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ABSTRACT

PIEZOELECTRIC ENERGY HARVESTING FOR MUNITIONS
APPLICATIONS

ERSOY, Kurtulus
M.Sc., Department of Mechanical Engineering

Supervisor: Prof. Dr. Mehmet CALISKAN

September 2011, 163 pages

In recent years, vibration-based energy harvesting technologies have gained great
importance because of reduced power requirement of small electronic components.
External power source and maintenance requirement can be minimized by
employment of mechanical vibration energy harvesters. Power sources that harvest
energy from the environment have the main advantages of high safety, long shell life
and low cost compared to chemical batteries. Electromagnetic, electrostatic and

piezoelectric transduction mechanisms are the three main energy harvesting methods.

In this thesis, it is aimed to apply the piezoelectric elements technology to develop
means for energy storage in munitions launch. The practical problems encountered in
the design of piezoelectric energy harvesters are investigated. The applicability of

energy harvesting to high power needs are studied. The experience compiled in the



study is to be exploited in designing piezoelectric energy harvesters for munitions
applications.

Piezoelectric energy harvesters for harmonic and mechanical shock loading
conditions with different types of piezoelectric materials are designed and tested. The
test results are compared with both responses from analytical models generated in
MATLAB® and ORCAD PSPICE®, and finite element method models generated in

ATILA®. Optimum energy storage methods are considered.

Keywords: Piezoelectric Materials, Energy Harvesting, Finite Element Modelling of

Piezoelectric Materials, Continuous Modelling of Piezoelectric Materials
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MUHIMMAT UYGULAMALARI iCiN PIEZOELEKTRIK ENERJI HASADI

ERSOY, Kurtulus
Yiiksek Lisans, Makina Miihendisligi Bolimii

Tez Yoneticisi: Prof. Dr. Mehmet Caliskan

Eylil 2011, 163 Sayfa

Son yillarda, kiigiik elektronik pargalarin diisen gii¢ gereksinimleri nedeniyle titresim
kaynakli enerji hasadi biliyilk 6nem kazanmistir. Harici giic kaynagi ve bakim
gereklilikleri mekanik titresim gii¢ {iretecleri kullanimi sayesinde en diisiik seviyeye
indirilebilmektedir. Cevresel kosullardan gii¢ tiretimi kimyasal bataryalara gore
yiiksek giivenilirlik, uzun raf omrii ve diisiik fiyat avantaja sahip olma temel
avantajlarina sahiptir. Elektromanyetik, elektrostatik ve piezoelektrik enerji ¢evirim

mekanizmalari {i¢ temel enerji hasad1 yontemidir.

Bu calismada, piezoelektrik eleman teknolojilerinin mithimmat patlamasi sonucu
enerji depolama yontemi olarak uygulanmasi amaclanmistir. Piezoelektrik enerji
iireteclerinin tasarimlarinda karsilasilan sorunlar arastirilmistir. Enerji hasadinin

yluksek gii¢ ihtiyaglarina gore uygulanabilirligi {izerine ¢alisilmigtir. Calismada elde
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edilen deneyim miithimmat uygulamalari i¢in piezoelektrik gii¢ iireteci tasariminda

kullanilacaktir.

Harmonik ve mekanik sok yiikleme durumlar ic¢in farkli tipten piezoelektrik
malzemeler iceren piezoelektrik gii¢ iiretegleri tasarlanmis ve test edilmistir. Test
sonuglari MATLAB® ve ORCAD PSPICE® programlarinda hazirlanan analitik
modeller ve ATILA® programinda hazirlanan sonlu elemanlar modelleri ile
karsilagtirllmistir. Kazanilan enerjinin optimum olarak saklanmasi konusu da

incelenmistir.

Anahtar Kelimeler: Piezoelektrik Malzemeler, Piezoelektrik Malzemelerin Sonlu
Elemanlar Yontemi ile Modellenmesi, Piezoelektrik Malzemelerin Devamli Olarak

Modellenmesi
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CHAPTER 1

INTRODUCTION

Electromagnetic, electrostatic and piezoelectric transduction mechanisms are three
main energy harvesting methods. Basically, electromagnetic generators utilize
electromagnetic induction arising from the relative motion between a magnetic flux
gradient and a conductor. Electrostatic generators utilize relative movement between
electrically isolated charged capacitor plates to generate energy. Piezoelectric
materials employ active materials that generate a charge when mechanically stressed
[1]. Energy harvesting by piezoelectric materials has received greatest attention in

recent years because of their large power densities and ease of application [2].

In this chapter, detailed information about piezoelectricity history, piezoelectric
material types, physical phenomenon of piezoelectric materials, typical applications
of piezoelectric materials are mentioned. Motivation for the study is discussed at the

end of the chapter.

1.1 Piezoelectricity History

In Greek, “piezin” means “to press” and the term piezoelectric is thought to be

defined the direct piezoelectric effect of this kind of materials [3].

It was first noticed in rocks which repel other rocks when they were heated [4]. In the

mid-18th century, the pyroelectric effect (from the Greek pyr, fire, and electricity),



which is the ability of generating electric potential when a temperature change
occurs, was studied by Carolus Linnaeus and Franz Aepinus. Further examination of
these materials by forming a relationship between mechanical stress and charge is
resulted in the invention of piezoelectricity [5]. In 1880, the first demonstration of
the direct piezoelectric effect which relates mechanical strain to electric potential was
done by the Pierre Curie and Jacques Curie [6]. However, Curie Brothers did not
predict the converse piezoelectric effect which relates applied electrical voltage to

mechanical strain. In 1881, this effect was deduced by Gabriel Lippmann [5].

The first serious application of piezoelectric materials is in the World War 1.
Langevin and co-workers developed a transducer to measure submarine depth [3].
Between 1920 and 1940, by single crystals, quartz resonators, non-destructive testing
methods of fluids and solids and transient measure of pressure were achieved. In the
World War II, the studies were focused on increasing the sensitivity and output
power of piezoceramics by U.S., Japan and Soviet Union. Powerful sonar systems,
small microphones, ignition systems etc. are developed by exploiting piezoelectric
materials. Most of the materials used in piezoelectric phenomena applications have

been created artificially by 1970 [7].

In recent years, the most popular application area of piezoelectric materials is in
sensors where their linear response is very useful in mechanical measurements like
acceleration and pressure. The usage of piezoelectric materials as actuators by
converse piezoelectric effect is a growing field [4]. In the last decade, their usage in
energy harvesting applications is becoming more popular because of reduced power

requirement of small electronic components [2].

1.2 Piezoelectric Material Types

Two main types of piezoelectric materials namely crystalline materials and ceramic
materials exist. Crystalline materials which are naturally occurring crystals are found

naturally especially in the areas of South Pacific. The main types of these materials



are quartz, tourmaline, sodium potassium tartarate, Rochelle salt etc. They are very
sensitive to their cut and orientation due to their atomic structure. Ceramic materials
which are not found in nature and artificially created by sintering finely ground
powdered mixture made by ferroelectrics of the oxygen-octahedral type. They are
named according to their material content like PZT : Pb(Zr,Ti)Os , PT: PbTiO3,
PLZT : (Pb,La)(Zr,Ti)Os. Ceramic materials are widely used in different application
areas because of their advantages to crystalline materials. They are manufactured by
several companies and they cost less than crystalline materials. On the other hand,
they are much more sensitive than crystalline materials. This implies they have better
piezoelectric material properties. However, ceramic materials exhibit very high
temperature sensitivity. Piezoelectric properties can degrade by great extent when the
temperature increases up to the “Curie Temperature” of the material. They have lack
of stability because they can lose their polarization, tentative to mention aging and

fatigue problems. In addition, they are brittle materials [3].

1.3 Physical Phenomena

Two main types of operation of piezoelectric devices are known to date.

Direct piezoelectric effect is the production of an electrical field when the material is
mechanically stressed and converse piezoelectric effect is the deformation of
piezoelectric materials when an electric field is applied to the electrodes of a

piezoelectric material as in Figure 1.1.
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Figure 1.1 Schematic Drawings of Direct and Converse Piezoelectric Effect [§]

1.4  Typical Applications of Piezoelectric Materials

Piezoelectric materials are used widely in different application areas. Piezoceramic
devices fit into four general categories, namely, generators, actuators, sensors and

transducers [8].

Piezoelectric generators can generate voltages sufficient to spark across an electrode
gap, and thus can be used as igniters in fuel lighters, gas stoves, welding equipment,
and other such apparatus. Alternatively, the electrical energy generated by a
piezoelectric element can be stored. Techniques produced have been developed to
construct multilayer piezoelectric generators. Such generators are excellent solid

state batteries for electronic circuits.

Piezoelectric actuators convert an electrical signal into a precisely controlled
physical displacement, to finely adjust precision machining tools, lenses, mirrors etc.
In piezoelectric sensors applications, the physical variable such as acceleration or
pressure acts directly on the piezoelectric element and this excitation is converted

into electrical signal.



Piezoelectric transducers convert electrical energy into mechanical energy, often

sound or ultrasound, to perform tasks like generating ultrasonic vibrations for

cleaning, atomizing liquids, drilling or milling ceramics etc. Piezoelectric materials

technologies and their general applications are summarized in Table 1.1 [9].

Table 1.1 Piezoelectric Material Technology and Application Areas [9]

Technology

Applications

Piezoelectric generators

Energy source for munitions

Energy source for wireless sensors, e.g. in tyres
Energy source for lightning switches

Gas igniters

Micro & Nano positioning
Vibration & noise control

Piezoelectric Valves & pumps
actuators Optics and photonics
Ultrasonic motors
Instrumentation
Vibration and shock measurement
Piezoelectric Pressure and force measurement
sensors Flow and distance measurement

Sound and noise measurement

Piezoelectric transducers

Communication devices
Sonars

Ultrasonic welding
Ultrasonic cleaning

In time very interesting applications of piezoelectric materials have emerged. For

example, POWERIeap Company develops flooring systems that generates electricity

from pedestrian and vehicular traffic. These flooring systems are applied in crowded

places like dance clubs, train stations etc. [10]. Another example is the use of




piezoelectric materials to control the vibration in snowboards and skis. In these
equipments, vibrations cause reduction of control in the board because of reduced
edge contact with snow. The piezoelectric dampers reduce vibration of the board and

allow a more precise control of the snowboard in any kind of snow condition [11].

1.5 Motivation for the Study

Recently developed smart or guided munitions require electrical power for their
operation. The amount of electrical energy required for components such as fby,
onboard RF receivers, low power sensors etc. is relatively low as a result of the
developments of low power electronics. The power requirement is more if
communication with a ground or a mobile station and becomes significant when the
smart materials are equipped with actuators or similar devices for guidance and
control purposes. Classical chemical batteries are not preferred because of their short
shell life, low safety etc. as well as environmental regulations. They have the safety
regulations by various corporations in their transportations [12] - [15]. Instead energy
harvesters, electromagnetic or piezoelectric, with long shell life (up to 20 years or
more) storage safety (e.g. zero power during storage and loading) and mechanical
strength for operating in high g environments up to 120.000 g are preferred [16]. For
small-calibre fuses, for instance, electrical energy requirement is about 3 mJ [17]. In
this thesis, it is aimed to apply the piezoelectric elements technology to develop
means for energy storage in munitions launch. The practical problems encountered in
the design of piezoelectric energy harvesters are investigated. The applicability of
energy harvesting to high power needs are studied. The experience compiled in the
study is to be exploited in designing piezoelectric energy harvesters for munitions

applications.



CHAPTER 2

PIEZOLECTRIC ELEMENTS TECHNOLOGY BACKGROUND

In this chapter, information about piezoelectric material properties, polarization of
piezoelectric materials, modelling of piezoelectric behaviour, common shapes and
loading conditions of piezoelectric materials. Literature survey is presented at the

end of the chapter.
2.1 Piezoelectric Material Properties
Piezoelectric materials exhibit anisotropic properties. Anisotropic means properties

are dependent on the direction within the material. Because of this reason, it is

necessary to use a fixed axis scheme as in Figure 2.1.

Poled

Figure 2.1 Piezoelectric Materials Axis Numbering Scheme



In Figure 2.1, X is the piezoelectric coefficient, iis the direction of electric field
(1,2,3 or X,Y,Z), j is the direction of the mechanical strain or the stress (1,2,3,4,5,6
or X,Y,Z, YZ,ZX, XY) and Y is the specification of electrical or mechanical
boundary conditions. As the superscript, T means constant stress condition where the
material is unconstrained mechanically, S means constant strain where the material
is mechanically constrained, E means constant electrical field where the short circuit
conditions applied and D means constant electrical displacement where the open

circuit conditions exist.

For the direct piezoelectric effect, piezoelectric constantd is the amount of the
charge collected at the electrodes per unit of applied mechanical stress. The unit is
Coulombs per Newton[C/N]. For the converse piezoelectric effect, this constant is
the mechanical strain produced by per unit of applied electric field. For this

condition, the unit is meters per volt [m A% ]

Piezoelectric voltage constant g is equal to the open circuit electric field per unit of
applied mechanical stress for the direct piezoelectric effect. The unit is volts meters
per Newton [Vm/ N]. For the converse piezoelectric effect, it is the strain developed

per unit of applied charge density or electrical displacement.

Electromechanical coupling coefficientk is square root of converted electrical
energy per input mechanical energy for the direct piezoelectric effect and square root

of converted mechanical energy per input electrical energy for the converse

piezoelectric effect. The actual relationship is in terms of k*as in

= Converted Electrical Energy 2. 1)
~ Input Mechanical Energy '




_ Converted Electrical Energy 2.2)
~ Input Mechanical Energy .

2

Typical values of k are 0.1 for quartz, 0.4 for barium titanate ceramic and 0.5-0.7 for

PZTs.

Relative dielectric constant¢, is the ratio of permittivity of a material, & which is the
dielectric displacement per electric field, to permittivity of free space which is
vacuumed g,. Permittivity is the measure of how much resistance is encountered
when forming an electric field in a medium. Thus, permittivity relates to ability of a
material to transmit or "permit" an electric field. It is used in the calculation of the
capacitance of the piezoelectric material. The unit of the permittivity is Farads per

meter[F / m].

Loss tangent tan¢ is the frequency dependent ratio of imaginary and real parts of
the impedance of a capacitor. It is used in the calculation of loss resistance of
piezoelectric material. High values of loss resistance mean a lot of dielectric

absorption.

Young’s modulus Y is the ratio of mechanical stress per unit of applied mechanical

strain. The unit is Pascal [Pa].

Elastic compliance, s, is the inverse of Young’s modulus. The unit is meters square

per Newton [m2 /N ]

Curie temperature, T, is the limiting temperature at which the polarization of the

material is lost. Typical Curie temperatures for PZT materials are in the order of 200

oC.



Frequency constant, N is the product of the resonance frequency and the linear

dimension in the applied force direction. The unit is meters per second [m/ S] [8].

Mechanical quality factor, Q,, is a constant related with damping characteristics of

the material. It is formulated as follows in terms of the damping ratio, ¢ .

Qn == (2.3)

Thus, higher Q,, indicates a lower rate of energy loss relative to the stored energy of

a resonator.

Efficiency of energy conversion, 7 for a clamped and cyclically compressed

piezoelectric element at its resonant frequency is dependent on electromechanical

coupling coefficient, kK and mechanical quality factor, Q,,. The relationship is as in
k2

_ 2=k
n= " e (2. 4)

+—
Q, 2(1-k%)

It implies that higher efficiency of a piezoelectric energy harvester is provided by
higher k and Qy,, which is a useful guideline when choosing piezoelectric materials

for designing energy harvesters.

The piezoelectric properties can be lowered by ageing, high stress and temperature.
The change in the properties of the piezoelectric materials is known as the ageing
rate and dependent on the material type and physical conditions. The changes in the
material are logarithmic with the time. For this reason, manufacturers of piezoelectric
materials usually specify the piezoelectric constants after a specified period of a time.
The ageing process is accelerated by the amount of the stress applied to ceramic

material. This poses a very important problem in the cyclically loaded energy

10



harvesting applications [1]. In Figure 2.2, voltage decrease of a soft piezoelectric

material due to different levels of applied mechanical stress is shown [18].
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Figure 2.2 Voltage Decrease of a Soft Piezoceramic due to Different Mechanical

Stress Levels [18]

2.2 Polarization of Piezoelectric Material Properties

Piezoelectric crystals are composed of very small piezo crystallites. Initially, dipoles
which consist of a set of the same and opposite charges separated by a small distance
are randomly oriented. Because of that, at macro level, piezoelectric behaviour
cannot be achieved. Poling process is applied to align the dipoles properly [8].

Schematic drawing of poling process is as in Figure 2.3.

11
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Figure 2.3 Schematic Drawing of Poling Process [§8]

Applied poling field determines the maximum voltage production capability of

piezoelectric material, V, . equals to poling field voltage, V; times thickness of the

X

piezoelectric material, t, according to the below formula [21].

Vo=V t 2. 5)

max pf ~pz

23 Modelling of Piezoelectric Behaviour

Modelling of piezoelectric behaviour is based on having linear piezoelectric
constitutive equations by interrelating linear elasticity constitutive equations with

electrostatic charge equations through piezoelectric constants as in Figure 2.4.

