless damping coefficients
shear strains

z-displacement at nodes in one element
permittivity constant in free-space, F/m
permittivity constant, F/m

normal strains

electric field, N/C

modal viscous damping coefficient
modal structural damping coefficient
rotation angle of fibers, rad
multiplier for material’s lay-up
Hermite interpolation function
density, kg/m?

Poisson’s ratio

mass correlation factor

element area, m

normal stress

shear stress

applied acceleration DoFs

electrical potential

rotation of x-axis after deformation
rotation of y-axis after deformation
nodal mechanical degrees of freedom
Lagrange interpolation function
driving excitation frequency, rad
natural frequency, rad

frequency ratio

nodal value of\W;

Latin script

AB
dg

—T S~ AaSTo moNo T

integration auxiliary matrices
input base excitation acceleration, m/s®
harvester active width, m
high-order deformation coefficient
viscous damping matrix

electrical displacement, (/m?
Elastic moduli, N/m?

Piezoelectric coefficient, ¢/m?
frequency, rad

applied external load, N

shear moduli, N/m?

9.81 m/s®

frequency response function, m/N
layer thickness, m

structural damping matrix, N/m
Moment of inertia
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Kqq general structural related stiffness matrix

Kqo general piezoelectric related stiffness matrix

Ky general dielectric related stiffness scalar
harvester active length, m

Megy effective mass of the harvester, kg
general mass matrix

M, added tip mass, kg

N,P,X,Z interpolation function auxiliaries

P instantaneous generated power, W

q extracted electric charge, C

Q plane stress-reduces stiffness

r displacement field vector

R electrical load, Q

S strain vector

t time, s

T stress vector

1% volume, m*

Vy total voltage of one piezoelectric layer, V

\ voltage difference, V

w z axis displacement of mid-plane, m

Wi z axis displacement through thickness, m

w energy, |

X nodal value of¢,

Y nodal value of¢,

Subscript

C Contact layer

eff effective

e electrical

E external

p piezoelectric layer

r resonant

S Substrate layer

1 layer type

Superscript

e related to element

oc open-circuit

e short-circuit

t matrix transpose

Coordinates

(1,2,3) principal coordinate (1 along fibers)

(x,y,z) physical coordinate (x along harvester’s length)

Titanate (or PZT ceramic) has high piezoelectric coefficient compared to polymer and composite piezoelectric materials [7].
Morimoto et al. [8] obtained the normalized power density of 0.0345 uW/g’mm>Hz from a 4.88-mm? PEH fabricated from
epitaxial PZT films. Hu et al [10] obtained a high power density of 0.166 yW/g?mm>Hz from a non-uniform PEH made of
thinned bulk PZT and proof mass. This high power density was due to the high average strain distribution [10]. Recently,
Muthalif and Nordin [9] designed a triangle piezoelectric beams with PZT-5H material that generates 2.9 V at resonant exci-
tation, which is 30% higher than a rectangular piezoelectric beam. According to these studies, non-conventional designs, such
as non-uniform and non-rectangular beams, generate higher output power relatively.

In order to model the coupling between mechanical and electrical physics in PEHs, various methods have been developed
to estimate electrical voltage from a piezoelectric beam. The analytical distributed models such as [12,13], provide closed-
form solutions for unimorph and bimorph piezoelectric energy harvesters, where configurations of the harvester are consid-
ered as rectangular beam with constant thickness under clamp-free boundary condition. Adding more than two piezoelectric
layers requires the calculation of the neutral axis, the bending stiffness and the mode-shape coefficients. Consequently, the
equation derivation should be modified. In addition, for each boundary condition, the equation derivation needs to be
repeated due to the mode shapes change. The beam models are derived for the special case of rectangular constant cross-
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section with constant thickness. Therefore, many initiative designs, such as non-rectangular geometries [9], which can har-
vest more power compared to the rectangular configuration, cannot be studied by the models presented in [12,13].

Even though analytical modeling techniques can reach an impressive accuracy, the investigation of practically designed
piezoelectric structures requires developing of FEMs [14]. FEM provides a great capacity to model different harvester con-
figurations [15] by breaking the calculation domain into small domains. Each of these can be analyzed numerically with
one-dimensional beam [16] and two-dimensional plate/shell [17] elements. FEMs for smart structures can be broadly break
into two categories: (1) classical and (2) advanced theories [18]. In the classical theories, the out-of-plane deformation
through the thickness is constant and is equal to that of the mid-surface. While in the advanced theories, all the displace-
ment field components are considered variable through the thickness. In order to study potential of smart structure appli-
cations, Reddy [19] introduced classical laminate plate theory (CLPT) and shear deformation theories (FSDT and TSDT) as the
classical methods for multi-layered composites with embedded piezoelectric patches. The CLPT is not useful for multilayered
composite laminates where exhibits higher transverse normal and transverse shear stresses. Although the shear deformation
theories compensate these stresses, these theories do not satisfy the Cauchy theorem, where the out-of-plane stresses should
be continuous [20] due to discontinuity of the mechanical properties through the thickness. In order to satisfy the inter-
laminar continuity (IC), Robaldo et al. [14] presented advanced theories for piezoelectric adaptive plates in multilayered
composites. To model piezoelectric harvesters with FEM, mostly the CLPT theory in the classic framework has been applied
[21,22] even though the PEHs were multilayered beams and the IC was not satisfied in the classical methods. In addition, if
piezoelectric layers are embedded into structures such as aircraft wing structure or wind turbine blade, in which the thick-
ness is not necessarily small, using the CLPT, as considered in Marqui Junior’s model [21], is not appropriate. Therefore, for
the accurate modeling of the PEH for various applications, there is a need for developing a FE model that considers the higher
transverse normal and transverse shear stresses as well as satisfying the IC.

In addition, almost in all studies evaluating PEH, the damping mechanism was considered to be viscous damping as in
Marqui Junior’s model [21], while Cooley et al. [23] showed that using inappropriate damping model will lead to incorrect
estimation of harvested power. Furthermore, in approaches presented for modeling of piezoelectric energy harvesters, the
effect of contact layer between the substrate layer and piezoelectric sheets was ignored. Nevertheless, in practice, in order
to fabricate a piezoelectric harvester, it is necessary to use an adhesive layer for attaching piezoelectric material to the sub-
strate layer. According to Palosaari et al. [24], the thickness of passive layer has an influence on both tip displacement and the
harvester power and therefore the effect of contact layer also should be accommodated.

To overcome the critical issues in the analytical distributed models and FE models, and in order to analyze a wider range
of problems in piezoelectric harvesters, a comprehensive finite element formulation is proposed in the current study. The
TSDT and advanced plate theory, suitable for multilayered composite structures and thick plates, are employed for the pre-
sented FEM formulation. Energy dissipation model in this method is a combination of viscous and structural damping mech-
anisms. The proposed method is verified by analytical results presented in [11,25] and experimental data from [13] for
bimorph piezoelectric beams under the base excitation at different electrical conditions and excitation frequencies. More-
over, the electrical and mechanical analyses are carried out for an energy-harvesting beam with non-uniform and non-
constant piezoelectric sheets covering the E-glass orthotropic laminae. Furthermore, effects of variation of the piezoelectric
thickness and the fiber rotation in substrate layer on deformation of the beam and level of power generation are investigated.
Although the presented method employs high-order shear deformation theory, using a creative representation of finite ele-
ment matrices, global finite element matrices are expressed with separately function matrices easier for computer manip-
ulation. By using this model, performance of a wide range of piezoelectric beams, from simple standard configurations such
as unimorph and bimorph to non-uniform beams with variable piezoelectric thickness and thick piezoelectric patches, can
be investigated.

2. Finite element modeling of piezoelectric energy harvester

A typical piezoelectric harvester consists of a piezoelectric sheet and a substrate layer, which are joined together with a
contact layer. Conventional 3-1 mode PEH is clamped at one end and is free at the other end. The vibration acts on the har-
vester as base excitation and the free end experiences large-deflection vibration. Fig. 1 shows a typical 3-1 mode piezoelec-
tric energy harvester that generates electrical voltage from base excitation. The output wires from positive and negative
poles are connected to an electrical load of R for generating electrical power. In this section, a comprehensive finite element
model for modeling various types of materials for the substrate and piezoelectric layers and different geometrical configu-
rations is presented. The key features of this method can be summarized as follow:

e Both substrate and piezoelectric materials are defined as orthotropic materials with different rotations of principal
directions.

e The effect of contact layer with its damping effects is accommodated.

o High order deformation theory is used for displacement approximation, which is a proper approach for thick composite
plates that considers Shear stresses are considered. The energy harvesting beams are considered non-uniform, where the
piezoelectric sheet partially covers the substrate.

e Thickness of the piezoelectric sheet is variable.
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Added tip

Contact layer mass

Piezoelectric sheet

Base excitation

Fig. 1. A typical 3-1 mode piezoelectric energy harvester comprises piezoelectric sheet, contact layer, substrate shim and added tip mass with base
excitation.

e The damping mechanisms include viscous and structural mechanisms, which are frequency dependent and independent,
respectively.
e Added tip mass attached to the harvester is considered in the model.

In the following subsections, the developed finite model will be presented in details. First, due to different material
domains, constitutive equations for the piezoelectric, the substrate and contact layers are shown with presenting the equa-
tions for principal direction rotation. These constitutive equations will relate the mechanical strain to mechanical stress and
electrical voltage. In next step strain tensors are defined based on physical displacements with third-order shear deformation
element in Section 2.2; so that the stress vector and voltage are related to the displacement fields. In this study, the physical
displacements are approximated according to the finite element method in which the main domain is discretized into a
number of small domains and displacements are approximated using a spatial approximation for each discretized domain.
Section 2.3 presents the spatial approximation and the relationships between the displacement vector, as well as strain ten-
sor, and discretized degrees of freedom. Section 2.4 extracts the mechanical and electromechanical finite element matrices
for each discretized domain using extended Hamilton’s principle and considering the previous spatial approximation. Finally,
assembling the element matrices in form of global finite element matrices are presented for steady state solution for the har-
monic applied load in Sections and 2.6, respectively.

2.1. Constitutive relations

According to Fig. 1 showing the studied energy harvester, there are three different domains, where each one has its own
constitutive equations. These three domains are the piezoelectric, substructure and contact layer. It is assumed that both of
the piezoelectric and substrate layers are orthotropic materials meaning that, there are two orthogonal planes of the mate-
rials property symmetry. On the other hand, the contact layer is considered as an isotropic material. The piezoelectric
domain has electromechanically coupled constitutive relations, while the substructure and contact layer domains are only
mechanical relations. Since principal directions may not coincide with coordinate directions in orthotropic materials, a rota-
tion in principal directions is taken into the account for the piezoelectric and substrate domains.

The linear constitutive equations for an orthotropic material in two dimensions considering piezoelectric effect are:

01 Qi Q2 O 0 0 &1 0 0 ey

(o)) Qp Qp O 0 0 & 0 0 ey &

T3 = 0 0 Qu O O V23 -1 0 ey O & (1)
Ts1 0 0 0 Q55 O Va1 e;s 0 0 &;

Tiz Jp 0 0 0 0 Qesd,\712/p 0 0 O

The plane stress stiffnesses can be related to engineering constants as:

_ E; vk - E,
D T Q]Z_l—’ 2=,
— U221 — V12Un — Vi2Un

Qi ;v Qus = Gz, Qs5 =G31, Qes = G2 (2)

For the substrate layer, constitutive equations are the same as Eq. (1) without the piezoelectric effect, e.g. e; = 0.
In addition, the constitutive equation for the contact layer as an isotropic material is as follows:
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01 Qu Q2 0 0 0 &
(op) Qi Qu 0 0 0 2
T3 =] 0 0 (Qu—Qp)/2 0 0 723 )
Ta1 0 0 0 (Qu1 —Q12)/2 0 V31
T12 0 O 0 0 Qi1 —Qu2)/2 1 V2

Piezoelectric property is a two-way coupling between electrical polarization and mechanical strains. Hence, the effect of
strains on the electrical displacement vector can be shown as [19]:

&
D, 0 0 0es0 & €1 0 O &
D, =10 0eyq 00 Yos 0+ 0 €2 O & (4)
D3 esge3; 0 00 Va1 0 0 €33 &3

Y12

As stated, a general case is considered in which the principal directions do not coincide with the coordinate directions.
This case is shown in Fig. 2, where rotations of piezoelectric and substrate layers are not the same. In such case, in order
to calculate the stresses in coordinate system, the transformation of material properties should be considered.

In a general case, constitutive equations considering a transformation of principal coordinates to geometry coordinates
for the piezoelectric sheets, the substrate layers and contact layer can be shown as:

T, = [Q} S — [e]¢ Piezoelectric sheets
p
T, = {Q] SS Substrate layer (5)

T.=1[Q].S Contact layers

In Eq. (5), over-bar indicates that the parameter is presented in physical coordinate. So, {Q] and [e] are stiffness and piezo-

electric matrices after the transformation. It is worth mentioning that, the transformation is not necessary for contact layer
since it is an isotropic material. In Eq. (5), T, S and £ are stress, strain and electrical field vectors. These terms are tensors in
three dimensions and Eq. (6) shows components of these parameters:

Oxx Exx
Oyy Eyy Ex
T=1 0, ¢.S=4¢ 7, 26€=48&
Ox: Vxz &
Oxy Vxy
Qn Qun 0 0 Q 0 0 ey
Q, Qx» 0 0 Qg 0 0 ey
Q-0 o q, Qs of@=|0 0 @ (6)
0 0 Qs Qs O fu e O
Qs Qs 0 0 Qe es &s 0

The relationship between components of the stiffness and the piezoelectric matrices in geometrical coordinates and prin-
cipal coordinates under 0 rotation is shown in Eq. (A.1) and (A.2) in Appendix A.

Fig. 2. Piezoelectric and substrate layers with +0, and —0, rotations, respectively.
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Similarly, the electrical displacement vector can be expressed in the geometric coordinates as follows:

SXX
Dy 0 0 eyes 0 &y €n €2 0 Ex
D={Dy,,=|0 0 €65 0 Ve ¢+ | €2 €2 0 | & b =[ES+[E)E 7
Dz €31 €3 0 0 €36 Vxz 0 0 633 &,
yxy

where [€°] is the permittivity matrix in physical coordinates and its components are related to the permittivity matrix in
principal coordinates with Eq. (A.3) in Appendix A.

