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Abstract

The research presented in this thesis uses the macro-fiber composite (MFC) actuator that
was recently developed at the NASA Langley Research Center for two major themes, sensing and
actuation for vibration control, and power harvesting. The MFC is constructed using piezofibers
embedded in an epoxy matrix and coated with Kapton skin. The construction process of the MFC
affords it vast advantages over the traditionally used piezoceramic material. The MFC is
extremely flexible, allowing it to be bonded to structures that have curved surface without fear of
accidental breakage or additional surface treatment as is the case with monolithic piezoceramic
materials. Additionally the MFC uses interdigitated electrodes that capitalize on the higher d;;
piezoelectric coupling coefficient, allowing it to produce higher forces and strain than typical
monolithic piezoceramic materials. The research presented in this thesis investigates some

potential applications for the MFC as well as additional topics in power harvesting.

This first study performed was to determine if the MFC is capable of being used as a
sensor for structural vibration. The MFC was incorporated into a self-sensing circuit and used to
provide collocated control of an aluminum beam. It was found that the MFC makes a very
accurate sensor and was able to provide the beam with over 80% vibration suppression at its
second resonant frequency. Following this work, the MFC was used as both a sensor and actuator
to apply multiple-input-multiple-output vibration control of an inflated satellite component. The
control system used a positive position feedback (PPF) controller and two pairs of sensors and

actuators in order to provide global vibration suppression of an inflated torus. The experiments



found that the MFC and control system was very effective in attenuating the vibration of the first
mode but ineffective at higher modes. It was found the positioning of the sensors and actuators
on the structure contributed heavily to the controller’s performance at higher modes. A
discussion of the reasons for the controller’s ineffectiveness is supplied and a solution using self-

sensing techniques for collocated vibration suppression is investigated.

Subsequent to the research in vibration sensing and control, the ability to use
piezoelectric materials to convert ambient vibration into usable electrical energy was tested and
quantified. First, a model of a power harvesting beam is developed using variational methods and
is validated on a composite structure containing four separate piezoelectric wafers. It is shown
that the model can accurately predict the power generated from the vibration of a cantilever beam
regardless of the load resistance or excitation frequency. The damping effects of power
harvesting on a structure are also demonstrated and discussed using the model. Next, the ability
of the piezoelectric material to recharge a battery and a quantification of the power generated are
investigated. After determining that the rechargeable battery is compatible with the power
generated through the piezoelectric effect, the MFC was compared with the traditional monolithic
PZT for use as a power harvesting material. It was found that the MFC produces a very low
current, making it less efficient than the PZT material. Furthermore, because of the low current
generation of the MFC, it was unable to charge batteries because of their need for relatively large
current. Due to the MFC being incapable of charging batteries, only the PZT was used to and the

charge times for several nickel metal hydride batteries ranging from 40 to 1000mAh are supplied.

il
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Nomenclature

o = proportional damping constant

= acceleration

N

N

= amplitude of vibration

=

= proportional damping constant
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= width of beam

= modulus of elasticity

(¢}

= capacitance of piezoelectric

a0

= damping matrix
= variation

= displacement

QU L >
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= piezoelectric constant relating voltage and stress

= Electric Displacement

O

= electric field

= piezoelectric coupling coefficient
= external force

= applied force

= stiffness

= length of beam

= total number of data points

= mass

= efficiency
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= power

= location of electrical potential
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r =temporal coordinate of displacement
R =resistance

¢ =dielectric constant

S =strain

= thickness of beam or time

~

t, = thickness of piezoelectric
T =kinetic energy or stress in piezoelectric constitutive equations
6 = piezoelectric coupling matrix

u = displacement
U =potential energy

v =voltage

V' =volume, chapter 4

V' =voltage drop across load resistance, chapter 5
V.1. = variational indicator

@ =mode shapes

® = natural frequency

{ = damping ratio

Superscript

E = parameter at constant electrical field (short circuit)
S = Value taken at constant strain

T =parameter at constant stress or transpose

Subscript

p = piezoelectric

s = structure
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Chapter 1

Introduction

1.1 Introduction to Piezoelectricity

Piezoelectric materials have the unique ability to interchange electrical energy and
mechanical strain energy or force. Due to this characteristic of the material, it has been found to
be very effective for use in dynamic applications involving vibration suppression and sensing.
However these materials have been used in numerous other applications including sonar, audio
buzzers, air ultrasonic transducers (e.g. television remote controls) and piezoceramic ignition
systems (www.piezo.com). While these materials have found notable applications, piezoelectrics
devices have not found the market (except for push button igniter systems) that will allow the
production rates of the material to have substantial growth causing the cost to be dragged down

and become cost effective in numerous other applications.

1.1.1 History of Piezoelectricity

In 1880, the first experiment displaying the piezoelectric effect was performed on
specially prepared crystals (quartz, topaz, tourmaline, cane sugar and Rochelle salt) and published
by Pierre and Jacques Curie. The crystals were subjected to a mechanical stress and a conclusive
measurement of surface charge was made. This discovery was termed piezoelectricity to

distinguish it from other areas of phenomenological experience such as “contact electricity”



(friction generated static electricity) and “pyroelectricity” (electrical energy generated from the
heating of crystals). The Currie brothers asserted that there was a one to one correspondence
between the electrical effects of temperature change and mechanical stress. This prediction
allowed the brothers to use their understanding of the microscopic and crystallographic origins of
piezoelectricity to effectively choose the crystals for use in the experiments as well as the cuts of

these crystals.

While the Currie brothers were able to predict that electricity could be generated from an
applied stress (direct piezoelectricity), they did not predict the opposite effect, know as converse
piezoelectricity. Direct piezoelectricity illustrates that when a mechanical stress is applied to the
material an electric charge results, this converse phenomena illustrates that the application of an
electrical field creates a mechanical stress. The converse piezoelectric effect was later
mathematically proven in 1881 by Lippman using the fundamental thermodynamic principles.
The converse piezoelectric effect was quickly confirmed by the Curies and quantitative proof of
the complete reversibility of electro-elasto-mechanical deformations in piezoelectric crystals was

later obtained.

After its discovery and until the early 1900’s, piezoelectricity was mainly a topic of
scientific interest. The early twentieth century was producing many new machines, none of
which incorporated piezoelectricity. The reason for the lack of applications, was primarily
because piezoelectricity was an obscure science and the recently developed mathematics
describing this phenomenon were very complicated and hard to understand. However, in 1916
during World War I, Paul Langevin of France developed the first engineering use for
piezoelectricity by developing an ultrasonic submarine detector. The device was termed the
“Langevin type transducer,” later to be perfected and lead to sonar devices which are used
extensively to this day. The Langevin type transducer was constructed of and array of thin quartz
crystals sandwiched between two metal plates. When the quartz crystals were excited through the
piezoelectric effect, the plates emitted high frequency sound waves into the water. A second
quartz device was then used to detect the return of the sound wave. The time required for the
sound wave to leave the first transducer and return to the second contained information revealing

the depth of the submarine.

Following the development of Langevin’s transducer, a conference was held in 1917

under the direction of Robert A. Milliken and sponsored by the National Research Council. At



this conference the early sonar device was revealed to the public. One of the researchers invited
to this conference was Walter G. Cady, who had an interest in submarine detection. After hearing
the news and learning of piezoelectric materials, he became so intrigued that he embarked on a
lifelong journey developing piezoelectric principles and applications. From 1917 through the
1940’s Cady’s work as well as others led to a period of intense development of piezoelectric
devices. During this period of intense piezoelectric research, numerous applications were
developed that we now find common including microphones, accelerometers, ultrasonic

transducers, bender element actuators and phonograph pick-ups.

With the amount of research and number of applications involving piezoelectric materials
growing, the production quantity and feasibility of the products was limited by material
performance. Beginning the mid 1930’s, there were some advances in the production of materials
with higher piezoelectric properties, leading to the development of the crystal ADP (ammonium-
dihydrogen-phosphate). ADP possessed the rugged characteristic of the quartz crystal and the
strong piezoelectric characteristics of Rochelle salt (Inman et al., 2000). In addition to ADP
several other piezoelectric crystals were identified, a few of the more effective ones are EDT
(ethylene diamine tartrate), DKT (dipotoassium tartrate) and BaTiO; (Barium Titanium Oxide).
The advances made in these crystals lead to the development of wave filters for use in multi-
channel telephony work at Bell telephone Laboratories. However, while these new crystals held

vast improvements over there predecessors they still left room for further development.

The next step in the development of high performance piezoelectric materials occurred
during World War II. In the U.S., Japan and the Soviet Union, isolated research groups were
developing advanced capacitor materials and found that certain ceramics prepared by sintering
metallic oxide powders, exhibited dielectric constants up to 100 times greater than those of the
commonly cut crystals of the time. In addition, ferroelectric materials were constructed to have
similar improvements in piezoelectric properties. The most notable of these early ferroelectric
materials was Barium titanate that had piezoelectric properties similar to that of Rochelle salt but
was not water soluble, could withstand higher operating temperatures and was capable of being
manufactured in many different shapes and sizes due to its ceramic substance. This discovery of
an easily manufactured piezoelectric ceramic with far greater performance than any other to date

sparked a new period of intense research and development of piezoelectric devices.



The greater research efforts began to produce ceramic materials with better piezoelectric
properties than Barium titanate, leading to the development of numerous materials, the most
notable of these being lead metaniobate (PMN) and lead zerconate titanate (PZT). These two
materials are still among the most used for piezoelectric applications today. Following the
development of the piezoceramic was the piezoelectric semiconductor film and piezoelectric
polymers. The most notable of the piezo-polymers is the polyvinylidene fluoride film (PVDF),

which is still heavily used.

During this new found search for piezoelectric materials, processing and production
methods were dominated by industrial groups in the United States who secured an early position
in the market with strong patents. However, after the war, advances were made in individual
private companies who felt the newly developed products would produce the most profit with
strong patents and secrete processes. This closed research market for piezoelectric devices

caused the amount of new market development in the United States to be substantially limited.

While the United States were working with a closed flow of ideas between companies,
Japanese companies and universities formed a group of researchers dedicated to the open flow of
ideas and applications involving piezoelectric materials, deemed the Barium Titanate Application
Research Committee, in 1951. This organization allowed technical challenges and new market
areas to be overcome and developed with far greater ease than the closed flow of ideas seen in the
U.S. Due to this type of research the Japanese began to lead the piezoelectric market and in 1951
the successful test of a fish-finder allowed them gain the upper hand in the world market of
piezoelectric products. The continuing effort of the Japanese groups led to the development of
unpatented piezoelectric materials with performance close to that of PZT. This new freely
available piezoelectric material was all that they needed to begin filling and opening new markets

for there continued production of creative products.

The success of the Japanese has led other nations to develop heavy research programs in
the area of piezoelectrics and other smart materials. The increase in research is reflected through
the steady rise in piezo patents granted as well as the substantial rise of publications in this area
from Russia, China and India. This increase in research with piezoelectric materials will certainly
bring about new innovative products and materials as it has in the past. For a more detailed
account of the history of piezoelectric materials see www.piezo.com and Inman and Cudney

(2000).



1.1.2 Piezoceramic Fiber Actuators

Since the development of piezoceramic materials they have been used extensively in the
fields of sensing and actuation. However, these materials have several properties that limit their
application in real systems. Due to the ceramic nature of the monolithic piezoelectric material
they are very brittle, making them vulnerable to accidental breakage during handling and bonding
procedures. In addition, they have very poor ability to conform to curved surfaces and are very
dense and stiff causing mass loading and localized stiffness to be a factor when working with
very flexible or lightweight structures. These limitations have motivated researchers to develop
alternative methods of manufacturing the piezoceramic to better suit it for the next generation of

piezoelectric applications.

To resolve the inadequacy of the monolithic piezoceramic material for many applications,
the idea of using a composite material consisting of an active piezoceramic fibrous phase
embedded in a polymeric matrix phase was investigated. Typically when in fiber form crystalline
materials have much higher strengths, where the decrease in volume fraction of flaws leads to and
increase in specific strength (Williams et al., 2002). In addition to this added strength of the base
material, the flexibility of the polymer matrix allows the piezoceramic fibers to have greatly
increased conformability to curved surfaces and provides a protective shell around the
piezoelectric material. This polymer shell allows the piezofiber to withstand impacts and harsh
environments far better than monolithic piezoelectric materials. The result of configuring the
piezofiber inside a polymer matrix is an actuator that can be incorporated into or bonded to more

realistic structures.

Several actuators that incorporate piezofiber technology are commercially available or
under development at research institutes, namely the 1-3 composites by Smart Materials Corp.
(http://www.smart-material.com), active fiber composite (AFC) actuators developed by MIT
(Bent, 1993a, 1993b, 1994, 1995, 1997 and Janos et al., 1998), and macro-fiber composite (MFC)
actuators constructed at NASA Langley Research Center (Wilkie et al, 2000). In the following
sections I will give a brief introduction to each of these different actuators, for a more detailed
description of each of these materials, consult their corresponding references. In addition the
company responsible for the 1-3 composite actuators, Smart Materials Corp. was given the
contract from NASA to market the MFC and information regarding these actuator can be found

on the website www.smart-material.com.



1-3 Composites

The 1-3 composite actuator from Smart Material Corp. consists of piezoelectric rods
embedded in a polymer matrix. The piezoelectric ceramic material is aligned through the
longitudinal direction while the polymer phase is continuous in all three directions, hence its
name 1-3 composite. These actuators are constructed using a patented soft mold process that was
invented at the Fraunhofer Research Facility in Germany. This process consists of copying a
reusable soft mold from a positive form of the final structure then filling the mold with the
piezoceramic material. Once the mold is filled with the piezoelectric material it is fired to sinter
the piezoceramic. Using this process the active pixels can be constructed in either round (70
micron diameter with 50-micron spaces) or rectangular (80 microns with 120 micron spaces) as
shown in Figure 1.1. This soft molding process holds many advantages over the previously used
die-and-fill, injection molding or dicing techniques due to the molds being reusable, allowing
thousands like actuators to be made. In addition, the fabrication is relatively easy and cost
effective because of the simplicity of the mold construction when compared to the other options
for fiber construction. Once the brittle fibers are formed a polymer matrix is added to the
remaining spaces to protect the fibers from breakage. Subsequent to this process is the addition
of metal electrodes for poling of the device, later to be used as a means of applying an electric

field or measuring the current produced during sensing.

Figure 1.1: 1-3 composite actuators by Smart Materials Corp. piezoceramic rods with a) round

fibers and b) rectangular fibers (http://www.smart-material.com).