12
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Figure 2.4 Modelling of Piezoelectric Behaviour Diagram

The electromechanical behaviour of piezoelectric materials can be modelled by two

matrix equations for direct and converse piezoelectric effects.

For direct piezoelectric effect

(D} =[e] (S} + e )E} 2.6)

For converse piezoelectric effect

Ty =[c*si-[elEs 2.7)
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where {D} is the electrical displacement vector, [e] is piezoelectric stress matrix,
{S} is the strain vector, [as] is the dielectric matrix at constant mechanical strain,

{E}is the electrical field vector, {T}is the stress vector and [CE] is the matrix of

elastic coefficients at constant electrical field [19].
24 Common Shapes and Loading Conditions of Piezoelectric Materials

Piezoelectric materials are categorized as “soft” and “hard” ceramics according to

their ease of depolarization.

Soft piezoelectric materials are produced by addition of donor dopant(s) to create
metal (cation) vacancies in the crystal structure of the material [9]. An example of

“soft” PZT material is shown in Figure 2.5 [4].

Hard piezoelectric materials are produced by addition of acceptor dopant(s) to create
oxygen (anion) vacancies in crystal structure of piezoelectric ceramic [9]. “Hard”
does not address mechanical hardness. It refers to meaning of “hard to depolarize” by
application of forces etc. An example of “hard” PZT material is shown in Figure 2.6

[4]. The material properties of soft and hard ceramics are compared in Table 2.1[8].

-

=

Figure 2.5 Soft PZT-5A Material [4]
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Figure 2.6 Hard PZT Material [4]

Table 2.1 Comparison of Characteristics for Soft and Hard Ceramic Materials [8]

Characteristic Soft Ceramic Hard Ceramic
Piezoelectric Constants Larger Smaller
Permittivity Higher Lower
Dielectric Constants Larger Smaller
Dielectric Losses Higher Lower
Electromechanical ~Coupling

Factors Larger Smaller
Electrical Resistance Very High Lower
Mechanical Quality Factors Low High

Coercive Field Low Higher
Linearity Poor Better
Polarization / Depolarization | Easier More Difficult
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Soft piezoelectric elements are more sensitive to mechanical stress than hard
piezoelectric elements. It is shown that hard-doped material is much more resistant

than soft-doped material against degradation as in Figure 2.7 [18].

Piezoelectric materials can have different shapes, loading and boundary conditions
according to their application area. In Figure 2.8, in column “a”, the plate shaped
piezoelectric elements are loaded longitudinally. In column “b”, the plate shaped
elements are loaded in shear mode. In column “c”, rod-shaped elements are loaded
axially. In column “d” hollow cylinder and truncated cone shaped materials which
can only be produced of piezoelectric ceramics are shown. In column “e”, bimorph
piezoelectric elements which consist of two “soft” piezoceramics and one middle
substructure like aluminium in bending mode are shown. In column “f”’, torsion

sensitive piezoelectric elements are shown [4].

:
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Figure 2.7 Comparison of Voltage Decrease for Soft and Hard Piezoelectric

Elements [18]
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Figure 2.8 Different Piezoelectric Element Shapes, Loading and Boundary
Conditions [4]

2.5  Literature Survey

2.5.1 High Power Applications of Piezoelectric Generators

Pearson [4] aimed to examine the properties of piezoelectric materials and to develop
a system that will allow a designer to employ these devices in energy harvesters. He
was interested in supplying electrical energy to the on-board electronics of a sample
munitions by piezoelectric energy harvesters instead of chemical batteries since these
batteries are bulky and their operation is not reliable under high acceleration
environments. He modelled a mass-spring resonator system which applies the force

to the piezoelectric element under high acceleration environments. He used

17
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MATLAB® with the Simulink package to simulate the mechanical side of the
piezoelectric material, along with a resonator and to simulate the internal voltage
generation of the piezoelectric material. To complete the electrical simulation of the
materials, an equivalent circuit model was used along with ORCAD PSPICE® which
is a circuit simulator program. The simulation results were compared with the
experimental results which are conducted by the piezoelectric resonator systems of a
company and drop test setup which can produce accelerations up to 15000 g’s. The
results were not consistent. The reason was most probably the modelling errors of the

resonators.

In another project, Pearson [20] made the steady state test, drop tests and impedance
tests with hard piezoceramics, soft piezoceramics, bimorph materials and
piezoelectric resonator systems. He also studied on the linearity check of soft

piezoceramics.

Pinkston [21] investigated a high energy piezoelectric pulse generator (PPQG)
constructed from commercially available piezoelectric materials. The large internal
capacitance in the high energy PPG was created by stacking numerous single-
element piezoelectric devices and electrically connecting them in parallel. The total
internal capacitance of the PPG was around 0.15 pF. The high energy PPG is
piezoelectrically charged to greater than 1 kV, thereby storing 50 mJ. An
electromechanical model of the PPG was developed in ORCAD PSPICE® as
lumped-element system and used to predict the performance of the high PPG under a
variety of conditions. The ORCAD PSPICE® simulations were compared to
experimental test results with mechanical force rise-times ranging from sub-
millisecond to several milliseconds. Experimentally, the force needed to compress is
derived from a steel mass dropped from variable heights and neoprene material to
control the force. In variety of force values, the simulation results were compared
with experimental results. Peak forces around 18 kN were produced to compress the
piezoelectric material. It was shown that, even after further increasing the force value

after some value, the produced voltage could not be increased because of the
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maximum voltage producing capability of piezoelectric stack. Theoretical and

experimental results were not in very good agreement.

Keawboonchuay et al. made several studies [22] - [26] in piezoelectric energy
harvesting area in high power applications. In “Electrical Power Generation
Characteristics of Piezoelectric Generator Under Quasi-Static and Dynamic Stress
Conditions” [22], the characteristics of a piezoelectric power generator was
investigated under quasi-static (duration > 100 ms) and dynamic (stress duration
< 10 ms) stress applications. The lumped parameter electromechanical model of
piezoelectric generator were presented and used to explain the effects of the
two stress conditions. The simulations predicted that a quasi-static stress would
produce a bidirectional generator output voltage, and a dynamic stress would
produce a unidirectional output voltage. The simulation also showed that, when
equal stresses are applied to the generator, the dynamic stress would generate ten
times higher output voltage than the quasi-static stress because of the generator’s
resistive capacitive time constant. The simulation results were experimentally

verified.

In “Design, Modelling, and Implementation of a 30-kW Piezoelectric Pulse
Generator” [23], the design and modelling of a high power piezoelectric pulse
generator was discussed. This study presented theoretical description of the pulse
generator as well as methods to implement it in the simulation by a lumped
parameter electromechanical model. Techniques to model the diagnostic system that
measures the generator output were presented. Two kinds of experiments,
piezoelectric projectile and bench test, were performed on the piezoelectric pulse
generator to compare the results with the simulations. Barium titanate was used as
the piezoelectric material. In the piezoelectric projectile test, the experimental results
and the simulation results were not in good agreement due to the problem with the
diagnostic system. Experimentally, the peak current, peak power, and power density
were 58.2 A, 28.4 kW, and 517 kW/cm’, respectively while in simulations these
values were 60.9 A, 37.8 kW, and 2256.6 kW/em® , respectively. In the bench test,
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the results were very well agreed with the simulations. Experimentally, the peak
current, peak power and power density were 36 A, 15.6 kW, and 96.7 kW/cm®,
respectively while in simulations these values were 40.2 A, 19.4 kW, and 120.3

kW/em®, respectively.

In “Energy Conversion and High Power Pulse Production By Miniature Piezoelectric
Compressors” [24], the design, construction, and testing of high-power piezoelectric
compression generators were discussed. The piezoelectric compression generators
were located inside high speed, 30-mm projectiles that were launched with a high
pressure helium gun to velocities of approximately 300 m/s. The large deceleration
force created when the projectile impacts the ground is used to power the
piezoelectric compression generator. The peak output power is approximately 25 kW

into a 10 ohms load with the output pulse duration in the order of 1 s.

In “Maximum Power Generation in a Piezoelectric Pulse Generator” [25],
maximization of the power techniques for a high-power piezoelectric pulse generator
was discussed. The theoretical results implied that the peak stack voltage would
increase with an increasing thickness to area ratio of the piezoelectric material and
with increasing applied force. However, in contrast to the peak output voltage, the
peak output current would increase with the decreasing of thickness to area ratio of
the material. The output power of the piezoelectric generator, which is the product of
output voltage and current, linearly increases with the thickness to area ratio.
Experimental results were also presented to verify the theoretical results and to
represent the performance of several types of piezoelectric materials with different

thickness to area ratios.

In “Scaling Relationships and Maximum Peak Power Generation in a Piezoelectric
Pulse Generator” [26], the factors affecting the maximum peak power of a
piezoelectric pulse generator were presented also considering the mechanical
strength limitations. These factors were defined as the piezoelectric material’s

thickness to area ratio, the mechanical compression force, the material’s stress
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limitation, and external circuit conditions. It was implied that maximum peak power
increased with increasing piezoelectric material volume; however, mechanical stress
limitations should also be considered. The highest peak power measured in this study
was 320 kW by a cylindrically-shaped piezoelectric material with 0.89-cm diameter
and 1.27-cm height, which translates into a power density of 405.06 kW/cm’.

Rastegar et al. [27] presented piezoelectric-based energy-harvesting power sources
for gun-fired munitions and other similar applications that require very high
acceleration survivability. The power sources were designed to harvest energy from
the firing acceleration as well as vibratory motion of munitions during the flight and
convert it to electrical energy to power onboard electronics. The developed
piezoelectric-based energy harvesting power sources harvested enough electrical
energy for applications such as fusing. The power sources were designed to
withstand firing accelerations in excess of 100,000 g. The design of a number of
prototypes, including their packaging for high g hardening, and the results of
laboratory and air-gun testing were presented. Methods to increase the efficiency of
high acceleration energy-harvesting power sources and minimize friction and

damping losses were discussed.

2.5.2 Other Applications of Piezoelectric Generators

Ertiirk [2] presented distributed-parameter electromechanical models that can
accurately predict the coupled dynamics of piezoelectric energy harvesters to as
opposed to lumped-parameter electromechanical models. He mostly worked on
cantilevered bimorph piezoelectric energy harvesters. The lumped-parameter
electromechanical formulation was corrected by introducing a dimensionless
correction factor derived from the electromechanically uncoupled distributed-
parameter solution for the transverse vibrations and longitudinal vibrations of
structures according to the tip mass. Then, the electromechanically coupled closed-
form analytical solution was obtained based on the thin-beam theory as piezoelectric

energy harvesters concentrated in this work was typically thin cantilevered bimorph
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piezoelectric generators. The multi-mode electromechanical frequency response
expressions obtained from the analytical solution were reduced to single-mode
expressions for modal vibrations. The analytical solutions for the
electromechanically coupled voltage response and vibration response were validated
experimentally for various cases. The single-mode analytical equations were used for
deriving closed-form relations for parameter identification and optimization. A
simple experimental technique was presented to identify the optimum load resistance
by only a single resistor and an open-circuit voltage measurement. A case study was
studied to compare the power generation performances of commonly used
monolithic piezoceramics and novel single crystals with a focus on the effects of
plane-stress material constants and mechanical damping. The effects of strain nodes
and electrode configuration on piezoelectric energy harvesting were discussed
theoretically and demonstrated experimentally. An approximate electromechanical
solution by the assumed-modes method was presented for modelling of asymmetric
and moderately thick energy harvester configurations. In addition, a piezo-magneto-
elastic energy harvester was introduced as a non-conventional broadband energy

harvester.

Lesieutre et al. [28] studied damping characteristics as a result of energy harvesting
by piezoelectric materials due to the fact that the removal of mechanical energy from
a vibrating structure necessarily results in damping. They had the discussions about
the damping associated with a piezoelectric energy harvesting system that consisted
of a full-bridge rectifier, a filter capacitor, a switching DC-DC step-down converter,
and a battery. For this system, under conditions of harmonic forcing, the effective
modal loss factor was dependent on the electromechanical coupling coefficient of the
piezoelectric system and the ratio of the rectifier output voltage during operation to

its maximum open circuit value. Related formulas were presented.

Challa et al. [29] studied on designing a resonant frequency tuneable energy
harvesting device by a mechanism including permanent magnets. They designed and

tested a resonance frequency tuneable energy harvesting device applying magnetic
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forces. Attractive and repulsive magnetic forces were employed to tune the device to
resonance frequencies that are either greater or less than the untuned resonance
frequency of the device. It was found that these magnetic forces could change the
resonance frequency of a cantilevered beam up to +£20 % of the untuned resonance
frequency. It was shown that by this tuning technique, a wide frequency working

range vibration energy harvesting is feasible without sacrificing the output power.

23



CHAPTER 3

THEORY

In this chapter, analytical and numerical approaches to model the electro-mechanical
behaviour of piezoelectric materials are proposed. In the first part of the analytical
calculations, the mechanical relations are discussed. Two main techniques exist to
produce the strain in piezoelectric materials in high power applications. The first
technique is replacement of a mechanical resonator having some stiffness, damping
and mass on the top of the piezoelectric material to apply a force related with
deformation of the resonator due to acceleration of the environment. The second and
easier way of applying force is replacement of a mass by means of a bolt or glue to
compress the piezoelectric material. Another important issue is mechanical
modelling of piezoelectric materials. Firstly, they can be modelled as a rigid body
and the electrical charge can directly be calculated by the compression force and
some electrical parameters. Alternatively, the piezoelectric material is modelled as a
single degree of freedom lumped parameter model and the strain is calculated. The
electrical parameters can be predicted from the calculated strain. As a third way, the
piezoelectric material is modelled as a continuous material and the strain is
calculated by distributed parameter modelling approach. In the second part, the
electrical relations are discussed. The quasi-static and dynamic loading cases and
corresponding relations are outlined. Bulk and multilayer characteristics of
piezoelectric materials and the reasons of applying multilayer ceramics in the high
power applications are investigated. The corresponding electrical circuit models of

piezoelectric materials are discussed. In the numerical approach, finite element
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software ATILA® is used. The theory used in this program for the piezoelectric

energy harvester analysis is discussed.

3.1 Analytical Modelling of High Power Piezoelectric Systems

3.1.1 Mechanical Modelling of High Power Piezoelectric Systems

As mentioned before, mechanical resonators are used to apply the force to compress
the piezoelectric materials. The schematic drawing of a piezoelectric energy
harvester resonator system which is a product of Omnitek Company is as in Figure
3.1 [30]. These kinds of resonator systems can be designed with optimum natural
frequency of the vibration mass-spring unit according to specific application

conditions [16].

Fiezo stack
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u
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i
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Figure 3.1 Piezoelectric Energy Harvester Resonator System [30]
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The second way of applying the compression force to the piezoelectric material is
replacing mass on the top surface of the piezoelectric material by means of a bolt or

glue. This way of usage is schematized in Figure 3.2.

[ le— Bolt

< Compression
Mass

a(t) Projectile
Piezoelectric T
Material

o — Structure

Figure 3.2 Piezoelectric Energy Harvester Compression Mass System

This mass can compress the piezoelectric material with forcing function, F,(t)

because of the acceleration of the environment, a(t) related with

F. (1) =ma(), (3.1

where m is the compression mass.
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3.1.1.1

Analytical Modelling of Mechanical Resonators

The usage of mechanical resonators in gunfire applications is modelled as in Figure

3.3.

Piezoelectric

material \

avd

<

Projectile
Structure

"

a(t)

/

S S

Figure 3.3 Resonator Model

In gunfire applications, the excitation is caused by the acceleration of the projectile.

A sample acceleration profile for a 155 mm calibration gun is displayed in Figure 3.4

[4].
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Figure 3.4 Sample Acceleration Data [4].

This excitation is a neither harmonic nor periodic excitation. Because of that feature,
the displacement response of this single degree of freedom system is calculated by

Laplace Transform Method [31].

Firstly, the equation of motion of a damped single degree of freedom system is as in

mX(t)+c, x(t)+k, x(t) = F(t), (3.2)

where c, is the damping and K, is the stiffness of the resonator, F(t)is the forcing

function created on the resonator, X(t) is the displacement response, X(t) and 5((t) are
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first and second derivatives of the displacement response of the resonator,

respectively.