In 3-1 mode energy harvesting applications, poling direction is along z-axis, so only the z part of the electric field com-
ponent is non-zero. Therefore, when the voltage between two electrode pairs is denoted by v, the vector of the electric field
becomes:

0
£= 0 = {Ac}s,, 7 (8)
—v/h,

2.2. Displacement fields and strains

In Section 2.1, the mechanical stress and electrical displacement vectors were related to the strain vectors. However,
strains should be related to displacement fields since the fields are replaced with a series approximation in the FE approach.
The relationships between the displacement fields and the strains depend on to the theory of the considered plates. In the
classical plate theories the out-of-plane displacement is assumed constant in z-direction, while in the unified formulation,
such as CUF, the out-of-plane displacement is dependent to the z- direction. In the classical theories, there are various
approaches for estimation of the displacement field in x and y directions. For instance, in CLPT, which is based on the Kirch-
hoff plate theory, it is assumed that the lines perpendicular to the mid-surface rotate in such a way that they remain per-
pendicular after the deformation. In FSDT, the perpendicular lines to the mid-surface are not no longer perpendicular
after the deformation, but they still remains as line. In the third shear-order deformation theory TSDT, the perpendicular
lines to the mid-surface will not be perpendicular nor remain lines after the deformation [26]. These theories are shown
in Fig. 3 (a).

In the current formulation, a general case based on the CUF suggestions [27] with the TSDT is employed as shown in Fig. 3
(2). In this formulation, w = w(x,y,t), Wi = Wi(x,¥,1), ¢, = ¢x(x,y,t) and ¢, = ¢, (x,y,t) are four independent functions for
representing the displacement fields.

Based on the geometry coordinates in Fig. 3, the displacement field vector, r, can be expressed as [28]:

rX(X7yvz7t) O %d)x +411W,X 751¢x+4§1wx
r={r,®yzt) y=¢0 3 +z %qbyhltw_y Y %¢y+§wy 9)
rz(x7y7z7 t) w Wl 0

where C; = 4/ (3h2> and h is the thickness of plate, including all the layers, and z is the distance to the mid-surface. Subscript
“” represents the partial differential. Classical plate theories (CLPT, FSDT, and TSDT) consider W; = 0 while in CUFs W;#0. It

(b)

(21) Refined model based on Carrera’s
Unified Formulation and Third Shear-
Classical Laminate First Shear-order Third Shear-order order Deformation Theory (TSDT)

Plate Theory (CLPT) Deformation Theory (FSDT) Deformation Theory(TSDT)

Z,W Z,W Z,W
@'X gx @X

-ow/ Oy o«

ST Oy OSpy

Fig. 3. (a) Cross-sectional views of different classical theories for presenting the plate deformation and (b) the plate deformation theory considered in this
study.
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is worth mentioning that, in this formulation if C; #0, each displacement component is a polynomial of third degree, while in
the CLPT and FSDT it is a straight line. Eq. (9) can be used for FSDT by setting C; to 0. In addition, Eq. (9) can be used for the
CLPT by setting C; = 0, ¢, = —Wy and ¢, = —w,.

The strain vector can be related to the displacement field vector through:

Exx Txx
Eyy Tyy
S= Ve ¢ = vzt T2y (10)
sz T'x z + Tzx
Vay Ty T Tyx

By substituting the displacement vector from Eq. (9) into Eq. (10) and knowing that the derivative of ¢,, ¢, and w are zero
with respect to z, the strain vector can be related to the deformation by Eq. (11):

0 %(}5)(‘,( + %Wxx 0 %¢x,x + %W.xx
0 %d)yy +%W‘yy 0 %4)}’_3; +%W,yy
S={ 3o, +iWy b4z Wiy —301228 3¢, TiwWy » -2 0 (11)
R A Wix 3¢ +3wy 0
0 F0x, Ty tiWy 0 $hey T 5y FI W

Consequently, the stress vector can be related to the physical displacement field by using Eq. (5) and the relationship
between the strains and physical displacements in Eq. (11).

2.3. Discretization and spatial approximation

This subsection deals with spatial approximation for the displacement fields, so that by expressing these physical dis-
placements, the stress vectors can be approximated with a series of estimations. As it can be observed from Eqs. (9) and
(11), the strain vector contains the first derivative of ¢,, ¢, and W; and the second derivatives of out of plane displacement
with respect to x and y. Hence, ¢,, ¢, and W, are approximated using the Lagrange interpolations functions, and w by the
Hermite interpolation functions. Fig. 4 shows a rectangular element having (w, w, w,, W1, ¢, ¢,) degrees of freedom (DoFs)
for each node and one electrical DoF, v,, for the element. The vector of degrees of freedom for each element is defined by Eq.
(12).

t
DoFe={w' Wi, w\, W} ¢} ¢y W’ W), W, Wi &% )W’ Wl Wi W36} g wh wh wh WA o 6 (12)
It is assumed that ¢,, ¢,, W; and w have the following approximations:
u(x.3,0) = L X (O (x.Y)
dy(x.y.0) = S Y (O(x.Y) (13)
w(x,y.t) ~ S5 AT (OAx.Y)
Wi(x.y.t) ~ L E (DYi(x.Y)
X,,y
vt g 047) 2
whotet 4 y W
W, ¢, b5

()

Piezoelectriclayer (hy)
X Contact layer (hc)
I Substrate layer (hs)
-

wh wi,w)

Contact layer (h,)
1 1. 1
Wl ’ ¢x ’ ¢y

Piezoelectric layer (hy)

(Xz'yz)/ 2
w2, wk  wi, Wi, ¢, 2

Fig. 4. A rectangular plate element with 24 mechanical DoFs and 1 electrical DoF.
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where subscript i in Eq. (13) addresses the i-th node in a typical element. These interpolation functions can be expressed
with Eq. (14) [29].
-1

T x5y xin
=i = (Txyad | 8 2 (M)A = (A A = (P2
1 X4 Y4 X4y
v [P P} 7} P} y
_{ XYY } P, 7, #), #y, (14)
Xzy xyz y3 XBy XY3 {P}'y (*x191) {P}"y (%2.y2) {P}'y (x3.y3) P } (X4.Y4)

wherein superscript —T means the transpose of the inverse matrix.
Substituting the spatial approximation from Eq. (13) into Egs. (9) and (11), the displacement field vector is expressed by
the following matrix representations:

F-C2)SLX O+ (52 -502) DA A OA
rxy,z,t) = 5(z-G2) L YOy + Gz -362) D2 A5 (1) AIUv = [An(2)]3,6[Bm (X, ¥)6.24{ 2" (O) } 241 (15)
2L ENOW.Y) + S5 AT (O
The element DoF vector (%¢) and auxiliary matrices [An] and [Bn] are given by:

() = (X5 - X5 Y5 - YEE - ES AT - A M ]An(2)]

[2(z—C12%) 0 0 0 ({z-2¢:2%) 0
= 0 2z-¢22) 0 0 0 (3z—3C12%) | Bn(x,Y)]
L 0 0 z 1 0 0
TWO 0 O] e o o
o w oo o | [N B0
0 {N}X] 0]
o o W o o mx' O
=0 [0 [0 A |= | (16)
0] 0] [0] {P}[Z]
[0 [0] [0] [Alx 1
[0] [0] 0 {P},lZ
NG NG I (0] 0] o (P iz
L 1x4 1><4 x4 1x12 4 { }J’[ }
Similar to the displacement field vector, the strain vector can be expressed with:
32— C2) L X Oy + (32 -302) S5 AL () A
FE-a2) LY (O, + (12302 T AL (DA
S(x,y,z,t) = ZZ, = Wiy + (1 - 36122) <Z;’l:1 Y7 () + fol Af(t)/\iy>
2B O+ (1= 30:2) (S XE O+ S AT (DA
52— 02)TLX{ (O, +5 (2 - O2) S YO+ 2(5 - 5012) S AT (DA Ly
= [Ak(z)]5x13[Bk(vanlaxm{xe(t)}mxl (17)
where the auxiliary matrices are given by:
0 0 2(z-02) 0 0 0
0 0 0 0 0 2(z-C12%)
[Ax(2)] = 0 3(1-3¢:2%) 0 0 0 0
2(1-3¢22) 0 0 0 0 0
0 0 0 2(z-CZ2) 3 (z-C12%) 0
0 o0 0 0 0 (lz-3c,2) 0
0 0 0 0 0 0 (z-202)
0 z 0 1+ 3(1-302%) 0 0 0 (18)
z 0 1+3(1-3¢2) 0 0 0 0
0 O 0 0 2G-302%) 0 0
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r 1
w0 O [0 {(I)V HX] ) [0)]< . [g] [g}
W, [0 [0 [0 {N} X 0] 0] 0]
0 [, [0 [0 (0] {N}, X! (0] (0]
¥, [0 [0 0] (N}, X" 0] (0] 0]
0 [, [0 [0 (0] (N}, X! (0] 0]
By = |0 O W O o0 NLXT o 19)
oo, 0 (0] 0] {N}, X (0]
0] [0 [0] Al Y :
o [0 [0 Al (0] [0] [0] Pyl
[0 [0] [0] [A], 0] 0] 0] {P},l21"
0] [0 [0 [A], 0] (0] (0] (P} 121!
00 0O Ayt o 0] 0 {Phulz)
L 1x4 1x4 1x4 1x12 J -1
| 0] 0] (0] {P} 2] |

It is worth to note that, the displacement field and strain vectors are expressed with separately functioned matrices. In
the other words, Eqgs. (15) and (17) help to decompose the displacement field and strain vectors as a product of the three
matrices for easier numerical integration in the next subsection. In addition, this type of matrix representation is a tool
for easy handling of various shell and plate elements, including the classical (CLPT, FSDT and TSDT) and the advanced models,
with one generic matrix formulation.

2.4. Finite element formulation for discretized domains

The Hamilton’s principle is a key tool in analytical mechanics in order to derive equations of motions for a dynamical sys-
tem. Generalized Hamilton’s principle states that for a holonomic system between time 0 and t,, the definite integral

- / " ((KE — PE+ W) + Wildt (20)
0

is stationary with respect to all arbitrary path variations, e.g. 5I = 0. In Eq. (18), W, is the electrical energy caused by trans-
ferring electrical charge and Wg is the external work done by both mechanical forces and electrical charges. The terms in the
integrant in Eq. (20) are defined with Eq. (21).

KE = [, 3¥tpudVs + [, s pddVe + [, 31 u,rdV,
PE= [, 3S'TsdV; + [, 38'TedVe + [, 3S'TydV),
W, = [, 53&'DdV,

W = org fr + 0@eq,

(21)

f: is the external load applied on the element at r; location and g, is the charge that is extracted from the element by
conductive electrode on that element. By substituting these energy terms into Eq. (20) and applying the constitutive equa-
tions presented in Eqgs. (5) and (8) on Egs. (15) and (8), I = 0 will be as:

ol = / 0 hx}t Vv (B [Am]" 1l Au] Bl {77 YV + /V [Bon]'[Am]" p [Am] Bun {7} Ve + /V Bl An)' tt, Ar) B {77}V

0

+ [ B Q] Bz ave+ | BAIQLABI v+ | B[R] (4B v,

- [ B A @A v, —fE}M{cD}M A EAIBAC IV, + | A Advdv, .| [de=0 @22

Vs

by letting 5{)}' = 0 and 6{®} = 0, the electro-mechanical coupling equations for one element can be extracted as:

meVze) + [k 1) = (K Joe =Fe K] 12} + e+ 5,00 = 0 23)



M. Khazaee et al./Mechanical Systems and Signal Processing 145 (2020) 106927 11

f: and q, are the external mechanical load vector and extracted charge, respectively. The element considered in Fig. 4
comprises all the piezoelectric, contact and substrate layers. However, in real applications, the harvester beam may have
the non-uniform configuration in which the piezoelectric layer only covers a fraction of the substrate layer as shown in
Fig. 5. Therefore, to accommodate these types of harvesters, 1, multipliers are defined for each element showing whether
the piezoelectric, contact and substrate layers present in the element. » denotes material type and can be s (substrate layer),
c (contact layer) or p (piezoelectric layer). The value of 1 represents existence of the material while 0 is for the material
absence. For instance, in bottom of Fig. 5, in the zone that both of the piezoelectric and substrate layers exist,
(4ps 2c, As) = (1,1,1) while in the rest of the beam (4, A, 4s) = (0,0, 1).

Considering the multipliers, the mass, mechanical stiffness, electro-mechanical coupling and the electric stiffness can be
defined as Eq. (24).

M) =32, s cp g Bl [An)' 2, [An] BnldV.
e = 5 e fy, B4 Q] TABAAY,
[k} = Jy, BAS AV,

Koy = 2 Jy, {Ac} EHA AV,

For calculating the finite element matrices in Eq. (24), numerical integration over the element volume is carried out. For a
bimorph piezoelectric harvester with the thicknesses shown in Fig. 4, the volumes of different zones can be expressed as
follow:

(24)

hs .
(dVP)lower = ‘{T ' dz pr dXdy

hs_pp,
“h/2
(dvf)lower = f dz fAC dXdy
—hs/2—h¢
the/2
dvs = hf/Z dzfAS dxdy (25)
hs/2-+he
(de)upper = f dz fAf dXdy
hs/2
hs/2+hc+hp
(dvp)”pper = dz pr dxdy
hs/2+he

As it can be seen from Eq. (24), for calculating the finite element matrices, integration over the element volume is needed.
The analytical integration for these expressions is time consuming. Hence, an alternative approach using the Gauss quadra-
ture integration is proposed here. However, there are two issues to be addressed. The Gauss quadrature is valid for square
domains from —1 to +1, while, as Fig. 6 the quadrilateral elements are not essentially squares in range of —1 to +1. To over-
come these issues, the quadrilateral element is divided into three subdomains and a transformation is introduced to map the

Substructure material
Adhesive
Piezoelectric material

Fig. 5. An example of non-uniform harvester beam with fractioned piezoelectric layer.
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Quadrilateral element Bifurcation into three subdomains

(x,3.) (x0y.)