These actuators provide several advantages over the monolithic piezoceramic due to

lower acoustic impedance, higher coupling coefficients providing more effective conversion of



electrical energy into mechanical energy and vice versa, reduced lateral coupling due to isolated
fibers, greater flexibility through the polymer matrix and higher bandwidths up to 10 Mhz
(Gebhardt et al., 1999). These advantages have made the 1-3 composite actuators a popular
choice for ultrasound applications, including medical ultrasound, flow control, sonar, non-
destructive testing and broadband transceivers. In addition to these applications, the 1-3
composite is used for attenuation of acoustic waves in smart composite panels. This is achieved
by sandwiching the actuator inside of two composite panels. When this arrangement is attached
to a structure such as an aircraft fuselage it can be used to attenuate noise levels, function as
pressure sensors or reduce the broadband vibration levels inside the fuselage of an aircraft by 20

dB (http://www.msiusa.com).

Active Fiber Composites

The active fiber composite (AFC) actuator developed at MIT’s Active Materials and
Structures Lab is another type of piezoceramic fiber composite actuator that has seen much
attention due to its wide range of potential applications. This actuator is constructed of
unidirectional aligned piezoceramic fibers surrounded by a polymer matrix. The AFC can also be
adapted such that inactive glass fibers are inserted into the polymer matrix to add additional
structural strength. A photomicrograph of the cross section of an AFC with glass fiber
reinforcement added is shown in Figure 1.2, where the piezoceramic fibers are 130 microns in

diameter and the S-glass fiber have a diameter of 5 microns.

Figure 1.2: Cross section of the AFC with glass rods (Williams, R. 2002).

The piezoceramic fibers are produced through a patented injection molding process

(Gentilman et al., 2003). The procedure combines either PZT or PMN powder with a wax based



binder, and then the material is granulated as feedstock for the injection molding process. Once
this is completed the feedstock is heated to the specified viscosity and rapidly injected at high
pressure into a cooled mold. Due to the incompressible nature of the material, when injected into
the mold the fibers obtain a constant density throughout and alleviate issues of voids and internal
defects that occur during dry pressing or low pressure forming methods. The homogeneous
density of the material produces like microstructures, dimensions and electromechanical

properties after firing.

After the production of the piezoceramic fibers an electrode is layer is placed on the top
and bottom of the fibers to facilitate the application or an electric field of the collection of current
during sensing. The AFC uses interdigitated electrodes that allow the electrical potential to form
along the length of the fiber; therefore capitalizing on the higher ds; piezoelectric coupling
coefficient, a schematic to help visualize the electric field developed along the fibers is shown in
Figure 1.3. The metallic electrodes are normally formed using photolithography, which is a very
accurate process, however it is a time consuming and expensive process that etches copper strips
onto a thin Kapton® film. A second method can be used to avoid this process that consists of
screen-printing silver ink onto a thin Kapton® sheet. While this method is quick and inexpensive
it is also inaccurate and produces variations in electrode pattern, in addition to having a limited

ductility resulting in a shorter lifespan of the final product (Williams, R. 2002).
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Figure 1.3: Schematic of the cross section of an AFC actuator (Wilkie, 2000).



The final assembly of the AFC is fairly complicated; Figure 1.4 helps to visualize this
process. The process begins with the bottom electrode being placed on the aluminum vacuum
plate using the locator pins. The piezoelectric fibers are then laid out carefully on the bottom
electrode making sure that the fibers are in a single layer and are as parallel to one another as
possible. With the piezoceramic fibers laid out the glass fibers or other material can be included
if desired, in order to increase the strength of the actuator. The next step is to insert the Kapton®
molds along the edges of the electrodes to retain and form the polymer matrix that will be added.
With the Kapton molds in place an epoxy resin doped with an air release agent is applied to the
fibers and any inactive material that was added, then the top electrode is aligned on top of the
fibers using the positioning holes. With the final layout of the actuator positioned, the plate is
placed in a press, where heat and pressure are applied to aid in the curing of the epoxy resin. This

process utilizes the vacuum port, which minimizes the amount of void formation in the actuator.
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Figure 1.4: Schematic of the manufacturing process of the active fiber composite

(Williams, R. 2002).

The final product is an actuator that has increased flexibility, durability and electro-
mechanical coupling due the interdigitated electrodes that capitalize on the higher ds; coefficient.

This type of technology has many possible structural applications; however, the assembly can be



avoided and the fiber can be incorporated directly into any laminated composite material. One of
the major considerations for use of this property is to incorporate the fibers into the rotor blades
of a helicopter. The helicopter blades experience large aerodynamic loads and in turn induce
large vibration and noise issues. With the active fiber embedded inside the rotor blade the
vibration and noise levels inside the helicopter could be significantly reduced providing increased

comfort to the pilot and passengers of the aircraft.

Macro-Fiber Composites

The third and last type of piezoceramic fiber actuator that will be discussed is the macro-
fiber composite (MFC) actuator that was developed at the NASA Langley Research Center. The
MFC is similar to the AFC because both consist of the same three primary components; active
piezoceramic fibers aligned in a unidirectional manner, interdigitated electrodes, and an adhesive
polymer matrix, the layers of the MFC are shown in Figure 1.5. However, the MFC has one
difference that greatly affects the manufacturing process and the performance of the actuator, it
has rectangular fibers. A photomicrograph of the cross section of an MFC showing the
rectangular fibers is shown in Figure 1.6, where the fiber’s length and height are 356 and 178
micron respectively (Wilkie, 2000).
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Figure 1.5: Schematic showing the order of different layers in the macro-fiber composite actuator.
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Figure 1.6: Photomicrograph of the cross section of a macro-fiber composite actuator

(Wilkie, 2000).

The fibers of the MFC have a rectangular cross section due to the method used to form
the fibers. Instead of forming them through an injection molding process as done in fabrication
of the AFC, they are machined from low cost piezoceramic wafers and a computer controlled
dicing saw, this process is shown in Figure 1.7. It can also be seen in Figure 1.7 that the
piezoceramic wafer is laid on top of a blue surface, this is the polymer carrier film that is used to

hold the fibers in place during handling and machining of the fibers.

Computer controlled dicing saw I

1. Ceramic wafer on 2. Wafer and grip frame
grip frame positioned for dicing

|J

3. Completed piezoceramic fiber sheet

Diemond saw blade
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Figure 1.7: Fabrication process of the macro-fiber composite piezofibers (Williams, 2000).
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The other two components of the MFC are the polymer matrix and the interdigitated
electrodes. The interdigitated electrodes are made using a photoresist-and-etch process on
commercially available copper-clad polyimide film. After the piezoceramic wafer has been cut it
is then transferred and fixed to the bottom electrode film using a thermosetting epoxy adhesive
that functions as the polymer matrix material. The sheet is then slightly heated to allow the epoxy
to secure the piezoceramic fibers and ensure they are properly aligned. Once the fibers are secure
the polymer carrier sheet is removed and a layer of thermosetting epoxy is added to the top before
applying the top electrode sheet, this process of bonding the electrode layer is shown in Figure
1.8. After all layers of the MFC are stacked together the entire assembly is placed inside of a
vacuum press were heat and pressure is applied to reject the formation and growth of voids in the

epoxy matrix.

a) Preparation of bottom electrode b) Placement of fiber sheet on
film with epoxy adhesive. electrode film.

b

| - ‘ i [}
c) Fiber sheet and electrode film c) Removal of polymer carrier film from
after heat tacking. transferred piezoceramic fibers

Figure 1.8: Integration of the active fibers and the interdigitated electrodes (Willie, 2000).

Like the AFC, the MFC is extremely flexible, durable and has the advantage of higher

electromechanical coupling coefficients granted through the interdigitated electrodes. However,
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the manufacturing processes discussed in the previous paragraphs allow the MFC to be produced
at a much lower cost than the AFC and therefore are causing the AFC to be overlooked when
determining the ideal actuator for a specific application. As mentioned earlier the MFC is a new
technology and has not been tested in many of it potential applications. One application that has
seen a lot of interest consists of bonding MFC patches to the vertical tail of fighter aircraft. Each
side of the tail fin will have five MFC actuators embedded under the fiberglass shell as shown in
Figure 1.9. These actuators will function as a means for counteracting the bending and torsional
stresses that are inflicted on the tail during flight as a result of buffeting loads. The MFC actuator
has also seen attention for use in inflatable satellite applications. The role of MFC in these

applications will be discussed in the following sections.

Figure 1.9: Scaled model of fighter jets vertical tail fins with MFC embedded into the fiberglass
shell (Figures from NASA).

1.2 Literature Review

The following sections will discuss research that has been previously carried out in the
topics of inflatable structures, vibration suppression using piezoelectric devices and power
harvesting. Although much of the work reviewed in this section was carrier out using monolithic
piezoelectric devices the scope of this thesis is to use piezoceramic fiber composites in these

applications.
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1.2.1 Inflatable Satellites

Inflatable satellites have become increasingly popular over the past few decades. These
structures pose certain advantages over traditional satellites, such as minimal launch mass and
volume. The satellite is compactly packaged before its launch into space and once in orbit the
structure is deployed and inflated. Because the satellite is packaged for the duration of time it is
in the shuttle bay, the device can be made to become far larger than any other solid satellite. This
advantage is necessary for space antennas, which require very large surface areas. However,
these advantages do carry a drawback; the dynamics of inflatable structures are considerably
more difficult to analyze and test than a ridged structure. While there has been considerable
research into the analysis of inflatable structures the amount of experimental ground testing of
their dynamics had seen far less attention until recently. For the inflatable satellite to succeed, it

is critical that these dynamics be understood.

History of Inflatable Satellites

The beginning of inflatable satellites was marked by the development of three inflatable
devices by the Goodyear Corporation. In a period of time stretching from the late 1950’s to the
early 1960’s, Goodyear developed an inflatable search antenna, radar calibration sphere and
lenticular inflatable parabolic reflector (Freeland et al, 1998). The search antenna used a
rigidizing support structure that was able to fold up into a compact, lightweight package. The
third structure developed at Goodyear was the lenticular inflatable parabolic reflector that
pioneered some of the inflatable satellite technology presently used, including the construction of
antenna supported in a toroidal ring. These early developments in inflatable technology provided
key innovations in the areas of fabrication, bonding of structural elements, packaging and

deployment.

The innovative structures built at Goodyear were the first to use inflatable technology,
however, none of their structures made it into space. The proof that inflatable satellites could be
effectively deployed in space was demonstrated with NASA’s launch of the Echo 1A satellite on
August 12" 1960. The Echo 1A satellite (often referred to as the Echo 1 satellite due to a launch
vehicle failure before deployment of the actual Echo 1 satellite) was a 30.5 m diameter balloon

constructed of 12.7 micron thick metallized mylar, designed to act as a passive communications
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reflector. One of the major reasons for using inflatable satellites is their extremely efficient use
of space when packaged; this was shown with the Echo 1 that had an inflated diameter of 30.5 m
and a packaged diameter of 66 cm. The Echo 1 was functional and used to redirect
transcontinental and intercontinental telephone, radio and television signals. This pioneering
satellite in the field of inflatable structures was followed by the Echo 2 satellite in January of
1964. However, following the launch of Echo 2 the inflatable satellite program died down and

would not see another functional satellite launch for 32 years.

After the Echo Balloons program, the European Space Agency (ESA) began to show
interest in inflatable structures by sponsoring the structural concept development of reflector
antenna and sun shades at the Contraves Space Division in Switzerland. From the late 1970’s till
the early 1980’s two antenna were built and tested but were never functional like the Echo 1 and
2 balloons. This program did however make progress in the field of inflatable structures. One of
the antennas that they constructed was tested for the surface precision of the reflector and other
mechanical characteristics. The researchers found that the 10 x 12 meter antenna had a reflection
precision of a few millimeters RMS, Freeland et al. (1998) states that this accuracy is quite good

for the antenna’s size.

Following the ESA’s inflatable satellite program, NASA began sponsoring the In-Space
Technology Experiments Program’s (In-STEP) Inflatable Antenna Experiment (IAE) that
resulted in the launch of the next functional inflatable satellite. On May 19, 1996 the Space
Shuttle Endeavour carried the Spartan 207/Inflatable Antenna Experiment (Sp207/IAE) into orbit.
The inflatable satellite was constructed of Mylar reflective antenna held in place by an inflated
torus and three 28 meter inflated struts; the Spartan 207/IAE in orbit is shown in Figure 1.10.
The goals of this program were, a) to develop an inexpensive inflatable space structure, b)
demonstrate the packaging efficiency of functional inflatable devices, ¢) show the reliability of
the deployment of the satellite and d) develop a large reflective membrane antenna with a surface
precision of a few millimeters RMS. These goals were accomplished and the inflatable antenna
was successfully inflated in orbit, with the only issues arising in unexpected dynamics of the

structure during deployment (Preliminary Mission Report, 1997).
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Figure 1.10: Spartan 207/Inflatable Antenna Experiment in orbit (Figure from NASA).

Dynamic Testing and Control of Inflatable Satellite Components

With the successful launch of the Spartan 207/Inflatable Antenna Experiment there has
been a recent surge of research into the dynamics of inflatable structures. When in orbit the
inflated structure is subject to vibrations induced mechanically by guidance systems and space
debris as well as thermally induced vibrations from variable amounts of direct sunlight.
However, until recently efforts to examine and understand the dynamics of these structures were
performed without experimental analysis. In the absence of a complete understanding of these
dynamics effective control systems cannot be implemented to ensure that the satellite will achieve

its optimal performance.

Tinker (1998) investigated the dynamics of an inflatable structure for the shooting star
experiment. The Shooting Star Experiment’s (SSE) goal was to develop a device that could
capture sunlight and use this thermal energy to heat a propellant providing thrust to the structure.
However, the thrust capable of being produced is on the order of a few newtons, this requires the

use of a lightweight device such as an inflatable structure. Tinker tested an inflated beam in free-
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free boundary conditions to determine whether simple beam theory was applicable to inflatable
structures. The inflated beam was tested at various pressures and with two different polyimide
film shell thicknesses. The results of these experiments showed the inflated beam performed very
similar to that of a solid beam. Next an inflated torus connected to three struts was tested in
ambient conditions with three different inflation pressures, 0.25, 0.5, and 1.0 psig, in order to
characterize the dynamics with a varying internal pressure. An electromagnetic shaker was
mounted to the support plate and used to excite the structure. It was found that the natural
frequencies and mode shapes had considerable change for each different internal pressure. This
test was necessary because as the satellite passes from orbital eclipse to orbital day the internal
pressure could experience significant variations. The inflated torus was also inflated in a vacuum
chamber to determine whether the structure could properly inflate and hold pressure, Tinker

comments that the results were very encouraging.