For the system in Figure 3.3, forcing function in the resonator, F(t) is calculated as
F () =ma(t). (3.3)

By Laplace Transform Method, both sides of Eq. (3. 2) is transformed and the

equation is obtained as

(ms? +¢,5+k, )X (s) = F(5) + mx(0) + (ms +c,)x(0). (3. 4)

In this equation, X(O):VO and X(0)=X, are initial velocity and displacement of

mass, M.
By Eq.(3.4), the transformed response is in the form of

F(s) N S+ 24w, « 4 1

X(s) = 2 2 2 2 70 2
m(s” +24w,s+w,”) S”+2{w,s+w, ™+ 24w, s+ W,

v, (3. 5)

In this equation, W, is the natural frequency and ¢ is the damping ratio of the system

which are calculated by

w, =% (3.6)
m
C
=—" 3.7
£ (.7
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The right-hand side of Eq. (3. 5) is considered separately to carry out the inverse

transformation of X (S) . To let this the functions are defined as

1
m(s® + 2w, s+w. )

Fi(s)=F(s), F,(8) = 3.8)

By the table of Laplace transforms pairs, f,(t) and f,(t)are calculated as

f=F®), (3.9)
f,(t) = ! e “'sinw,t, (3. 10)
mw,

where W, is the damped natural frequency of the resonator which is calculated by

W, =W, \1-¢7 . (3.11)

By the convolution theorem, the inverse transformation of the first term of right-hand

side of Eq. (3.5) 1s

1
mw,

L {F,(s)F,(s)} = j f(o)f,t-7)dr = j F(r)e ™ sinw, (t—7)dz .(3. 12)

The inverse transform of the second term of right-hand side of Eq. (3.5) is obtained

by the table of Laplace transforms pairs as in

2
L S+ 26W, _ W oo cos(W,t =), (3. 13)
2 2 d

™+ 24w, s+ W, W,

where
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L GW,

Wi

W =tan (3.14)

The inverse transform of the last term of right-hand side of Eq. (3.5) can be obtained

by multiplying f,(t) which is obtained by Eq. (3.10) by mass, m.
The general response of the system in Figure 3.3 is then calculated as

1 (e - W
IF(T)G D sinwy (t—7)d7 + X, —
d 0 d

g ! cos(Wyt —y)

X(t) = -

VvV, _ .
+—Le M sinw,t.
Wd

3.15)

Finding the response of the resonator the force exerted on the piezoelectric material

can be found by

Fo. (1) =k, X(1) +C, X(1) . (3. 16)

3.1.1.2 Analytical Modelling of Piezoelectric Materials

Mainly, since the piezoelectric materials have anisotropic material properties, their

characteristics are being found through the matrix equations as
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S, S5 S, S» 0 0 0T, 0 0 dy E

Sy | |sf s5 sE 0 0 0T, 0 0 di El G.17)
S, 0 0 0 s; O 0T, 0 d, 0 EZ’ '
S, 0 0 0 0 st ofTs| |d, O o[

S, 0 0 0 0 0 s&i|T,J [0 0 o0



T
T2
D] [0 o 0 0 ds 0 g, 0 O0TE,
T
D,|=l0 0 0 d, 0 0T3+0 &, O |E,|. (3.18)
D,| |dy, dy, dy O 0 oT“ 0 0 &,l|E,
5
_T6_

In high power applications for munitions, because of the mechanical strength
limitations, the piezoelectric materials are used in compression mode. In this
mechanical mode, the electrodes are used perpendicular to the poling direction, 3™
direction in Figure 2.1. Since both the mechanical and the electrical direction is the
3" direction, it is called “33” mode usage of piezoelectric materials. This usage mode

is schematized in Figure 3.5.

Force
Electrodes
Poling (37) / Piezoelactri
iezoelectric
Direction r"' o — .
material

Figure 3.5 Piezoelectric Material 33 mode Usage Scheme

Accordingly, Eq. (3.17) and (3.18) are simplified as in Eq. (3.19) and (3.20),

respectively.

S, =s5T, +d;E,, (3.19)
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D, =d,,T, + £,,E,. (3.20)

3.1.1.2.1 Calculation of the Electrical Parameters by Applied Force

To calculate the electrical parameters of piezoelectric materials, the applied force on

the piezoelectric material can be used to calculate the created charge, Q as

Q=d;F. (3.21)

In this method, compression stress can be calculated as

T, =—. (3.22)

By this model, the dynamic parameters of piezoelectric materials are not taken into

account.

3.1.1.2.2 Calculation of the Electrical Parameters by Mechanical

Stress

In this method, the mechanical strain and stress in piezoelectric material calculated
by modelling the piezoelectric material both lumped parameter and distributed

parameter modelling methods.
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3.1.1.2.2.1 Lumped Parameter Modelling

In this section, piezoelectric material is modelled as a single degree of freedom

system as in Figure 3.6.

My
K]

el

A SR
Ea \1_//\‘\/./ b N

.-""K/' &

",

Figure 3.6 Lumped Parameter Mechanical Modelling of Piezoelectric Material

To calculate the stress by this model, the same analogy with Section 3.1.1.1 is used.

Displacement response, which is concluded in Eq. (3.15) with zero initial velocity

and displacement input, is

1

t
j F. (r)e " sinwy, (t-7)dr, (3.23)

pz "Vdpz 0

X ®=
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where m, is the mass, w,, is the natural frequency, w,, is the damped natural
frequency, ¢, is the damping ratio of the piezoelectric material. The damping ratio

of the piezoelectric materials can be found by the mechanical quality factor, Q,, of

them which is displayed in the material data sheet as

$o = (3.24)

To get the displacement response of the system by Eq. (3.23), it is necessary to have
the forcing function depending on time. However, it is impossible to fit the function
especially in shock environments. As an alternative method in such cases, the forcing
function in time domain transferred to frequency domain by taking the Fast Fourier

Transform (FFT) as
F.(0)= 7 (F, (1)), 3.25)
where 7 symbolizes FFT algorithm.

Frequency response function of single degree of freedom system in Figure 3.6,

H (@) is calculated as

1
2 k . b
—o’'m,, +k, +ioc,

H,(0)= (3.26)

where o is frequency.

Displacement response of the piezoelectric material in frequency domain, X, (W) is

calculated as
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X (@)=H(0)F, (o). (3.27)

To transfer the displacement response to time domain, the real part of inverse FFT of

X (@) is calculated as

1
X, (D =real( 77 (X, (@), (3.28)
where 7' symbolizes inverse FFT algorithm.

The strain, S;(t) can be calculated by dividing it by the height of the piezoelectric

material, h, as

sz (t)

pz

S,(t) = (3.29)

Multiplying the strain created in piezoelectric material with the modulus of elasticity,

Yy;, the stress, T, can be found as follows

T3 ()= S3 (t)Y33 . (3.30)

Generally, in the piezoelectric materials’ datasheet, elastic compliance, S, values are
illustrated instead of the modulus of elasticity. The modulus of elasticity can be

found by taking the inverse of the related elastic compliance value as

Yy, =—. (3.31)

The electrical field can be calculated by multiplying it with piezoelectric voltage

constant, g as
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Ey(1) =T5(1)0;- (3.32)

The other electrical terms can be calculated by the electrical field value. This will be
discussed in the following related sections. In this approach, the dynamic
characteristics of the piezoelectric element are taken into account. However, if the
second or more resonance frequencies are efficient, their effect is not taken into

account.

3.1.1.2.2.2  Distributed Parameter Modelling

In this section, the piezoelectric material is modelled as in Figure 3.7. The distributed
parameter solution for the systems with external forces at boundaries is used; it is

fixed at x =0 and applied an axial force at x="h, [31].

szl:t}
A
u(x,t)
&
F Y hu.‘
), A ) ~_
X
77777777 -

Figure 3.7 Distributed Parameter Model of Piezoelectric Material
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The initial conditions, displacement and velocity, are assumed to be zero. The partial

differential equation of the system is as in

0
& |:Y33 A( X)

ou(x,t)
OX

o*u(x,t)
otr

}:m(x) 0<x<h,, (3.33)

where Y, is the modulus of elasticity, A(X)is the cross-sectional area and m(X) is

the mass per length of the piezoelectric material.

Displacement response, U(X,t) must satisfy the boundary conditions
u(0,t)=0, (3.34)

ou(x,t)

YA —

lxen,, = Fpe (D) - (3.35)

Since the second boundary condition, Eq. (3.35) is non-homogenous; applying the

modal analysis for the response is not possible. To simplify the solution of Eq.

(3.27), the forcing function, F,(t) is treated as distributed over h, <x<h,, as in

Figure 3.8. h, is used to denote a point to the immediate left of x=h,.

The equivalent distributed force can be calculated by

f(x,t)=F,®8(x-h,), (3. 36)

where 6(x—h,) is the Dirac delta function defined as
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o(x=h,)=0, x=h,,

L 3.3
j&u—hmmx=L (3.37)

ey 1

m(x),YA(x) ~_

Figure 3.8 Distributed Forcing Symbolization

Eq. (3.33) is then formed as

0 ou(x,t) B _
8X |:Y33 A(X) 6X :l + sz (t)5(x hpz ) m(X)

o7u(x,t
%, 0<X<hpz.(3.38)
Eq. (3.38) is non-homogenous equation. The boundary conditions are as in Eq. (3.39)

and Eq. (3.40) which are both homogenous.

u(0,t)=0, (3. 39)
VA D . (3. 40)
OX p
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To obtain the response of this system, the eigenvalue problem defined by the
differential equation, Eq. (3.41), and the boundary conditions, Eq. (3.42) and (3.43)
should be solved.

O‘Ij [Y33A(x) dU(X)} wm(x)U (x), 0<x<h,, (3. 41)
U(0)=0, 3.42)
Y, A(X) dU(X) o =0. (3. 43)

The solution of this equations is concluded with eigenfunctions, U, (X) and

eigenvalues, Wf where r =1,2,.... The eigenfunctions are orthogonal and assumed to

have been normalized to satisfy the orthonormality conditions as in

(i

J'm(x)U LU (X)dX = &, r,s=12,..., (3. 44)
0

" U, (x)
_Iu (x)—[YBA(x) ™ } W, S, r,s=12,.., (3. 45)
0. is defined as

rs

o.=0, if rzs,

" 3.46
o.=1if r=s. ( )

rs

A solution is assumed in the form of
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L6t = 3 U, 00, 1) (3.47)

Inserting Eq. (3.47) in to (3.38), multiplying by U (X), integrating over the height of
the piezoelectric material, and considering orthonormality relations which are as in

Eq. (3.44) and (3.45), the modal equations are obtained as

17, () + W, () =N, (t), r=12,.., (3. 48)

where modal forces, N, (1) are calculated as

L

Nr(t)=IUr(x)F(t)5(x—L)dx=Ur(L)F(t), r=12,.. (3.49)
0

Then, the solution of Eq. (3.48) can be calculated as

t
7,0 =— [N, (t~)sin(w,0)dr,
WI‘ 0

U.(L)

r

W

t
IF@—ﬂMMWJML r=12,.. (3. 50)
0

r

For the piezoelectric device having Y,,A(X) =Y;;A=constant, m(X)=m =constant,

fixed at x=0 and forced by a boundary force atx=h_, the solution of the

pz>

eigenvalue problem consists of the orthonormal modes

2 . Q2r-ax
U,(x)= por sm(( Zh)

pz pz

), r=12,.., (3.51)

and the natural frequencies
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W, = 2r-hHr /Yn?’ r=12,... (3.52)
2 mh_,

By calculating the response of the system, the strain, S; can be calculated depending

on both the location and time as

S, (x,t) = U (3. 53)
OX

The stress, T, and corresponding electrical field, E;; is calculated by

T, (X, 1) = S;(X,1)Yy;, (3. 54)

By (X0 =Ty (X,1)0;5. (3.55)

By this approach, the dynamic characteristics of the piezoelectric element are taken
into account for all frequency range. In addition, if a multilayer piezoelectric element
as in Figure 3.9 whose properties will be discussed in the following sections is
analyzed; the different levels of stress and concluded electrical field for different

layers can be taken into account.

PZT ceramic layer

Internal electrodes

Internal electrode External electrode

Figure 3.9 Multilayer Piezoelectric Material Cutaway Drawing [4]
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3.1.2 Electrical Modelling of High Power Piezoelectric Systems

The electrical characteristics of piezoelectric elements are dependent on the
conditions of the usage. When the loading conditions are static or quasi-static which
means well below resonance of piezoelectric elements, the piezoelectric effect is
obtained by piezoelectric d and g constants. Under dynamic conditions where the
loading conditions are near to resonance frequency of piezoelectric elements, the
piezoelectric effect is characterized by an equivalent electrical circuit, which exhibits

the conditions of parallel and series resonance frequencies [32].

3.1.2.1 Static and Quasi-Static Operation

In high power applications in munitions, the excitation characteristic is as in Figure
3.4 depending on the pressure characteristics inside the cartridge characteristics. For
instance, the pressure characteristic of a 35 mm gun is as in Figure 3.10 which results

in acceleration form in a similar form with corresponding amplitudes [33].

— 4000

— 3030

pressure [har]

= 2000

- Loag

time [ms]

Figure 3.10 Pressure vs. Time Curve Measured inside the 35 mm Cartridge Case [33]
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As it can be seen from both Figure 3.4 and Figure 3.10, the duration of the loading is
about 10 milliseconds. Designing a piezoelectric power generator working in
resonance condition in this loading condition is not possible because of the
mechanical strength limitations since it should have a resonance frequency of about
50-100 Hz. To have a piezoelectric device having the resonance frequency in this
range, it should be in the cantilevered condition as in Figure 3.11. In this cantilevered
condition, piezoelectric device works in “31”” mode where the mechanical stress is in

the 1st direction and the electrodes are vertical to 3™ direction in Figure 2.1.

Tip mass
PZT-3H
bimorph
cantilever

Figure 3.11 PZT-5H bimorph cantilever with a tip mass [8]

To get a piezoelectric device having the mechanical strength to work in high
acceleration environment, piezoelectric devices working in compression mode like in
Figure 3.12 with a compression mass or resonator system should be used. In this
condition, piezoelectric device works in “33” mode where the mechanical stress is in
the 3™ direction and the electrodes are vertical to 3" direction. Since in this condition

the piezoelectric devices have the natural frequency in kHz range, they are treated as
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working in quasi-static condition. In static or quasi-static conditions, electrical circuit

of piezoelectric devices is as as in Figure 3.13 [4].
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Figure 3.12 33 mode Piezoelectric Stack [34]
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Figure 3.13 Equivalent Circuit of Piezoelectric Power Generator in Static and Quasi-

Static Conditions [4]
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When the piezoelectric effects are not activated, piezoelectric ceramics are basically

capacitors. Therefore, the capacitance of the piezoelectric element can be calculated

by

& A
h

pz

Co = : (3. 56)

where ¢;; is the permittivity of the material in usage mode, A is the area of the
electrode surfaces and h , is the thickness of the piezoelectric material.

The permittivity of the material, &,; is related to permittivity of free space, &, and

the relative permittivity of the material, &, as
E33 = &gy - (3.57)

The permittivity of free space, &, is 8.85x10~"?[Farads/meters]. In a piezoelectric

material datasheet, the relative permittivity of the material, &;, is defined for
constant stress and constant strain condition as &;, or &y, and gi . relatively. In

static or quasi-static condition the permittivity in constant stress condition, 5; .

should be used [32].

V, is the voltage source which is added to the electrical model to simulate the energy

a
produced by piezoelectric material because of its piezoelectric characteristics. V, can
be calculated by dividing the produced charge, Q, by the capacitance of the

piezoelectric stack.

v - (3. 58)
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The produced charge, Q is calculated by multiplying the compression force applied

on the piezoelectric element, F , with the piezoelectric constant, d,; as

Q:d33sz' (3 59)

Mechanical stress created in piezoelectric energy harvester can also be used to find

the electrical parameters as mentioned before. By the mechanical stress, T, created

electrical field, E is found by multiplying it with the piezoelectric voltage constant,

9;; as

E= g33sz ’ (3. 60)

where @,,1s the piezoelectric voltage constant. Electrical displacement value, D can

be calculated by

D=Egys;,. (3.61)

Then the produced charge can be found by

Q=DA,. (3.62)
Piezoelectric constants d,; and g, are related with
dy; = 9335053T,r- (3.63)

As an alternative method to calculate the produced voltage, V, the energy

relationships can also be used. Mechanical energy stored in the piezoelectric system,

E,..n can be calculated by
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= (3. 64)

mech — pz ™Mpz >

where X, is found by Eq. (3.23).

The harvested electrical energy, E.. can be calculated by

elec

T Tt (3. 65)

The mechanical and electrical energy has the relationship related with

electromechanical coupling coefficient, k,, as

—elee_ (3. 66)

By Egs. (3.64), (3.65) and (3.66), V, can be calculated as

2mem
V, =k, |2 (3.67)
Cstk

The loss resistance, R, in the electrical circuit in Figure 3.13 is replaced in series to

loss
represent the losses from the current travelling across the surfaces of the material to
the electrical leads and it is on the order of tens of ohms. It is calculated by the loss

tangent of the material, tan(o) operating frequency, W and the capacitance of the

piezoelectric material as

_ tan(o)

loss
WC stk

R

_ (3. 68)
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The leakage resistance, R is replaced in parallel to represent the losses as

leakage

current travels through the material. It is on the order of mega ohms. It is

experimentally determined which is described in experimental setup chapter.

After finding all of the electrical parameters of the circuit in Figure 3.13, this circuit
is created in ORCAD PSPICE® to find the terminal voltage of the piezoelectric
element. A sample electrical circuit of a piezoelectric element created in this program

is as in Figure 3.14.

R1

1275.3

Y

C1
3.12e-9
-0

Figure 3.14 Sample ORCAD PSPICE® Piezoelectric Material Model

R2
10.0745meg

AN

Impedance matching is an important concept to get the optimal power output.