O) O)

(Xl'y1)®

g1(x) g1(x)

(Xz,Yz) @ (xz,yz)@l I

Fig. 6. Bifurcation of quadrilateral element IT° into three subdomains IT', IT? and.IT?

(x7,)

physical domain into a square [—1, +1] domain. Fig. 6 shows the bifurcation of a quadrilateral element into two triangle and
one trapezoid subdomains. For instance, if /(x,y, z) is the integrant function over the quadrilateral element volume, the inte-
gration can be divided into three integrals as shown in Eq. (26)

= /HE/(x,y,z)dV = /Hl/(xﬁy,z)dv + /HZ/(x,y,z)dV + /H3/(x,y,z)dv =hLh+L+1; (26)

In Eq. (24), each of Iy, I; and I3 can be numerically calculated by applying the Gaussian quadrature rule thrice. More infor-
mation about details of performing this numerical integration can be found in Appendix B.

2.5. Forming general finite element matrices

The general matrices for the harvester can be derived by assembling the element matrices and scalars in Eq. (24). In the
assembling element matrices, one should carefully consider the order of degrees of freedom in element matrix so that the
general matrices are formed in the correct form. For making the numerical integration in the element matrices about x, y,
and z attainable in reasonably fast executing time, by using an initiative order of the element degrees of freedom, the numer-
ical integrations were separated to z and X and y domains, as seen in Eq. (19). This initiative order of degrees of freedom is
different from what introduced in Eq. (12). Hence, it is necessary to rearrange the degrees of freedom in the element for
assembling into the general matrices.

Some mechanical and electrical considerations should be made in this vibrating system prior to the matrix assembling.
The first concern is about the damping mechanisms in the piezoelectric harvester. In a study by De Marqui Junior et al. [21], a
proportional viscous damping was considered for harvester energy dissipation mechanisms. However, it was shown by Coo-
ley et al. [23] and Khazaee et al. [30] that depending on types of the damping mechanisms, e.g. viscous or structural, the
output power from the piezoelectric cantilever harvester is different. To accommodate both of the damping mechanisms
in our model, a proportional damping for viscous and structural mechanisms is considered and denoted as [C] and [H], respec-
tively. Secondly, piezoelectric harvesters commonly include a uniform electrode, which covered the piezoelectric layer.
Therefore, the voltage, denoted as V), for piezoelectric layer, is identical in the all elements. Lastly, in order to link the charged
extracted from the piezoelectric layer to the piezoelectric voltage, a time derivative of electric equation in Eq. (24) is per-
formed. Since the total charge on the piezoelectric layer is denoted as Q and the connected load resistance is R, then

Q = V,/R. Hence, the general form of the finite element model can be expressed with Eq. (27).
.. . . t .
M+ CH + ([Kaa) +JIHD) 2} = [Kao | Vi = (Fe}[Kao| £} + Vo/R+ KoV =0 (27)

where {KW} = [Kqs]{diag(In.)} (In. is the N, x N, identity matrix), where N, is total number of the elements. It is worth men-
tioning that now {f;} is now the external mechanical load vector for the hole domain. Since the piezoelectric layers is covert
with a conductive layer, Ky = (Zf’j] k; 4))'

This FEM can easily accommodate the added mass by updating the global mass matrix at the degrees of freedom asso-
ciated with the added mass node. Mass (M;) and moments of inertia of the added mass (I, I,,) are added to the mass matrix
elements. This operation can be repeated if more than one added tip mass is present. Note that, stiffness matrix is remained
unchanged if the added mass is solid enough compared to the energy harvester. If the added mass is located at the /-th node,
then the following matrix at the mentioned DoFs is added to the global mass matrix.
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DoFs

—_——
6i—5 [ M,

., 0 0 0 0 O

6i-4 |0 0 0O O O O
6i-3 |0 0 0 0O 0 O (28)

6i—2 |0 0 0 0O 0 O

6i—1 |0 0 0 0 Ly O

6i 0 0 0 0 0 I,

It is shown that, different mechanism will lead to considerably different output power [23]. Therefore, in this study, the
energy dissipation is broken into the structural and viscous damping mechanisms. The structural and viscous damping ener-
gies are modeled as proportional damping with [H] = I'[Ky] and [C] = ,[M] + B, [K], respectively. The relationships
between these constants and the viscous damping ratios and a constant structural damping ratio can be defined with [31]:

b By On
:zfal)n /22 My =7 @)

Eq. (29) relates the Rayleigh damping coefficients to the modal damping ratios. Nonetheless, in many applications, it is
desirable to extract the Rayleigh coefficients from the experimentally obtained damping ratios. To do so, by substituting
damping ratios {; at f; and ¢, at f, in Eq. (29), after some basic calculations the Rayleigh coefficients can be shown to be
obtained with Eq. (30).

Lf, = Gf 16f-4f
B :47Tf1f2%a[32 2557;1
f2 7f1 f2 7f1

In Eq. (27), the output voltage from all the elements reduces to only one output voltage because of the common electrical
electrode on the piezoelectric layers. However, a modification on the electromechanical coupling factors and on the electric
stiffness should be performed when there are two piezoelectric layers. The piezoelectric layers can be connected in parallel
for larger current or in series for higher voltage. In the case of parallel connection, effective electric capacitance is equal to the
summation of that for both piezoelectric layers (K it = Kooiower + Kopupper) and, similarly, [Kgo] e = [Kao]iouer + [Kao] ypper- ON
the other hand, for the series connection, the effective capacitance is half of one layer and the electromechanical coupling
matrix equals to that of one piezoelectric layer, e.g. Ky = Kypiower/2 and [Koy] o = [Kqy) [21].

&

(30)

lower

2.6. Steady state solution

In order to estimate the output power from the piezoelectric harvester, the electro-mechanically coupled finite element
equations are solved for the output voltage and accordingly power.

A harmonic motion is considered as base excitation {F} = {I?E}ef‘"f. Therefore, the displacement field and output voltage

in steady state can be shown as harmonic functions showing with {y} = {7 }e/* and V,, = V,ei®t, where { %} and V,, are com-
plex values representing the magnitude of the mechanical displacement and electrical voltage, respectively, and the over hat
demonstrates the magnitude of the parameter in the steady state condition under the harmonic excitation at driving fre-
quency of w. Substituting these expressions into Eq. (27) relates the mechanical and the voltage response with respect to
the input force, as expressed in Eq. (31).

(M) + oo (81 1M] + o [Kag]) + (1+.59) [Kea ){Z} — [Kao| Vo = {Fe bioo Ko {7} + (1/R+joKos) Vp =0 (31)

After some basic mathematical simplifications in Eq. (31), the relationships between the mechanical force to the displace-
ment and electrical voltage can be shown as:

(7} = [%(w)}{ﬁ}% — jo(1/R+joK )™ [qu)} ‘[4(@]{?9} (32)

The electromechanically coupled frequency response function between the displacement and mechanical force vectors
from Eq. (31) is defined as:

e\ 1
()] = ((fwz +Jop) M) + (14 + 082) [Kag] +i02(1/R +j0K )™ Koo [Kas] ) (33)

In Eq. (29), {I?e} can be replaced with a single load acting at one node in the finite element mesh according to the input

acceleration and the effective mass of the energy harvester as { IA:E} = mgyap{7 }, where {7} is the vector representing degree
of freedom at which the acceleration is applied. m. is the effective mass of the beam mass and the proof mass (if is present).
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The meg can be calculated with the beam mass, proof mass and a correlation factor of y, [32,33]. It is worth mentioning that
{7} has only non-zero element equal to 1 at the degree of freedom at which the input acceleration are exerting. By this def-
inition, the generated instantaneous power can be calculated as:

2
t

P(t) my jo(1/R +jwK )™ [qup]

Lo = - SAT)| e (34)
(its) ((_wz +JoB) M)+ (1457 + ) [Keg) +Jeo(1/R+ oK 5) " [Kao ] [Kao] )

Once the solution for all the mechanical degrees of freedom is derived from Eq. (32), one can extract the stress tensors and
electrical displacements for the discretized domain. To do so, with knowing {} at the driving frequency, w, from Eq. (32),
the degrees of freedom, e.g. {7}, can be extracted for each element. Then, at any point in the domain, the mechanical dis-
placements and strain tensors are obtained using Egs. (35) and (36), respectively.

F(X,y.2) = {Tx0yT2 Y = [An(@)] B 0){ 7} (35)

~ N AN A~

$009,2) = {Ewbu iy Tud ) = A@IBX YT} (36)

Finally, from the generated voltage generation and mechanical strain tensors, the electrical displacements and stress ten-
sors are evaluated from the constitutive equations:

D= {ﬁxﬁyﬁz}r — [@'S(x.y.2) + [F]{00 — 1/h,} V,T, = [Q]p?(x,y,z) — [@{00 - 1/h,}V,, T,
- [Q] Sxy. 2. T. = [QIS(x.y.2) (37)

If the piezoelectric sheet thickness is not constant, in Eq. (37), h, is the thickness of the piezoelectric layer at the node
where the parameters are calculated.

3. Validation and comparison with state-of-art model and experimental data

This section deals with validation of the present finite element (FE) model and the computational procedure versus the
analytical and experimental results. In the first example, the resonant frequencies of the bimorph, without added tip mass
and in open-circuit and short-circuit conditions, are compared with the state-of-the-art analytical results. In the second
example, for a bimorph with added tip mass, the fundamental natural frequency, the generated voltage, and the beam-tip
velocity are compared with the experimental results. In addition, the FE results are compared with the analytical beam dis-
tributed model, and evaluation discussions are made between the present FE and distributed beam models.

3.1. Validation versus analytical results from a bimorph without tip mass

In this subsection, the results of studies from the Erturk and Inman [25] (Chapter 3) and Akbar and Curiel-Sosa [11] stud-
ies are compared with the results of the developed finite element model in this study. The analytical results by Erturk and
Inman’s [25] example has been used as a benchmark for validating models for bimorph piezoelectric harvesters under base
excitation. For instance, Akbar and Curiel-Sosa [11] used this example for validating their analytical model and FEM results
for both structural responses and energy harvesting evaluation. Here, first, the structural response is evaluated. Secondly, the
short-circuit and open-circuit resonant frequencies, f;° and f7°, respectively, are compared with [25].

The benchmark is a bimorph piezoelectric energy harvester without added tip mass subjected to the base excitation with-
out consideration of the contact layer. The example includes isotropic model for the substrate and orthotropic model for the
piezoelectric layer. The piezoelectric layer is made from PZT-5A with the given material properties in Table 1. Table 2 shows
the dimensions and material properties in the validation example.

Table 3 shows the comparison between the undamped natural frequencies. The results show that, all the bending natural
frequencies are in a good agreement with<3.5% error. Nevertheless, for higher bending modes, the error between the beam
analytical model and this high-order shear deformation FEM model increases. This implies that, the shear stresses, that have

Table 1
Material properties for piezoceramic PZT-5A.
Density (kg/m?) 7800
11.Q5,(GPa) 66.0 12 Q51 (GPa) 20.46
Q%4 Qf, Q& (GPa) 22.8 e12,e3(C/m?) -15.9

e33(C/m?) 15.9 Permittivity (F/m) 1.593 x 1078
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Table 2
The properties of the bimorph piezoelectric harvester [25].
Description Piezoelectric sheet Aluminum substrate
Length (mm) L=30
Width (mm) b=5
Thickness (mm) h, = 0.15(each layer) hs = 0.05
Density (kg/m?) See Table 1 U = 2700
Elastic modulus (GPa) (E1); =623
Poisson’s ration 0.33

Table 3
Comparison between undamped natural frequencies for the configuration in Table 2.
Vibration mode Natural frequency (Hz)
Erturk-Inman [25] Akbar-Curiel-Sosa [11] Present FE
Beam analytical Finite element TSDT approx.
1st bending 185.1 185.1 187 185.9
2nd bending 1159.8 1160.1 1162.3 11744
3rd bending 3247.6 3248.3 3238.5 3356.4

not been considered in both of the studies by Erturk and Inman [25] and Akbar and Curiel-Sosa [11], become more significant
for higher bending modes. Even though the first mode natural frequency, obtained from the FE model, is almost identical
with that of the beam model, the second and third natural frequencies are higher than the analytical model. Therefore,
the results show that, considering the shear stresses makes the beam stiffer.

Due to the electromechanically coupled effects of the piezoelectric materials, the resonant frequency in the tip displace-
ment and power frequency functions slightly depends on the electrical load connected to the piezoelectric harvester. In par-
ticular, two special cases are of interest for reporting the results, namely, open-circuit and short-circuit frequencies, as their
proportion is a function of the piezoelectric constants [32]. Table 4 shows the comparison between the open-circuit and
short-circuit frequencies from the present FEM model and the results from [25]. As expected from [32], the open-circuit res-

onant frequency is higher than the short-circuit frequency in both of the methods. As can be seen from the fraction of £

e
f?"

results of the both methods are in a good agreement for modeling the effect of the electrical load on resonant frequency.

0c

3.2. Validation versus experimental data of a bimorph with tip mass

For a bimorph energy harvester with proof mass, the results from the presented FEM are compared with experimental
results in other studies. The experimental results are derived from a study by Erturk and Inman [13], where they conducted
experimental tests on a bimorph harvester with PZT-5A piezoceramic and a 0.012-kg proof mass under the harmonic base
excitation. Geometric properties are exactly copied from Erturk and Inman [13] as shown in Table 5.

Table 6 shows the fundamental frequencies without and with proof mass. The 0.012-kg proof mass, which is equal to
140% of the harvester beam mass, causes a 62% reduction in the fundamental frequency, namely from 119.8 Hz to
45.7 Hz. In addition, Table 6 compares fundamental frequency in short-circuit condition for the bimorph harvester. Results
of current FEM are in good agreement with the experimental data with an error 0.2%.