In later experiments, Slade et al. (2001) tested the dynamics of the inflated torus with
three struts from the Pathfinder 3 Shooting Star Experiment in both ambient and vacuum
conditions. The structure was suspended with free-free boundary conditions and excited using an
electromagnetic shaker attached to the support plate. In order to avoid mass loading of the
structure a laser vibrometer was used to capture the dynamics. It was found that the natural
frequencies, damping and mode shapes significantly change between ambient and vacuum
conditions. As one would expect the damping of the structure decreased in vacuum conditions.
Slade et al. state that the results of this study point to a need to conduct vacuum modal surveys of
inflatable articles intended for space application in order to ensure that on-orbit behavior will be
well-replicated in the test environment. Following these tests Leigh et al. (2001) used the results
of the tests performed at ambient conditions to determine the effectiveness of finite element
software to model the inflatable structure. The finite element code MSC/NASTRAN was used to
develop a model of the system for two cases; one using beam elements and the second using shell
elements. The results of the model do not correlate well, but he authors state that the model

shows potential to correlate well, if enough detail is observed during its creation.

Other recent studies (Agnes and Rogers, 2000) to characterize the dynamics of inflatable
structures have shown to be difficult due to there extremely lightweight, flexible and high
damping properties. The flexible nature of inflatable objects causes point excitation to result in
only local deformations rather than exciting the global modes necessary for model verification

and parameter identification. To overcome these issues Griffith and Main (2000) used a modified
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impact hammer to excite the global modes of the structure while avoiding local excitation. The
tip of the impact hammer was enlarged such that sufficient energy was input to the system to
excite the global modes. They found that increasing the internal pressure of the torus from 0.8
psig to 1.0 psig resulted in significantly less damping and improved the coherence considerably.
During the modal testing the authors used a roving accelerometer technique that causes
differences in the frequency response at each location of the accelerometer due to the movement
of accelerometer’s mass around the system. This is an issue when dealing with inflatable
structures due to their extreme lightweight, one improvement mentioned by the authors would be
to use non-contacting methods of measurements such as a laser vibrometer or photogrammetry
and videogrammetry. A still easier remedy to this problem would be to use a roving hammer
technique, this means that the accelerometer location is stationary and the impact location is

changed.

Vibration Sensing and Actuation for Control using Piezoelectric Materials

The concept of using piezoelectric materials for structural sensing and actuation is a well
developed field and has seen a large amount of research interest for the last couple of decades.
Bailey and Hubbard (1985) used PVDF film rather the monolithic piezoceramic to control the
first bending mode of a thin steel cantilever beam. The piezo film spanned the entire length of
the beam and provided the actuation energy while an accelerometer mounted at the tip of the
beam supplied the feedback signal. The control law was developed using Lyapunov’s second
method for distributed parameter systems. Both constant-gain and constant-amplitude controllers
were designed and implemented to control the first mode of the beam. The constant gain-
controller was linear and provided double the baseline damping while the constant-amplitude
controller was nonlinear and provided double the baseline damping for large vibrations and 40

times the baseline damping for small vibrations.

Crawley and de Luis (1985) also began experimenting with vibration control of a
cantilever beam in the mid 1980’s. Unlike Bailey and Hubbard (1985), Crawley and de Luis used
monolithic piezoceramic elements to applied control to the aluminum beam used in their
experiments. First Crawley and de Luis developed a model of the mechanical coupling of bonded
segmented piezoelectric actuators to the dynamics of the structural member using a shear lag
analysis. The model is used to examine how the effectiveness of the piezoelectric actuator

changes with the scale of the structure and a comparison of the structural authority of various
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piezoelectric materials is performed. After building the model of the system an experimental
setup was constructed to validate it. Using the experimentally identified damping ratio, the model
and experimental results showed excellent agreement. In addition, a simple one mode rate
feedback controller was applied to the beam and was shown to increase the modal damping by an
order of magnitude. Hanagud et al. (1985) also performed active vibration control on a cantilever

beam in 1985 with piezoceramic elements bonded to its surface.

While a few papers were popping up prior to 1985 most were not distinctly on vibration
control using piezoelectric material and as time progressed the research area began to grow
producing some still widely used control theories. Fanson and Caughey (1987) developed a
method for applying vibration control using piezoelectric materials termed positive position
feedback (PPF). One aspect of large structures that can raise issues on the stability of an applied
control system is that these large structures are basically distributed parameter systems that may
have many modes of vibration. Because of these uncontrolled or unmodeled modes within the
bandwidth of the controller can results in “spillover” and jeopardize the stability of the system.
The previously existing control technique that provided the greatest resistance to the destabilizing
effects of spillover was collocated direct velocity feedback. However, this type of control scheme
did experience instability if actuator dynamics were not carefully considered. Both issues are
overcome with the use of positive position feedback, which is not sensitive to spillover and does
not destabilize with finite actuator dynamics. In addition, positive position feedback control
algorithms provide better performance than velocity feedback because the position feedback is a
state feedback were velocity feedback works essentially as a compensator. Fanson and Caughey
implement the PPF controller on a cantilever beam and effectively simultaneously control the

first six bending modes while achieving modal damping ratios as high as 20% of critical.

Baz et al. (1987) also developed an optimal control algorithm using a modified
Independent Modal Space Control Method for piezoceramic patches. The control scheme is
designed to enable the selection of the optimal location, control gains and excitation voltage. The
authors found that an optimal thickness piezoceramic existed for the most efficient control of
beams. The control algorithm was implemented on a steel beam while the performance of
various different configurations of number of actuators, actuator thickness and actuator material
were recorded. However, in the late 1980’s piezoelectric devices were also used to achieve

vibration control on plates. Lee et al. (1989) developed controller using PVF, to control the first
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bending mode of a cantilever plate. The resulting controller achieved critical damping of the first

mode using a collocated velocity feedback algorithm.

With the amount of research rapidly growing in the late 1980’s one major element of
vibration control using piezoelectrics was missing, a versatile and accurate model of the effects of
piezoelectrics actuators on the dynamics of a bending beam. In 1990 two models describing the
effects of piezoelectric bimorph actuators were produced. Crawley and Anderson (1990) develop
techniques for modeling the induced strain actuation of beam-like components. Three models
were developed and compared, one using uniform induced strain, a second using Bernoulli-Euler
induced strain and a third using finite elements. It was fount that the induced strain model
adapted from Crawley and de Luis (1985) was effective in induced stretching but not in induced
bending, particularly for thin structures. The Bernoulli-Euler model was found to be effective for
both induced bending and stretching with one exception that was modeled in the finite element
code. Using the finite element code it was found that the Bernoulli-Euler model was effective
when the influence of the finite bonding layer (layer of adhesive material between the structure
and piezoelectric patch), characterized by I', was greater than 20 and the length to thickness ratio
is greater than 100. It is also noted that the model is only valid for small strains due to the
nonlinear hysteretic field strain and creep. The second model produced in 1990 was Hagood et
al. (1990) that derives a model for the effects of dynamic coupling between a structure and the
piezoelectric element bonded to it through the piezoelectric effect. The Model uses a Rayleigh-
Ritz formulation to develop the general equation of motion for the piezoelectric attached to the
beam. The resulting model is very accurate and can be applied to most any arrangement of
piezoelectric materials. In addition, to being accurate the model allows the excitation voltage as
well as the electrical boundary conditions and mechanical boundary conditions to be specified.
Hagood et al. validates his model on a shunt damping system and achieves excellent results.
Following the late 1980’s the amount of research devoted to piezoelectric materials continued to
grow substantially and still does. For more information regarding the recent advances in

piezoelectrics see Chopra (2002).
Smart Material for Dynamic Testing and Control of Inflatable Satellites
Because of the advances in piezoelectric materials since the early 1990’s smart materials

have become a viable answer to the problems encounter during early testing of inflatable

structures. Some of the issues that were faced with the previously mentioned research into the
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dynamic testing of inflatable structures are as follows. Slade et al. (2000) were unable to obtain
consistent results with the laser vibrometer due to a combination of influences of the free-free
suspension system and shaker imposed constraints including mass loading, added damping and
non-global excitation. Griffith and Main (2000) also experienced difficulties including extremely
low coherence and a lack of energy input to the higher frequencies because of the flexible nature
of the inflated object. To overcome these issues many researches have begun to look toward

piezoelectric materials for dynamic testing of inflatable structures.

Agnes and Rogers (2000) attempted to perform a modal test on an inflatable children’s
swimming pool suspended vertically in a square frame. The torus was excited using both an
electromagnetic shaker and PVDF patch while the response of the structure was measured using a
laser vibrometer at points around the perimeter of the face of the torus. The authors used a
multivariate mode indicator function (MMIF) to identify the resonant frequencies. However,
further modal analysis was not performed due to significant nonlinear behavior in the system and
low excitation levels on the part of the PVDF patch. Although this paper did not produce
revolutionary results it, it did show that piezoelectric materials could be use for excitation of

inflatable structures.

Briand et al. (2000) also used PVDF patches to test the dynamics of an inflatable torus,
although the patches were used for sensing rather than excitation. The test fixture was a tire inner
tube and was excited using an electromagnetic shaker. The experimental setup was able produce
results with good coherence from 0-100 Hz. However, unlike the results found in Agnes and
Roger (2000) a modal analysis was capable of being performed. This was the case because the
PVDF patches are ideal for sensing due to their low mass and stiffness but they are not well
suited for actuation due to low coupling coefficients. The results of the modal test were then
compared to a finite element model with favorable results. The authors also mention the
possibility of using shape memory films and fabrics to produce the actuation energy. This
research showed that smart materials, namely piezoelectrics were a definite choice for sensing the

dynamics of inflatable structures.

Park et al (2001) used an electromagnetic shaker to excite an inflated tire inner tube with
both accelerometers and multiple PVDF patches located around the structure to effectively sense
the vibration at multiple locations during one excitation period. They found that the data

measured with PVDF film was consistent with that obtained from the accelerometer. Although,
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the natural frequencies were almost identical for both methods, those obtained using the
accelerometers were slightly less as expected due to mass loading. However, the PVDF film
sensors offer several advantages when testing inflatable structures because they are lightweight
and extremely flexible allowing then to conform to the torodial shell without adding additional
mass or stiffness to the system. In addition to testing the torus with an electromagnetic shaker
they used both a bimorph PVDF patch and a MFC to excite the torus. It was found that the MFC
and PVDF patches were ineffective at exciting the lower frequencies but effective at higher
frequencies, this was attributed to imperfect bonding caused by the use of double sided tape to
secure the patches. The PVDF patch used in Agnes and Rogers (2000) was ineffective while this
patch worked well because Park et al. constructed a multilayer bimorph PVDF actuator that
produced far more strain energy than the unimorph patch. One definite advantage of the smart
material actuators over the shaker input was found; they greatly reduced interference with the
suspension modes of the free-free torus. The last portion of this work was to implement a
Positive Position Feedback (PPF) control system using the MFC and PVDF patches to reduce the
vibration of the 3™ and 4™ out of plane bending modes. The control system resulted in
approximately 50% vibration reduction, but it is speculated that more attenuation could be

achieved if the actuators were permanently bonded to the structure.

Following the work previously mentioned, Park et al. (2002) performed a modal analysis
on a torus constructed of Kapton with an aspect ratio that more closely matched that of the actual
satellites intended for space. The torus was excited with both electromagnetic shaker and MFC.
The sensing was performed using both accelerometer and PVDF film to compare the performance
of each. It was found the MFC could globally excite the inflatable torus and produced better
results than the shaker input due to less interference with the suspension modes of the free-free
torus. It was also shown that the PVDF patch provides measurements of comparable quality to
that of the accelerometer. The modal analysis accurately found the first four out of plane bending
mode shape as well as the first two in plane bending mode shapes. Ruggiero et al (2002) used the
same test structure to perform a modal analysis using multiple input and multiple output (MIMO)
techniques in addition to developing a PPF control system to attenuate vibration in the first mode.
The MIMO testing techniques are necessary because multiple actuators would be needed to
globally excite the immense structures intended for space. This work showed that the MIMO
testes produce results identical to those obtained earlier using one MFC for excitation. The MFC

was also used to control the first mode and was shown to reduce the vibration by 70%.
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While much headway has been made in the dynamic testing of inflatable structures there
is still much to be learned. However, with the advances in piezoelectric actuators, materials,
controls algorithms, finite element programs, structures and computational power of computers

the steps necessary to understand the dynamics of inflatable devices are becoming clear.

1.2.2 Power Harvesting Using Piezoelectric Materials

The piezoelectric effect as mentioned earlier is the property that allows piezoelectric
materials to convert electrical energy into mechanical strain energy and vice versa. This property
of piezoelectric materials allow them to be used as mechanisms to transfer mechanical energy,
usually ambient vibration into electrical energy that can then be stored and used to power other
devices, this process in termed power harvesting. With the recent advances in wireless and
MEMS technology, sensors can be placed almost anywhere necessary. Since these devices are
wireless it becomes necessary that they have their own power supply. This power supply in most
cases is the conventional battery. But problems can occur when using batteries because of there
finite life span. When the battery is extinguished of all its power, the sensor must be retrieved
and the battery changed. Because wireless sensors are developed so that they can be placed in
remote locations such as structural sensors on a bridge or GPS tracking devices on animals in the
wild, obtaining the sensor simply to replace the battery can become a very expensive task.
Therefore, if a method of obtaining the untapped energy surrounding these sensors was
implemented significant life could be added to the power supply. One method is to use
piezoelectric materials to obtain energy lost during vibrations of the test specimen. This captured
energy could then be used to prolong the life of the power supply or in the ideal case provide

endless energy for the sensors lifespan.

In 1984 Hausler et al. published work that proposed an implantable physiological power
supply using PVDF films. The generator would acquire power lost during respiration through the
expansion and compression of the rib cage. A miniaturized prototype was constructed for testing
on animals. The power harvesting device was fixed to the ribs of a mongrel dog and spontaneous
breathing led to a peak voltage of 18V, which corresponds to a power output of 17uW. However,
the power supplied was insufficient for operation of the desired electronics, but optimization of
the PVDF film size and properties as well as a more suitable attachment to the ribs was

speculated to produce electrical power output of ImW.
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Starner (1996) also explores the possibility of eliminating bulky and inconvenient power
systems by acquiring the energy expended in everyday activities to power a computer or other
portable electronic devices. His study surveyed various power generation methods including
body heat, breath, blood pressure, finger motion, upper limb motion and walking. He calculates
that approximately 67 W of power is lost during walking and that a piezoelectric device mounted
inside a shoe with a conversion efficiency of 12.5 percent could achieve 8.4 W of power. Two
methods of power generation are identified, piezoelectric and rotary generator, with the
advantages and weakness of each outlined. One idea he explains is to place piezoelectric patches
in the joints of clothing to harvest the energy lost during bending and states that about 0.33 watts

could be obtained. The different possible storage devices are also listed and explained.