The power produced is calculated by
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p=ms (3. 69)

where R is the loading resistance connected to piezoelectric device and V,  is the

S

voltage measured in rms values. For example, for a harmonic forcing

V 2
V.= Pp (3.70)
242

where V is the peak voltage value which is measured.

The matching loading impedance is found by

(3.71)

When 33 mode piezoelectric materials in bulk form are used in high power
applications, they produce the voltage in kilovolts ranges. This electrical energy
cannot be used in electrical components without an electrical converter which is used
to lower the voltage. Because of the space limitations, it is not practical to use such
converters. In addition, energy lost is a big concern in this case. Instead of this,
multilayer-piezoelectric stacks are used to lower the voltage and increase the charge
amount. In Figure 3.15, multilayer CMAR 03 material contains 25 layers of
piezoelectric elements in 2 mm thickness at total which are connected in parallel
electrically and in series mechanically. Comparison of electrical properties of single

layer and multilayer piezoelectric devices are as in Table 3.1.
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Multilayer CMAR 03

Figure 3.15 Multilayer CMARO3 and Single Layer NCE 51 Material

Single Layer NCE51

Table 3.1 Comparison of Electrical Characteristics of Single Layer and Multilayer

Piezoelectric Materials

Open Circuit Electrical Energy
P i h
roperty Capacitance Charge Voltage Harvested
_ l Qtit
elec 2 th
Single Layer
A
(Bulk) Cot =— Qu=Q |V, =V i
Piezoelectric ” — l Q A
2 h,
2
E. = l Qtot
elec 2 C
Multilayer C. =n eA tot
. . ©  "h Q. =nQ %
Piezoelectric pz N 0 th =_
n layers 2
( yers) . é‘_A _ l QA
t 2 hpZ
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3.1.2.2  Dynamic Operation

In this thesis, scope of the study is high power applications in munitions and the
piezoelectric elements work on quasi-static conditions because of the reasons which
were defined above. However, in this section, the basics of electrical characteristics
of piezoelectric devices in dynamic operation are displayed to be aware of the
differences from static or quasi-static cases and having the knowledge for these

applications.

In dynamic conditions, the behaviour of piezoelectric materials can be characterized
by a complex equivalent circuit which exhibits the conditions of parallel and series
resonance frequencies which is called as Mason Model and schematized in Figure

3.16.

Higher Resonant Modes &

Harmunics

T re
._—l

| |

i e—

Figure 3.16 Mason Model with Higher Resonant Modes [5]
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For a single degree of freedom system with one resonance frequency interested,

impedance characteristics of the piezoelectric element as in Figure 3.17 looks like of

a serial resonance circuit with some parallel capacitor as in Figure 3.18. Actually, the

electro-mechanical equivalent circuit in Figure 3.18 is formed by composing the

capacitance of the piezoelectric material and the mechanical parameters by

electromechanical coupling factor, k . The electrical model in Figure 3.18 can also be

used for static or quasi-static cases. However, it is more complicated than the

electrical circuit in Figure 3.13.
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Figure 3.17 Impedance Characteristics of a Piezoelectric Device [5]
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Figure 3.18 Electro-mechanical Equivalent Circuit of a Piezoelectric Device [5]

Theoretically mechanical inductance, L resistance, R, and capacitance, C can be

calculated by
h2
L, = 3.72)
2A,€
R, = vhy (3.73)
m - Apze2 4 °
A€’
C,=——mor, (3.74)
ch

respectively, where p, is surface mass density, e is piezoelectric stress constant, C

is elastic constant and V is viscosity.

The capacitance of the piezoelectric material, C is again calculated by Eq. (3.56).

For the dynamic conditions well above all resonance frequencies, the relative
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permittivity, &, should be taken for constant strain condition which is symbolized
as gir .Between the resonance frequencies, the permittivity is the product of static

permittivity, g; . and a loss term based on the electromechanical coupling factor of

the resonance mode. For excitation frequencies above the first resonance, the relative

permittivity becomes

&y, =&, (1-k7). (3.75)

For excitation frequencies above the second resonance frequency, the relative

permittivity becomes

&3y = g;r(l —k(1-k7). (3.76)

If the energy harvester is in the shape of a thin disc, k is k, for the radial mode, k,
is k, for the thickness mode. If it is in the shape of rod, k; is k; for the length mode

and k, is k, for the radial mode. [32]

The electrical parameters can also be found by impedance measurement results. The

frequency of minimum impedance is resonance frequency, f, and the frequency of

maximum impedance is anti-resonance frequency, f,. They are defined as

1

f=— 3.77

" 2x4LC ( )
1

f-_ - (3.78)

: cC
2r L P
C+C,
C+C, can be measured and all parameters and L,C and C can be identified.
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By applying the resonance and anti-resonance frequencies, the electromechanical
coupling coefficient can also be determined. For example, for the piezoelectric

energy harvesters in rod shape, it can be calculated as in

k2, =£Ltan(£—( fa=fo)

2 f 2 f

r a

). (3.79)

3.2  Finite Element Modelling of High Power Piezoelectric Systems

Finite element modelling (FEM) is also a method to find the solutions of the systems
containing the piezoelectric materials by numerical techniques. Some of general
purpose commercial finite element analysis (FEA) program packages like ANSYS
have the capability of modelling piezoelectric systems. In this thesis, ATILA® which
is a FEA software package for the analysis of 2D & 3D structures based on smart
materials like piezoelectric, magnetostrictive etc. with Gid Interface is used. In this
section, the theory used in this program to analyze the piezoelectric energy harvesters

is defined [35].

ATILA® has the solution capabilities in the domains as described in Figure 3.19. In
the general formulation of modelling elastic, piezoelectric or magnetostrictive
structures, the mesh of the structure under study and part of the space surrounding it
are necessary for modelling magnetostrictive elements but not for piezoelectric
materials since common piezoelectric materials have a high relative permittivity.

The general equations are those of elasticity in the structure, Poisson’s equation in
the piezoelectric or electrostrictive material, Maxwell’s equations for the
magnetostatic case in the magnetic domain and Helmholtz’s equation in the fluid.
The electromechanical coupling exists in piezoelectric, electrostrictive or

magnetostrictive domains.
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Closed Interior Fluid Domain

Elastic Domain and,/or
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Figure 3.19 ATILA® General Solution Domains and Their Interrelations [35]

The concluded complete set of equations is written in the form of

I [Kuu - WZ[M ]] [KU¢] [Ku¢] [Kul] - [L] _Q_ E
[Ku¢]T [K¢¢] [0] [0] [0] @ -9
[KW]T [o] [K¢¢] [Kqﬂ] [o] ¢ -f 13.80)
[Kul ]T [O] [Ktﬁl]T [Ku ] [0] 1 _E
—plew L] o] o] ] [H]-wm][P] |picly

where U is vector of nodal values of the components of the displacement field, @ is
vector of the nodal values of the electric potential, ¢ is vector of the nodal values of
reduced magnetic potential, | is vector of the prescribed values of the excitation
currents (one component for each coil), P is vector of the nodal values of the

pressure field, F is the vector of the nodal values of the applied forces, ( is the
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vector of nodal values of the electrical charges, f is the vector of the nodal values of

the reduced magnetic field flux across the magnetic domain boundary, f, is the

vector of the nodal values of the reduced magnetic field flux seen by the coils (one

component for each coil), ¥ is the vector of the nodal values of the integrated
normal derivative of the pressure on the surface boundary S, [K,,] is stiffness
matrix, [KU(D] is piezoelectric matrix, [Ku ¢J 1s piezomagnetic coupling matrix, [Ku,]
1s source-structure coupling matrix, [Kw] is dielectric matrix, lK ¢,J is source-
magnetization coupling matrix, [K ¢¢J is magnetic (pseudo-) stiffness matrix, [KII ] is
inductance matrix in vacuum, [M ] is consistent mass matrix, [H] is fluid (pseudo-)
stiffness matrix, [Ml] is consistent (pseudo-) fluid mass matrix, [L] is coupling

matrix at the fluid structure interface (connectivity matrix), w is angular frequency,

p; 1s fluid density, ¢, is fluid sound speed.

ATILA® can solve static, modal, harmonic and transient analysis by Eq. (3.80).

For the static analysis of a piezoelectric structure, Eq. (3.80) is reduced to

{[LK]] [[E]]EJ ) [—Eﬂ} (3.81)

If the piezoelectric system subjected to a force, F (direct piezoelectric effect), or the
prescribed electrical potentials on given nodes (converse piezoelectric effect), the
ATILA® code computes the displacement field,U and the electric potential, @ over

the entire structure. Internal losses are not taken into account in this analysis because

it is not possible.

In the modal analysis of piezoelectric structure, the system of equations is reduced to
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Ky ]-w’[M] [Kuq)]}[lﬂ :{ 0 } (3.82)

[Kucb ]T [K<1>q>] @ -9

ATILA® code computes the eigenvalues and the eigenvectors of the linear system for
different boundary conditions. The computation uses real values with no internal

losses. The eigenvectors are mass normalized as

UM =[i] (3.83)

In harmonic analysis, known harmonic loads and/or excitations are applied on the

piezoelectric structure and the system of equations becomes

(K ]-w*[M] [Kum]}rﬂ _ [_E(J (3. 84)

Kol [Keo ]l @

For the piezoelectric element, ATILA® code computes the displacement field,U the
electric potential, ® and the electrical impedance of the piezoelectric structure from
the electric charge, . Gaussian algorithms are used to solve the problem in single or

double precision. The internal losses in the materials can be taken into account.

In transient analysis, known loads such as forces F and electric charges q or

known displacement U and electric potentials © can be applied on the piezoelectric

structure. The system of equation becomes

+— =+

BE A o At
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where “ 7 and “ ” symbolize first and second time derivatives, respectively. W, is

the pulsation at which the material losses are defined. Eq. (3.85) is solved by an
iterative method, taking a constant time step At. One of three methods can be used:
the Central Difference Method, the Newmark Method and the Wilson-60 Method. The
ATILA® code computes the displacement field, U , and the electric potential, @, for
the requested time steps.

ATILA® software has 2-D and 3-D piezoelectric elements for these piezoelectric
analysis types. For 3-D analysis with or without losses, HEXA20P, PRISI5P,
PYRAT13P and TETR10P piezoelectric elements with three translational,U, ,U y U,

and one electric potential, @, active degrees of freedom can be used. Topology of 3-

D piezoelectric elements is as in Figure 3.20.

Figure 3.20 Topology of ATILA® Software 3-D Piezoelectric Elements

For 2-D analysis with or without losses, QUADOSP and TRIAO6P piezoelectric

elements with two translational,U, U, and one electric potential, @, active degrees

of freedom can be used. Topology of 2-D piezoelectric elements is as in Figure 3.21.
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For the material definitions the elastic, piezoelectric, dielectric tensors and the

density should be entered.

¥
3 E 4
T
9] 4 [
L 5 ' 2
QU ADOSP

Figure 3.21 Topology of ATILA® Software 2-D Piezoelectric Elements
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CHAPTER 4

EXPERIMENTAL ARRANGEMENT

Several experiments are arranged to measure the electrical parameters of

piezoelectric materials or to verify the mathematical models.

In the first part of this chapter, the methods to measure the capacitance and leakage

resistance of the piezoelectric materials are discussed.

In the latter part, the experimental setups to apply harmonic loading onto a bulk
piezoelectric material for verification of the mathematical models in a simple way
and to apply a mechanical shock for simulation of the gunfire environment with

lower levels are described.
4.1. Electrical Parameters Measurement
4.1.1. Capacitance Measurement
Since there are always imperfections in a bulk piezoelectric material or multilayer
stack, it is more confident to measure the capacitance of them. The capacitance can

be directly measured by a multi-meter. Capacitance measurement are displayed in

Appendix C.
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4.1.2. Leakage Resistance Measurement

To measure the leakage resistance of a piezoelectric material by considering the
electrical representation of piezoelectric materials in Figure 3.13, firstly it is
considered to apply a voltage in piezoelectric material by a power supply as in

Appendix C and recording the corresponding current.
Then, the leakage resistance could be calculated as

\Y

leakage — T

R 4. 1)

However, most of the power supplies show the current in mili-ampers range at least.

Since R is expected to be in mega-ohms range the current is expected to be in

leakage

micro-ampers range which is not possible to observe.

As a practical way, it is considered to create the electrical circuit in Figure 4.1. To
describe, the piezoelectric element is connected a resistance having a value on the
order of mega-ohms. Then, they are connected to a power supply and input voltage,

V,, and output voltage, V , is measured by a multi-meter as in Appendix C. By this

out

measured voltage values and the known resistance value, R, leakage resistance,

R is calculated as

leakage

Vou R 4.2)

leakage = 1
Vin _Vout
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Hleakage v
out

Figure 4.1 Leakage Resistance Measurement Experimental Setup Circuit Scheme

4.2. Mechanical Loading and Measurements

4.2.1. Harmonic Loadings

By harmonic loading conditions, the main aim was to have the basic capabilities to
measure the piezoelectric characteristics in known loading conditions and compare

the mathematical model results.

In these tests, single layer NCE 40 material whose material properties are illustrated
in Appendix B with a ring shape is used. The outer diameter is 49.9 mm, the inner
diameter is 15.1 mm and the height is 6 mm. To have the capability of measuring the
voltage signal produced by the material, electrical cables are soldered. To insulate
the piezoelectric material, electrode surfaces from the fixture and steel compression
masses, an insulator material with 0.4 mm thickness is employed possessing the
required geometrical properties. Piezoelectric material together with electrical

isolators is illustrated in Appendix C.
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To compress the piezoelectric material because of the acceleration, some steel
compression masses with different heights and the required slots not to get the

electrical current on them are produced as in Appendix C.

To connect the piezoelectric material together with insulator materials and
compression masses to modal shaker, an aluminium apparatus with required helicoil

inserts in both surfaces is produced as in Appendix C.

To measure the produced acceleration, PCB 356B21 type accelerometer with 500 g
measuring capability having the sensitivity of 10 mV/g is glued on the top surface of
steel compression masses as in Appendix C and its weight is also included in

calculations.

All of these components are held together with M8 bolt connection as in Figure 4.2.

The structure in Figure 4.2 is connected to TMS Model 2100E11 modal shaker with
the aid of threaded sections. LMS Test System is used to drive the modal shaker by
interconnecting QSC amplifier and to collect the accelerometer and piezoelectric
voltage data. The oscilloscope basically used to double-check the correctness of the

measured signals. The whole experimental setup is as in Figure 4.3.

4.2.2. Mechanical Shock Loading
By mechanical shock loading conditions, the main aim is to simulate the gunfire
acceleration environment with lower acceleration and different duration levels and
by correcting the mathematical models in this environment having the capability of
design a piezoelectric energy harvester for the specified environment.
To get the mechanical shock of ten thousands g’s in laboratory conditions mainly

pneumatic, free fall and air gun shock test systems are used.
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Figure 4.2 Piezoelectric Element Connected to Aluminium Apparatus
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Figure 4.3 Harmonic Loading Test
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4.2.2.1. Impact Hammer Test Setup

Free-fall shock test systems have the basic principle of producing acceleration by
dropping a weight in test table in different speeds. Since any test system with high G
capability is not available, a test system having the same logic with free fall shock
test systems as in Figure 4.4 is designed. It is created by connecting a thick
aluminium plate with mechanical shock isolators like Socitec HH15-20TM2 or MPS§-
230 model with different characteristics. Dytran 3200B2M model accelerometer with
50000 G acceleration measurement capability and 0.11 mV/g sensitivity is replaced
as a control accelerometer. This structure is connected to a rigid table by mechanical
clamps. Different types of impact hammers as in Appendix C are utilized to excite

this system.

The acceleration levels up to 15000 G’s with short durations like 0.04 ms is obtained
by this test setup. The acceleration duration level is controlled by mechanical
isolators with different stiffness and damping specifications. A sample shock

measurement acceleration data with very high impact velocity is as in Figure 4.5.

Piezoelectric material, CMARO3 by Noliac Company whose properties are as in
Appendix B, electrical isolator plates and compression masses are connected to an

aluminium plate by means of a bolt as in Figure 4.6.

Some of multilayer piezoelectric ceramics are broken while tightening with bolt
because they are very brittle and very sensitive to tensile stresses. Any tilting
moment because of surface roughness or torsion and/or sliding of compression mass
on piezoelectric element can cause such problems. Loctite Silver Anti-Seize in
Appendix C is used to fill the porous metal surfaces and to prevent from sliding. It is
a material which is used together with some kinds of piezoelectric material based

force transducers for the same reasons.
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Figure 4.4 High G Shock Test System
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Figure 4.5 Sample Acceleration Data Measured in Impact Hammer Test Setup
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Figure 4.6 Piezoelectric Material and Compression Mass Connection

To get the displacement data as an additional control sensor, Micro-Epsilon laser
displacement sensor as in Appendix C is used. However, since the excitation created
in high frequency content which results in very small displacement values, the laser

displacement results are not used.

Io-tech data acquisition system is used to collect laser displacement, accelerometer
and piezoelectric material voltage data. It can collect data up to 256 kHz sampling
rate which is very important in mechanical shock data collection according to
channel numbers. The whole experimental setup is as in

Figure 4.7.