Table 7 shows the comparison of natural frequencies obtained from different FE models in this case study. The FE results
are presented in two sub-categories, namely classic and Carrera’s unified formulation (CUF). In the classical methods, three
plate theories (CLPT, FSDT, and TSDT) are analyzed while for the CUF approach only the TSDT is analyzed. As can be seen, the
classic CLPT results are less accurate compared to the other models especially in torsional modes and higher bending modes,
where the difference between them becomes considerable. There is a good agreement between the results from the FSDT and

Table 4

Comparison between short-circuit and open-circuit frequencies for configuration in Table 2.
Mode 1st bending (Hz) 2nd bending (Hz) 3rd bending (Hz)
Method if o e o ic oc
Erturk-Inman [25] 185.1 191.1 1159.7 1171.6 32453 3254.1
Present finite element- TSDT approx. 185.7 191.3 11744 1186.4 3356.4 3368.0

e 1.03 1.01 1.004

b
I
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Table 5
Geometric properties of bimorph with added mass.
Length of the beam (mm) 50.8 Width of the beam (mm) 31.8
PZT thickness- each layer (mm) 0.26 Tip mass, (kg) 0.012
Substrate density (kg/m?) 9000 Young’s modulus (GPa) 105
Substrate thickness (mm) 0.14
Table 6
Fundamental frequency comparison for the bimorph with added tip mass given in Table 5.
no proof mass with proof mass
Present FE Present FEM Experiment [13]
Fundamental frequency (Hz) 119.8 45.69 45.6

Table 7

Comparison of natural frequencies between various FE approaches for the bimorph with added tip mass given in Table 5.
Mode number and type Classical methods CUF

CLPT FSDT TSDT TSDT

1st bending (Hz) 45.00778 45.70266 45.68668 45.68741
1st torsion (Hz) 318.84079 424.20583 423.59242 423.98667
2nd bending (Hz) 500.12100 521.55566 521.23325 521.48227
2nd torsion (Hz) 1138.69341 1458.35721 1454.94244 1457.17431
3rd bending (Hz) 1286.33597 1486.86323 1483.32038 1484.45300
4th bending (Hz) 2183.62439 2335.92377 2332.04895 2333.48623
3rd torsion (Hz) 244433313 3052.32948 3041.00076 3047.85320
5th bending (Hz) 2490.30352 3211.72280 3190.17430 3194.82131

TSDT classical models for all the bending and torsional modes. Moreover, there is remarkable consistency between the nat-
ural frequencies obtained from the CUF and classic models in this example.

Fig. 7 compares the output voltage and the beam-tip velocity as a function of the excitation frequency for three different
resistive loads, namely 1 kQ, 6.7 kQ, and 100 kQ. These values are normalized to the unit base acceleration of g, as reported
by [13]. As can be seen from Fig. 7 (a), the voltage estimated from the present FEM is in a good agreement with the exper-
iments at all the resistive loads. In compliance with the experimental data, the shift in the frequency of the voltage peak for
higher resistive loads can be also observed in the FEM. The present FEM also estimated the beam-tip velocity with reasonably
good accuracy. The FEM has better resonance simulation of the beam-tip compared to the FEM by Akbar and Curiel-Sosa
[11]. In their FEM [11], the accuracy of the resonant tip-displacement from the FEM was not satisfactory. Nonetheless,
the disparity between the simulated and experimental data in the tip velocity, Fig. 7 (b), are greater compared to the values
for the voltage generation. In the study by Erturk and Inman [13], the experimental and simulated correlation of the tip-
velocity was also weaker than that of for the voltage data. One reason for this difference can be due to experimental errors.
Based on the comparison results, the consistency between the FEM and experimental results are better for smaller resistive
loads (<100 kQ). This can be due to the nonlinear piezoelectric properties, which can be more significant at higher voltages.
Priya et al. [34] previously reported the electromechanical nonlinearities for PZTs.

As a comparison of the power generation, the power output over a wide range of resistive loads from the present FEM
(classic and CUF models with TSDT approximations) are compared with the analytical beam distributed model by Erturk
and Inman [13], as shown in Fig. 8. The power generation is due to the resonant harmonic excitation. The FE classic and
CUF models results are the same for this example. The overall behavior of the output power are identical between the FE

o Experiment (Erturk and Inman 2009) —Present FE o Experiment (Erturk and Inman 2009) —Present FE
1000 5 ) 1
] 100 kQ R
= 100 - — A
; 10 i oocnole o E‘
© i i 2 01 4
8 1 Jegpreomony” S
5 o1 T
= 6.7k 1kQ =
0.01 — T T T T T T T T T T T T T =~ 0.01 —+——F——T—"—T—T—TT T T T T T
30 40 50 60 70 35 40 45 50 55 60
Excitation frequency (Hz) Excitation frequency (Hz)

Fig. 7. Comparison of (a) output voltage and (b) tip velocity between experimental data and the present FEM.
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Fig. 8. Out power comparison between the present FEMs (Classic and CUF methods based on TSDT approximation) and the Erturk and Inman distributed
model [13] versus resistive load.

and beam models. Both models point to an optimum electrical load associated with the maximum power output, but this
optimum value is slightly different in the results based on these models. The optimum load from the present FEM is 25
kQ while it 23 kQ for the distributed model. The power output around the optimum load has more consistency between
the models compared to the small or great resistive loads. As shown in the zoomed-in view in Fig. 8, the minimum difference
is 8%, and it occurs around the optimum resistive load. The difference of the output power between the models becomes
significantly greater in small loads (<100 Q) and great loads (>100 MQ) with the respective differences of 34% and 21%,
respectively. This indicates that, the beam-distributed model cannot accurately model the electromechanical coupling in
all range of electric loads.

As a further comparison, the voltage outputs with load of R = 25 kQ are shown in Fig. 9 over a range of frequency ratios.
The frequency ratio is the excitation frequency divided by the natural frequency of the beam, e.g. Q = ®/w,, where w, is the
harvester natural frequency. With this definition, Q = 1 means that the energy harvester is subjected to a harmonic load
with the driving frequency equal to the beam natural frequency. It can be seen that, the voltage outputs obtained from
the models are in a good agreement around Q = 1. On the other hand, for the off-resonance excitations, the beam-
distributed model overestimates the voltage generation.

4. Application of the present method for non-uniform variable thickness piezoelectric beam

In this section, a numerical case study is presented to show ability of the presented model for estimation of the output
power in a bimorph piezoelectric harvester beam that previous method cannot be employed on this configuration. The
piezoelectric beam in this numeric example is a non-uniform bimorph piezoelectric beam with non-constant thickness of
the piezoelectric sheets. A composite substrate shim with rotated fibers is assumed to join the two piezoelectric sheets.
Moreover, the energy harvester includes a contact layer between the substrate shim and the piezoelectric sheets. First,
the role of optimum load on the output power is investigated in subsection 0 and the effect of the external input acceleration

With R=25 (k2)
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Fig. 9. Comparison of the output voltage obtained from the present FEM and the Erturk and Inman distributed model [13] versus frequency ratio.
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on the optimum load is shown. In addition, the power generation with optimum load resistance over five bending modes is
calculated by considering the support loss, fluid-structure and the structural damping mechanisms. Deformations in differ-
ent driving frequencies for the harvester are reported in Section 4.3. Finally, Section 4.4 reports effects of the thickness vari-
ation of the piezoelectric sheet and the fiber rotation in the substrate layer on the output electrical power by a parametric
study.

4.1. Harvester description and characterization

Fig. 10 shows the bimorph energy harvester with non-uniform piezoelectric sheets. Unlike the previous studies, which
used metal substrates, the substrate layer in this study is an E-Glass composite material. This type of material provides
an opportunity to change the natural frequency of the beam and the tip displacement by rotating the fiber direction in
the substrate shim. The substrate layer is considered to have the E-Glass fiber with epoxy matrix and a volume fraction
of 60%. Fiber direction is 0 =10° for all cases except those that are mentioned separately. In addition, the thickness of the
piezoelectric sheet is not constant along the length and increases with a slight slope. Table 8 shows geometrical dimensions
and material properties of the piezoelectric beam in Fig. 10. Lines L1 to L3 are lines in the middle of the beam width at dif-
ferent x through the thickness from the top layer to the bottom layer. These lines demonstrate the displacements through the
thickness.

For modeling the damping mechanisms in this energy harvester with clamp-free boundary condition, two types of mech-
anisms are assumed. First, the fluid-structure damping mechanism, which is frequency dependent, is modeled with the vis-
cous FEM damping matrix [C]. Secondly, the structural and support loss mechanisms, that are frequency independent, are
modelled with the structural FEM matrix [H]. By using the damping ratios from previous study of the authors [35], and
Egs. (29) and (30), the coefficients of the damping matrices are calculated as 8, = 0.42, 8, = 6.48 x 10”7 and I'" = 0.0475.

Two mesh densities, one with course elements and one with finer elements, are considered in this study, as shown in
Fig. 11. In mesh I, the piezoelectric sheet is divided into two divisions in width-wise, while in mesh II it is divided into four
divisions. In both meshes, there are two regions with different materials. The yellow region is the region where the piezo-
electric layers and adhesive contacts are present, (4, 4, 4s) = (1,1,1), while in the purple region only the substrate material
exists, (4p, Ac, 4s) = (0,0,1).

4.2. Generated power spectrums

As it can be seen from Fig. 12, there is a considerable different between output power for resonant and off-resonance
input excitations for all the electrical loads. For each frequency ratio, an optimum electrical load resistance leads to a max-
imum power. This load is slightly dependent to the excitation frequency. For instance, R, is 83.1, 78.6 and 74.6 kQ for fre-
quency ratios of 0.9, 1 and 1.1, with corresponding output power of 7.1, 7.7 and 96.1 mW/g?, respectively. The optimum load
for under-resonant excitations (Q < 1) is greater that of for the resonant excitation (Q = 1). In addition, the optimum load for
over-resonant excitations is smaller than the resonant excitation. The curves for Q = 0.9 and 1.1 are almost identical, which
is due to symmetry of the structural response around the natural frequency. Nonetheless, this symmetry is deteriorated for
excitation cases of Q = 0.8 and 1.2. The output power with Q = 1.1 and 1.2 is slightly greater than that for their symmetric

frequency ratios, i.e. Q = 0.9 and Q = 0.8.
N
E-Glass composite '

substrate

Piezoelectric
ceramic

Epoxy contact
layer

)L L3

| |
T 1]
hp ‘I\ Clamp-line s » hc hs

Base excitation

Fig. 10. A non-uniform energy harvester with two piezoelectric ceramic sheets attached on E-glass composite substrate with epoxy contact layer.



Table 8
Dimensions and material properties for the piezoelectric harvester shown in Fig. 10.
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Description Piezoelectric (PZT-5A) Substrate (E-Glass composite) Contact layer (Epoxy adhesive)
Length (mm) 100 200 100
Width (mm) 25 50 25
Added tip mass (kg) 0.01
Thickness (mm) h, = 0.3(each layer) hs=0.2 he =0.02
h'p = 0.6 (each layer)
Density (kg/m?) See Table 1 1 = 1759 U = 2750
Structural constants 0=10° E =1.05(GPa)
- Qi (GPa) 56.4 v=03
- Qy (GPa) 18.0
- Qi (GPa) 3.6
- Qqq (GPa) 9.0
- Gss (GPa) 9.0
- Ges (GPa) 9.0

- Only substrate layer

Clamp-end \:’ Substrate, two piezoelectric
r and contact layers

Mesh I

Width (m)

Mesh II

Width (m)

0 002 004 006 008 01 012 014 016 018 02

Length (m)

Fig. 11. Mesh for the numerical example with material distribution.

If one selects a non-optimum load resistance, for instance R = 10 kQ, the output power at Q = 1 will be 25.7 mW/g?,
which is only 26.8% of the maximum available power. The results shown in Fig. 10 emphasize importance of selection of
optimum load resistance to enhance the output power. Since the optimum load resistance becomes different for different
frequencies and, on the other hand, the applied electrical load has an effect on the resonant frequency, as presented in
Table 4, selecting the precise optimum load resistance is an iterative process that needs more consideration than a simple
analysis. Furthermore, as shown by Khazaee et al. [30], amplitude of base excitation affects resonant frequency of the gen-
erated power, and therefore will influence optimum electrical load. Nevertheless, in the context of the presented paper, no
further action on optimum load is carried out because it is not in the scope.

Output power for electrical loads of 1009, 10MQ and R, conditions in a range of 0-300 Hz are shown in Fig. 13. In addi-
tion, the output power in optimum load connection is calculated from both meshes II and I. The output powers in R, con-
dition are almost coincide for the both meshes at all frequencies with an intangible error < 2% at the bending peaks. As high-
order elements are employed in the present method, results with course elements (mesh I) have also reasonable accuracy.
Nonetheless, there is a small difference in the frequency range 50-70 Hz, which is the result of identifying a non-strong
mode around 57 Hz that is a mixed bending and torsion mode, as shown in Fig. 14. Since this mode has a negligible effect
on the energy harvesting by the piezoelectric beams, the effect of this mode can be ignored. Therefore, mesh I is selected over
mesh II because it has less elements and consequently less computation time while it has reasonable accuracy.
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Fig. 12. Output power from the piezoelectric beam in Fig. 10 versus electrical load for different frequency ratios (2 = 0.8, 0.9, 1.0, 1.1 and 1.2).
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Fig. 13. Output power from the piezoelectric beam in Fig. 10 over 0-300 Hz input acceleration frequency for 100Q, 10MQ, and R, load resistance
conditions.

7 displacement (m)

- 0.1
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Fig. 14. The non-strong mode at 57 (Hz) frequency for mesh II.

There are four bending modes in this frequency range, which power has local maximums at these frequencies. As can be
seen, the output power for the optimum load condition is considerably higher in all the resonant frequencies. At the opti-
mum load condition, the resonant frequencies are 15.4, 30.5, 114.5 and 221 Hz. According to Eq. (29), the modal viscous
damping coefficient is higher by increasing the frequency and, therefore, the power for higher bending modes become lower
than the power for the first bending mode.