Umeda et al. (1996) investigate the possibility of transforming impact energy from a steel
ball dropped onto a plate with a piezoelectric material attached into usable electric energy. An
electrical equivalence model is developed to simulate the mechanical interaction and power
generation of the steel ball impacting the plate. The model was used to determine the maximum
efficiency and identify the major areas of loss in the system. It was found that most of the impact
energy is converted back to kinetic energy when the ball bounces off of the plate and therefore,
the efficiency decreased as the potential energy of the ball increased. They found that if it were
possible for the ball to stick to the plate rather than bounce off, a maximum of 52% efficiency
could be obtained. In addition, the authors determined that an optimal load resistance exists at

which the maximum power will leave the piezoelectric element.

Umeda et al. (1997) continued their study by investigating the characteristics of power
storage using a piezoelectric generator. The energy storage circuit was constructed of a bridge
rectifier and capacitor. As with the previous case the power harvesting device was a piezoelectric
vibrator that was impacted by a steel ball. To simulate the generation and storage mechanism
they developed an equivalent circuit model. After examining the first impact they determined
that as the capacitance increased the electrical charge increased because the duration of
oscillation became longer and the output current decreased. It was also found that as the initial
voltage increased the stored electrical charge decreased for all values of capacitance. After
analyzing the model a prototype was built and a maximum efficiency of 35% was achieved, over

3 times that of a solar cell.
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Like Starner (1996) and Hausler (1984), Kymissis et al. (1998) decided to investigate the
possibility of obtaining energy lost through biological activity, by incorporating power harvesting
devices into a shoe. Two different types of piezoelectric materials and a rotary generator were
used. The piezo based power harvesting devices were a multiple layered PVDF patch and a
piezoceramic Thunder actuator. The PVDF patch was placed in the sole of the shoe to harvest the
bending energy and the Thunder actuator was located in the heel to harvest the impact energy. It
was found that the PVDF patch and Thunder actuator produced an average power of
approximately 1.1mW and 1.8mW of power respectively. After testing the smart materials they
attached the rotary generator and were able to capture an average of 0.23W of power. The
mechanical generator provided more power but was found to hinder the ability to walk
comfortably. After calculating the amount of power capable of being generated they constructed
an energy harvesting circuit. The circuit used a capacitor to store the charge until a sufficient
amount is captured. Then the circuitry allows the power to be released to an transmitter that

would send a 12-bit code. The system could transmit the code about 6-7 times every 3-6 steps.

Ottman et al. (2002) worked to develop a circuit that would maximize the power flow
from the piezoelectric device. A DC-DC step down converter was implemented in coordination
with a wave rectifier, capacitor and electro-chemical battery. In addition to the circuitry, an
adaptive control technique was developed to continuously implement optimal power transfer
theory and maximize the power flow into the battery. This active controller varied the switching
frequency of the step down converter to maximize to the power plow from the piezoelectric
elements and raise the current to levels more acceptable for charging batteries. The circuit and
controller were built and tested on a vibrating cantilever plate with bimorph piezoelectric
elements attached. It was found that when using the circuit, over four times the energy was
transferred to the battery than with direct charging alone. However, if the power harvesting
medium produced less than ten volts, then power flow into the battery was reduced due to losses

in the additional circuit components.

25



1.3 Thesis Overview

The following section will detail the contributions that this work has made in several

areas and provides a detailed description of the research presented in each chapter of this thesis.

1.3.1 Contributions

This Thesis has provided several contributions in various areas of research. This section
will provide a brief overview of these contributions, while a more detailed version is provided in
chapter six of this thesis. The macro-fiber composite (MFC) actuator is a new piezoceramic
actuator that was developed at the NASA Langley Research center. Recently the MFC has
become commercially available and most of the material properties have been explored.
However, since it is a relatively new actuator much of the potential applications for its use have
not been demonstrated. The MFC was developed as a piezoelectric actuator because of the higher
strain and force produced. Because in its development stages the attention was concentrated on it
actuator properties, its ability to be uses as a sensor went untested. Therefore, the first
contribution of this work was to demonstrate that the MFC could be used as both a sensor and
actuator. To do this a self-sensing experiment was setup and two abilities of the MFC were
found. The first was that the MFC has sensing qualities comparable to that of the traditionally
used piezoceramic materials and the second was that the MFC could incorporated into a self-

sensing circuit and use to apply collocated control.

After finding the MFC to be an effective sensor, it was used in a MIMO control
experiment to suppress the vibration of an inflated torus. Previous studies at the Center for
Intelligent materials Systems and Structures have found that one MFC patch can globally excite
and apply satisfactory vibration suppression of an inflated structure. However, the actual
structures intend for use in space would have diameters as large as 30 meters, making it highly
unlikely that one actuator could excite globally it. Therefore, control systems using multiple
sensors and actuators must be implemented to control the vibration around these structures. The
work presented in this thesis has developed one such control system that can be used to attenuate
the vibration of the larger structures intended for space. The controller uses positive position
feedback techniques and an arrangement of two separate pairs of sensors and actuators. It was

found to be very effective at controlling the first mode of vibration but ineffective at higher
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modes. This inability to control the higher modes was attributed to the location of the sensors and
actuators and the presence of repeated modes in the structure. Therefore, the only way to arrange
the sensors and actuator such that they could apply control to every mode was to make them
collocated. To do this, a self-sensing circuit must be implemented and because it was found in
the previous study that the MFC could be used for this application, a self-sensing control

experiment was setup to show the feasibility of collocated control for inflated structures.

Next, the work of this thesis switched from vibration control to power harvesting. The
first section of my research in power harvesting developed a model of a power harvesting beam.
It was shown to be very accurate on a composite structure with a complex layout of piezoelectric
patches. The model was found to produce excellent results independent of the load resistance and
excitation frequency used. Furthermore, the model was used to show the damping effects of
power harvesting on the dynamics of the structure. This model can be used as a design tool for
developing power harvesting systems. With the model in hand, it can reveal the size and location
of the piezoelectric as well as the amount of vibration required to generate the desired electrical

signal.

One problem that is often encountered when using power harvesting systems is that the
energy produced by the piezoelectric material is often not sufficient to power most electronics.
Therefore, methods of accumulating the energy so that it many be used as a power source need to
be developed. The method typically used to accumulate this energy, is a capacitor. However, the
capacitor has characteristics that are not ideal for many practical applications. These limitations
led me to develop another method of storing the power that would not limit the type of
applications that could be powered. The rechargeable battery was an option that had not been
explored by other researchers and possesses the qualities that were needed in a power harvesting
system. Therefore, an experiment was setup using a piezoceramic plate to charge a nickel metal
hydride battery. It was found that the power generated by the piezoelectric material was indeed
compatible with that required by the rechargeable battery. After showing that the piezoelectric
material could be used with rechargeable batteries, the ability to use MFC as power harvesting
devices was tested. However, in doing this it was found that the MFC was incompatible with the
requirements of the battery, due to a low current output. Therefore, because of the low current
generation, it was determined that the MFC is not suitable for use as a power harvesting device.
Following this finding, various capacity nickel metal hydride batteries were charged to determine

the largest battery that could be effectively charged and the charge time for each with both a
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resonant and random signal. This study provides a basis for other researchers to determine the
ideal size battery for there intended application based on the charge time and capacity of the

battery.

The advances made from the work presented in this thesis will provide future researchers
with the tools necessary to use the macro-fiber composite actuator effectively in numerous
applications. The sensing capabilities of the MFC were realized and its capabilities were shown
in several studies including, a self-sensing actuator for collocated control and the development of
a multiple sensor and actuator control scheme for the suppression of the vibration of inflatable
structures allowing control systems to be extended to real scale satellites. Following the work in
sensing, the ability to use the power generated by piezoelectric materials to recharge batteries was
discovered and the issues regarding the effectiveness of the MFC as a power harvesting device
were discussed. In addition, a model to predict the power generation of a beam with piezoelectric
patches attached was derived and shown to be very accurate on a composite beam with

complicated piezoelectric layout. These contributions will certainly aid researchers in the future.

1.3.2 Chapter Summary

Chapter 1 provides an introduction to previous work in the topics associated with this
thesis. The history of piezoelectricity is first discussed, providing a background of the materials
and its applications. The macro fiber composite (MFC), that is tested throughout this thesis is one
type of piezoceramic fiber actuator. To provide a background of this type of transducer, an
overview of the fabrication and typical applications of the MFC as well as two other common
piezoceramic fiber actuators are given. Following this discussion, the two major topics of this
thesis, dynamic testing of inflatable structures and power harvesting, have an in depth literature
review. The literature review of inflatable structures includes information regarding, their
history, early attempts to classify their dynamic behavior using traditional means of testing and
more recent experiments performed using piezoelectric materials. Subsequent to this previous

work into the use of piezoelectric devices for power harvesting is presented.

Chapter 2 begins presenting the results of my master’s research. This chapter begins by
providing a small introduction to self-sensing actuators and some of the research that has been
carried out using them. Following the introduction, a description of the construction of the self-

sensing circuit and the principles of how it works are given. The self-sensing actuator is
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advantageous to use because it allows the sensor and actuator to be perfectly collocated, which is
ideal for certain control techniques such as direct velocity feedback and positive position
feedback (PPF) control. The collocated nature of the sensor and actuator provide the control
systems used with additional stability to various parameters that would deteriorate the
effectiveness of a normal control system. However, there are issues that affect the ability of the
self-sensing circuit to work properly; the most substantial of these is an unbalanced circuit. To
demonstrate the effect of an unbalanced circuit a simulation of a self-sensing system is performed
and the result of an unbalanced circuit on the ability to measure a frequency response, generate an
accurate sensing signal and control a system are shown. The simulation is followed by a
description of the experimental setup used to demonstrate the MFC’s ability to be used as a self-
sensing actuator for collocated control. The experimental setup is detailed and the results of a

collocated control experiment on an aluminum beam are presented.

In chapter 3 the ability of a MFC to be used as in a multiple sensor and actuator control
experiment is investigated. Previous experiments at the Center for Intelligent Material Systems
and Structures (CIMSS) to control the dynamics of an inflatable structure showed that one MFC
patch can globally excite and suppress the vibration of an inflated torus. However, these tests
were performed on a scaled model of the actual inflated torus intended for use in space. The
actual structure would have a diameter as large a 30 meters making it highly unlikely that one
actuator could globally excite such a large structure. Therefore, control techniques using multiple
sensors and actuators must be developed to allow the control scheme to be extended to real scale
satellites. This chapter develops one such control system using PPF control techniques and two
pairs of sensors and actuators. The results of the control experiments are discussed and
difficulties encountered are explained. Due to issues encountered with the location of the sensor
and actuator, a control experiment to use self-sensing techniques was setup. The methods used

and the results of these tests are outlined.

Following the work in sensing and control using MFC, Chapter 4 begins presenting the
results of work performed in the area of power harvesting. This chapter develops a model to
describe the amount of energy generated during vibration of a beam with piezoelectric patches
attached. The model is formulated from variational principles and validated on a complex
composite beam containing multiple piezoelectric actuators. Due to the composite structure of
the beam an experimental test is performed to find the modulus of the composite material. The

procedures and experimental setup used to find this parameter are provided. Subsequent to
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determining the modulus of the composite material, the beam is used to validate the model and is
shown to produce very accurate results. The last section of this chapter makes a comparison

between power harvesting and shunt damping.

Chapter 5 continues the work in power harvesting, and goes into depth on the methods of
power storage using a piezoelectric power harvesting devices. The motivation of the work in this
chapter is that piezoelectric materials generate levels of power far to low to power most
electronics. Therefore, methods of accumulating the energy generated to allow it to be used to
power a typical electrical circuit must be found. Two methods of storage for power harvesting
are tested and the relative advantages and weaknesses of each are outlined. The first method is a
capacitive circuit and the second method uses a nickel metal hydride rechargeable battery. The
power output of the piezoelectric has never before been used with a battery so it ability to do so is
first shown. Then the relative advantages and disadvantages of each are outlined. After finding
the piezoceramic was capable of charging a battery, the ability of MFC to be used as power
harvesting devices is tested. After working with the MFC, an investigation into the largest size

battery that can be effectively charged is performed and the results are presented.

The final chapter of this thesis is Chapter 6, and provides a brief overview of the results
found throughout my master’s work. Following the overview, a discussion of the contributions
that my work has made and how they will affect future research is outlined. The final section of
this chapter and the thesis, describes the possible future work that could be performed to further

the research that I have completed.
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Chapter 2

Self-Sensing Macro-Fiber Composite

Actuator

2.1 Introduction to Self-sensing actuators

When designing a controller it is often advantages to the stability of the system to have
collocated sensors and actuators. In this configuration, both devices experience the same
dynamics allowing for more effective control in the absence of an accurate model of the system.
For instance, Goh and Coughley (1985) presented results showing that in the absence of finite
actuator dynamics, structures controlled with collocated velocity feedback are unconditionally
stable at all frequencies. In addition, collocated control eliminates possible closed loop
instabilities caused by capacitive coupling between the sensor and actuator elements. A self-
sensing actuator holds the ability to perform both duties of sensing and actuation allowing it to be

perfectly collocated.

The ability to use a piezoelectric device as a self-sensing actuator was first discovered
and published by Dosch et al. (1992). The self-sensing actuator works through circuitry that can
distinguish between the sensing signal and the control signal applied to the piezoelectric patch. In
doing this the circuit can cancel the applied control voltage out and return only the sensing signal.
This process allows one piezoelectric element to sense and apply actuation to the beam at the
same time. To show the effectiveness of the self-sensing actuator, Dosch et al designed and used

a PPF controller to suppress the first and second modes of vibration in a cantilever beam. The
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controller was shown to be very effective by reducing the settling time of the first mode from 35

seconds to 0.3 seconds and the second mode from 7 seconds to 0.9 seconds.

Subsequent to the work of Dosch et al. (1992) other researches have found self-sensing
piezoelectric actuators to be very useful for use in control applications. Frampton et al. (1995)
used a self-sensing actuator bonded to an aircraft panel for reduction in flutter at various mach
numbers. It was found that the control system was very effective for adding damping to the near
flutter pole and reducing the peak response significantly. Dongi et al. (1995) also investigated the
effectiveness of using a self-sensing actuator for active flutter suppression. A novel control
approach based on output feedback for Active Compensation of Aerodynamic Stiffness was

presented and shown to possess good robustness to a variety of properties.