In this test setup, the produced acceleration has lower durations than gunfire
acceleration environment. This acceleration excites a large frequency band and also

the resonance of piezoelectric energy harvester system. Exciting the resonance of
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piezoelectric material can result in “zero-shift” phenomenon [38] . In addition, since
the shock plate vibrates in positive and negative directions, piezoelectric material can
withstand not only compression force but also tension forces which are out of
concern in gunfire applications especially if the acceleration is very high and the
resulted tension force is higher than preload applied by the bolt. To get the shock
forms having more similar content with gunfire environment, pressure gun setup is

also used.

Laser

—” Displacement
Sensor

Shock Table
with
Accelerometer

v

and
Piezoelectric
Material

—» Computer

lo-tech Data

—» Acquisition
System

Figure 4.7 Impact Hammer Test Setup
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4.2.2.2. Pressure Gun Test Setup

To have higher duration mechanical shocks, a pressure gun launcher as in Figure 4.8
is used. It uses a 230 bar nitrogen tube and can use it with 90-130 bar range to launch

the test specimen.

To replace the piezoelectric energy harvester, accelerometer and wireless data
acquisition system, the bottom flange of a cylindrical structure as in Figure 4.9 is

used.

To get the test data, Slice Nano data acquisition system in Appendix C is used. It is
used with standart 9 V batteries by arming for some duration just before the test with

the aid of test computer. It can collect data up to 100 kHz.

Since the main concern is the shock pulse effect during the launch of test stand, a
piezo-rezistive MSI Model 64 type accelerometer in Appendix C is connected to

bottom flange of test stand in which the launching pressure is directly applied.

Sample acceleration data measured in pressure gun test stand during launch with 130

bars launch pressure is as in Figure 4.10.

To protect the piezoelectric material from tensile and bending stresses during the
impact of test stand to the water which is out of concern, a protection apparatus is
mounted on the upper side of compression mass to prevent the motion of it except
the compression direction as in Appendix C. Piezoelectric material, CMARO3 or
CMARO04 with electrical isolators, compression mass and protection apparatus is
mounted on the bottom flange of test stand in which the launching pressure is

directly applied as in Figure 4.11.
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Figure 4.8 Pressure Gun Launcher

Figure 4.9 Test Stand for Pressure Gun System
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CHAPTER 5

RESULTS

In this part, the results obtained from the experiments and their comparison with

mathematical models will be discussed in detail.

Firstly, the mechanical resonator model is verified by employing the resonator

parameters and the results in the literature [4].

Secondly, the results obtained from harmonic loading test setup described above will
be illustrated. In the third part, the results of mechanical shock loading tests, namely,
impact hammer test and pressure gun test will be presented. In the last part of this
chapter, the optimum electrical energy storage method to produce the maximum

power will be discussed.

5.1. Mechanical Resonator Model Verification

The sample acceleration data in Figure 3.4 is digitized by Engauge program and

imported to MATLAB®. 5™ degree of polynomial is fitted by basic fitting toolbox of

(1)

it as in Appendix D in which “y” is acceleration and “x” is time after the acceleration

unit is converted tom/s?.

The corresponding acceleration formula is as in
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—1.8168x10"7t° +4.1122x10"t* —3.1949x10"t* +9.1334x10"t

a(t)={-4.55228x107t +2873.8 if  0<t<0.00835556 ,(5.1)
0 if t >0.00835556

where a(t)is acceleration depending on time, t. The corresponding acceleration
graph is as in Figure 5.1 in which the vertical axis unit is m/s”> and the horizontal

axis unit is seconds.

1.5%10°

1:10°

Aty sw10t
— N

- 50t
0 w1073 1073 G103 1072

Figure 5.1 The Corresponding Acceleration Data
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The resonator stiffness is 2x10’N/m and the resonator mass is 0.1 kg in [4]. The

damping ratio is assumed to be 5 % as an average value since it is not indicated and

the structure is a metallic structure containing joints [37].

The implemented acceleration data is multiplied by mass to get the force data, F(t)

in mass-spring system.

To get the resonator response the equations in related section is used. To compare
and verify the calculated response, the resonator spring acceleration in [4] as in
Figure 5.3 is digitized by Engauge program and formulized by MATLAB® basic

fitting tools similar with reference acceleration data.

1.5x10*

110

F(th  S«10°

T

0 21073 4107 fae10 81077

Figure 5.2 Force Developed on Resonator System
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Time offsst D

Figure 5.3 Reference Resonator Spring Extension [4]

The calculated and the reference resonator spring extension are compared as in
Figure 5.4 where the vertical axis unit is meters and horizontal axis unit is seconds.
The difference is because of the digitizing and formulization process and it is

accepted that the mathematical model for resonator system is verified.

The force exerted on piezoelectric material could be calculated multiplying the
resonator spring extension by the stiffness of the resonator as in Figure 5.5 where the

vertical axis unit is Newton and horizontal axis unit is seconds.
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Figure 5.4 The Comparison of Calculated and Reference Resonator Spring Extension
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Figure 5.5 The Force Exerted on Piezoelectric Material
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5.2. Harmonic Loading Test Results

To have the knowledge of testing a piezoelectric element, measuring the
accelerometer and piezoelectric output voltage data, analyzing the problem with
analytical and finite element methods, some tests in harmonic loading environment

applied by a modal shaker are conducted as described in the previous chapter.

The piezoelectric element is attached with a compression mass of 369.55 grams
together with accelerometer with the aid of a M8 bolt. The applied torque is very low
because the loading environment concluded very low forces and not to change the

characteristics of piezoelectric element like the capacitance.

The frequency of harmonic loading is 100 Hz and the sampling rate is 400 Hz. The
acceleration profile is as in Figure 5.6 in which the acceleration level is increased by
increasing the amplifier gain. The compression force exerted on piezoelectric

element is as in Figure 5.7.

The capacitance of piezoelectric element is calculated as 3.28 nano Farads (nF).
However it is measured as 3.12 nF by a multimeter as in Appendix C. This difference
is because of uncertainties of the piezoelectric element. The measured capacitance

value is used not to have the calculation error related with this difference.

The natural frequency of the material in compression direction is calculated about 33
kHz which is much bigger than excitation frequency, 100 Hz. Because of that, it is
determined to calculate the produced voltage by the applied force. The calculated
before ORCAD PSPICE® circuit calculations and measured voltage graphs are as in

Figure 5.8.
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Figure 5.6 The Acceleration Applied on NCE 40 Energy Harvester System in

Harmonic Loading Test
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Figure 5.7 The Force Exerted on Piezoelectric Material

80



Calculated and Measured YWoltage versus Time Graph Before PSpice Calculations
I I

vpzu:alculated

vpzmeasured

“oltage [V]

time [s]

Figure 5.8 Calculated and Measured Voltage Comparison Before ORCAD PSPICE®

Calculations

The calculated voltage is loaded as voltage source in ORCAD PSPICE® model. The
loss resistance is calculated as 1275.3 ohms by taking the operating frequency 100
Hz. The leakage resistance is calculated as 10.0745 mega-ohms by an input voltage
of 10.003 volts and measuring the output voltage as 7.527 volts while by a 3.314
mega-ohms resistance in the related previously described test procedure. The resulted
ORCAD PSPICE® circuit scheme is as in Figure 5.9. The resulted input and output
voltage of the circuit in Figure 5.9 is as in Figure 5.10 in green and red colours,

respectively.
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Figure 5.9 ORCAD PSPICE" Circuit Used in Harmonic Loading Test
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Figure 5.10 The Input and Output Voltage after ORCAD PSPICE®™ Calculations
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The output voltage from ORCAD PSPICE®™ Calculations is exported from ORCAD
PSPICE® and imported to MATLAB® to compare with the measured voltage values.
The difference between the calculated and measured values is less than 9 % which

can be accepted to come from manufacturing process etc.

Calculated and Measured %oltage versus Time Graph After PSpice Calculations
""1' I I I I I

vpzu:alc:ulated

pZmeasured

“oltage [

Figure 5.11 Calculated and Measured Voltage Comparison after ORCAD PSPICE®

Calculations

This test is also analyzed in ATILA® finite element analysis module by harmonic

analysis module.
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NCE 40 ring material and compression mass is modelled in GID Pre-processor as in
Figure 5.12 with blue and green colours, respectively. The compression mass height
is arranged to have the same weight with measured value, 36.955 grams. Steel

compression mass and piezoelectric material, NCE 40, properties are entered as in

Appendix D. Some material properties, S5, S, S, d,; and &, are not displayed

in material data sheet and the producer also does not have this data. Since “33” mode
is used, this material properties does not have a direct effect for the results. Because
of that, they are entered same with PZT 4 material which is already in the ATILA"

piezoelectric material database.

The electric potential conditions of electrodes of piezoelectric material are defined as
in Figure 5.13. The upper surface of piezoelectric material is grounded to also isolate
the steel compression mass as in the test conditions with the aid of electrical isolator

plates. The lower surface of piezoelectric material is in floating boundary condition.

W steez
| [
Figure 5.12 NCE 40 and Compression Mass in ATILA®
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Figure 5.13 Surface Electric Potential Conditions

It is necessary to enter polarization conditions of materials including elastic materials
in ATILA® piezoelectric analysis. The polarization condition of piezoelectric
material is entered in positive z direction, 3rd direction in Figure 2.1, as in Figure

5.14. The polarization direction of the steel compression mass is entered the same.
In ATILA®, the acceleration definition is not allowed in harmonic analysis module.

It can only be defined in transient analysis module which will be applied in following

sections. Instead, the displacement value is calculated and entered by

X = . (5.2)

The acceleration profile in Figure 5.11 has different levels. The acceleration value is

taken to be -90.4564 m/s* from the acceleration measurements as in Appendix D.
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The corresponding displacement is calculated as 0.2288 mm and defined in ATILA"

as in Figure 5.15.

Applying all boundary conditions, the finite element model of the piezoelectric
energy harvester is created as in Figure 5.16 with 256 HEXA20P piezoelectric

elements having 1440 nodes.

The corresponding voltage is calculated as 3.65 Volts as in Figure 5.17. The voltage

measured in the reference time is 3.19 Volts as in Appendix D.

Figure 5.14 Polarization Conditions of Materials
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Figure 5.15 Displacement Definition in ATILA®

Figure 5.16 Finite Element Model of NCE40 and Compression Mass
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Figure 5.17 ATILA® FEM Result

Since the capacitance of piezoelectric material directly affects the output voltage, its
correctness is controlled. In ATILA, there is not a direct menu to control the
capacitance of the piezoelectric energy harvester. To control it, a methodology

described by ATILA engineers is applied.

The displacement value entered as in Figure 5.15 is erased and the frequency is
arranged as 1 Hz to eliminate the motional effects. 1 Volt is applied in the lower

surface of piezoelectric material as in Figure 5.18.

After the harmonic analysis is done with these conditions, the reactance value which
is the opposition of the piezoelectric energy harvester to a change of electric current

or voltage is obtained as in Figure 5.19.
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The corresponding capacitance value is calculated as 2.75 nF by

1
- , 5.3
278X, G-

C=

where X, is the capacitive reactance while the measured capacitance value is 3.12

nF. To correct this capacitance difference, a correction factor, 0.88 is used. The

concluded voltage output is 3.22 Volts with an error smaller than 1 % when

compared with measured value.

I Forced 10.000.0
0.0 0.0 External 1.0
10.00.001

[] Ground 0.00.00
0.0 0.0 0.0 External
1.0 10.0 0.001

Figure 5.18 Voltage Application

_(ol x|
Title Impedance YWalues, ., -
Frequency [Hz) Impedance Magnitude [Ohm]Impedance Phaze [#] Resistance [Ohm] Reactance [Ohm)
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Figure 5.19 The Reactance Value Obtained in ATILA
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5.3. Mechanical Shock Loading Test Results
5.3.1. Impact Hammer Test Results

In these tests, Dytran 3200B2M accelerometer with 50000 g measuring capability
whose properties are as in Appendix is used. The upper frequency limit of this
accelerometer is 10 kHz and the frequency content bigger than this limit is filtered by

a low pass filter at 10 kHz in nCode Glyphworks®.

The acceleration profile applied in impact hammer test setup is as in Figure 5.20. The

measured piezoelectric energy harvester output voltage data is as in Figure 5.21.

Acceleration [mfsz] versus Time [s] Graph
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Figure 5.20 The Acceleration Applied on Impact Hammer Test Setup
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Figure 5.21 Piezoelectric Output Voltage Graph

When the reason behind the shift of voltage signal from the zero base-line is
investigated, it is determined to be “zero shift” phenomenon which is mainly because
of the excitation of the resonance of piezoelectric materials and considered especially
in piezoelectric accelerometer design [42]. This shift has unpredictable amplitude
and duration. The reasons behind this shift can be overstressing of sensing elements,
physical movement of sensor parts, cable noise, base strain induced errors,
inadequate low frequency response and overloading of signal conditioner [43]. In
accelerometer design, to prevent overstressing of piezoelectric material and base
strain induced errors, mechanical filters as in Figure 5.22 are used containing an

internal butyl rubber core [44].

This effect is thought to be out of scope since the acceleration environment of
gunfire applications as in Figure 3.4 has low frequency content different from impact
hammer test setup case. To compare the calculations and measurements and not

taking into account zero shift effects a high pass filter with 100 Hz [39] is applied to
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piezoelectric voltage data as in Figure 5.23 by nCode Glyphworks® in which the

graph with blue colour is filtered and the other is original data.

The compression mass is 16.6 grams including bolt head weight. Bolt head expected
to act as a compression mass since the bolt is already in tension and when the
compression mass moves in compression direction it also compresses the
piezoelectric stack. The compression force exerted on piezoelectric element is as in

Figure 5.24.

The capacitance of piezoelectric element is calculated as 378 nF by applying an area
factor of 0.75 since the electrodes cover approximately 75 % of piezoelectric element
which is indicated by Noliac Company. The capacitance is measured as 386 nF by a
multimeter as in Appendix C. This difference is because of uncertainties of the

piezoelectric element.

The Mechanical Filter UA 0559

Figure 5.22 Sample Mechanical Filter Used in Accelerometers [44]
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Figure 5.23 Filter Applied Piezoelectric Output Voltage Signal

Compression Force versus Time Graph
ED T T T T T T T

e ey T S S S

T S I SRy SR SRRy PRI SR -

e s T S S S

Farce [M]

10

10 F

20k

1] noos 0.0 0.015 noz 002 003 0035 0.04
time [s]

Figure 5.24 The Force Exerted on CMARO3 Piezoelectric Material
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To attach the piezoelectric energy harvester system to the test stand, a M5 bolt is
used with 1 Nm tightening torque. The preload because of tightening the bolt results
in decrease in layer thickness and increase in layer area. This results in increase in
capacitance of piezoelectric stack considering the capacitance calculation formula,
3.47. The capacitance of piezoelectric stack increases to 396 nF as in Appendix C.
The measured capacitance value after tightening is used not to have the calculation

error related with this difference.

The produced voltage is calculated by the applied force or the mechanical stress.
Lumped parameter modelling is used by fast Fourier transform (FFT) method since it
is not possible to formulate the compression loading depending on time. Distributed

parameter modelling could not be applied because of the same reason.

The natural frequency of piezoelectric material with compression mass is calculated
as 53209 Hz. In the calculation of output voltage by the applied force, the produced
charge difference between the layers because of the compression effect of upper
layers is also considered. This effect would be important especially in thick
multilayer piezoelectric stacks. The calculated and measured voltage graphs are as in
Figure 5.34. The graph in dark blue colour is the voltage calculated by force not
considering the charge difference in layers while the graph in red colour is created by
considering this difference. The graph in black colour is the voltage calculated by

lumped parameter modelling and mechanical stress.
The loss resistance is calculated as 6.8 ohm by finding the main frequency of loading

as 1003 Hz taking the frequency spectrum of acceleration data in Figure 5.20 as in

Figure 5.26 by nCode Glyphworks®.
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Produced and Measured Yoltage wersus Time Graph before PSpice Calculations
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Figure 5.25 Calculated and Measured Voltage Comparison before ORCAD PSPICE®

Calculations
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Figure 5.26 Frequency Spectrum of Acceleration Data
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The leakage resistance is calculated as 10.0962 mega-ohms by an input voltage of
10.003 volts and measuring the output voltage as 7.531 volts while by a 3.314 mega-

ohms resistance in the related previously described test procedure.

The resistance of the data collection cable is also taken into account and it is

measured 326.2 kilo-ohms as in Appendix C.

The resulted ORCAD PSPICE" circuit scheme by loading calculated voltages is as in
Figure 5.27.

After simulating the piezoelectric energy harvester system in ORCAD PSPICE®, the
results are exported to compare with voltage measurements. The produced and
calculated voltage characteristics are not very convenient as in Figure 5.28 and
Figure 5.29. Because of the zero shift effects, tensile loadings and different
characteristics of acceleration in shock plate etc., the experimental test results are not
harmonious enough with analysis results. These factors are not valid for munitions
applications. Thus, it is determined to create a test setup having similar

characteristics with gunfire applications.