4.3. Evaluation of displacements

Fig. 15 shows the displacement in z-direction at frequencies around the first bending mode as well as the second and
third bending modes. Because the piezoelectric sheets, with considerable thickness compared to the substrate layer, exist
until x = 0.1 m, there is small deflection before x = 0.1 m at the all frequencies. Fig. 15 (a) emphasizes on the fact that,
the beam deflection and, therefore, the output power is remarkably higher at the resonant frequency compared to other fre-
quencies even close to the resonance. For instance, if the excitation frequency changes 0.9 Hz from the resonance, the tip
beam displacement reduces 25%, reducing the output power significantly. Fig. 15 (b) shows the displacements in z-
direction for three bending modes under steady state solution. Since, the displacements in the second and third modes
are smaller than the first mode; these two modes are magnified by a factor of five in the figure. The displacement for these
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Fig. 15. Displacement in z-direction for mid-surface at (a) around first bending mode and (b) first to third bending modes.

three modes matches to the standard mode shapes of the clamp-free beam. Consequently, the results prove that the iden-
tified modes are the bending modes.

The curves in Fig. 16 show in-plane displacements, e.g. 1y and ry, at three locations, lines L1 to L3, through thickness for
different bending modes. It is worth mentioning that, L1 and L2 are at x = 0.04 m and 0.1 m and the piezoelectric layers are
present at these lines, while L3 is at x = 0.2 m where the substrate layer is only present. In addition, the beam thickness at
these lines are not the same as can be seen in Fig. 10. Maximum thicknesses at lines L1 to L3 are 5.4E-4, 7.2E-4 and 1E-4 (m),
respectively. The positive displacement in x direction shows that, the point is in extension while the negative displacement
shows compression. When the beam has thin thickness, at L3 for example, in-plane displacements through the thickness are
very close to linear. While for lines L1 and L2, where the beam is thicker because of the piezoelectric sheets, the in-plane
displacements are cubic polynomials. Moreover, as the beam at L2 is thicker than the beam at L1, the displacement for L2
has larger curvature than the L1. Therefore, if the beam befits thicker, then the non-linear deformation through thickness
becomes more important and should be considered in design of piezoelectric system. The in-plane displacement at L3 is
overall larger than the other lines (L1 and L2), which is due to the flexibility of the thin substrate layer with a length of
0.2 m. Fig. 16 (b) shows comparison the in-plane displacements at line L2 for three bending modes. As can be seen, the dis-
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Fig. 16. Displacement through thickness in x- and y-directions for different lines and bending modes, (a) for first mode and lines L1 to L3 and (b) Line L2 for
three bending modes.
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placements in the first mode is larger than the displacement in the second mode, and it is larger in the second mode com-
pared to the third mode. This statement can be also concluded from Fig. 15 (b).

4.4. The sensitivity of power to piezoelectric variable thickness and substrate fiber rotation

In order to observe the effect of non-constant thickness in the piezoelectric sheet, the tip displacement and output power
are plotted in Fig. 17 in frequency range of 10-20 Hz under R = 10 kQ load resistance and fiber rotation 6 = 0. The solid line
represents the constant thickness while dashed lines are for non-constant thicknesses. The thickness variation makes a shift
in the resonant frequency, which can be in positive or negative direction, depending on the slope of the thickness increment
along the length. Furthermore, the output power becomes greater with increment of the slope of the piezoelectric thickness.
Increasing the piezoelectric thickness causes an increase in the tip displacement as well as in the power generation. For
instance, the power generation by the non-constant thickness of the piezoelectric layer with i, = 2.5h, is 1.74 mW/g? that
is considerably higher than the power generation in the piezoelectric layers (0.76 mW/g?) with a constant thickness. There-
fore, the output power enhances by 130% only by increasing volume of the harvesting device by 31% when the tip displace-
ment increases from 4.5 mm to 5.9 mm

By rotating the fiber direction from the physical direction in a composite substrate shim, it is possible to alter the stiffness
matrix of the substrate beam without changing its overall geometry. This modification leads to a change in the natural fre-
quency and the beam deflection. Moreover, it changes the stress distribution in the piezoelectric sheets and, therefore, the
output power will be different. Fig. 18 shows the tip displacement and output power at four fiber angles, 6= 0°, 10°, 20°, and
40°.As shown, the resonant frequency constantly plunges by increasing the fiber rotation. Nevertheless, the tip displacement
and output power increase up to 6 = 20° and then dramatically decreased as 6 increases. This variation indicates that, chang-
ing the fiber rotation is a trade-off for maximizing the power. A fiber rotation from 6 = 0° to 0 = 20° causes the power to
increase from 1.56 to 1.79 mW/g?, showing 15% increment in the power generation without adding more energy harvesting
material.

4.5. Practical comments on the PEH design for power optimization

The natural frequency and beam deformation are the most important vibrational parameters in the PEH. According to
numerous studies [1,2,32,36] PEHs generate the maximum voltage output when deformed with a driving frequency close
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Fig. 17. The effect of piezoelectric sheet thickness on (a) tip displacement and (b) output power with R =10 (kQ) and fiber rotation 0 = 0. h', = h, is
constant thickness and h', > h, is non-constant thickness.
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Fig. 18. The effect of fiber rotation in substrate composite shim on (a) tip displacement and (b) output power with R =10 (kQ) and k', = 2h,,.



M. Khazaee et al./Mechanical Systems and Signal Processing 145 (2020) 106927 23

to their fundamental frequency. In many practical cases, an added mass can be used to control the fundamental frequency
[3,37], enabling the structural deformation to be considerably amplified at the working frequency [38]. Therefore, in practice,
the fundamental frequency, matching and enhancing the output power, are important in the design of PEHs. This section
gives practical remarks about these two parameters.

The contact-layer thickness is a factor, which can cause variations in the output power and the natural frequencies
because it changes stiffness of the PEH, the mass and the damping properties. The damping effect of the contact layer is
not in the scope of the current study, where it is assumed unchanged. Neglecting the contact-layer damping effect, the con-
tact layer increases the harvester effective-mass slightly and, therefore, increases the inertial load acting at the harvester
base. On the other hand, the beam-tip deflection becomes smaller as the contact-layer adds stiffness to the beam’s stiffness.
These two consequences have contradictory effect on the output power. Fig. 19 shows variation of the PEH power spectrum
for contact-layer thicknesses of 0, 10, 20, 40 and 50 pm. By increasing the bonding-layer thickness, the resonant frequency
increases as the beam becomes stiffer. The peak resonant power is reduced by increasing the bonding-layer thickness. This
shows that, the bonding-layer thickness overall reduces the beam-tip deflection and the output power.

For the illustration of the power optimization, the output power from the harvester is plotted in Fig. 20 versus h;, /hps for
different fiber rotation (0) angles. The output power increases with respect to 0 until 0 =20° and after this point, it sharply
reduces. At this optimum 0 point, the substrate modulus of elasticity in x-axis becomes minimum and, therefore, the beam-
tip displacement becomes maximum allowing the maximum power generation. By increasing h;, /hp, the output power is
increased until a certain point, where it smoothly reduced eventually. The maximum output power is 104.7 mW/g? and
is generated with 6 =20° and h; = 2.75h,. This power is more than 50% higher than the power by the PEH in common design,
i.e.0=0°and h, = h,.

The added tip mass reduces the natural frequencies and increases the beam-tip displacement, as shown in Fig. 21. There-
fore, if the kinetic energy source is low frequency vibration, the added tip mass can be used for matching to the vibration

source frequency. In addition to frequency reduction, the added tip mass increases the output power due to the higher
tip displacement.
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Fig. 19. Contact-layer thickness effect on the output power with R = Ry (kQ) and h', = 2h,,.
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5. Concluding remarks

In this study, a comprehensive finite element formulation is proposed within the framework of piezoelectric energy
harvesting for accurate structural and energy harvesting modeling of piezoelectric beams. The present approach is derived
from third-shear-deformation theory and considers the Carrera’s Unified Formulation for displacement fields. The method
also considers the contact layer thickness in the harvester beams, non-uniformity in the piezoelectric sheet, non-constant
thickness of the piezoelectric sheet and principal coordinate rotation. The proposed method is evaluated with some state-
of-the-art methods in various conditions in structural analysis and energy harvesting parameters. By considering these
features, the present method can be used for the design of high performance piezoelectric harvesters in different applica-
tions. With presenting the numerical results of a case study, effect of the variation in the piezoelectric sheet thickness and
the rotation of principal coordinates in the substrate layer is demonstrated. The results show that increasing the piezoelec-
tric thickness along the beam length enhances the piezoelectric output power. In addition, by changing the fiber direction
in the substrate layer, the energy harvester beam becomes less stiff leading to a lower natural frequency and higher out-
put power.

CRediT authorship contribution statement

Majid Khazaee: Conceptualization, Methodology, Writing - original draft, Software, Data curation, Visualization, Soft-
ware. Lasse Rosendahl: Methodology, Supervision. Alireza Rezania: Conceptualization, Methodology, Investigation, Valida-
tion, Writing - review & editing, Supervision.

Appendixes A. Transformation

In this study, a rotation between physical coordinates and principal coordinates was considered for orthotropic materials
in the piezoelectric harvester. Due to this rotation, the material properties in physical coordinates will be different from the
principal coordinates and, therefore, it is necessary to perform a transformation from physical to the principal coordinates.

Eq. (A.1) shows the structural stiffnesses in the physical coordinates for a rotation of 0 for both of the piezoelectric and
substrate materials.

Qi1 =Qyycos* 0+ 2(Qq2 +2Qss) sin 0 cos? 0 + Q. sin* 0Q1>
= (Qu + Q2 — 4Qqg) sin® 0cos? 0 + Q1 (sin4 0 + cos* 9)@2

= Qqysin 0+ 2(Qy, + 2Qgg) Sin® 0.cos® 6 + Q,, cos* 6Q ¢

Qi1 — Q2+

= (Q41 — Q1y — 2Qg5) sin O cos® 6 + < ) sin® 0 cos 6Q,6

2Qs66

=(Q11 — Q12 — 2Qg6) sin’ 0 cos 0+ (Qi1 — Qu2 + 2Qeg) sin 0 cos® 6Q5
= (Qq1 +Qu — 2Q1, — 2Qg6) sin® 0c0s% 0 + Qg (sin4 0 + cos* 0)644

= Qua €0S% 0 + Qs5 Sin” 0Qus = (Qs5 — Qua) COS 05in Q55 = Qs5 OS> 0 + Qus sin’ 0 (A1)

The electromechanically coupled coefficients of the piezoelectric for a rotation of § are shown in Eq. (A.2). In addition, Eq.
(A.3) can calculate the permittivity coefficients in the physical coordinates.
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Table B1

Gaussian points and weights for N¢ = 5.
Index Gaussian point Weight
1 5.65222820508010E-03 2.10469457918546E-02
2 7.34303717426523E-02 1.30705540744447E-01
3 2.84957404462558E-01 2.89702301671314E-01
4 6.19482264084778E-01 3.50220370120399E-01
5 9.15758083004698E-01 2.08324841671986E-01

€31 = €31 COS2 0 + e3; sin” 0
B3, = 31 5in® 0 + e3, cos2 0
€36 = (€31 — e33) sin 6 cos
€14 = (€15 — €34) Sin 0 cos 0 (A.2)
B4 = €34 COS2 0 + €15 Sin 0
E15 = €15 COS2 0 + €4 SiN° 0
835 = (€15 — €34) Sin 0 cos 0

€11 = €11 COS% 0 + € 5in* 0
€ = €11 5iN% 0 + €, cOS2 0 "3
€12 = (€11 — €x)sin0cos 0

€33 = €33

Appendix B. Gauss quadrature integration

For evaluating the finite element matrices in Eq. (24) over a volume with trapezoid cross-sectional area, the Generalized
Gaussian Quadrature (GGQ) is proposed in this study. First, the domain is broken into smaller volumes with triangle cross-
sectional shapes, as illustrated in Eq. (26). Then the GGQ is applied for each smaller volumes with formulation in this appen-
dix derived from Ref. [39]. Thus, in this appendix the volume integral of I; = fgl/(x.,y,z)dy is evaluated numerically over

subdomain Q; with boundaries shown in Eq. (B.1).
b rg(x)  pha(xy)
L= / / / /(x,y,z)dzdydx (B.1)
a Jgix) Jhxy)
In order to apply the GGQ on the subdomain Q; in xyz space, this subdomain should be transferred into a zero-one cube
Q, in g2 space by transformation shown in Eq. (B.3).
Q={xy.2)a<x<bg(X)<y<gx),hkxy) <z<hxy)}
={(rr)I0<2<1,0<,<1,0<: <1} (B:2)

X = (b= )+ 0y, = [22(%) ~ & (%)) + 81 (%)7. = [ (%09, ) ~ hu (15,9, |1+ s (3.3, (83)
With these domain transformations, I; can be numerically evaluated with the GGQ with N Gaussian points and following
approximation:

N¢  Ng  Ng

I = /Q Sy dom Y 33 vl (%3, .2, ) (B.4)
) o i |

where |J| is the Jacobi of the transformation, xp,, y, and z,, are the Gaussian point in (0,1) and «, «% and «4 are their

corresponding weights. There are variety of the Gaussian points and weights with N¢ = 5,10, 20, etc. In this study, the Gaus-
sian points and weightsshown in Table B.1. were used. In addition, the transformation Jacobi can be extracted with Eq. (B.4).

Ul = (b— lga(xp) — 81 (xn)) [ (%0, ) =i (%53, )| (B5)
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ARTICLE INFO ABSTRACT

Keywords: This paper presents an initiative concept in geometry and material lay-up toward energy conversion enhance-

Piezoelectric ment of piezoelectric energy harvesters from wideband excitation signals. The energy harvester demonstrated in

E“erﬁi hadrvestlng this work has Macro-fiber-composite (MFC) as active layers and composite laminate as the center shim. This
roadbant

concept utilizes variable cross-sectional area and rotating fiber orientation in the MFC active layer. The simu-
lation of the energy harvester is carried out using finite element (FE) method with high-order shear elements.
Results of the FE mode is validated with experimental data and numerical results from COMSOL®. Effects of
changing the cross-section, rotation of fibers in the substrate and the active piezoelectric layers on output power
and natural frequency of the harvester are analyzed. The results point out the optimum piezoelectric fiber
orientation, at which power and power density are, respectively, 20% and 60% higher compared to zero-fiber
angle. In addition, taper angle, as a key parameter in shifting the harvester natural frequency, can be used for
broadband energy harvesters. By a combination of the taper angle and optimum fiber orientation, a broadband
energy harvester was optimally designed for a moving car. Power generation by the designed harvester is 84%
greater than a common multi-beam design at a 47%-reduced volume resulting a 160% power density

Macro-fiber-composite

improvement.