While most studies use monolithic piezoceramic material for its higher coupling
coefficients, piezoelectric films have also been used as self-sensing actuators. Nishigaki and
Endo (2000) used self-sensing piezofilm for control of both a cantilever beam and a flexible
circular ring. For the case of a cantilever beam, the fundamental equations were derived and a
theoretical analysis of the control system was performed. After finding that the control system
was effective for the cantilever beam, they applied it to a flexible curved ring. Their analysis was
performed using Hamilton’s principle and showed that self-sensing systems are also effective for

curved flexible structures.
2.2 Self-Sensing Circuit Design and Considerations

2.2.1 Self-Sensing Circuit Principles

A piezoelectric patch can be used as both a sensor and actuator through the use of
circuitry that can distinguish between the control and sensor signal. One of the popular circuit
designs used to build a self-sensing actuator is shown in Figure 2.1. The circuit consists of three
operational amplifiers that are configured as a difference amplifier; this means that the voltage
differential between the two braches is the output of the circuit. The basic principles behind the
operation of the self-sensing circuit are as follows. A control signal is applied to the system as
shown in Figure 2.1. The control signal is then sent through an upper and lower branch of the

circuit. For this explanation and to be consistent with Figure 2.1, the upper branch contains the
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piezoelectric element and the lower branch contains a capacitor that whose capacitance is equal to
the piezoelectric element. When the control signal is applied to the circuit, an equal voltage
appears in both the upper and lower branch of the circuit because both branches have an equal
capacitance; this is the most important factor for a working self-sensing circuit. However, the
piezoelectric element is experiencing some kind of vibration and develops a sensing voltage
through the piezoelectric effect. This sensing voltage is added to the control voltage of the upper
branch. Therefore, the lower branch has only the control voltage and the upper branch has both
the control voltage plus sensing voltage. Now both branches of the circuit are fed into a
difference amplifier that subtracts the voltage of each branch from the other. The effect of this is
to cancel the control signal that is equally present in both the upper and lower branches of the
circuit and leave only the sensing signal. This sensing signal can then be used as if no control

signal was ever applied.

2.2.2 Self-Sensing Circuit Considerations

While this type of circuit has many advantages for control applications, there are some
issues that must be considered before it can be effectively implemented. The two major issues
are operational amplifiers and unbalanced circuits. The first issue is the choice of op-amps to be
used in the circuit. It is very important that the op-amps do not output a noisy signal. When
working with piezoelectric materials, the magnitude of the control signal is usually much larger
than that of the sensing signal, therefore, if the op-amps produce noise it will correspond to the
larger control voltage and affect the circuit’s ability to cancel the control signal out. If noise is
generated in the op-amps it is very difficult to measure a clean and accurate sensing signal from

the circuit.
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Figure 2.1: Schematic of the self-sensing circuit.

The second issue when working with a self-sensing circuit is an unbalanced bridge. An
unbalanced bridge means that the value of the piezoelectric’s capacitance and the matched
capacitance are not exactly the same. This can occur for a number of reasons including
accidental mismatch, piezoelectric aging, and ambient temperature changes. The piezoelectric
material has a capacitance that is a function of temperature, frequency as well as other factors.
Because the capacitance is a function of temperature the circuit can become unbalanced just from
day to day operation. Furthermore, the frequency range that the actuator is operating at also
affects the balance of the circuit. If the matched capacitor does not follow the same frequency
dependent capacitance curve, then the circuit may be balanced at one frequency but not at
another. These two factors as well as others have limited the use of self-sensing actuators in

many practical applications.

To overcome these issues, researchers have attempted to design adaptive circuitry that

will adjust the matched capacitance to account for these variations in capacitive values.
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Vipperman and Clark (1996) developed a method of using adaptive filters coupled with LMS
algorithms to provide the nonlinear magnitude compensation of the matched capacitance for a
self-sensing actuator they deem a sensoriactuator. The methods used were able to reduce the
error in the capacitors by as much a 20%. However, the complexity of the system makes it hard
to implement and does not provide a complete solution to the problem. Okugawa and Sasaki
(2002) propose the use of system identification and observer theory to estimate the state vectors
and achieve self-maintenance of a self-sensing system. This system was also found to be

ineffective and could not be used efficiently for its intended application.

Effects of an Unbalanced Circuit

To demonstrate the effect of an unbalanced circuit on the sensors output voltage a
simulation was performed. The code for the simulation can be found in Appendix A. The
simulation takes a control signal and applies it to a cantilever beam then measures the response
through an electrical equivalence circuit created in MATLAB’s Simulink program. This program
allows the matched capacitance to be changed by a percentage of the piezoelectrics capacitance

and the sensor signal plotted.

The first test was to observe the effect of the mistuned circuit on the time response of a
cantilever beam. A random and chirp disturbance signal was used as an input to the system and
the sensing response as the capacitance varied was recorded. Figure 2.2 shows the response to
the random signal and Figure 2.3 shows the effect on a chirp signal. It is apparent from these two
plots that the sensor signal begins to deteriorate as the difference in the values of the two
capacitors change. The reason for the degradation of the sensor signals performance is that as the
circuit becomes more unbalance the circuit cannot cancel the control signal out fully and it begins

to show up in the measured response.
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Effects of Unbalanced circuit on a Random Input
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Figure 2.2: Effect of an unbalanced circuit with a random control signal on the circuit output.
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The second simulation performed was to determine the effect of the unbalanced circuit on
the frequency response function (FRF) measured by the self-sensing circuit. This was performed
by applying a chirp control signal and measuring the response at each frequency. Figure 2.4
shows the effect of the matched capacitance having a value higher than the piezoelectric element
and Figure 2.5 shows the effect of the matched capacitance having a lower value. It can be seen
in Figure 2.4 and 2.5 that as the difference between the matched capacitance and the piezoelectric
capacitance increases the FRF approaches a straight line. This occurs because as their difference
becomes greater, the circuitry allows more and more of the control signal to appear in the sensor
signal. Since the FRF is in the ratio of output versus the input, as the difference in capacitance
becomes larger and the output becomes more and more like the input causing the FRF to
approach a straight line at the value of one. Another interesting observation that is apparent in
Figure 2.4 and 2.5, is the effect of the piezoelectric capacitance having a higher or lower value
than the matched capacitance. If the matched value is higher than the anti-resonance occurs
before the resonance frequency, but if the matched value is lower, the anti-resonance occurs after

the resonance frequency.

Frequency Response with Unbalanced Circuit
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Figure 2.4: Effect of an unbalanced circuit with a higher piezoelectric capacitance than matched

capacitance on the frequency response function.
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Frequency Response with Unbalanced Circuit
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Figure 2.5: Effect of an unbalanced circuit with a lower piezoelectric capacitance than matched

capacitance on the frequency response function.

Another undesired effect of an unbalanced circuit is brought about because the sensing
signal is no longer accurate; this makes it difficult to implement an effective and stable control
system. Figure 2.6 shows the vibration of a cantilever beam with positive position feedback
(PPF) control applied. The three plots represent a balanced circuit, 1% unbalanced circuit and
5% unbalanced circuit, also in all plots of Figure 2.6 the matched capacitance is increased. It can
be seen from Figure 2.6 that as the circuit becomes unbalanced the performance of the controller
begins to degrade rapidly because the sensing voltage becomes hidden in the control signal. If
the circuit were to become unbalance such that the matched capacitance was smaller than the

piezoelectric capacitance then the stability of the system would fail at about 1% unbalance.

This simulation shows that the performance of a self-sensing circuit heavily depends on
the circuit being in a balanced state. A piezoelectric element has a capacitance that is around 4nF

(depending on its dimensions), this means that a change of one percent corresponds to 40pF.
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Therefore, slight changes in temperature and other parameters can drastically affect the
performance of both the sensing capabilities and the control system used in conjunction with the
self-sensing actuator. The importance of a balanced circuit on the effectiveness of a self-sensing

actuator must never be overlooked.

Positive Position Feedback Control with a Balcanced and Unbalanced Circuit
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Figure 2.6: Performance of PPF controller as a self-sensing circuit becomes unbalanced.

2.3 Experimental Testing and Results

The monolithic piezoceramic patch has been used as a self-sensing actuator and has been
successfully implemented in control schemes since 1992. However, the concept of using a
piezofiber actuator as a self-sensing actuator has never been explored. The following sections
will describe the experimental setup and results from tests performed on a macro-fiber composite
(MFC) actuator. The MFC is used as a self-sensing actuator for both measuring the frequency
response and providing vibration suppression to a cantilever beam excited at its second resonant

frequency.
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2.3.1 Experimental Setup

An MFC Patch was bonded near the root of a 558x50x4 mm cantilever aluminum beam
as shown in Figure 2.7 and Figure 2.8. A monolithic piezoelectric patch was mounted
approximately midway down the length of the beam and used to supply a disturbance signal for
the control experiment. The MFC had dimensions of 50x42mm and the PZT had dimensions of
50x35mm. The self-sensing circuit was connected to a dSpace control board to allow for real
time vibration suppression of the beam. The dSpace control board can be easily damaged in the
event of a surge voltage flowing into the box. This is further complicated by the use of a PPF
filter that can go unstable during tuning of the parameters and send large control voltages out that
have a direct path back to the control board through the self-sensing circuit. Therefore, if the
circuit does not fully cancel the control signal out, the surge voltages can potentially enter the
dSpace and cause damage. Thus, the size of the control signals applied was limited. During the
control experiments, if the sensing signal output from the self-sensing circuit was used to show
the vibration suppression, an inaccurate measurement could be given due to errors in the circuit,
such as an unbalanced bridge. Therefore, it is necessary to use a sensor separate from the control
system. To measure the level of vibration before and after the application of the control signal
and to provide independent verification of the closed loop results a PCB accelerometer Model

U352C22 weighting 0.5 grams was placed at the tip of beam.

4 mm

Figure 2.7: Dimensions of beam and location of MFC element.
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Figure 2.8: Picture of MFC bonded to aluminum beam.

2.3.2 Self-Sensing Positive Position Feedback Control of Cantilever Beam

In past studies the MFC has only been shown to work as an actuator and not as a sensor.
Therefore, before PPF control could be applied to the beam, the ability of the MFC to work as a
sensor had to be identified. To do this, it was decided that the frequency response of the beam
would be measured using the self-sensing circuit. This would demonstrate two things, that the
MFC was capable of providing an accurate sensing signal and that the self-sensing bridge circuit
was balanced. The self-sensing MFC was used to excite the beam from 0 to 1000 Hz while also
recording the response. The measured frequency response is shown in Figure 2.9. Looking at
Figure 2.9 it is clear that the MFC is effective as a sensor and can work in a self-sensing circuit.
However, referring back to the previous section outlining the effects of an unbalanced circuit and
comparing it to the figure, it can be seen from Figure 2.9 that the matched capacitance is slightly
larger than the capacitance of the MFC. This is realized because the anti-resonance occurs before

the resonant frequency rather than after it.
Design of Positive Position Feedback Controller

The Positive Position Feedback (PPF) controller is constructed using two equations, one

to describe the structure and a second to describe the compensator:

Structure: E+ 24’(05 +0’f=gto’n (2.1a)

Compensator:  7j+2¢ @ 1+ 50,2"77 = a);n = a);f (2.1b)
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FRF of a Cantilever Aluminum Beam Measured by an Self-Sensing MFC Actuator
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Figure 2.9: Frequency response function of a cantilever aluminum beam measured by a MFC

self-sensing actuator.

where g is the scalar gain that must be positive, & is the modal coordinate, n is the filter
coordinate, ® and oy are the structural and frequencies, respectively and { and (; are the structural
and filter damping ratios, respectively. The term positive position feedback comes from the fact
that the position coordinate of equation 2.1a is positively fed into the filter and the structural

coordinate of equation 2.1b is positively fed back into the structure (Fanson and Caughey, 1987).

This system of equations contains three parameters that can be varied to optimize the
controller, wg (f and g.  One requirement for the system to effectively control the desired
frequency is that the value selected for the filter frequency lie in a close proximity to the
frequency desired to be controlled. Studies have been performed to determine the optimal
location of the filter frequency and other parameters. McEver (1999) proposed a method for
determining the optimal placement as a function of the pole/zero spacing and compensator gain.

This work led to a cookbook method of choosing the optimal values for all three parameters.
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Results of Control Experiments

Once the ability of the MFC to work as a sensor was found a PPF controller was designed
to suppress the vibration of the beam. A dSPACE and one self-sensing MFC actuator were used
to control the beam. A monolithic piezoceramic patch was used to provide a continuous
excitation signal while the controller worked to reject the disturbance. One test performed on the
second mode (63.75 Hz) achieved 90% vibration reduction as shown in Figure 2.10. The MFC
Patch is capable of operating at voltages as high as 1000 volts, however, the control signal
supplied to the self-sensing MFC actuator was limited to 35 volts due to the size of the op-amps
used and the vulnerability of the dSPACE to high voltages. If larger control voltages were used
the vibration reduction would be even more substantial. The MFC self-sensing actuator was able
to produce larger control forces on the beam than a PZT of equal size due to the MFC’s higher

electro-mechanical coupling.
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Figure 2.10: Vibration of beam measured by an accelerometer separate from the control system

before and after PPF control was applied.
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2.4 Chapter Summary

Chapter two has presented an investigation into self-sensing circuit particularly for use
with macro-fiber composite actuator. The chapter begins by describing the development of the
self-sensing actuator and a few research topics in the area. This is followed by a description of
the circuit design and the principles behind how the circuit works. The major issues of self-
sensing circuits have been discussed and a simulation was performed to demonstrate the effect of
an unbalanced bridge circuit on the accuracy of the sensing signal generated in the circuit. The
simulation shows that slight differences in capacitance values can make a significant variation in
the output of the circuit. The simulation also provides a method of analyzing the balance of the
circuit through the shape of the frequency response function. A simple comparison of the
simulation results and a measured FRF can determine the degree of imbalance in the circuit as
well as whether the matched capacitance is higher or lower than the piezoelectric’s capacitance.
The goal of this section was to provide the design guidelines and a detailed description of the
circuitry layout such that other researches could construct the own circuitry. For instance, one of
the five projects that will be performed by 2003 Los Alamos Summer Dynamic School will
investigate the design issues associated with the self-sensing actuation based on initial result

presented in this chapter.