A
V1 6.6279 y
R_cable
R_leakage 326.2k
10.0962meg
—— C_pz
396e-9

Figure 5.27 ORCAD PSPICE" Circuit of CMARO3
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Produced and Measured “Yoltage versus Time Graph after PSpice Calculations
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Figure 5.28 Calculated and Measured Voltage Comparison after ORCAD PSPICE®

Calculations

Produced and hMeasured Voltage versus Time Graph after PSpice Calculations
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Figure 5.29 Calculated and Measured Voltage Comparison after ORCAD PSPICE®

Calculations - 2
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5.3.2. Pressure Gun Test Results

To simulate the high-G shock environment, impact hammer tests are conducted.
However, in these tests, impact hammer excites a big frequency band and zero-shift
effect occurs as mentioned before. These effects are out of concern in gunfire
environment when the sample gunfire acceleration in Figure 3.4 with duration of

several milliseconds is considered.

Two different multilayer piezoelectric stacks, CMARO03 and CMARO04, are tested in
this test setup. In these tests, the acceleration and piezoelectric voltage data is
collected with 100 kHz sampling rate. The collected acceleration and piezoelectric
voltage data is applied a low pass filter of 500 Hz not to deal with either the signal
noise or high frequency vibrations because of lack of rigidity of bottom flange of
pressure gun test stand. The comparison of sample acceleration and piezoelectric
voltage data with and without filtering is as in Figure 5.30 and Figure 5.31,

respectively.

24596
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Figure 5.30 The Acceleration Data Comparison by Filtering
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Figure 5.31 The Voltage Data Comparison by Filtering

5.3.2.1. CMARO03 Test Results

The acceleration profile applied by pressure gun in the launch duration is as in Figure

5.32.

The compression mass is 16.12 grams including washer and bolt head weights. Bolt
head expected to act as a compression mass since the bolt is already in tension and
when the compression mass moves in compression direction it also compresses the
piezoelectric stack. The compression force exerted on piezoelectric element is as in

Figure 5.33.
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Figure 5.32 The Acceleration Applied on CMARO3 Piezoelectric Energy Harvester
System
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Figure 5.33 The Force Exerted on CMARO3 Piezoelectric Material
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To attach the piezoelectric energy harvester system to the test stand, a M5 bolt is
used with 2 Nm tightening torque. The capacitance of piezoelectric stack increases to
407 nF as in Appendix C. The measured capacitance value after tightening is used

not to have the calculation error related with this difference.

The produced voltage is calculated by the applied force or the mechanical stress.
Lumped parameter modelling is used by fast Fourier transform (FFT) method since it
is not possible to formulate the compression loading depending on time. Distributed

parameter modelling could not be applied because of the same reason.

The natural frequency of piezoelectric material with compression mass is calculated
as 53124 Hz. In the calculation of output voltage by the applied force, the produced
charge difference between the layers because of the compression effect of upper
layers is also considered. This effect would be important especially in thick
multilayer piezoelectric stacks. The calculated and measured voltage graphs are as in
Figure 5.34. The graph in dark blue colour is the voltage calculated by force not
considering the charge difference in layers while the graph in red colour is created by
considering this difference. The graph in black colour is the voltage calculated by
lumped parameter modelling and mechanical stress which is almost the same with
the dark blue one. The reason behind is the loading condition is quasi-static condition
with a frequency content much lower than the first natural frequency of piezoelectric
energy harvester in compression mode. Because they are the same, only the output
voltage with dark blue colour is used in ORCAD PSPICE® calculations. The graph in

light blue colour is measured piezoelectric output voltage.
The loss resistance is calculated as 303 ohm by finding the main frequency of

loading as 22 Hz taking the frequency spectrum of acceleration data in Figure 5.32 as

in Figure 5.35.
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Produced and Measured “oltage versus Time Graph before PSpice Calculations
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Figure 5.34 Calculated and Measured Voltage Comparison before ORCAD PSPICE®™

Calculations
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Figure 5.35 Frequency Spectrum of Acceleration Data
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The leakage resistance is calculated as 10.0962 mega-ohms by an input voltage of
10.003 volts and measuring the output voltage as 7.531 volts while by a 3.314 mega-
ohms resistance in the related previously described test procedure. The resulted
ORCAD PSPICE" circuit scheme by loading calculated voltages is as in Figure 5.36.
The resulted input and output voltage is as in Figure 5.37 in green and blue colours,

respectively.

The output voltage from ORCAD PSPICE® Calculations is not similar with
measured voltage in Figure 5.34. To collect the output voltage data by Slice Nano
Data Acquisition System, a cable which enables to measure voltages up to 20 Volts

with voltage divider is used. The electrical scheme of this cable is as in Appendix C.

Equivalent resistance of the cable is measured as 110.1 kilo-ohms as in Appendix C.

This resistance is connected with piezoelectric element as in Figure 5.38.

After the modification, the resulted output voltage with blue colour changed its shape

as in Figure 5.39.

R_loss

VA 302.8587 y

R_leakage
10.0962meg

Figure 5.36 ORCAD PSPICE" Circuit of CMARO3

103



L= -

L1

EL L

o+

s 16ms 28ms 3oms 48ms Lons 6Goms
U(u2:+,02:-) < U(R_leakagel:2)
Time

Figure 5.37 The Input and Output Voltage after ORCAD PSPICE® Calculations

V2 302.8587 y

R_leakage1 R_cable1
10.0962meg 110.1k

407e-9

Figure 5.38 CMARO3 connected with 4865-01 Cable in ORCAD PSPICE®™
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Figure 5.39 The Output Voltage Change after Modification

This change is related with time constant, 7 is the time required to charge the
capacitor, through the resistor, to 63 % of full charge; or to discharge it to 37 % of its

initial voltage.

7 is determined by the product of the capacitance and the resistance of the system as
n

7=RC. (5.4)

The ratio of output voltage to input voltage depends on

V_0 24t

__2AT 5.5
Vio 1+ (QA7)’ -9
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where f is the frequency of voltage signal [39]. When the equations and the voltage

signal is investigated, 7 drops because of the data collection cable resistance. Since
the frequency content also drops in the decay region of the voltage signal the ratio in

Eqn. 5.3 also drops and results in the drop in output voltage.

After simulating the piezoelectric energy harvester system together with data
collection cable, the results are exported to compare with voltage measurements. In
Figure 5.40, the produced and calculated voltage characteristic is almost the same
and the error is smaller than 6.5 % for maximum value. The reason for this small
error could be the small difference in piezoelectric constant, additional mass effect of
protection apparatus etc. As it can be seen, considering the charge created by the
upper layers’ mass is not so efficient since the total thickness of piezoelectric stack is

only 2 mm.

In the design of piezoelectric energy harvesters for gunfire applications, the
compression stress created in piezoelectric element and its strength is an important
factor. The compression strength of piezoelectric elements is on the order of 250
MPa [21]. However, they are very sensitive to tensile stresses which can lead to
depolarization and failure. In pressure gun test stand during the launch, the
acceleration profile in Figure 5.32 is mainly in one direction which forces

compression mass in compression direction like real gunfire applications.
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Produced and Measured Yoltage versus Time Graph after PSpice Calculations
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Figure 5.40 Calculated and Measured Voltage Comparison after ORCAD PSPICE®

Calculations

The compression force created in piezoelectric element because of tightening torque,
F,, which is equal to axial force created in bolt since there is no external axial

loading in the bolt calculated as

=T
F = , 5.6
" Kd (5.6)

where K is torque coefficient which can be taken as 0.20 not depending on the size

and the thread conditions of the bolt and d is bolt diameter [41].
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The compression force due to tightening is calculated as 2000 Newtons. The

resulting compression stress is calculated as 23.5 MPa by

F
O'ightening — A_m > (5 7)

Pz

where A, is piezoelectric cross section area.

The compression stress due to launch acceleration, o, is calculated as

I:COm
Oy = ——2 (5.8)

where F., is compression force due to acceleration during launch.

The compression stress can also be calculated by the response of piezoelectric

element by lumped parameter modelling as described before.

The compression stress in launch duration is calculated as in Figure 5.41. The graph
with blue colour is the compression stress calculated by above equations and the
graph with red colour is the one calculated by lumped parameter model response.
Because of the frequency content of acceleration, they are almost same and about 0.3
MPa at maximum for this case. Total compression stress created in piezoelectric
stack is as in Figure 5.42 which is about 23.9 MPa much smaller than compression

stress limitations of piezoelectric materials.
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Figure 5.41 Compression Stress on CMARO3 due to Launch
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Figure 5.42 Total Compression Stress on CMARO03
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The finite element analysis is also applied in pressure gun test results. Multilayer
piezoelectric stack is modelled by the geometrical properties provided by Noliac
Company. The piezoelectric stack is modelled as one layer having the same
capacitance and charge producing capability. The piezoelectric material contains 25
layers with 67 microns thickness each having a total thickness of 1.675 millimetres.
75 % surface area of piezoelectric material covered by electrodes and polarized and
the remaining part is non-polarized which means it has no charge producing
capability. The electrodes having 2 microns thickness made of platinum are not
modelled since they are very thin. The internal structure of piezoelectric material is

modelled as in Figure 5.43.

Total thickness of piezoelectric stack is 2 millimetres. The remaining thickness of the
piezoelectric stack is added as non-polarized piezoelectric material to lower and
upper surfaces of the structure in Figure 5.43 with 162.5 microns thickness each as in
Figure 5.44. Steel compression mass is added to upper surface of CMARO3 having

the same weight in the tests as in Figure 5.45.

[ ncEs7 25
B NcEs7 25 _nonpolarized

Figure 5.43 The Internal Structure of CMARO3 Piezoelectric Stack
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[ NcEsT 25
B ncES7 25 nonpolarized

Figure 5.44 The Structure of CMARO03 Material

[ sTeELZ
M ncEes7 25
I NCES7 25_nonpolarized

Figure 5.45 The Structure of CMARO3 Energy Harvester
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The piezoelectric material, NCE 57 properties are entered as in Appendix D. To have
the same capacitance with CMARO3 by modelling in one layer, relative dielectric
constant of the material, ¢, is multiplied by the square of number of layers, 625 in
polarization direction. To have the same charge producing capability, the

piezoelectric constant, d,, is multiplied by number of layers, 25. For non-polarized

condition of the piezoelectric material, the piezoelectric constants are taken to be

zero to have no charge producing capability.

The electric potential conditions of electrodes of piezoelectric material are defined as
in Figure 5.46. The upper surface of piezoelectric material is grounded and the lower

surface of piezoelectric material is in floating boundary condition.

The polarization condition of the structure is entered in positive z direction, 3rd
direction in Figure 2.1, as in Figure 5.47. If the multilayer structure was modelled
with 25 layers, it would contain positive and negative polarization directions

changing in each following layer.

[ Fioating 0.00.0 0
0.0 0.0 0.0 External
1.0 10.0 0.001

D Ground 0.00.00
0.0 0.0 0.0 External

1.0 10.0 0.001

Figure 5.46 Surface Electric Potential Conditions
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Figure 5.47 Polarization Conditions of Materials

In ATILA® transient analysis module, the acceleration is not allowed to define
directly. To load the structure varying with time, a Microsoft Excel sheet as in
Appendix D is created in which the first column is time, the second column is
displacement and the third and fourth columns are velocity and acceleration which
are first and second derivatives of displacement, respectively. Then, this file is saved
in “.html]” format and copied to “project.exc” file created in analysis folder. To make
this file being recognized by ATILA®, a constant displacement input, i.e. 1 mm, is

applied to bottom surface of CMARO3 as in Figure 5.48.
Applying all boundary conditions, the finite element model of the piezoelectric

energy harvester is created as in Figure 5.16 with 1080 HEXA20P piezoelectric

elements having 5376 nodes.
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Transient analysis settings are defined as in Figure 5.50 in which Wilson-§ Method

and related parameters are defined [45].

)

M monecno00
Hane 0.00.00
Foed 10.0000

Figure 5.48 Displacement Definition in ATILA®

Figure 5.49 Finite Element Model of CMARO03 and Compression Mass
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Figure 5.50 Transient Analysis Settings

To make the analysis, “ati” file is created and the defined displacement input is made

“0” as in to use “project.exc” file defined before as in Appendix D.

Since the time step limit of ATILA® is 1000 steps, the collected acceleration data
which is collected at 100 kHz sampling frequency is resampled. When the
acceleration data is resampled at 10 kHz frequency by nCode Glyphworks®, almost
the same acceleration signal is observed as in Figure 5.51 in which the graph with

red colour is original data and the other one is resampled data.

When the voltage output in a node in which floating electrical boundary condition is

applied is observed, the result contains meaningless spikes as in Figure 5.52.

When the reason is investigated, it is determined to be the frequency of acceleration
data. When the data is resampled at 1 kHz, instead, the concluded acceleration is

deviated in some regions which are not very important as in Figure 5.53.
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Figure 5.51 Comparison of Original Acceleration Data with Resampled Data at 10
kHz
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Figure 5.52 Voltage Output with Spikes
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The resulted voltage output graph is as in Figure 5.54 which does not contain spikes.
The resulted voltage distribution graph when the maximum voltage output is

produced is as in Figure 5.55.

To compare the finite element analysis results with the measurement, the voltage
output of ATILA® is imported to ORCAD PSPICE® model in Figure 5.38. The

resulted output voltage of analysis and the measurement is as in Figure 5.57.
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Figure 5.53 Comparison of Original Acceleration Data with Resampled Data at 1
kHz
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5.3.2.2. CMARO04 Test Results

The acceleration profile applied by pressure gun in the launch duration is as in Figure
5.58. The compression mass is 22.9 grams including washer and bolt head weights.

The compression force exerted on piezoelectric element is as in Figure 5.33.

The capacitance of piezoelectric element is calculated as 504 nF by applying an area
factor of 0.75 since the electrodes cover approximately 75 % of piezoelectric element
which is indicated by Noliac Company. The capacitance is measured as 469 nF by a
multimeter as in Appendix C. This difference is because of uncertainties of the

piezoelectric element.
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Figure 5.58 The Acceleration Applied on CMARO04 Piezoelectric Energy Harvester
System
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Compression Force versus Time Graph
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Figure 5.59 The Force Exerted on CMARO3 Piezoelectric Material

To attach the piezoelectric energy harvester system to the test stand, a M5 bolt is
used with 2 Nm tightening torque. The capacitance of piezoelectric stack increases to
490 nF as in Appendix C. The measured capacitance value after tightening is used

not to have the calculation error related with this difference.

The natural frequency of piezoelectric material with compression mass is calculated
as 51528 Hz. The calculated and measured voltage graphs are as in Figure 5.60. The
graph in dark blue colour is the voltage calculated by force not considering the
charge difference in layers while the graph in red colour is created by considering
this difference. The graph in black colour is the voltage calculated by lumped
parameter modelling and mechanical stress which is almost the same with the dark
blue one. The reason behind is the loading condition is quasi-static condition with a
frequency content much lower than the first natural frequency of piezoelectric energy

harvester in compression mode. Because they are the same, only the output voltage
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with dark blue colour is used in ORCAD PSPICE®™ calculations. The graph in light

blue colour is measured piezoelectric output voltage.

The loss resistance is calculated as 269 ohm by finding the main frequency of
loading as 20.5 Hz taking the frequency spectrum of acceleration data in Figure 5.32

as in Figure 5.61.

The leakage resistance is calculated as 10.9942 mega-ohms by an input voltage of
5.004 volts and measuring the output voltage as 3.845 volts while by a 3.314 mega-
ohms resistance in the related previously described test procedure. The resulted
ORCAD PSPICE" circuit scheme is as in Figure 5.36 by including data collection
cable resistance. The resulted output voltage with red colour changed its shape as in

Figure 5.63.

After simulating the piezoelectric energy harvester the results are exported to
compare with voltage measurements. In Figure 5.64, the produced and calculated

voltage characteristics are in very good agreement.

The compression force due to tightening is calculated as 2000 Newtons. The

resulting compression stress is calculated as 17.7 MPa.

The compression stress in launch duration is calculated as in Figure 5.65. The graph
with blue colour is the compression stress calculated by Eqn. 5.6 and the graph with
red colour is the one calculated by lumped parameter model response. Because of the
frequency content of acceleration, they are almost same and about 0.33 MPa at

maximum for this case.
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Produced and Measured “oltage versus Time Graph before PSpice Calculations
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Produced and Measured Yoltage versus Time Graph after PSpice Calculations
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Figure 5.65 Compression Stress on CMARO04 on Launch
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The finite element analysis is applied also for CMARO04 pressure gun tests. Since the
main difference between CMAR04 and CMARO3 for which the modelling is
described in detail above is the outer and inner diameters of materials, the details of
finite element model of CMARO04 energy harvester is not discussed. The acceleration
data is resampled again at 1 kHz not to deal spikes mentioned before. The
comparison of the original data with resampled data is as in Figure 5.66. The resulted
voltage output graph is as in Figure 5.67. The resulted voltage distribution graph

when the maximum voltage output is produced is as in Figure 5.72.