1. Introduction

Low-power piezoelectric energy harvesting from wasted kinetic en-
ergy sources has drawn much attention during the past years [1]. There
are several studies focusing on the design and fabrication of piezoelec-
tric energy harvesters (PEHs). To design PEHs, frequency and frequency
bandwidth are of great importance parameters because PEHs have the
best performance in their resonant frequencies in linear framework and
base harmonic excitation [2]. From an energy harvesting perspective,
the harvester performance is assessed with power density (the ratio of
power generation over volume of the PEH). In order to achieve high
power density and maximizing the volumetric power generation, me-
chanical damping should be minimized [3] to limit the frequency
spectrum to a narrow bandwidth, i.e. typically few hertz [4]. On the
other hand, as practical vibrational systems have a broadband frequency
spectrum, the narrowband piezoelectric harvester wastes a large frac-
tion of the available kinetic energy deteriorating the energy conversion
performance. As a result, for maximizing the overall performance of
PEHs, enhancing power generation over a wide frequency range is of

* Corresponding author.

great significance. These improvements lead to higher conversion effi-
ciency for PEHs.

For achieving better PEH performance, previous studied had focused
mostly on only one design aspect including geometrical optimization
[5], nonlinear boundary condition [6], coupling piezoelectricity with
magnetic force [7,8], and material improvements [9]. Muthalif and
Nordin [5] demonstrated an improved power performance of trapezoid
and triangle harvesting beams. They also reported the greater natural
frequency of a trapezoid beam in comparison with the same-length
rectangular beam. Attaching beam-tip iron pieces and magnets around
the beam-tip was used for broadband power generation from harmonic
base excitation [7] and from impact driven forces [8]. Coupling the
electromagnetic force with triboelectric nano generator was investi-
gated by Yang et al. [10,11] for obtaining a hybrid low-frequency energy
harvester. Applying nonlinear boundary condition was investigated by
Hu et al. [6], where they introduced nonlinear stiffness by placing
stoppers in a two degree-of-freedom system. Their harvester design
generated higher power in a larger bandwidth. The impact-based
nonlinear boundary condition was also used for broadband energy
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harvesting by Bhatia et al. [12]. The use of multi beams was investigated
by researchers for obtaining the appropriate frequency response func-
tion in the frequency range of interest. Ramalingam et al. [13] used a
two-beam design with an inner cavity for the illustration of wideband
power output. Moreover, Qi et al. [14] employed a multi beam concept
from Shahruz [15] in order to fabricate a multi resonant structure for
hosting the piezoceramic fiber composite. They showed that, the output
power is improved and its bandwidth has increased using this concept.

In the clamped-free cantilever beam configuration, the most widely
used boundary condition in energy harvesting [2], the normal strain is
maximum in the clamped-end region and becomes zero in the free-end
[16]. Thus, the regions around the clamped-line are accountable for
most of the power generation leaving the major volume of the harvester
ineffective. This becomes more significant if the available PEH volume is
limited because the major PEH volume does not contribute to the power
generation. In addition, developing flexible piezoelectric modules is of
great interest for extending applications of energy harvesting toward
flexible electronics [17]. One concept for changing strain contours over
the harvester surface is to tailor the beam stiffness in desirable direction.
Macro-fiber composites (MFCs) has the unique capacity that fiber
orientation can be varied for changing the beam stiffness in different
directions. MFCs were invented for delivering high-electromechanical
coupling effects in PEH as well as offering great module flexibility (see
Fig. 1 (a)). The MFC is a multi-layered composite having an active layer
of piezoceramic with micro-scale rectangular cross-section fibers (see
Fig. 1 (b)) [18]. The MFC has a moderate power density, approximately
10.37 pW/cm®g3 where go = 9.81 m/s? [19], which is greater than that
of Polyvinylidene Fluoride (PVDF) with 4 pW/cm3.g% [20], still lower
than the power density obtained from Lead Zirconate Titanate (or PZT
ceramic) [20]. Using different fiber orientations, a bi-stable lamina en-
ergy harvester was fabricated by Lee and Inman [21] with two
Macro-Fiber Composites (MFCs) in 0° and 90° fiber orientations.

Increasing voltage generation over the whole harvester surface is an
unmet goal that can lead to substantial increment in the power gener-
ation by nano generators. Moreover, although previous studied multi-
beam harvesters increase the power bandwidth, the power spectrum
still has sharp peaks at resonances due to the high sensitivity of power to
the beam length. Thus, having a wideband power output is still needed
to be investigated because of the wide frequency-band in practical vi-
bration signals. For modeling of energy harvesters with the MFC, there
are few works focusing on finite element (FE) modeling of MFCs [22,23].
Nonetheless, there is a need for a layer-wised FE method (FEM) capable
of modeling energy harvesters with MFC in various geometries and
lay-ups.

This study aims to improve the power conversion efficiency of
piezoelectric nano generators by developing broadband strain-
engineered piezoelectric composite harvesting beams. Using a combi-
nation of geometric and material modifications for a flexible composite
MEFC, a broadband PEH with improved power-density is developed.
Strain contours over the beam area is modified toward better power
generation using an innovative material modification in the MFC layer,

(a)

A

Fig. 1. (a) The flexibility of the MFC and (b) PZT micro-scale fibers in the MFC.
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which has not been studied yet. In addition, by combining the concept of
trapezoid harvesting beam with the material modification, the model for
improved broadband power generation is proposed. To analyze these
modifications for a composite MFC harvesting beam, the shell formu-
lation by Khazaee et al. [24] is modified for precise layer-wised
modeling of MFC harvesters in this study, as described in section 2.
The presented structural FE model can be used for investigation of
structural-electrical behavior of piezoelectric beams in micro to macro
scales. Section 3 is dedicated to derivation of the MFC material prop-
erties and damping coefficients for a PEH with the MFC. Next, the
sensitivity results of the power generation to the cross-section area and
the fiber orientations are presented in section 4. The proposed harvester
design is used for designing a wideband energy harvester with improved
power density.

2. Problem statement and FEM formulation

A bimorph beam with the active length of [ and the base width of b
serves as the PEH in this study. The piezoelectric sample is clamped at
one-end using a clamp box. The clamped-end is fixed to the vibration
source causing transverse motion of the cantilever. The beam width is
non-constant, as shown in Fig. 2, and increases (or decreases) with a
positive (or negative) slope angle a. The electrical output wires are
connected to a purely resistive electrical load (R). Two piezoelectric
layers with thickness of h, are in ideal contact with the hs-thickness
substrate shim. The contact layers has thickness of h.. In practice, each
piezoelectric layer comes with two-side electrodes to collect the charge
generation. Therefore, there is no necessity for the substrate shim of
being metal. Thus, the substrate shim is assumed made of orthotropic
composite laminae. The electrodes from the two piezoelectric layers are
wired in series and, therefore, the piezoelectric layers are poled in the
opposite direction, as shown in Fig. 2. A linear FE formulation based on
the third-order shear deformation theory is derived for analyzing the
bimorph. In the FE model, unknown parameters in the beam vibration
equations are estimated using a spatial approximation for each param-
eter. To make the approximation errors smaller, the differential equa-
tions are solved for small-discretized domains. Thus, the harvester area
is discretized into several small elements and electromechanically
coupled equations are developed for each element. As shown in Fig. 2,
each element has four nodes with five degrees-of-freedom per node,
namely w, ow/ox, ow/dy, ¢,, and ¢, and one voltage value V, for the
element, where w is z-axis displacement of mid-plane, ¢, is the rotation
of x-axis after deformation and ¢, is the rotation of y-axis after
deformation.

The general FE equations can be derived from the extended Hamil-
ton’s principle in absence of electromagnetic forces, as follows [24]:

M1 {7} + [CH Y + ([Kaa] +ilHD) ) = [Kop ]V, = {Fe}

- . (@)
[qu]l{l} +V, /R+K,V,=0

where {y} is the vector of total mechanical degree of freedom, V, is the

(b)

0 kapton ]

Bl acrylic ' N
[] electrode Ié‘
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Element representation

7 Poling direction

| Macro piezoceramic layer (/1)
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Fig. 2. Schematic of piezoelectric bimorph with piezoelectric layers connected to a composite substrate with contact layers and FE discretization.

generated voltage, {F,} is the external mechanical load vector, [Ky,] =
[Kqo){diag(Iy,)} and Iy, is the identity matrix (N, is total number of el-
ements). In addition, [M], [C], [H], [Kq], [Kq,] and K,,, are FE parameters
called as the general mass, viscous damping, structural damping, me-
chanical stiffness, electromechanical coupling matrices and electric
capacitance. Structural and viscous damping mechanisms are modeled
as proportional damping with [H] = y[Kyq| and [C] = g, [M]+ f,[Kgq],
respectively, where y, ; and f, are real positive dimensionless con-
stants. These FE parameters and matrices are presented in Refs. [24] by
applying the concept of Shi’s high-order shear element [25] on elec-
tromechanically coupled equations of piezoelectric materials. Mass

(a)

MFC

Contact Composite
1 bstrat =
ayers substrate
[ ——
VA MFC

[l

©

E-glass fibers

matrix [M] € RNexSNe
electromechanical coupling matrix [K,,| € R®M and capacitance
K,, € R are obtained from density properties, material structural stiff-
ness properties, piezoelectric coupling coefficients and permittivity of
piezoelectric material, respectively. More details about derivation of
these matrices can be found in Refs. [24].

Fig. 3 (a) shows the layered bimorph energy harvester with two
active MFCs. Different layers in the MFC are also shown in Fig. 3 (b). In
order to investigate the harvester performance at different fiber orien-
tations in substrate and active layers, as shown in Fig. 3 (c) and (d), the
substrate and PZT fibers are not aligned with physical coordinates (x,y),

(b)

, mechanical stiffness matrix [Kgq] € R3Ne*3Ne |

(IT_110 Electrode (copper+epoxy)
[ Active layer (PZT fiber+epoxy)
I Acrylic

[ Kapton

)

. a

S . PZT fibers

Fig. 3. (a) Layered bimorph energy harvester, (b) the MFC sub-plies, (c) rotation of substrate shim principal coordinates, and (d) rotation of PZT fibers.
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having a rotation of 6; and 6,, respectively. These rotations change the
material properties in these layers and, consequently, alter the natural
frequency and output power. The active layer in MFC has rectangular
PZT fibers aligned and fixed with epoxy matrix. It is worthy to note that,
PZTs are not isotropic materials and have different material properties in
different directions [26].

Khazaee et al. [24] developed FE matrices, where the active layers
are made of a single piezoelectric material, which is different from the
MFC. A MFC layer, as shown in Fig. 3, consists of an active layer sand-
wiched between the electrode layers, which are then protected from
electrolyte and environmental conditions with an acrylic and a Kapton
layer on both sides. The electrode and active layers are also composite
layers made of copper and PZT fiber with epoxy, respectively. Material
properties of the composite layers in the PEH are obtained using rules of
mixture as suggested in Refs. [27]. Let’s use superscripts ' and ‘m’
referring the material properties of the fibers and matrix, respectively.
Then, the material properties for the composite laminae in principal
coordinates of (1,2), when fiber volume fraction is 7, can be shown as
follows [28]:

E = 77E| + (1 - 7)E"
1 7 1=7

1 7, 1=7

E, Ef; E

Viz = }f‘){2+(17 7 )iy

L7 1= @
Gn G, G"

Gy = 73G;+ (1- 75)G

0717
Gs G, G"

-1
. 1 . -t t
Pl) _my o ak)
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Q1 = Ouicos* 0+2(Qn + 2Q()5)sm Ocos? O + Oxnsin* 0

01, = (Q11 + O — 4Q4)sin’ fcos’ 0 + le(sm 0 + cos* 0)

QZZ - Qllmn 0+ 2(QIZ + 2Q66)§1I1 Ocos® 0 + szcos 4]

016 = (O — Q12 — 2045 )sin Ocos” 6+ (Q1 — Q2 + 2Qse)sin’ 0 cos 0
Os = (Qu1 — Q12 = 204)sin’ 0 cos 6 + (Qu — Q12 + 2046)sin Qcos 0
O = (011 + Q0 — 201, — 2Q66)sm 0cos? 0 + Qg6 (sm 6 + cos g)
Qi = Qu4c08% O + Qsssin® 0

Qus = (055 — Q44)COb 0sin 0

Oss = 055c082 0 + Quysin® 0

4

Similarly, due to a @ rotation, the piezoelectric material properties
are expressed as follows [29]:

@31 = €31c08% 0 + expsin’ O
ey = 6315iI12 0+ 632COS2 0
€3 = (831 — 632)Sin 6 cos 6

€14 = (e15 — €24)sin O cos 6
@y = excos’ 0+ elssin2 0
C1s = €15c08> 0 + exysin’ O (5)
€5 = (e15 — €a4)sin O cos 6
& = EIJCOSZ 0+ Ezzsinz 0

£ = €115in° 0 + exc0s O
€12 = (€11 — €22)sin O cos O
£33 = €33

By combination of the mixing rules presented in Eq. (2) and Eq. (3),
and the equations for the principal coordinate rotation, we are able to
extract the FE matrices from the material properties. By having the FE
matrices and assuming a harmonic input acceleration of dz = |dg|e™*
acting on {.7 } mechanical degree of freedom, the normalized power
generation to the square of acceleration magnitude is derived as:

(ldsl)> R

Furthermore, considering the active layer with volume of 77, the
piezoelectric properties can be calculated from Eq. (3) [27]:

1.
d31 = E—l 7/ fdglEli’

dyy = —dvia + 75d BV (1 +W,) @

e o D
&3 = 7pey

Eq. (2) and Eq. (3) present the material properties in the principal
coordinates. Nonetheless, these material properties need to be trans-
formed to the physical coordinates. Note that the copper fibers in the
electrode layer have a rotation of 90. Let’s assume [Q;] and [Q;] as the
structural stiffness in principal coordinates and physical coordinates,
respectively, with a rotation of . The relationships between these pa-
rameters is shown in Eq. (4) [29]:

(( @ +jp) M)+ (147 + 08) [Koe] w( e +sz<¢¢)7 [&,) [fc,w]')

(7} e ®)

where my is the effective mass of the PEH. is the normalized power

\ \)2
to the square of input acceleration, with unit of 2 *, and has no de-

pendency to the magnitude of the input acceleration. In the result sec-
tion of this paper, normalized power is demonstrated.