The second portion of this chapter investigates the use of macro-fiber composite actuators
(MFC) for use as both sensors and self-sensing actuators. Because the sensing capabilities of the
MFC had never been shown before, it was necessary that its ability to do so was proven. It was
decided that the sensing accuracy and the ability to use the MFC in self-sensing circuitry could all
be demonstrated by measuring the frequency response function of a cantilever beam. The self-
sensing MFC was shown to identify the natural frequencies and the measured FRF was analyzed
using the simulation results from the previous sections to provide insight into the balance of the
circuitry. After the MFC was shown to work in a self-sensing setting, a PPF controller was
designed and implemented to suppress the vibration in a cantilever aluminum beam. With a low
control voltage, limited by the electronic components in the circuitry and the control board used,

the MFC was able to reduce the vibration by 90%, clearly showing its effectiveness.

This chapter has identified the previously unknown sensing abilities the macro-fiber

composite actuator. A self-sensing circuit was designed and implemented using a MFC for
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control of an aluminum beam. The results of these tests demonstrate that the MFC can perform
as a monolithic piezoceramic does, although with greater ease of handling, bonding and providing

more mechanical energy to the structure.
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Chapter 3

Vibration Suppression of an Inflatable

Structure

3.1 Introduction to Inflatable Structures

Inflated space-based devices have become popular over the past three decades due to
their minimal launch-mass and volume. Once inflated, these space structures are subjected to
vibrations induced mechanically by guidance systems and space debris as well as thermally
induced vibrations from variable amounts of direct sunlight. Controlling the vibration and shape
of space-based structures is critical to ensuring their optimal performance. However, their
extremely lightweight, flexible, and high damping properties pose difficult problems in
performing the vibration testing necessary to understand and characterize dynamics of the
structure. The choice of applicable sensing and actuation systems suitable for use with inflated
structures are somewhat limited because of their low stiffness, high flexibility and curved
surfaces. In addition, excitation methods have to be carefully chosen since the extremely flexible
nature causes point excitation to result in only local deformation. In early tests to determine the
modal parameters of an inflated torus traditional methods of excitation were used. Griffith and
Main (2000) used a modified impact hammer to excite the global modes of the structure while
avoiding local excitation. Slade et al. (2001) used an electromagnetic shaker to test a torus
attached to three struts with a lens. In addition, the inflated structure was tested in both ambient
and vacuum conditions. It was found that the response of the structure was significantly different

in ambient and vacuum conditions.
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However, recent progress in the development of new piezoelectric actuators has changed
the way that inflatable structures are tested. Park et al. (2001) were the first to investigate the
feasibility of using smart materials, such as PVDF films, to find modal parameters and to
attenuate vibration in a flexible inflated structure. Their study found that piezoelectric actuators
can sufficiently excite the global modes of the inflated structure, allowing a full modal analysis to
be performed.  Furthermore, it was found that excitation methods using smart material do not
interfere with the suspension modes of the free-free torus as other methods do. Since the work of
Park et al. (2001, 2002) piezoelectric materials have been shown to be a logical choice for sensing

and actuation of inflatable structures.

3.2 Multiple MFC Sensors and Actuators for Vibration
Control of an Inflatable Torus

In the following sections, it will be shown that the recently developed Macro-Fiber
Composite (MFC) actuator can be used as either a sensor or actuator for global vibration
suppression of an inflatable structure. The MFC is constructed using piezofibers which allow the
actuator to be extremely flexible, as shown in Figure 3.1. The flexibility of the MFC allows it be
integrated in an unobtrusive way into or onto the curved surface of an inflated structure. In
addition to being flexible, the MFC can produce significantly more strain energy than that of a
typical piezoceramic actuator due to the use of interdigitated electrodes that capitalize on the
higher piezoelectric ds; coefficient. This additional mechanical energy allows the reduction in
vibration of the structure to be far more significant than with traditional piezofilm or
piezoceramic actuators. Furthermore, due to the MFC’s construction using piezofibers, the
overall strength of the material is greatly increased when compared to that of the base material,
while affording the MFC greatly increased flexibility. In addition to the increased strength of the
material, the MFC is robust and can withstand a significant amount of damage without losing its
ability to produce strain energy. The robustness of the MFC actuator is granted through its
construction using an epoxy and Kapton shell that allow the actuator withstand substantial
damage, including cracks and impacts. The robustness is one of the foremost important
characteristics for the use in space applications where the actuator cannot be easily replaced. Due
to these reasons, it has been concluded that MFC are the ideal choice for use with in inflatable

structures (Park et al. 2001, 2002).
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Previous studies at the Center for Intelligent Material Systems and Structures have used
the MFC vibration testing and control of an inflatable torus. In these studies, it was shown that
one MFC patch can sufficiently excite global modes of a scaled inflated torus for a modal
analysis to be performed. However, the actual inflatable satellites intended for use in space
would have a diameter as large as 30 meters and it is unlikely that one actuator could excite a
structure of this size. Therefore, to develop control systems that are applicable to the actual
inflatable satellites, it is necessary that multiple sensors and actuators are used to suppress the
vibration of the inflated structure. In addition, the inflated torus is a symmetric structure that
contains repeated resonant frequencies, making it is necessary that multiple actuators be used to
globally suppress the vibration. The problems associated with the control of an inflatable torus
with repeated modes are discussed by Jha (2002). However, experimental implementation of

multiple sensor/actuator for vibration control of inflatable structures has never been investigated.

The work presented in the following sections of this chapter develops a positive position
feedback controller using two pairs of sensors and actuator. It has been found, that when using
positive position feedback techniques, the relative location of the sensors and actuators influences
the ability of the control system to attenuate certain modes of the structure. This causes the
position of the sensors and actuators to work for one mode but not for another. To overcome this
issue and allow for global control of all modes of the inflatable torus, a self-sensing circuit for
collocated control is investigated. The results found the self-sensing MFC circuit to be

compatible with inflatable structures and posses the ability for effective vibration supression.

Figure 3.1: Macro-fiber composite being bent to show its flexibility.
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3.2.1 Experimental Setup

The test structure is an inflatable torus made of flat sheets of polyimide film Kapton with
a 1.8-meter ring diameter and a 0.15-meter tube diameter suspended in free-free boundary
conditions as shown in Figure 3.2. The internal pressure of the torus was maintained at 0.5 psig
using a small aquarium pump. The sensing and actuation was realized using the MFC actuator,
while the disturbance excitation was introduced using an electromagnetic shaker input with a
plate attached to better distribute the energy and avoid local deformation. Due to the increased
flexibility of the MFC, it is able to easily conform to the toridal shape of the inflated torus. The
MFC was bonded to the surface of the torus using double-sided tape, as shown in Figure 3.3. In
order to ensure the response of the torus found using a MFC was accurate an accelerometer (PCB
Model 352C22) sensor was attached to the torus for comparison during the tests. The
accelerometer also played the role of measuring the vibration of the system before and after
control was applied. The careful selection of excitation signal (specific length and bandwidth)

was made to guarantee enough input energy at each excitation frequency.

Figure 3.2: Inflated torus suspended in free-free boundary conditions.
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Figure 3.3: Macro-fiber composite bonded to the torus.

3.2.2 Results of Control Experiments

The first control experiment performed used an electromagnetic shaker to excite the torus
and multiple MFC sensors and actuators to combat the disturbance signal. Before the control
system could be implemented, the ability of the shaker to excite the global modes of the torus
needed to be identified. Therefore, the torus was excited using a burst chirp signal from 0 to
100Hz and the frequency response function (FRF) was measured using MFC sensors. The choice
of excitation signal greatly affects the ability to excite the global modes of the structure. This
issue takes a trial and error process to find the ideal length and bandwidth signal for the range of
frequencies of interest. It was found that a slow chirp signal that allowed sufficient energy to be
input to the system at each frequency worked the best. In addition, to using a chirp signal it was
found that the quality of the measured FRF was greatly increased when a burst signal was used.
A burst signal contains two periods, during the first period the range of frequencies is swept
through and during the second period nothing is sent out. This time frame when no signal is
output allows the vibration of the structure to damp out and avoid leakage in the measured
frequency response. Using this choice of excitation signal and a MFC as a sensor, several FRF
have been measured, one of the typical results is shown in Figure 3.3. Looking at both the
magnitude and coherence of the measurement, it is clear that with the correct choice of input

signal the shaker is capable exciteing the structure in the frequency range of interest and the MFC
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can provide an accurate sensing signal. The very high damping properties of the structure can

also be seen in the magnitude of the response shown in Figure 3.4.
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Figure 3.4: Frequency response measured from an MFC.

Once the shaker’s ability to excite the structure and the MFC’s sensing capabilities were
realized, a multiple sensor/actuator control experiment was setup. Two pairs of sensors and
actuators were applied to the torus in the configuration shown in Figure 3.5. Positive position
feedback (PPF) control techniques similar to those discussed in chapter two were used since they
are fairly simple and straightforward to implement in the absence of an accurate model of the
system. The PPF controller was implemented and adjusted in real time using the dSpace control
board model DS1102. It was found that the control systems developed using MFC as both
actuators and sensors were capable of significantly reducing vibration levels of the first mode in
the torus. In one experiment, a control system was designed to attenuate vibration in the first out-
of-plane mode (12.8 Hz) of the torus. Figure 3.6 shows the frequency response of the system
before and after control was applied. It can be seen from the figure that when one set of sensors

and actuators is turned on, there is a clear reduction in vibration level of approximately 50% and
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more significant vibration reduction, on the order of 70%, is achieved when both pairs of sensors
and actuators are turned on. The time response of the vibration before and after the control
system was applied is shown in Figure 3.7. Looking a Figure 3.7, the uncontrolled vibration is
shown until the first sensor/actuator pair is turned on at 7 seconds this if followed by sensor
actuator pair two turned on at 13 seconds. The top plot is the response of sensor one and the
bottom plot is the response measured by sensor two. An important point that is shown in this
figure is that there is a global reduction in vibration. This can be presumed because the vibration
is reduced at two locations that are not in close proximity to each other. As the bonding condition

improves, it is expected that the control authority over the whole structure would increase.

Sensor 2

Disturbance

Actuator 1 Actuator 2

Figure 3.5: Location of disturbance input, sensor and actuator locations.
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Frequency Response of the First Mode Before and After Control
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Figure 3.6: Frequency response of the first mode with no control, one actuator and two actuators.
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Figure 3.7: Time response of the torus before and after control was applied.
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After demonstrating that the control system was capable of supplying significant
vibration reduction to the first mode, our next experiment was to apply vibration control to the
second mode. To do so, a similar PPF controller was designed and the same orientation of the
sensors and actuators, shown in Figure 3.5 was used. However, when the control scheme was
applied to the second mode, significantly different results were observed. The time response of
the second mode before and after control was applied is shown in Figure 3.8. In Figure 3.8 the
uncontrolled vibration is present until the first sensor/actuator pair is turned on at about six
seconds, followed by the second sensor/actuator pair turned on at about 12 seconds. When the
first actuator is turned on, the vibration is reduced at sensor one’s location but increased at sensor
two’s location and likewise when actuator two is turned on. This effect clearly shows that the
control system is ineffective at globally reducing the torus’s second mode of vibration. This can
be explained for two reasons, the relative phase of the sensor and actuator, and the existence of
repeated frequencies and modes. The first reason can be seen by looking at Figure 3.9, which
shows the first two out of plane mode shapes of the torus (Park et al., 2002). Recalling the setup
of our control experiment from Figure 3.5, each sensor is located 180 degrees from its
corresponding actuator. Now looking at Figure 3.8, the first mode has the same displacement at
any two points 180 degrees apart, but in the second mode the displacement is the same at any two
points 120 degrees apart. Because the sensors and actuators are located 180 degrees from one
another, when controlling the first mode they are experiencing the same vibration and can be
considered in phase, but at any mode higher than this the sensor and actuator are experiencing
significantly different vibrations and are out of phase. Because positive position feedback
techniques rely only on a filter and not a model, it is very important that the sensor and actuator
be in phase and experience the same dynamics. In this case they are not in phase; the result is an
ineffective controller. Therefore, this orientation of sensor and actuator with a PPF control
scheme will only achieve global vibration reduction during the torus’s first mode of vibration.
The current setup could be made effective if an accurate model of the system was known and a
different control method was used. However, the formulations of the model for a prestressed
toriodal shell are nonlinear and very difficult determine, for more information on the modeling of
a toroidal shell see Jha and Inman (2002). Because of the difficulties in modeling such a complex
structure, control techniques that do not rely on an accurate model are all that can be performed

on inflatable structure at this point.
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Figure 3.8: Time response of the second mode before and after control was applied.
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Figure 3.9: First two out of plane mode shapes of the torus (Park et al., 2002).
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The second issue that arises in performing control on the toroidal structure is the
presences of repeated natural frequencies and mode shapes in the symmetric structure (Jha,
2002). Because of the presence of repeated frequencies, the controller is required to have at least
the same number of actuators as the number of times the frequency is repeated. In this case, the
control system that was designed should have worked because there were two repeated
frequencies and two actuators present. However, Because of the problems associated with the
layout mentioned previously and the complication requiring two actuators, the structure was
unable to be controlled. The combined effect of these two issues is that the control system allows
the mode shapes to rotate around the symmetric structure instead of globally suppressing them.
This effect explains why an increase in vibration occurs at one sensor and a decrease at the other.
For the control experiment to work on the second mode of the inflatable structure the layout of
the sensors and actuator needs to be reconfigured keeping in mind the presence of repeated

frequencies that may cause spillover or perhaps additional actuators may be needed.

However, a solution simpler than determining the ideal locations of the sensors and
actuators for each mode and one that would also allow the sensors and actuators to always be in
phase exists. This simpler solution is to use the self-sensing control techniques described in
chapter two. In this configuration the sensor and actuator would always be in phase for every
mode shape because they would be perfectly collocated. In addition, if a model were used to find
the ideal location of the sensors and actuators, when in orbit the changes in pressure as the
satellite travels from orbital night to orbital day along with other possible changes would cause
these locations to become ineffective at times. Therefore, the ideal location of both sensor and
actuator that would allow for control of all modes regardless of parameter changes in the torus
would be collocated, which can only be truly achieved using self-sensing actuators. Further, the
use of self-sensing techniques would allow the number of actuator patches applied to the torus to
be cut in half, in turn, reducing the amount of areas containing localized stiffness effects, number
of patches that could be damaged and the amount of wires attached to the structure. In the
following sections I will describe the tests performed on the torus to verify that self-sensing

techniques are compatible with inflatable structures.
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3.3 Self-Sensing MFC for Control of Inflatable Structure

In chapter two the MFC was shown to be effective as a self-sensing actuator for both
measuring the frequency response and applying control to a cantilever beam. This next
application of the MFC as a self-sensing actuator is to demonstrate its compatibility with an
inflatable torus. The work presented in the following section does not realize control of the

inflated torus, but does show that self-sensing actuators could be used for this purpose.