The comparison of voltage output obtained by analytical methods and ATILA® is as
in Figure 5.69 which results in similar values. To compare the finite element analysis
results with the measurement, the voltage output of ATILA® is imported to ORCAD
PSPICE® model in Figure 5.62. The resulted output voltage of analysis and the
measurement is as in Figure 5.70. The results are deviated in some duration, since it
is necessary to resample the loading condition and the piezoelectric stack has some

imperfections which results in different capacitance etc.
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Figure 5.66 Comparison of Original Acceleration Data with Resampled Data at 1
kHz

126



Potential

0.784 —

0.672 —
056 —-
0.336 —|
0.224 —

0.112 -

o112 i I PP I L R L R L o Ll

T T T T T T T T T T T
0.002 0.0074 0.0128 0.0182 0.0236 0.029 0.0344 0.0398 0.0452 0.0506 D,DF’iw
Transient |

Figure 5.67 Voltage Output Graph of CMARO04

Potential

l 0.78093

0.69406

0.60718
- 0.5203
- 0.43343
- 0.34655
- 0.25967

017279
0.085918

-0.00095936

Figure 5.68 Voltage Output Distribution of CMARO04 Piezoelectric Energy Harvester

127



0.08

pziemPspice
prmeasured

0.os
A
i

Yoltage Produced by Analytical and Mumerical Calculations

U

'

'

'

'
S

'

'

'

'

'
e

'

'

'

'
e emepmmme s

'

'

'
S

V

'

'

'

'

0.04

0.0
time [s]

S . Y

0.0z

Comparision of ATILA Results with Measurements

0.01

0s

0.1

1] -] SRR
0.1 frommmeeee

0.8
0.7 fommmemoee

[#] afieyop,

[A] aBeyop

Figure 5.69 Comparison of Voltage Outputs Obtained by Analytical Methods and
ATILA®

0.04 0.0a 0.08

0.0
time [s]

128

0.0z

0o

Figure 5.70 Comparison of Voltage Output of ATILA® and the Measurement



5.4. Energy Optimization of Piezoelectric Energy Harvesters

In the design of piezoelectric energy harvesters, harvested electrical energy should be
stored in a proper capacitor to be used by electrical elements of the required systems.
To charge this energy at maximum level, the impedance matching which is

mentioned before is an important concept.

The pressure gun test results for CMARO4 material is used to show the effect of
connected stored capacitance in the energy levels. The storage capacitance is
connected to CMARO4 material by ignoring the data collection cable resistance as in

Figure 5.71.

The voltage created on the storage capacitor when the capacitor is 100 nF is as in
Figure 5.72 in red colours. The capacitor is charged to 0.271 Volts corresponding to

3.67x107-9 Joules.

This analysis is done for different capacitance values. The resulted energy storage
change with capacitance is as in Figure 5.73. The maximum energy is harvested
when the storage capacitance is 400 nF which results in matched impedance for the
piezoelectric energy harvester model and near to piezoelectric capacitance, 490 nF.
The energy levels decreases sharply when the capacitors with lower capacitance than

300 nF and higher capacitance than 500 nF and almost the same 350-500 nF range.
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

In this thesis, it is aimed to apply the piezoelectric elements technology to develop
means for energy storage in munitions launch. The practical problems encountered in
the design of piezoelectric energy harvesters are investigated. The applicability of
energy harvesting to high power needs are studied. The experience compiled in the
study is to be exploited in designing piezoelectric energy harvesters for munitions

applications.

In the first chapter, detailed information about piezoelectricity history, piezoelectric
material types, physical phenomenon of piezoelectric materials, typical applications
of piezoelectric materials is investigated. Information about piezoelectric material
properties, polarization of piezoelectric materials, modelling of piezoelectric
behaviour, common shapes and loading conditions of piezoelectric materials and
literature survey is studied in the second chapter. Then, analytical and numerical
approaches to obtain the electro-mechanical parameters of piezoelectric materials are
proposed in the third chapter while the experimental test setups used to verify these
mathematical models is given in the fourth chapter. In the fifth chapter, the results
obtained from the experiments and their comparisons with mathematical models are

discussed.

Firstly, the experimental setup is designed for a single layer piezoelectric material by

a modal shaker to test it in a controlled acceleration environment, harmonic loading.
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By conducting these tests, the knowledge about measuring the accelerometer and
piezoelectric output voltage data, analyzing the problem with analytical and finite

element methods is gained.

The tests are then conducted in high-g shock environments with multilayer
piezoelectric materials. Multilayer piezoelectric materials usage is a must in
munitions energy applications since the acceleration level is very high. In this level
of loading, single layer piezoelectric materials result in producing output voltages in
kilovolts range which is not possible to control. In recognition of this problem, some
samples of multilayer piezoelectric elements from Noliac Company are acquired. In
the literature, there is only one study with similar materials having layer thicknesses
in micrometers range by Pearson [4]. However, he conducted the tests with a
commercial product by Omnitek Company, which is a piezoelectric energy harvester
with resonator. He used some correction factors according to the results of the
experiments and calculations for each resonator because he had to rely on the
information supplied by Omnitek engineers. In order to avoid such problems, in this
study, the energy harvesters are designed by the compression mass. Firstly,
mechanical loading test is conducted in the impact hammer test setup. Because of the
zero shift effects, tensile loadings and different characteristics of acceleration in
shock plate etc., the experimental test results are not harmonious enough with
analysis results. These factors are not valid for munitions applications. To conduct
the tests in a loading condition having similar acceleration environment with
munitions applications, pressure gun test setup is adopted. The experimental test
results in this test setup is harmonious with the analytical models developed in
MATLAB® and finite element models developed in ATILA® by together with
ORCAD PSPICE".

Storage of the harvested electrical energy is very important concern since by
inconvenient capacitors the harvested energy levels can be reduced drastically.
Impact of impedance matching phenomenon is demonstrated and underlined by test

results and electrical analysis in ORCAD PSPICE®.
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Design of piezoelectric energy harvesters not requiring electrical converters to
reduce the voltage levels according to space limitations and electrical energy and
voltage requirements is exercised. According to the literature, piezoelectric energy
harvesters in munitions application can be designed for high g environments up to
120.000 g [16] . For small-calibre fuses, for instance, electrical energy requirement is
about 3 mJ [17]. In order to compare, during CMARO4 pressure gun tests the
developed acceleration is about 164 g which results in 5.4 nJ electrical energy in the
storage capacitance. Extrapolating the acceleration level to 120000 g by assuming
linearity, the corresponding stored energy could increase up to 2.9 mJ which proves
the feasibility of piezoelectric energy harvesters for supplying the energy
requirement of munitions. Obviously, increasing the compression mass, designing
mechanical resonators, by bigger size piezoelectric materials and fine tuning material

parameters can increase the harvested energy levels.

In a future work, application of these energy harvesters for smart munitions can be
realized. The energy harvesting capability due to spin of munitions and flight
vibrations can also be investigated in future extensions of this study. Resonators can
be designed to increase the force applied on piezoelectric materials. Their design
parameters can be investigated to exercise the adoptability of resonators for a known
gunfire acceleration environment. Non-linear effects can be introduced to
mathematical models during launch of munitions with accelerations of thousands of
g’s.  Production techniques of multilayer piezoelectric elements can also be

investigated.
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APPENDIX A

NOLIAC PIEZOELECTRIC MATERIAL PROPERTIES

Piezo ceramics specifications

Symbol & unit

DIELECTRIC PROPERTIES (tolerances +/- 10%)

MCE4D | NCE41 | NCE46

HCE53

NCES5

MCE57

MCES9 | NCESD

Relative Dielectric Canstant .‘é.l. 1280 | 1350 | 1300 | 1850 | 1s00 | scoo | 1sba | ze0s | 10sa
Dielectric Loss Factor tgh [10-4] 15 40 W 10 | 10 | 20 | o | w0 b
Dielectric Loss Factor at 400%/mm | tg8 [10-4 o | o0 100

ELECTROMECHANICAL PROPERTI

[ES (tolerances +/-

Coupling Factors™ Ky 0.58 0.57 0.57 0.65 0.56 0.62 0.59 064 0.55
k3 034 0.33 0.33 0.37 .32 0.39 0.33 037 0.30
kaz 070 .68 0.68 0.7z 0,65 0.72 0.7 .75 0.68
ke 0.50 .50 0.47 0.51 0,47 0,50 0.47 0.52 0.43
Piezoelectric Charge Canstants -dyy [10F12 C/N] 140 130 130 195 150 260 170 240 100
dyg (1012 CiN] Erl] 30 290 450 360 670 425 575 240
Pieznelectric Yoltage Canstants <2y [10° ¥miN] i 1 i 13 ¥ ] 1 10 1
233 [10° Vme] 7 5 b 7 i 19 7 1 7
Frequency Constants HE, [ms] 21160 1380 2230 1940 21ED 1970 ma 1970 Freil
NE, [m/s] 1980 2000 2040 2010 040 | 1990 1950 1960 2050
HE; [mis] 1470 1600 1500 1400 1400 1410 18610
NPy [mi's] 1340 | 1500 1800 1390 1500 1500 1500
Mechanical Quality Factor [+ 700 1400 | =1000 80 80 0 80 90 1000
Density p [10? k] 77 7.90 7.70 7.80 7.60 B.00 770 7.45 7.80
Elastic Compliances sEyq [1072 m2/n] 13 13 13 1% 18 17 17 17 1"
gy [10712 mi/m] 17 1 0 19 18 H] 3 bl 14
Curle Temgerature T.[C) 325 290 330 340 340 170 350 235 305

*) For multilayer companents only,

**) Measured in accordance with standard EN 50324,
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CMaRD2 | & +- 0.5 1 +-0.1 2 +- 005 Ly 1700 170 00 =500k
CMARDE | 12 ol 0,4 & +/-0.2 2 W 008 1.8 2670 150 00 =500k
CHMARD4 | 15 +- (.45 i +-0.3 r w05 1.8 4530 0 200 ~500K
CHMARDS | 30 +- 0.6 12 +/-0.4 Z +- 005 ] BOOD &5 20 =500k
x| SCMARDT | & 0402 2 +0.1/-0.3 7.9 4 - &l +~0.2 or 1%* 2.6 -74 1000 495 - 2750 150 =250k - =18k
X | SCMARDZ [ 8 o0, 4%/ 023 3 01703 s 4 - 80 wL0.2 ar 18 1.6 - 100 1700 162 - 6300 150 =250k =14k
L | SCMARDS | 12 o064 0.4 & +0.27-0.4 14.1 4 - 120 w02 or 13 1.7 - 157 2670 333 - 19600 150 250K - =9 K
x x| SCMARO4 | 15 | +0.65/-0.45 | 9 +0.3/-0.5 7.2 | 4-150 | +~02or 1% 1.7 - 197 4330 475 - 35150 150 *250k - =T k
X x | SCWMARDS | 20 0.8 -0.6 12 +0.4/-0.4 223 4 - 200 +~0.2 or 1%* 19252 BOO0 TB4 - TTE00 150 *250k - >4 k
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Noliac A/S
Material data based on typical

values
&, 1.19E+03 1.80E+03 2.44E+03

l

&y 8.28E+02 1.13E+03 1.34E+03

tan o (s 0.003 0.017 0.016

k 0.568 0.592 0.643

K31 0.327 0.327 0.370

kis 0.553 0.609 0.671

ds3 CIN 3.28E-10 4.25E-10 5.74E-10

dn C/N 7.24E-11 8.50E-11 8.82E-11

<‘

Jas3 m/N 0.0280 0.0267 0.0226

€31 C/m? -2.80 -3.09 -5.06

€15 C/m? 9.86 11.64 13.40

hss V/m 2.37E+09 1.98E+09 1.96E+09

N m/s 2209.94 2011.08 1970.47

N3 m/s 1500 1400 1410

N1s m/s 1018 896 822

Qui 3.3E+03 74 195
kg/m® 7.70E+03 7.70E+03 7.46E+03

Sii° m? N  1.30E-11 1.70E-11 1.70E-11
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E__ E
Sa4~ = Sss

D_. D
Sas~ = Sss

E_ . E
Ca4 = Css

m%/N
m%/N
m%/N
m?/N
m%/N
m%/N
m%/N
m%/N
m%/N
m?/N
N/m?
N/m?
N/m?
N/m
N/m?
N/m?
N/m?
N/m?
N/m?
N/m?
N/m?
GPa
GPa
GPa
GPa

-4.35E-12
-7.05E-12

1.96E-11

3.32E-11

3.47E-11

1.16E-11
-5.74E-12
-3.47E-12

1.05E-11

2.31E-11
1.68E+11
1.10E+11
9.99E+10
1.23E+11
3.01E+10
2.88E+10
1.69E+11
1.12E+11
9.33E+10
1.58E+11
4.34E+10
7.69E+01
5.09E+01
8.62E+01
9.56E+01
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-6.60E-12
-8.61E-12

2.32E-11

4.35E-11

4.71E-11

1.51E-11
-8.41E-12
-4.08E-12

1.19E-11

2.73E-11
1.47E+11
1.05E+11
9.37E+10
1.13E+11
2.30E+10
2.12E+10
1.49E+11
1.06E+11
8.75E+10
1.44E+11
3.66E+10
5.90E+01
4.31E+01
6.60E+01
8.43E+01

-5.78E-12
-8.79E-12

2.29E-11

5.41E-11

4.56E-11

1.47E-11
-8.10E-12
-3.30E-12

9.94E-12

2.98E-11
1.34E+11
8.97E+10
8.57E+10
1.09E+11
1.85E+10
2.20E+10
1.36E+11
9.21E+10
7.58E+10
1.51E+11
3.36E+10
5.88E+01
4.37E+01
6.81E+01
1.01E+02



APPENDIX B

ACCELEROMETER PROPERTIES

11592 Wardla 51. - Captawarin, CA 81311 - Phone 818-700-TH18
www.dyiran.cam » g-mail: info@dylan.com

L.W Dynamic Transducers and Systems
IMNETRUMENMTS, INC.

"ROTE: LVM i Dipira's insdemars for its bne of Low Impedance Wollsge ilode semsors wif Bast i srpifiers ogeratng fom corefient ourm i
SELICEE el toed . LIV SSUCITHNE 9 ESEOLEHD Wil FEOLE OV MrUt s SRS SysiaiTd.

SPECIFICATIONS, MODEL J2008, I200BT & J200BM 1]
LIVM HIGH SHOCH ACCELEROMETERS

MODELS RARGCE F 8. MAKIELUA BERETHITY ELECTRICAL HATURAL
BHOCH RON [3] HTHEE FRECUENCY

it 1G] T sl dkHr}
AM0E BT & B -0 160 2000 0485 L1 R ]
JEEE. BIT & BIM 00,000 (Ll i) oA [ Lo L]
ORI, BIT & BIM w-30 080 1680000 L a0 i
A HHE. D4T & D4 0,000 S0000 os [Tl ] L]
AFOEE BT L B e 00 Faoon 12 F000T i
AMOBE BET & B /- 1.500 5000 28 A5 L]
COMON SPECIFICATIONS
SFECIFICATION VALUE umiTs
DHSCHARGE TILE DONS TANT, DR, 19 SECOND
LYY FRECUEMCY -3do POINT, i 6 He
LOW FRECUENCY 3% POSNT ] i
FRECUENCY RESPIONGE. #10% a6k 10008 Lo
LMEARTY 3 £l wES
TRARSVERSE SENSITWVITY, MAX LA ] L
CUTPUT IMPEDACE, MO, 0 L2 0
QUTPUT VOLTAGE BIAS. MOAL =85 VDG
SUPPLY CURSENT RANGE ) 2w 2 mh
COMPLIANCT [GUPFLY) VOLTAGE RANGE 4] =5 s 430 VI
CPERATING TEMPERATURE RANGE B v 250 o5
SCE (HEX 1 HEIGHT} 5] hx B4 NCHES
SWERQHT L] ORARED
COMMECTOR. TOF MDUNTEDR 1032 MICRO-CORXIAL
FMATERAL, HOLEH NG COMMNECTOR 1-4PH STAMLESS STEEL
PACLETING PROVIEON, 100080007 X008 M 2001 - TR & 1.0 IEGRAL STLD
ENVIROMMENTAL BE&L EPCHITY
ISOLATION, CASE TD MOLUNTING EURFACE 10 NEGOHWE

[1] Wodkl series X000 oios ¥4-20 mouriag shud, seiies 2008T foshusms 10:32 s, sorea 12008 has & mi = 1,0 metre mourteg
sud. A othar charmstonatls o kosical

[7] Weasiiredl by o pacheg sgund cellswied Fence senser. RIST mosbis

1] Peorcabin ol Tl Scsies o sy B iiar deigransd Tl REas rangs, Fero-tused D) B e i s methad