For the accurate power calculation, see Eq. (6), three coefficients f1,
p2, and y in the damping matrices [C] and [H] are estimated. Damping
properties of an unknown system are often identified with the aid of
FEM and experimental tests using model updating methods [30]. In
model updating methods, a residual function is minimized by updating
certain model coefficients. In this study, as the most important result for
the PEH is the output power, the residual function is the difference of
output power between the experimental test and the FE model. By
expressing the updating parameters with 0 = {1, P2, 7} € R3, the re-

sidual function, £(0), is defined as:

£(0) = (P™ — P(0)) )
where P js the measured power and P(0) is the power calculated from
the FE model. Moreover, if the updating parameters are restricted by
upper and lower bands as < 0 < %, the model updating problem
leads to a constrained least square problem given by

_ min_ |¢(8)[2. This nonlinear least square problem has no closed-
0eR3, <0<
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Table 1
Characteristics for sub-plies in a MFC from Smart Material Inc [33].
Properties Active Electrode Acrylic Kapton
layer layer layer layer
Fiber volume fraction 0.86 0.24 - -
77 [271
Layer thickness (um) 177.8 17.78 12.7 25.4
[31]
Fiber material PZT-5A Copper - -
Matrix material Epoxy Epoxy - -

from solution and should be solved iteratively.

3. Characterization of MFC layer and modeling of an PEH with
MFC layer

The MFC is a multi-layered composite comprising various materials.
In the MFC, characterization of the geometrical dimensions and the
material properties for each layer is essential to achieve a close-to-reality
FE model. For the MFC characterization, the material properties are
derived from the previous studies on the MFCs and then mixing rules are
employed for obtaining final properties in the composite sub-plies.
Moreover, comparison results between the present FE model and
experimental data for the MFC harvester are reported. Additionally, the
damping coefficients are extracted from the FE model-updating scheme.
The damping coefficients are used for the analyses in section 4.

Table 1 shows the characteristics of the MFC sub-plies. The thick-
nesses for these sub-plies, presented in Table 1, are derived from
Ref. [31], while the fiber volume fractions are that estimations reported
by Deraemaeker et al. [27]. Five different materials are used in the MFC
sub-plies, namely PZT fibers, epoxy, copper, acrylic and Kapton. Solid
properties of these materials are given by Williams [31]. In order to
obtain realistic piezoelectric coupling properties, the constant ds; is
derived from the experimental study on low-voltage ranges by Prasath
and Arockiarajan [32], where they experimentally studied the relation
between the strain and electrical field. Table 2 summarizes material
properties derived from the aforementioned studies.

Using the properties mentioned in Tables 1 and 2, the results of the
presented FE formulation are compared with the experimental data from
Khazaee et al. [34]. The piezoelectric sample used by them is a unim-
orph PEH comprising a 120-pm-thickness aluminum substrate with an
M-2814-P2 MFC from Smart Material Inc. having the top surface area of
37 x 18 mm? in connection to an electrical load resistance of 31.5 kQ.
Fig. 4 shows the experimental setup used in Ref. [34]. More details about
the experimental setup can be found in Refs. [34]. The fundamental
natural frequency was 197.5 Hz according to the experimental results.
From the present FE simulation, the fundamental natural frequency is
205.7 Hz showing an error of ~4%. Therefore, there is a good agreement
between the present FE model and the experiment since many associated

Table 2
Material properties for materials used in a MFC layer from Smart Material Inc.
Properties PZT fibers Epoxy Copper  Acrylic Kapton
Young’s modulus E; =53 3.378 117.2 2.7 2.5
(GPa) [31] E, =61
Shear modulus (GPa) G2 =12 1.33 44.7 1.0 0.93
[31] Gaz = 22.6
Gz = 22.6
Poisson’s ratio [31] vi2 = 0.384 0.27 0.31 0.35 0.34
Va3 = 0.35
Density (g/cm®) [31]1  7.75 1.4 8.96 1.185 1.42
Coupling charge d3; = —167.28 - - - -
constants (pC/N) dz; = —167.28
[32]
Dielectric constants 1850¢9 — - - -
(nF/m) [27]
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Fig. 4. Experimental setup for the unimorph PEH [34].
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Fig. 5. Comparison between the experimental data [34] and the present finite
element (FE) method in undamped and structural-viscous damped models.

parameters in the MFC have been obtained from the mixing rules.

Fig. 5 shows the electrical power measured experimentally from the
unimorph MFC as a function of frequency ratio (). The frequency ratio
is the fraction of excitation frequency to the fundamental natural fre-
quency of the harvester. The output power from the present FE approach
is presented in undamped and damped models. Due to electromechan-
ical coupling effects, the maximum power point is occurs slightly after
the fundamental frequency, at Q~1.016. The FE maximum power point
in either damping models are in good agreement with the experimental
result. The proportional damping coefficients from the model updating
are f/; = 4.886, i, =1.243 x 107° and y = 0.824 x 10~2. Comparing
the power generation from the FE model with the experimental data in
Fig. 5 shows that, the none-damped model is extremely overestimated
the resonant output power. On the other hand, in the damped model, the
output power presents a good agreement with the experiments. In the
next numerical analysis in section 4, these damping coefficients are used
as the model inputs.

4. Results and discussion

In this section, performance of a typical PEH is investigated at
different configurations using the FE model verified experimentally.
From the FE model presented in Figs. 2 and 3, a sensitivity analysis is
carried out focusing on variation of three parameters, namely the angle
of changing cross-section area (a), piezoelectric fiber direction (¢,) and
composite substrate fiber direction (6;). First, the variations of the
output power and resonant frequencies are analyzed by changing the a
angle in the tapered and extended configurations. In this analysis, the FE
natural frequencies at different a values are compared with the results
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Fig. 6. Geometries of the under study piezoelectric harvester in reference, tapered and extended cross-section configurations.

Table 3
Material properties of the substrate shim and contact layers.

Properties E-glass fibers Contact layer
Young’s modulus (GPa) E=30 1.05

Shear modulus (GPa) G=30 0.40
Poisson’s ratio v =0.32 0.3

Density (g/cm®) 2.540 1.4

from COMSOL Multiphysics® software. Secondly, the effects of varia-
tions of ¢, and 6; on the resonant frequency and power are reported
followed by presenting contours of the strain and electrical displacement
field. These investigations are finally employed to design an optimum
PEH with two MFC layers for a diesel car moving on a bumpy highway.

4.1. Effect of cross-sectional angle on output power and natural frequency

Three beam configurations are studied in this paper, as shown in
Fig. 6, which are constant cross-sectional (reference configuration),
tapered and extended configurations. The analyzed PEH has two MFC
layers with the material properties presented in Tables 1 and 2. The
composite substrate is unidirectional laminae made of E-glass fibers with
epoxy matrix and 60% volume fraction. Two contact layers are assumed
for joining the MFCs and the substrate layer. Table 3 shows material
properties of the substrate and contact layers. A reference lay-up is
regarded at which the tapered angle is zero but the fiber rotations in the
substrate and active layer are non-zero. The layered properties for the
reference configuration are presented in Table 4.

Fig. 7 compares the natural frequencies from the present FE method
with that of the modelling software at the reference lay-up but at
different tapered angles (a). Fig. 7 (a) presents the first three natural
frequencies versus the element numbers when a = —5°. According to the
mode shapes, as shown in Fig. 7 (b), only the first identified mode is the
bending mode, while the other two modes are torsional modes, which
are not of interest in the present study because of negligible piezoelectric
couplings at these displacements. While the first natural frequency does
not differ considerably by increasing the element numbers, the second
and third natural frequencies can be inaccurately estimated with low

Table 4
Layered characteristic assumed for reference configuration.
Properties Active Substrate Electrode Contact
layer layer layer layer
Tapered angle a 0
(deg)
Length (mm) 100
Width (mm) 100
Fiber direction 6 6, =10 6s = 30 90 -
(deg)
Layer thickness 177.8 150.0 17.78 50.0
(um)
Fiber material PZT-5A E-glass Copper -
7 = 60%
Matrix material Epoxy Epoxy Epoxy -

number of elements. Similarly, for the numerical results, while the first
natural frequency demonstrates weak dependency to the element
number, the second and third natural frequencies have strong de-
pendency to the element number. The present FE results using a high
element number are in good agreement with the numerical results.
Computation time plotted in Fig. 7 (a) soars exponentially by increasing
the element number. Therefore, selection of the element number is a
trade-off between the accuracy and computational time. In most appli-
cations of piezoelectric energy harvesting, the first bending mode is of
interest for the PEH design. A total number of 24 elements has good
accuracy for the natural frequency estimation at low computation time.
This domain discretization, six divisions in length and four divisions in
width, is selected as the optimal mesh in this study. The first natural
frequency at different o angles, obtained by the 24-element FE model,
agrees well with that of obtained by COMSOL®, as shown in Fig. 7 (c).

Fig. 8 illustrates the resonant tip displacement and resonant power
over electrical resistive load by varying a for the reference lay-up
properties and 6, = ¢; = 0°. The PEH device volumes corresponding to
the taper angles « = —15°, 0°, and 15° are 119.8, 78.0, and 36.2 cm®,
respectively. Fig. 8 (a) shows that, the extended beam has higher tip
deflection and, hence, higher axial strain. Eventually, higher power
output is achieved as can be seen in Fig. 8 (b). By comparing the reso-
nant power in Fig. 8 (b), it is furthermore found that, changing a has a
small effect on the optimum electrical load resistance. Comparing the
power outputs at a = —15° and a = 0° cases furthermore shows that, the
resonant power is increased by 6% in the case with a« = —15°. The
volumetric power in optimum electrical resistance load for « = —15°, 0°,
and 15° are respectively 3.87, 5.56, and 11.41 pW/m? s~* cm®. In the
tapered configuration with @ = 15°, the power density is enhanced by
105% compared with @ = 0°.

The output power and the normalized power to the PEH volume are
plotted in Fig. 9 for different as with 5 kQ electrical load. The extended
configuration has smaller resonant frequency and generates higher
electrical power. Both of these variations are desirable for the PEH
performance. The natural frequency and resonant power for the PEH
with a = —15° are respectively 13.6 Hz lower and 65-pW/m2.s~* higher
in comparison with the case with @ = 15° showing a large reduction in
the resonant frequency and increment in the power generation. How-
ever, if high power density is of interest, the tapered geometry with a =
15° generates 76 pW. cm™>/m2.s~* more power than the extended case
a = —15°, which is a drastic increment in the power density (see Fig. 9
(b)). The results of Fig. 9 indicate that, the extended configuration is
desirable for higher power output while the tapered configuration de-
livers higher power density even though the magnitude of the power is
lower than the standard configuration.

Apart from the power enhancement, the angle a can also be a tuning
factor for matching the excitation dominant frequency to the PEH nat-
ural frequency. In many practical energy-harvesting applications, the
PEH must be adapted to the changes of the input vibration character-
istics to provide the maximum possible power output. For instance, a car
hood at 700 rpm has a highest peak power at 35.6 Hz with acceleration
magnitude about 0.0744 m/s> [35]. In this scenario, two different ap-
proaches for the power optimization are considered. The first approach
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Fig. 10. Power generation from a car hood working at 700 rpm versus (a) extended angle and (b) PEH length.

is to change a, while in the second approach, the PEH length is tuned.
Fig. 10 shows the results for these two optimization approaches. The
maximum power outputs in these two approaches are respectively 2.73
W for @ = 4° and 1.87 pW for L = 0.101 m at 10 kQ electrical load. The
power output in the a-tuning approach is 45% greater than the power in
the L-tuning approach.

4.2. Variation of fiber rotation in active and substrate layers

Contours shown in Fig. 11 present the PEH optimum resonant power
and natural frequency with respect to the fiber orientations in the sub-
strate and piezoelectric layers for « = 0° and —15°. Overall, the natural
frequency and the resonant power of @ = —15° case are respectively
lower and higher than that of the case with a = 0°. In Fig. 11, the
contours show that, ¢, has greater impact on the natural frequency than
05 due to the smaller thickness of the substrate layer. As can be seen from
the contours in Fig. 11 (a) and (b), the PEH optimal performance can be
obtained by only optimizing 6}, and setting s constant. For instance, in «
= 0° configuration, changing 6, from 0° to 40°, while 65 = 0°, increases
the power generation from 440 to 514.6 pW/m2.s~*, and decreases the
natural frequency from 37.8 to 17.7 Hz. A similar trend can be also seen
for @ = —15°. Based on the aforementioned argument, only optimization
of the 6, can derive the practical optimal design. Therefore, further
investigation of 6 is not proceeded in this study.

Fig. 12 shows the resonant power, the power density and the reso-
nant frequency versus 6,. There is a symmetric line at ¢, = 90° and,
therefore, the same behavior can be seen between 90° and 180°. Starting
from 6, = 0° to 90°, the power generation increases until the optimal
fiber direction, 6,p: = 35°. The second significant local maxima occurs at

0, = 75°. The maximum power output at 6 is identical for the a5,
age and aps- cases. If the PEH volume is a significant design parameter,
then the power density, Fig. 12 (b), will be of interest. The case with a;5°
offers highest power density. The optimal power density for a;5- is 117%
higher than the ag- case. The natural frequency of the PEH is another
important parameter. The resonant frequency, as shown in Fig. 12 (c),
reduces until g, = 45° and then increases, however one should be careful
about the dramatic power drop after ¢, = 40°. The PEH with a.;5- has the
lowest natural frequency. For instance, at 6y, the natural frequency for
the cases with a.15- and aj5- are 17% lower and 25% higher, respec-
tively, compared to the case with a¢-. To sum up, an optimal region for
the resonant power can be defined as 6, € [30°,40°], where a is viewed
as a tuning factor for the natural frequency matching.