3.3.1 Experimental Setup

The following experiments were performed on the same inflatable torus as in the
previous sections of this chapter. The MFC self-sensing actuator and the applied disturbance
were positioned on the torus as shown in Figure 3.10. The active area of the MFC patch
measured 87.3 x 57.4mm with a capacitance of 4.6nF. The self-sensing circuit layout shown in
Figure 2.1 of chapter two was also used for these experiments. A self-sensing circuit requires
three operational amplifiers to separate the control signal from the sensing signal, for the tests
performed on the inflated torus Burr Brown model OPA452 rated at 80 volts were used. These

op-amps are limited to a maximum control voltage of 40 volts before they will be damaged.

3.3.2 Self-Sensing Control Results

As done before in chapter two, the frequency response of the torus was measured before
the self-sensing control was applied to the torus. This was done to ensure that the self-sensing
circuit was balanced and no other problems were present. The torus was excited using an
electromagnetic shaker from 0 to 100Hz and the frequency response was measured using both the
self-sensing MFC actuator and a PCB accelerometer model 352C22. The measurements made
using the accelerometer were used to ensure that the self-sensing MFC’s signal was accurate.
The resulting FRF measured from the accelerometer and the MFC are shown in Figure 3.11.
From the figure it can be seen that the measurements made using the self-sensing MFC are almost
identical to those measured with an accelerometer, indicating that the self-sensing circuit is

working properly.
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Now that the MFC self-sensing actuator has been shown to be compatible with inflatable
structures, and to produce an accurate measurement of the frequency response, the next step
would be to demonstrate control of the torus using the self-sensing actuator. However, when
designing a PPF controller, the system is subject to instabilities that can cause it to go unstable
and send surge control voltages out. This would not be an issue in a normal control system but
when working with self-sensing actuators the circuit provides a direct path surge voltage into the
dSpace control board. In the event that a control voltage higher than the circuit’s capacity is sent
out, it is unlikely that the circuit could cancel it out, potentially damaging the controller. Due to
these limitations in the circuitry and the vulnerability of the control board used, vibration control
could not be safely applied to the torus. Instead, an experiment was performed to show that if the
correct equipment were available then vibration suppression could be achieved. To do this, the
torus was excited using an electromagnetic shaker from 0 to 100Hz and a 10 volt control signal
was fed into the MFC. The self-sensing circuit was then used to distinguish between the applied
control signal and the sensing signal while measuring an accurate frequency response. Figure
3.12 shows both the frequency response measured by the self-sensing MFC actuator attached to
the torus and an accelerometer. It is clear from the Figure that the circuit was able to measure an
accurate frequency response. In chapter two it was shown that if the MFC self-sensing actuator
could measure an accurate sensing signal then it could control the vibration of a beam. In the
previous sections of this chapter it has been shown that the MFC can effectively suppress the
vibration of the torus. Therefore, since it has been shown that when the self-sensing MFC
measures an accurate sensing signal, regardless of the control signal applied, it can be used for
control and the MFC has been shown to suppress the vibration of an inflatable torus, then with the
necessary test equipment a self-sensing MFC actuator could be used to attenuate the vibration of
the torus. These results show that the potential for using self-sensing actuators for vibration

control of inflatable structures exists.
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Self-Sensing
Actuator

Figure 3.10: Location of disturbance and self-sensing actuator of inflatable torus.

Frequency Response of Inflated Structure
50 T T T T T T T
—— Accelerometer
i ) - -~ MFC Self-Sensing Circuit

o
=
|

e . - ’ IS A T
ol N ~ e el liviy

1y ‘M“’” Wh'm“‘
e

n
<)

Magnitude (dB)

_1 00 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Coherence

T WWW T \“\

0.

[ee)

0.6 1
0.4

0.2

| | | | | |
20 30 40 50 60 70
Frequency (Hz)

Figure 3.11: Frequency response of the inflated torus measured with a self-sensing circuit and

an accelerometer.
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Frequency Response of Inflated Torus Measured with Self-Sensing Cicuit
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Figure 3.12: Frequency response of inflated torus found using self-sensing circuit with a

disturbance signal applied to the MFC.

3.4 Chapter Summary

Chapter three investigates the use of multiple sensors and actuator for vibration
suppression of an inflatable torus. Inflated satellite have become popular over the last few
decades because of their extreme lightweight and flexible nature allows them to be packaged
while in the cargo bay of the shuttle. While this type of structure holds many advantages for use
as a satellite, it poses certain difficulties for vibration testing and control. Traditional methods
actuation result in only local deflection and are not suitable for control actuators. However, smart
materials have recently been shown to be effective as mechanisms for applying control to
inflatable structures. The macro-fiber composite (MFC) actuator is the most suited of the smart
materials for this application and in previous studies one MFC actuator has been shown to
globally excite a scaled inflatable torus. While this method worked well for a scaled torus an
actual inflated torus intended for use in space would have a diameter as large as 30 meters it is

highly unlikely one actuator could globally excite these immense structures intended for space.
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Therefore, it is necessary to develop methods of vibration control using multiple sensors and

actuators.

The first portion of the work presented in this chapter designed and implemented a
control system to suppress the vibration of an inflated torus. An inflated torus was outfitted with
two sets of sensors and actuators and a positive position feedback controller was built to use both
pairs separately for vibration control of the torus. It was found that the configuration of sensor
and actuator used was very effective for the first mode and that the use of two actuators
significantly increased the vibration suppression. However, the layout used and the existence of
repeated frequencies in the torus cause the controller to be ineffective at the second mode causing
the modes shapes to rotate around the symmetric structure. Because the optimal location of the
sensors and actuators was not the same for every mode, self-sensing control was investigated.
The use of self-sensing actuators would allow every mode of the torus to be controller while

reducing the number of MFC applied to the torus by half.

To show that self-sensing techniques are compatible with inflatable structures a control
signal was applied to an MFC self-sensing actuator and the frequency response of the torus was
measured. Although the procedure did not directly show that control could be applied to the torus
it does show that collocated control could be applied to the torus. Control was not fully realized
because of the limitations in the control board used and the operational amplifiers used in the
circuit. This experiment shows the possibility of control because in chapter two it was shown that
if the self-sensing actuator could measure an accurate sensing signal then it could suppress the
vibration of a beam, and in this chapter it was shown that the MFC actuator is capable of
attenuating vibration of the torus. Therefore, with the results of previous tests it can be concluded
that had the correct equipment been available self-sensing control would have been achieved.
The experimental investigation of self-sensing actuation will be performed one the required

hardware is available, and will be left for future work.
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Chapter 4

Model of Piezoelectric Power

Harvesting Beam

4.1 Introduction to Power Harvesting

Piezoelectric materials can be used as mechanisms to transfer mechanical energy usually
ambient vibration into electrical energy that can be stored and used to power other devices. With
the recent advances in wireless and MEMS technology, sensors can be placed almost anywhere
necessary. Since these devices are wireless it becomes necessary that they have their own power
supply. This power supply in most cases is the conventional battery, however problems can occur
when using batteries because of there finite life span. When the battery is extinguished of all its
power, the sensor must be retrieved and the battery changed. Because wireless sensors are
developed so that they can be placed in remote locations such as structural sensors on a bridge or
GPS tracking devices on animals in the wild, obtaining the sensor simply to replace the battery
can become a very expensive task. Therefore, if a method of obtaining the untapped energy
surrounding these sensors was implemented, significant life could be added to the power supply.
One method is to use piezoelectric materials to obtain energy lost due to vibrations of the test
specimen. This captured energy could then be used to prolong the life of the power supply or in

the ideal case provide endless energy for the sensor’s lifespan.

It has been found that a piezoelectric device attached to a beam with cantilever boundary

conditions provides an effective configuration of capturing transverse vibrations and converting
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them into useful electrical power. This configuration has proven itself to be effective in several
experiments carried out at the Center for Intelligent Materials Systems and Structure (CIMSS) at
Virginia Tech, which will be discussed in the following chapter. The work that will presented in
the subsequent sections will concentrate on developing a model of a beam with piezoelectric
elements attached that will provide an accurate estimate of the power generated through the
piezoelectric effect. The model detailed in this chapter is based off of a more general one
developed by Hagood et al. (1990) to estimate the performance of piezoelectric shunt damping
circuits for active control. In addition, the model developed in Crawley et al. (1990) was used to
develop the actuation equations for piezoelectric devices and the constitutive equations of
bimorph actuators were obtained from Smits et al. (1991). An important addition to the
combination of these models that is made to accommodate power harvesting, which was
neglected in previous models, was to add material damping; if excluded the model can predict
significantly more energy generation that actually developed in the real system. The following
sections will develop a model of the piezoelectric power harvesting device. This model would
simplify the design procedure necessary for determining the appropriate size and vibration levels
necessary for sufficient energy to be produced and supplied to the desired electronic devices. An
experimental verification, of the model is also performed to ensure its accuracy. Following the
model verification the effects of power harvesting on the dynamics of a structure are compared to

those brought on from shunt damping.

4.2 Piezoelectric Power Harvesting Beam

The following sections will develop a model to provide the amount of energy generated
in the piezoelectric elements attached to a beam experiencing vibration energy. The model will
be verified on a composite piezoelectric bimorph cantilever beam. This structure used to verify
the model has a complicated piezoelectric layout and a composite makeup, demonstrating that the
model can produce accurate results independent of the layout or complexity of the beam. The last
section of this chapter will make a comparison between the dynamic effects of power harvesting

and shunt damping.
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4.2.1 Model of Piezoelectric Power Harvesting Beam

The following derivation will use energy methods to develop the constitutive equations of

a bimorph piezoelectric cantilever beam for power harvesting. To begin the deviation we will

start with the general form of Hamilton’s Principle. This states that the variational indicator must

be zero at all time, as shown below in equation 4.1:
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where U is the potential energy, T is the Kinetic energy, fox is the external work applied to the

system, S is the strain, 7 is the stress, E is the electric filed, D is the electric displacement, V' is the

volume, u is the displacement, x is the position along the beam, v is the applied voltage, ¢ is the

charge, p is the density f'is the applied force and the subscripts p and s, represent the piezoelectric

material and the substrate, respectively. Before the variational indicator can be used to solve for

the equations of motion the piezoelectric constitutive equations need to be introduced into the

potential energy term and the variation of both the potential and kinetic energy must be found.

First the piezoelectric constitutive equations will be introduced, which are:

(4.5)
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where ¢ is the modulus of elasticity, ¢ is the dielectric constant and the superscript, ( )°, signifies
the parameter was measured at constant strain and the superscript, ( )°, indicates the parameter
was measured at constant electric field (short circuit). These constitutive equations relate the
electrical and mechanical properties of the piezoelectric element. The specification of these
relationships will allow electromechanical interaction to be included in the model. The term e is
the piezoelectric coupling coefficient and relates the stress to the applied electric field. The
piezoelectric coupling coefficient can be written as shown in equation 4.6 in terms of the more

commonly specified coupling coefficient d by:

e=d.c” (4.6)

y

where c is the d; is the piezoelectric coupling coefficient with the subscript i and j referring to the
direction of the applied field and the poling, respectively. Now we can incorporate the

piezoelectric properties in the potential energy function:

_ 1 T T E
U—EUVSQ csngS+jVP§ cESav,
_ IVP S'e"Edv, - jVP E'eSav, 4.7)

_J. ETESEdVP}
Vp

Taking the variation of the kinetic energy from equation 4.3, and the potential energy term

containing the piezoelectric properties of equation 4.7, yields:

T T
SU = IVS 58"c. SdV, + jVP ss'cEsav,

—jV 5S'e"EdV, - jV SE"eSdv, (4.8)
-, SE'& Edv,
_ .T . T .
oT=| poi'idV +| psi'idv, (4.9)

The variations found in equations 4.4, 4.8 and 4.9 can be substituted into equation 4.1 to obtain

the variational indicator:
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This equation can now be used to solve for the equations of motion of any mechanical system
containing piezoelectric elements. In order to solve equation 4.10 for the cantilever beam with
bimorph piezoelectric elements some assumptions must be made. The first assumption follows
the Rayleigh-Ritz procedure, which says that the displacement of the beam can be written as the

summation of modes in the beam and a temporal coordinate'®:

u(e,0)= 3 4,0 )= 4 @12

i=1

where @;(x) is the assumed mode shapes of the structure which can be set to satisfy any
combination of boundary conditions, #(#) is the temporal coordinate of the displacement and N is
the number of modes to be included in the analysis. The second assumption made is to apply the
Euler-Bernoulli beam theory. This allows the stain in the beam to be written as the product of the
distance from the neutral axis and the second derivative of displacement with respect to the
position along the beam. Once the strain is defined in this way equation 4.11 can be used define

the strain as follows:

D)y e @13)
X

1%}
I

The third and last assumption is that the electric potential across the piezoelectric element is
constant. This assumption also indicates that no field is applied to the beam, which in latter

equations designates the beam to be inactive material:
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—v/t, t2<y<t/2+t,

E=y(yMi)=1 0 —1/2< y<t/2 (4.14)
vit, —t[2—t,<y<-t[2

The previous assumption is for a beam with bimorph piezoelectric elements on the top and
bottom of the beam as shown in Figure 4.1. The beam in Figure 4.1 also shows the notation for

the geometry of the beam that is used throughout the derivation.

Figure 4.1: Schematic of beam describing the variables.
Using the previous assumptions we can simplify the variational indicator to include terms that
represent physical parameters. By doing this the equations describing the system become more

recognizable when compared to those of a typical system and help give physical meaning to the

parameters in the equations of motion. The mass matrices for the system can be written as:

(4.15)
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The stiffness matrices can be written as:

(4.16)
K - 5 T " 5 ud
V4 - J-VP y é (x) ¢ ?(x) Vp
The electromechanical coupling matrix, ®, and the capacitance matrix, C,, are defined by:
T "
O=-] y¢ (x) e'w(y)@v,
(4.17)

C, =], v' bV,

The parameters defined in equations 4.15, 4.16 and 4.17 can be substituted into variational

indicator of equation 4.10. This substitution allows the variational indicator to be written as:

V= j{ l527 (Yo, + 01, )ile) - s (NK, + K, (o)
+0r" ()mt) + ()@ r(e) + SWt)C v(t) (4.18)

S8 Y 03500, =0

where () indicates the variation of the corresponding variable. Taking the integral of the
variational indicator leaves two coupled equations. The two equations shown below are coupled
by the previously defined electromechanical coupling matrix ®. The top equation defines the

mechanical motion and the bottom equation defines the electrical properties of the system:

(0,430, )+ (5 + K, )00 35 1)
(4.19)
0" r(t)+ va(t) =4(7)
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These equations now represents the electro-mechanical system and can be used to determine the
motion of the beam, however this system of equations does not contain any energy dissipation.
Because the model is intended to represent a power harvesting system that must be removing
energy, this form is not suitable for our needs, as it does not account for energy lost through the
structure. In addition, the energy removed from the system through energy harvesting must be
accounted for. To incorporate energy dissipation into the equation we can use ohm’s law and add
a resistive element between the positive and negative electrodes of the piezoelectric. The
resistive element will provide a means of removing energy from the system. If we do this the

electrical boundary condition becomes:
v,(t)=-Rq(¢) (4.20)

In addition to this, the system should have some type of additional mechanical damping that
needs to be accounted for. If only the electrical damping is accounted for the model will over
predict the actual amount of power generated. The amount of mechanical damping added to the
model was determined from experimental results. This is done using proportional damping
methods and the damping ratio that is predicted from the measured frequency response function.