IO FOEOR RS S8y »
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T ..
Model Tumber ACCELEROMETER, ICP®, TRIAXIAL o e
Performance EHGLISH E=] Optional Versions (Optional versions have identcal specifications and accessoros as listod
Sensitivity (210 %) 10 mvig 1.02 mvim's*) for standand model except where noted below. More than one option maybe used.)
KMeasurement Range 2500 g pk #4905 m/s? pk A = Adheesive Mount
Frequency Range (25 %) (y or z axis) 219 10000 Hz 2 to 10000 Hz Supplied Accessony: Model 0804108 Peiro Wax
Frequency Range  (£5 %) (x ais) 2 to TO00 Hz 2 to 7000 Hz Supplied Accessony: Maodel D80A90 Cuick bond Gel (for use with accelerometer
Resonant Frequancy =56 kHz =565 kHz adhesive mig bases to fill gaps on rough surtaces)
Broadband Resclution {1 w0 10000 Hz) D004 g s 004 e rmE | HT = High lemperature, .lnal_..n_u. normal oparation _!._.ﬁ.-nﬂ__:_.ln .
”_n!._.!in;__m " =1% =1 % 3 ,,.._..wﬂ:”hm_ﬁ._h_lm_m.bnm_am {Dperating) -85 o +325 °F -5d o 163 "0
1 5% 5 % - U 30
mzcﬂﬂ“ﬂﬂﬂu.a_ﬁ o : Frequency Range (+5 %) TO00 Hz 000 Hz
Overlond Limit (Shock) £10000 g pk £98100 mis® pk Electrical lsolation [Base) =>10" ahm =10 shm
Temperature Range  (Operating) B5 1o +250 °F 54 to +121 °C [ Size (Height = Langih x Width) 0.44 0 % 0.40 in x 11.2 mem x 10.2
mh.neh._ﬁwh_ﬁci Response Sea Graph Sae Graph [1112] Welght _....w.._—m_u._m _._.__._._“ .n.u_ “u_.m: mm
ca o -
Excitation Voltage 18 to 30 VDT 18 to 30 VDC Iaunting Adhasive Adhasive
Constant Current Excitation 2 to 20 mA, 2 to 20 ma
Outpull Impedance =200 ohi =200 oh
Output Bias Voltage 7ta 11 VDE 710 11 VDG Suplied Accessary: Madel 034K10 Cabie 10FT Mini 4 Pin To (3) BNC
Discharge Tima Constant 0310 0310 F! O L
Settfing Time _“i_ﬂm._ 10% of bias) =5 uuﬁmm.n =3 !unmmn Suppliad Accessony: Madel 0B0AS0 Quick bond Gal (for use with accalarometer
Spectral Nolse (1 Hz) 1000 pgiiHz QR0 (pmisec’ WMz 11 ZUn-._.nnE.n mig bases to fill gaps on rough surfaces)
Spactral Molse (10 Hz) 300 pgiHz 2843 (umisec’ WHz [l us? Typieal
Spactral Noise (100 Hz) 100 pgivHz S81 (um MNHz 1l ‘R -
 ShecaiNoma (1) S DGmeectine (1| [B1290Tio s 7 datevels it opton ooy,
ysical . " ) )
Saensing Elemant Caramic Caramic [4] See PCE Declaration of Conformance PS023 for detaits.
Sensing Geomelry Shear Shwear s
’ upplied Accessorlas
.Muw.__u.-.._zn Material _H.._“m._.___._.._._ ._._“_._ms.____.“._”n 034K 10 Cable 10FT Mini 4 Fin To (3) BNGC (1)
: g iy i 080A Adhasive Mourting Base {1}
Iz (Heght x Langth = Width]} 04 inx d4inx 0.4 102 mm x 1002 mm x 0BO0A108 Petro Wax (1)
in 10.2 mm
Waeight .14 4 )] QB1AZT Mounting Stud (5-40 to 5-40) (1)
Elecirical Gonnecio 8-36 4-Pin 836 4-Pin 081450 Maunting stud, 10-32 i 5-40 (1)
Bl © " ide i ACS-1T MIST raceable triaxial amplitude responsa, 10 Hz 1o upper 5% frequency. (1)
._.__un cal Connaction Position “ MOE1AZT Metric mourting stud, 5-40 to M3 x 0.50 larsg (1)
owunting Thread S-40 Fermake 5-40 Femala
Entered: LLH Engineer: AA Sales: WDC Approved: EB Spec Numbser:
o Typkal Senztivey Devizen vz Temperzus Drarbes: Diafe: Dabe: Dhasten: 15127
,m 0 04/21 /2010 /2002010 /22010 4202010
0
& o . 3425 Walden Avenue
= e
CE, j —— | OPCBAEDIRONCS e
§ o050 6 =0 100140 200 200 w0 3%0 VIBRATION DRSO Cz_._.m.u.mw.-}._.m.wﬂu

Tesparsum (°F)

Al specificalions are af room lemporature onloss othenwss spoacifliod.

In the Interast of constant product improvemeant, we resernée tha right 1o changs specifications without
nobce,

ICPE iz a registered trademark of PCB group, Inc.

Fax: 716-585-3886
E-mail: vibration@pch com
Web sita: www.peh.oom
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APPENDIX C

DETAILS OF EXPERIMENTAL ARRANGEMENTS

Figure C.1 CMARO3 Capacitance Measurement
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Figure C.2 CMARO04 Capacitance Measurement

Figure C.3 NCE40 Capacitance Measurement
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Figure C.4 CMARO3 Capacitance Measurement after Tightening for Impact Hammet
Tests

Figure C.5 CMARO3 Capacitance Measurement after Tightening for Pressure Gun
Tests
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Figure C.6 CMARO04 Capacitance Measurement after Tightening for Pressure Gun
Tests

Electrical
Resistance

Piezoelectric
Material

Figure C.7 Input Voltage Measurement for Leakage Resistance Calculation
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Figure C.8 Output Voltage Measurement for Leakage Resistance Calculation

Figure C.9 Measurement of Resistance of Oscilloscope Probe
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Measuring Large Voltages - Example

__ Lemo Flug
;mfﬂ 1

1

< [FE b

%mc R
SLICE Bridge (8 = EX i

Approo MAX Resistance | * Sensitivity
External Voltage R mivv
Minkx * Serveitivity calculation....
- 20V 35,38 599,904
T 95.3% 49.850 5 ) X 1000
+/-60V 150K 32.258 ({*j )

Figure C.10 SliceWare 4865-01 Cable Electrical Scheme

Figure C.11 Equivalent Resistance Measurement of 4865-01 Cable
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Figure C.12 Agilent E3634A Power Supply

Figure C.13 NCE 40 Material and Electrical Isolators
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Figure C.14 Sample Steel Compression Mass in Harmonic Loading Tests

Figure C.15 Aluminum Apparatus for Modal Shaker Connection

152



Figure C.16 Accelerometer Glued on Compression Mass

L

'

. L ,Pl‘
bl ';"ﬁ.-! ; :,' ia'b
v i

Figure C.17 Impact Hammers
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Figure C.18 Loctite Silver Anti-Seize Product

LASER RADIATION

Avoid direct eye exposung
Clazs 3A Laser Product
|EC BOB825-1: 2003-10

P=2AmW. 2= B70nNMm

Figure C.19 Micro-Epsilon Laser Displacement Sensor
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Figure C.20 Slice Nano Data Acquisition System

Figure C.21 MSI Model 64 Accelerometer
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Protection
Apparatus

Compression
Direction

Compression

Mass

Figure C.22 Protection Apparatus Montage
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APPENDIX D

DETAILS OF ANALYSIS PROCEDURES

Basic Fitting - 1

Select data: | data 1 w

D Center and scale X data

Plat fit= Mumerical results
Check to dizplay fitz on figure
D spline interpolant Fit. | Sth degree polynomial W
[] shape-preserving interpalarnt Coefficients and norm of residuals
[] linear ¥ o= pl*x~h + p2¥teed +
F quaFﬂratlc pI*x~3 4+ pdxel 4+
D cubic piFx~1l + pa

D dth degree palynormial
Sth dedree polynomial
D Bth degree polynomial
D Tth degree polynomial
D 5th degree polynomial
D Sth degree polynomial

Coefficients:
pl = -1.8168e+017
pZ = 4.1122e+015
p3 = -3.194%+4013

] 10th degres polynarmisl pd = 9.1334e+010
. p5s = -4.5228e+007

|:| Showy equations p6 = 2673.8

Significant digits: | 2 w
[ Pict residuals MNorm of residuals =

4195
Ear plot w
Subplot hd

Save to workspace. ., ]

|:| Shaowy narm of residuals

[ Help ” Cloze ]

Figure D.1 Acceleration Formulization by MATLAB® Basic Fitting Toolbox in
Mechanical Resonator Calculation
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feastic
|sTEEL2 > B K

Mechanical ] Losses | Magretic | Thermal |

Young's Moduluz | 21529
Poizzon Ratio|0.33
Density | 7850

Azzign Diraw Unasszign Exchange

Cloze

Figure D.2 Steel Material Properties

1I
|ceso T ZOoX k2 )
General ] techanical ] Coupling ] Dielectric ] Lozzes ] b aghetic ] Thermnal ]
SYMMETRY CLASS Hexagonal System Class Bmm —
DENSITY | 7750
Aszign Diraw Unaszign Exchange
LCloze
x
|uceso T BOX k2 )
General  Mechanical l Coupling ] Dielectric ] Loszes ] Magnetic ] Thermal ]
s1E[13E-12
$12E |-4.05E-12
$13E [-5.31E-12
s33E [17E-12
s44E [39.0E-12
Assign Liraw Unazssign Exchange
LCloze:

Figure D.3 NCE 40 Material Properties
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x

[NcE40 > B K 2 i)

General ] Mechanical  Coupling l Dielectic ] Losszes ] tagretic ] Thermal ]
d15|496e-12
d31 |-140e-12
d33|320e-12
Aszign Draw nazsign Exchange

Cloze

fil Piezoelectric

|ncE4n » B K A2 )

General ] Mechatical ] Coupling ~ Dielectric ] Losses ] M agnetic ] Therrmnal ]

ENT/ED|1475
E33T/E0|1250

Azzign Diraw Unaszign Exchange

Cloge

fil Piezoeleckric

Nce4o VAP ¢ 2 {J)

General ] Mechanical ] Coupling ] Diglectic  Losses | Magnetic ] Thermnal ]

DELTA M |0.000715

DELT&F|D.
DELTA Cv)0.0025

Azzign Dirawe Unazzign Exchange

LCloze

Figure D.3 NCE 40 Material Properties (Continued)
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] O A X
& Array Editor - acc

%|&%@|@|-v|'|5tack:|83597l EHD]EEIE?X

2979 533530 |
2980/  -90.1300
2981 520064
2982) 597770
2983 634217
2984 903104
2985 530524
2986 590325
2987 635505
2983 631383
2200 90,0356

—
2991 53.5548
299z 905165
2993 -B3.1554
2994 90.05939
2995 q £3.6793 | 3 |

Figure D.4 Reference Acceleration Value for Harmonic Analysis in ATILA®

ﬁ &%@|@|-v-|stack:lﬁasevl EEEDEEEFX
_
2963 -3.21595 =l
2959 -2.1018
2970 3.2067
2971 21450

2972 -3.1765
2973 -2.1018

2974 3.1635
2975 2.0802
2976 -3.2282
2977 -2.1061
2978 3.2153
2979 2.1493
2950 -3.1808
2081 -2.1081

2982 3.1678
2983 2.0845

g |
2954 -3.2359
2985 21104
2986 3.2239
2957 21536
2989 21148 .
2990/ " 3 1A0A [ | [ [ [ [ [ [ | J

Figure D.5 Reference Voltage Value for Harmonic Analysis in ATILA
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fil\ Piezoelectric

INEE5?25

TBOX

0 x

General ] Iechanical ] Coupling ] Dielectic ] Losses ] Magnetic ] Thermal ]

SYMMETRY CLASS
DEMSITY | 7700

Hexagaonal Systern Class Brm —

Azsigh Diraw Unazzign

Exchange

LCloze

fil Piezoelectric

INCE5?25

T BOX

General  Mechanical ] Coupling ] Dielectric ] Losses ] I agnetic ] Thermal ]

s11E17E-12

§12E |-6.60E-12
#13E|-8.61E12
533E |23.2E-12
s44E |43 5E-12

Assign Diraw Unaszsign

Exchange

Cloze

fil\ Piezoelectric

INEE5?25

TBOX

General ] Mecharical Coupling | Diglectic ] Loszes ] Magnetic ] Thermal

d15|506e-12
da1|-170e12
d33[106.25e-10

Lzzigh Draw Unaszigh

Exchange

Cloze

Figure D.6 NCE 57 Material Properties for Single Layer Modelling
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x|
fnces7 25 rEO R %7 )
General ] Mechanical I Coupling ~ Dielectric I Losses 1 I agnetic ] Thermal I
E11T/E0 1800
E33T/E0[1.125e6
‘ Dasigh Draw Unassign Exchange
Cloze
\ Piezoelectric x|
=B - BOX )
General ] Mechanical ] Coupling I Diglectic  Losses | Magnetic I Themal I
DELTA M |0.0125
DELTA P|0
DELTAD|0.017
Aasign Diraw Unagsign Exchange
Cloge

Figure D.6 NCE 57 Material Properties for Single Layer Modelling (Continued)

P project. Notepad o ] ]
Fle Edt Format View Help
LANGUAGE ENGLISH d
PRINTING = 1
GENERATE PST
PRECISION DOUBLE
[ANALYSIS TRANSIENT
NLOAD
53
TRANSIENT WILSON
1 1 1.000000E-003 1000 2 ©
GEOMETRY POLARIZATION CARTESTAN
1
90. 000000 -30. 000000 180.000000
EXCITATIONS

4681 UZ 0. 00D000E+000
LOSSES
STRESS
SCALE = 0.001000 0.001000 0.001000
NODES
“ 1 % 1.455860e+000 5.4333302+000 0.004750a+000
“ 2 % 4.307040e-008 5.625000e+000 0.904750e+000
“ 3 % 4.504180e-008 6.0000002+000 0.09047502+000
“ 4 % 155201 0e+000 5.7355602+000 O.004750a+000
“ 5 % 1.455860e+000 5.433330e+000 1.837500e+000
“ 6 % 4.307040e-008 5.625000e+000 1.837500e+000
“ 7 % 4.504180e-008 6.000000e+000 1.837500e+000
“ § % 1.552010e+000 5.795550e+000 1.837500e+000
# 9 % 7.170420e-001 5.57889024000 0.0047508+000
# 10 % 4.450610e-008 5.8125002+000 0.9047502+000
# 11 * 7.657970e-001 5.9508302+000 0.9047502+000
# 12 * 1.504380e+000 5.61444024000 9.9047502+000
# 13 % 1.455860e+000 5.43333024000 5.8711308+000
# 14 * 4.307040e-008 5.62500024+000 5.8711302+000
# 15 * 4.504180e-008 6.0000002+000 5.8711302+000
# 16 * 1.552910e+000 5.7955602+000 5.8711302+000
# 17 % 7.178420e-001 5.5788902+000 1.8375002+000
# 18 * 4.450610e-008 5.8125002+000 1.8375002+000
# 1% * 7.658040e-001 5.09508302+000 1.8375002+000
# 20 % 1.5043008+000 5.6144400+000 1.8375002+000 LI
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Figure D.7 ATILA Analysis File Arrangement for Transient Loading



[CRE-- RN T SR e

A HEHEE R E A
M= 2wl o B W o

A

B

0.0DOOODODODEWD.I 0.0000000000E+00

1.0000000000E-03
2.0000000000E-03
3.0000000000E-03
4.0000000000E-03
5.0000000000E-03
6.0000000000E-03
7.0000000000E-03
8.0000000000E-03
9.0000000000E-03
1.0000000000E-02
1.1000000000E-02
1.2000000000E-02
1.3000000000E-02
1.4000000000E-02
1.5000000000E-02
1.6000000000E-02
1.7000000000E-02
1.8000000000E-02
1.9000000000E-02
2.0000000000E-02
2.1000000000E-02

8.4220000000E-06
2.9540000000E-05
7.1040000000E-05
1.3910000000E-04
2.4180000000E-04
3.8770000000E-04
5.8570000000E-04
8.4480000000E-04
1.1730000000E-03
1.3750000000E-03
2.0550000000E-03
2.6160000000E-03
3.2920000000E-03
4.1570000000E-03
5.3900000000E-03
7.2960000000E-03
1.0210000000E-02
1.4400000000E-02
2.0030000000E-02
2.7210000000E-02
3.5960000000E-02

C
0.0000000000E+00
1.4000000000E-02
3.0270000000E-02
5.3460000000E-02
8.4060000000E-02
1.2280000000E-01
1.7050000000E-01
2.2710000000E-01
2.9240000000E-01
3.6410000000E-01
4.4100000000E-01
5.1840000000E-01
6.1040000000E-01
7.5210000000E-01
1.0070000000E+00
1.5120000000E+00
2.3580000000E+00
3.5160000000E+00
4.8920000000E+00
6.3860000000E+00
7.9710000000E+00
9.5240000000E+00

D
2.6420000000E+01
1.0000000000E+01
2.1240000000E+01
2.6040000000E+01
3.4860000000E+01
4.3050000000E+01
5.2090000000E+01
6.1190000000E+01
6.8880000000E+01
7.4570000000E+01
7.8100000000E+01
7.8710000000E+01
1.1150000000E+02
1.7970000000E+02
3.5640000000E+02
6.6980000000E+02
1.0160000000E+03
1.2850000000E+03
1.4460000000E+03
1.5460000000E+03
1.5360000000E+03
1.5000000000E+03

Figure D.8 Excel Data Sheet for Transient Loading
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