In order to observe the influence of the piezoelectric fiber orientation
on the performance of a PEH, out-of-place displacement r,, normal strain
Sxx and electrical displacement D, at the mid-plane of the active piezo-
electric layer are shown in Fig. 13. The base excitation for the results in
Fig. 13 is 1 m/s? at the fundamental natural frequency of each config-
uration. Therefore, as the natural frequencies for 6, = 0° and 35° are
respectively 37.8 Hz and 24.1 Hz, the magnitude of the base excitation
displacement reach 17.7 pm and 43.6 pm, respectively. In overall, uni-
form and symmetric contours are resulted from 6, = 0° fiber orientation,
while the contours are distorted with circular patterns for 6, = 35°. This
implies that, while the first mode in 6, = 0° is a pure bending mode, it is
a mix bending-torsion mode in §, = 35° case because of the non-uniform
bending stiffness due to the fiber orientation. This bending-torsion mode
at 0, = 35° causes non-uniform circular patterns in the normal strain and
electrical displacement field in the piezoelectric layer.

Improving the normal strain contour on the PEH surface area im-
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Fig. 11. Contours for optimum resonant power with R = 6 kQ and fundamental natural frequency for (a) « = 0° and (b) & = —15°.

proves the PEH power generation. This can be achieved by reducing the
PEH stiffness in x-direction, which is equivalent to increment in ¢,. By
looking into the strain and electrical displacement contours for 6, = 35°,
the improvements of these parameters can be clearly seen in comparison
with the 6, = 0° case. For instance, the maximum value of Sy, in 6, =
0° and a = 0° case is 4.5 x 10”7 m/m while it is 8.0 x 10~/ m/m in the
case with ¢, = 35° and a = 0°. Moreover, the magnitude of D, at the
optimum fiber orientation is greater than that of the 6, = 0° case. The D,
in 6, = 0° is approximately —1.3 x 10~* C m~2 while this figure lies in
[-1.45,-1.85] x 10°*Cm2in 0p = 35°. Due to the greater D, at 0y, the
power generation is greater than zero-fiber angle. This fact is valid for all
the studied cases, @15, age, and a;se, as was shown in Fig. 12.

For the case with 6, = 0°, Sy, and D, has the greatest value near the
clamped-line. These figures gradually reduce toward the beam free-end.
Therefore, in this fiber orientation, a large portion of the piezoelectric
layer has low contribution in the power generation. Nonetheless, these
patterns distort for the 6, = 35° case, so that the regions close to the free-
end generate more power than the regions close to the clamped-line. To
quantify the power generation contributions of different surface regions,
the beam is divided into seven equal regions, and then the average D,
over each partition area is calculated. Fig. 14 presents the average D,
values over the partition areas for different as and 6)s. In the common
PEHs with zero-fiber-orientation MFCs, the regions near the clamped-
end generate more power compared to the free-end region. Neverthe-
less, in the optimal piezoelectric fiber orientation where 6, = 35°, the
regions near the free-end have greater D, value. In the other words, the
role of unproductive surface regions near the free-end becomes more
prominent by changing the strain contours in the piezoelectric layer.
Consequently, the voltage potential in the whole PEH area is higher
compared to the uniform strain contours.

The electrical displacement field (D,) in the poling direction for two
cases, i.e. a.15» and ays0, at O,y are shown in Fig. 15 when the external
electrical load is 6 kQ. The D, magnitude for a.;5- is approximately 10%
higher than the a;5- case. This also can be interpreted from Fig. 14,
which illustrates the greater average D, in the all beam area for a.;se.
However, one can observes resemble patterns by comparing the patterns
in Fig. 15 for both a.15° and a;5- cases, which are completely different
from the uniform contours for the ¢, = 0°. In a 3-1 mode piezoelectric
harvester, the voltage generation is proportional to the normal strain. In
the case 6, = 0., the structural stiffness matrix differs from that of the
case 0, = 0° and, therefore, the strains are not identical between these
cases. It causes different patterns of the electric displacement field be-
tween the cases where 6, = 0, and 6, = 0°.

5. Summary and discussion on the proposed design in practical
cases

In subsections 4.1 and 4.2, the variations of the output power and
natural frequency were investigated with respect to the variations in the
beam cross-section area and piezoelectric fiber orientation. It was shown
that, changing the cross-section area causes a considerable shift in the
natural frequency. In addition, setting the piezoelectric fiber orientation
in the MFC to an optimum angle enhances the electrical displacement
field over the surface so that the power generation increases consider-
ably. Table 5 presents summary of the results obtained through the
sensitivity studies in sections 4.1 and 4.2. For cases that a < 0, both of
the natural frequency and power density decrease while the power
generation increases. These variations have opposite pattern for a > 0.
The power density can be increased by 95% only with changing a from
0° to 15°. The power density can be further increased by a factor of
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Fig. 12. (a) Resonant power, (b) power density and (c) fundamental natural frequency versus piezoelectric fiber orientation.

155% with setting 6, = 0, offering a remarkable change in the power
density. In addition, changing the taper angle from —15° to 15° results a
variation in the natural frequency from —12.4% to +23%. By setting 0,
= Oopt, the natural frequency can be further reduced by 46%. Moreover,
if the PEH volume is not a critical design parameter and only the power
generation is of interest, a design case with a = -15° and 6, = 6, gives a
19% increment in the power generation. Overall, the optimum design is
the configuration with @ = 15° and 6, = 6o, which has the greatest
power density and an 18%-increased output power. In this optimum
design, the output voltage and current are respectively 1.77 V/m.s 2
and 294.8 pA/m.s "2 resulting an output power of 521.31 pW/m2s ™.

The studied parameters, fiber orientation and tapered/extended
angles, provide a great suppleness in the PEH design so that a wide range
of operation conditions can be covered with an identical design.
Although the investigated example is in cm-scale, the optimum PEH
design, with considerably greater power density, can also be used for
small-scale energy harvesting. In particular, using fiber orientation to
create the desirable strain contour is highly beneficial for small-scale
PEH designs as it increases the power density noticeable by employing
whole the harvester surface for power generation. In addition, the
reasonably good flexibility of the MFC extends the applications of the
current design toward small-scale flexible electronics.

To show the application of the proposed PEH design in practice, an
energy-harvesting device is designed for a practical wideband vibration
source. In practice, the vibrational sources may have variable vibration
emissions in terms of frequency spectrum or acceleration magnitude,
depending on the operational condition. In addition, frequency of a vi-
bration signal from a practical vibration source does not only point out
to a specific frequency, but normally the signal has high acceleration
amplitudes over a frequency range. To clear this point, experimental
vibration signals from a moving car, as a practical vibration source, was

10

considered in this study. The experimental vibration data is retrieved
from the real vibration data base [36]. The car under the study was
Grande Punto diesel equipped with an accelerometer and a data
acquisition system. The acceleration data was recorded for 60 s in three
directions with the sample rate of 20 kHz. The time signal and Fourier
transform, obtained using Fast Fourier Transform (FFT), are shown in
Fig. 16 in gg = 9.81 m/s? unit. The root mean square of the time signal is
equal to 0.21g( and the acceleration has a peak of 0.033g at 29.64 Hz.
The frequency spectrum of the acceleration shows that, the acceleration
is always higher than 0.011g in a frequency sweep of 9 Hz, between 26
and 35 Hz. Using a single energy harvester with the matched natural
frequency for the vibration of 29.64 Hz, will waste the vibrational en-
ergy available in the other frequencies. One solution for tackling this
issue is to broaden the frequency bandwidth of the PEH. Using
multi-resonant beam [14], placing a stopper along beam length [37] and
tapered beam with cavity [13] can be named as some solutions for
broadband power generation. In this study, it is considered that, a
number of harvester beams with different a but the same 6, are mounted
on a base plate, so that each energy harvester covers a frequency range
but, overall, all of these PEHs cover a broad bandwidth together.
According to the FFT of time signals of the car vibration, the fre-
quency range of interest chosen to be [25,35] Hz, where the magnitude
of the acceleration is high compared to the other frequencies. To cover
this frequency range, we considered five harvester beams with 6, = 0,
and different as, i.e. @ = 3°, 7°, 11°, 15°, and 19°, while keeping the
material properties as used through this study. Fig. 17 (a) shows a
schematic of the proposed energy harvester. To show the superiority of
the proposed method over the common multi-beam harvesters, a com-
mon harvester, as shown in Fig. 17 (b), with variable beam lengths, i.e.
L=105,110, 115, 120, and 125 mm, is furthermore investigated. In the
proposed design, the power output has a broader bandwidth due to
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Fig. 13. Out-of-plane displacement (r;), normal strain (Sx.), and electric displacement field in poling direction (D,) with R = 6 kQ versus fiber orientation (6,=0° and
Oopt) for a = 0°.
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Fig. 15. Electrical displacement field in poling direction for mid-surface of the active layer with R = 6 kQ for 6, piezoelectric fiber orientation at « = —15° and 15°.

Table 5

Summary of the sensitivity results of a and 6, on the natural frequency, power generation and power density when R = 6 kQ.

Power density”

Parameter Natural frequency Power
Value (Hz) Variation® (%) Value (pW/m?s™ %) Variation® (%) Value (uW.cm3/m%s™#) Variation® (%)
a=0,6,=0 37.81 - 440.03 - 56.41 -
o= — 15,8, = 0 33.11 —12.43 457.50 3.97 38.19 —32.31
o= + 15,8, = 0 46.73 23.59 399.22 -9.27 110.28 95.49
o= 0,6, = Oop 24.06 —36.37 518.24 17.77 66.44 17.77
a = — 15,0, = Oopt 20.40 —46.05 524.64 19.23 43.79 —22.37
o = + 15,08, = Oopt 30.31 —19.84 521.31 18.47 144.01 155.27

? Variation is compared to the a = 6, = 0 design case.
b Power density is calculated based on the PEH device volume.
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Fig. 16. Time signal and Fourier transform of y-axis acceleration signal from Grande Punto diesel car moving on bumpy highway configurations [36].

different as while in the common design the power output is broadband
due to the different lengths. The power generation curves with R = 10
kQ over frequency of 10-50 Hz are shown in Fig. 17 (a) for the both
designs. The power output for the present design has a maximum value
of111.3 mW/g(z). Due to setting the fiber orientation to 8oy, this value is
approximately 50% higher than the maximum power with the common
design. This power improvement can be seen over the whole frequency
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range. In addition, due to the very narrow power bandwidth from each
beam in the common design, the power curve in the common design has
a fluctuation pattern. In contrast, in the present design power has a
smaller amplitude fluctuating pattern.

According to Khazaee et al. [38], when the frequency spectrum of a
practical signal is present, the power-frequency curve can be estimated
by considering each point in the frequency domain as a single harmonic



M. Khazaee et al.
(a)

Proposed harvester device: 5 beams with
variable ds and identical 6,=6¢

Attachment
point

Excitation
direction

Power versus frequency for the harvesting device
T L § ¥ T ¥ T Y A

Nano Energy 76 (2020) 104978

(b)

Common design harvester device: 5 beams
with variable length and ¢,6,=0

5

Attachment
point

] o

Excitation
direction

S | S —— , .
e I Proposed harvester a=3 1
S 100} B, ._
£ C — a=11 ]
Y B =15 -
o r ——a=19 ]
§ 60 - ~Sum-present design |7
(C) 2 F e Sum-common design |
T 40f g
w ] ]
2] [
o 20+
g [
<] 0&

20

—
(=]

15

45

Frequency (Hz)

Fig. 17. (a) Proposed harvester design, (b) a common multi beam with variable lengths, and (c) power generation for the PEH devices as a summation of all

five beams.
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Fig. 18. Demonstration of power generation with car excitation for two harvesting devices proposed in Fig. 17 over 10-50 Hz frequency range.

excitation. Finally, in a linear time invariant system, the total power
generation is the summation of the power generation for each frequency.
By multiplying the power spectrums for the present and common de-
signs to the square magnitude of the car acceleration signal, shown in
Fig. 16 (c), one can estimate the power output from the PEH devices.
Fig. 18 presents the power output with R = 10 kQ in the considered
range of frequency, where the acceleration amplitude is greater than the
other frequencies. The power output for the proposed PEH is consider-
ably higher, compared with the commonly designed PEH. After imple-
menting the series summation of the power output at the all frequencies,
the total power is obtained 5.26 and 2.85 mW for the proposed and
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common designs, respectively, showing a vivid increase of 84.6% in the
total power generation. If only the harvesting beams are considered to
calculate the volume of the device, the proposed energy-harvesting de-
vice has a volume of 23.7 cm®, while the common design PEH has vol-
ume of 44.9 cm®. Consequently, the power density in the proposed
device is 222.1 pW/cm? that is 160% higher than the power density in
the common design.

6. Conclusion

In this paper, an initiative configuration for PEH with MFCs, as the
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active layers, was proposed for achieving higher energy harvesting
performance. Three controlling parameters were introduced in the PEH
design, namely taper or extended cross-section angles, piezoelectric
fiber rotation and substrate fiber rotation. The results showed that, the
taper or extended angle has a great impact on the natural frequency of
the PEH and, at the same time, the taper angle causes a significant
increment in the power density. Rotation of the substrate fiber has small
impact, compared to rotation of the piezoelectric fiber because of the
small substrate thickness compared to the piezoelectric layer. On the
other hand, by changing the PZT fiber orientation in the MFC, the power
generation increased dramatically due to the modification in the strain
contours over the beam area. Finally, by using the proposed design
method, a broadband energy harvester consisting of five harvesting
beams was optimized for power generation from a moving car. The re-
sults showed that, the power output is 85% higher in 47% reduced
volume, compared to the common design with five rectangular beams.
The results of this study provide a guideline for geometry optimization
of flexible PEH modules with MFCs for maximizing the energy har-
vesting performance.
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