With the damping ratio known, proportional damping can be found from (Inman, 2001):
C=alM, +M,)+plK, +K,) 4.21)

where a and B are determined from:
i=12,.n (4.22)

where (; is the damping ratio found from the frequency response of the structure. Incorporating
equations 4.20 and 4.21 into equation 4.19, results in the final model of the power harvesting

system:
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(M, + M, i(1)+ Cie)+ (K, + K, () - On(r)= §:¢(x[ ) 7.(¢)

(4.23)
R4(t)-C'@"r(t)+C, 'qlt)=0

Equation 4.23 shown above provides an accurate model of the power harvesting system. The
q(t) term provides the current output of the piezoelectric element and can be directly related to

the power output of the piezoelectric through the load resistance R.

The last portion of our model left undefined is the forcing function. The system that we
are investigating as mentioned earlier is a cantilever beam that is excited by transverse vibrations
of the structure that it is clamped to; therefore no force is directly applied to the beam. Instead
the clamped end of the beam is experiencing base motion and transferring that energy to the beam
through its own inertia. The standard boundary conditions of the clamped end of the beam say
that the slope and displacement are zero at all time. For the condition of base motion the zero
displacement condition would not be held and a new set of mode shapes would need to be
generated. Rather than doing this, it was decided that a force corresponding to the inertia of the
beam when subjected to the base motion could be used and the clamped-free mode shapes would

still be valid. The forcing function used to model the inertia of the beam is:

fle)= IOL J:)b J-O[ pAw® sin(wt Yzdydx (4.24)

With the forcing function defined everything necessary to simulate the power harvesting
system is included in the model. The following sections of this chapter will describe the

experimental procedures and results, in order to demonstrate the accuracy of this model.

4.2.2 Experimental Setup for Model Verification
The accuracy of the model is tested on a Midé Technology Corporation Quick Pack

model QP40N, although, it could be used to model any beam with a piezoelectric attached. The
QP40N is a bimorph actuator with dimensions and properties shown in Figure 4.2. The Quick
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Pack is a piezoelectric actuator that is constructed from four piezo wafers embedding in a Kapton
and epoxy matrix. The experiments were performed to test the amount of power generated from
this device when subjected to transverse vibrations of varying frequency and amplitude. As
mentioned previously we were interested in the quick Pack being mounted with cantilever
boundary conditions. To provide the transverse vibration we mounted the Quick Pack actuator to

an electromagnetic shaker as shown in Figure 4.3.

Device size (mm): 100.6 x 25.4 x 0.762
Device weight (g): 9.52

Active elements: 2 stacks of 2 piezos
Piezo wafer size (mm): 45.974 x 20.574 x 0.254
Full scale voltage range (V): £200

Figure 4.2: Midé Technology Corporation Quick Pak model QP40N (from Midé Technology
Corporation).

One complication arose when modeling the Quick Pack actuator due to its composite
structure and the piezoelectric wafers not spanning the entire length of the beam, which can be
seen in Figure 4.2. Because the area of the beam with no piezoelectric wafer consisted of only
Kapton and epoxy, it contained a localized area containing a lower modulus of elasticity. Midé
Technology Corporation could not specify a value for the effective modulus of the complete
beam. Therefore, the setup shown in Figure 4.4 was constructed to measure the stiffness of the
Quick Pack. To obtain a value for the stiffness the force applied to the beam and its
corresponding deflection needed to be measured. The experimental setup constructed to do this
consisted of a Transducer Techniques 100 gram load cell model GSO-100C and a polytec laser
vibrometer. The load cell was mounted on a lead screw to allow a steady force to be applied at
the tip of the beam. The result of this test found the modulus of the beam to be 2.5 GPa. The
reason for this value being so low is due to the area at the mid-span of the beam that consisted of

only the Kapton and epoxy. When the static tests were performed on the beam it was apparent
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that the majority of the bending was occurring at this location. Therefore, it was concluded that
the experimental tests performed had actually measured the modulus of elasticity corresponding
to the Kapton and epoxy portion of the beam. This still left the overall modulus of the beam
unknown. The value calculated for the overall the modulus of the beam was found by simply
averaging the modulus of the piezoelectric material, that was supplied by Midé and the
experimentally found modulus for the Kapton and epoxy matrix according to their individual
percent of the cross sectional area. The resulting modulus of elasticity and the other piezoelectric

properties used are shown in Table 4.1.

|
‘ 25.4 mm
- 92.6 mm il

Figure 4.3: Quick Pack QP40N attached to the shaker and dimensions of beam when one end is

clamped.
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Figure 4.4: Experimental setup used to find the elastic modulus of the Kapton-epoxy matrix.

Table 4.1: Properties of the Quick Pack

Property Symbol Value
Dielectric Constant k3T 1800
Piezoelectric Strain Coefficient d, -179x107" m/volt

Modulus of Piezoelectric & 63 GPa
Modulus of Kapton-epoxy Cs 2.5 Gpa
Modulus of Quick Pack Cp 35.17 GPa
Density of Piezo Material p 7700 kg/m’
Density Composite Matrix p 2150 kg/m’

4.2.3 Model Verification
The accuracy of the model was compared against experimental results to demonstrate the

ability of the model to accurately predict the amount of power produced by the Quick Pack when

subjected to transverse vibration. The code used to simulate the model can be found in Appendix
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B. To ensure that the model and experimental tests were subjected to the same excitation force an
accelerometer was used to calculate the amplitude of the sinusoidal force applied to the beam

through:

a=Aw’sin(ot)=> A4, =— (4.25)

max 2

@

where a is the acceleration of the clamped end of the beam. The beam was excited by a
sinusoidal input and the steady state power output was measured across several different resistors.
The frequency response of the model and the experimentally tested Quick Pack are shown in
Figure 4.5. The differences in the two responses are attributed to the Quick Pack’s composite
structure resulting in coupled modes and the nonlinear properties of the Kapton material,
especially its modulus of elasticity that varies nonlinearly with frequency. It is expected that a
beam constructed of a homogeneous material with a piezoelectric mounted to is surface would

produce a more accurate frequency response.

Modeled and Measured Frequency Response Function
'20 T T T T

—— Predicted
— Measured

-100

Magnitude (dB)

-120

-140

1 1 1 1
0 200 400 600 800 1000 1200

-160

Frequency (Hz)

Figure 4.5: Frequency response of the model and the experimental data.
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The output current of the Quick Pack was compared to the output current of the model
with respect to time for various frequencies. The output current across a 10 kQ resister for
several frequencies of the model and the measured current obtained through experiments are
shown is Figure 4.6, 4.7 and 4.8. Figures 4.9 and 4.10 show the output current across a 100Q
load resistance at 25 and 50Hz, respectively, and Figures 4.11 and 4.12 show the output current
across a 100kQ load resister at 25 and 50Hz, respectively. In the Figures the model shows a
transient response for a small period of time, while the experimental results were recorded at
steady state vibration. Therefore, the small period of time before the models settles down to
steady state should not match. These Figures demonstrate that the model provides a very accurate
measurement of the power generated at various frequencies and resistive loads. This shows that
the model would be effective as a design tool for determining the ideal size and excitation level

necessary to provide the desired power.

Output Current of Beam from model and Experimental Data at 25 Hz across 10 k() Resistor
015 T T T T T T T

—— Model
—— Experimental

0.1 |

0.05F l | | | f

Current (mA)

-0.15 -

-0.2 ! ! ! !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Time (sec)

Figure 4.6: Output current predicted by model and measured across a 10KQ resistor at 25Hz.
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Figure 4.7:

Current (mA)

Figure 4.8:

Output Current of Beam from model and Experimental Data at 50 Hz

I

Time (sec)

Output current predicted by model and measured across a 10K resistor at SOHz.

Output Current of Beam from model and Experimental Data at 75 Hz
03 T T T T T T T
—— Model
—— Experimental
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Output current predicted by model and measured across a 10KQ resistor at 75Hz.
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Output Current of Beam from model and Experimental Data at 25 Hz across 100 QQ Resistor
0.2 T T T T T
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Figure 4.9: Output current predicted by model and measured across a 1000 resistor at 25Hz.

Output Current of Beam from model and Experimental Data at 50 Hz across 100k() Resistor
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Figure 4.10: Output current predicted by model and measured across a 100KQ resistor at SOHz.
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Output Current of Beam from model and Experimental Data at 25 Hz across 100 kQ) Resistor
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Figure 4.11: Output current predicted by model and measured across a 10K resistor at SOHz.

Output Current of Beam from model and Experimental Data at 50 Hz across 100 kQ) Resistor
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Figure 4.12: Output current predicted by model and measured across a 100KQ resistor at SOHz.
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4.3 Disscusion of Power Harvesting and Shunt Damping

In addition to providing an accurate estimate of the of the power generated by a beam
with complicated piezoelectric layout and a non-homogeneous material composition, the model
also shows that power harvesting works much like a shunt damper. In the presences of a power
harvesting circuit energy is taken for the system and supplied to the electrical components
causing a damping effect. The damping effect is caused by the removal of energy from the
system, which by definition of conservation of energy, must cause the reduced oscillation of the
beam. This effect is very similar to one of the original uses of the model developed in Hagood et
al. (1990) which was used to show the ability of a tuned RLC circuit to effectively damp the
vibration in a beam. The major difference is that in our case we are working with a load
resistance which will also induce damping to the system but over a broad range of frequencies
rather than the turned frequency of a RLC circuit. The damping effect of power harvesting on an
impulse is shown in Figures 4.13, 4.14 and 4.15. Figure 4.13 shows the decay of the impulse
response when the load resistance is at it ideal value for removing energy from the system. Now
looking at Figure 4.14, the load resistance is reduced to 100Q causing less energy to be dissipated
over the resistor, resulting in an increased settling time of the beam. However, in Figure 4.15 the
load resistance becomes very high, but the settling time is still longer than the case with the
resistance shown in Figure 4.13. This occurs because as the resistor becomes too large it acts like
an open circuit and actually resisting the flow across the resistor making it incapable of
dissipating as much energy as lower values of resistance. These Figures demonstrate the effect of
power harvesting on the dynamics of a cantilever beam. It is apparent that as more energy is
removed from the system the impulse dies out faster until a critical level is reached, after which
the resistive load of the circuit exceeds the impedance of the piezoelectric network causing lower
efficiency power generation and for this example lower energy dissipation to the beam. This
study shows that the effects of power harvesting on the dynamics of a mechanical system are very
similar to those of shunt damping, with the major difference being that the energy is stored for

use instead of dissipated.
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Figure 4.13: Impulse response with a 100Q resistive load.
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Figure 4.14: Impulse response with a 15kQ resistive load.
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Figure 4.15: Impulse response with a 100k( resistive load.

4.4 Chapter Summary

One method of performing power harvesting is to use piezoelectric materials that can
convert the vibration energy around them into electrical energy. This electrical energy can then
be used to power other devices or stored for later use. This technology has gained an increasing
large amount of attention due to the recent advances in wireless and MEMS technology allowing
sensors to be placed in remote locations and operate at very low power. The need for power
harvesting device is caused by the use batteries as power supplies for these wireless devices.
Since the battery has a finite lifespan, once extinguished of it energy, the sensor must be
recovered and the battery replaced for the continued operation of the sensor. This practice of
obtaining sensors solely to replace the battery can become and expensive task because the
wireless nature allows it to be place in exotic locations. Therefore, methods of harvesting the
energy around these sensors must be implemented to expand the life of the battery or provide an

endless supply of energy to the sensor for its lifetime.
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Chapter 4 has developed a model to predict the amount of power capable of being
generated through the vibration of a cantilever beam with attached piezoelectric elements. The
complete derivation of the model has been provided, allowing it to be used to model a beam with
any boundary conditions or layout of piezoelectric patches. The model was verified using
experimental results and proved to be very accurate independent of excitation frequency and load
resistance. In addition, the verification of the model was performed on a structure the contained a
complex piezoelectric layout and a non-homogenous material beam, indicating that the model is
robust and can be applied to a variety of different mechanical conditions. The damping effects of
power harvesting were also shown to be predicted in the model and to follow that of a resistive
shunt damping circuit. This model provides a design tool for developing power harvesting
systems by assisting in determining the size and level of vibration needed to produce the desired
level of power generation. The potential benefits of power harvesting and the advances in low

power electronics and wireless sensors are making the future of this technology look very bright.
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Chapter 5

Generation and Storage of Power

from Piezoelectric Materials

5.1 Introduction to Power Generation and Storage

In chapter two, piezoelectric materials were shown to produce electric energy when strain
energy is applied to the material. This property makes piezoelectric devices effective for
obtaining energy from their surrounding, usually ambient vibration, and converting it into useful
electrical power. However, the energy generated through the piezoelectric effect, is in most
cases not sufficient for directly powering electronic devices. Therefore, a method of
accumulating and storing the harvested energy so that it may be used in the future is an important

aspect of a power harvesting system.

Several researchers have found that for the energy provided by a piezoelectric device to
be of use, it must be accumulated in some way. One of the first researchers to realize the
potential of power harvesting and speculate possible storage methods was Starner (1996). His
research investigated the amount of power that could be generated through everyday human
activity and proposed the use of capacitors and rechargeable batteries as storage devices for use
with piezoelectric power harvesting devices. Umeda et al. (1997) went beyond the proposal of
using a capacitor for energy storage, and tested the abilities of a circuit containing a rectifier and
capacitor for storing the energy generated when a steel ball impacted a plate with piezoelectric

elements attached. Shortly after the publication of this work, a power harvesting patent was
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issued to Kimura (1998) for a means of storing the rectified energy from a piezoelectric device in
a capacitor. However, a circuit containing only a single capacitor was not sufficient to power
other electrical devices without additional circuitry. Therefore, Kymissis et al. (1998) developed
a circuit to harvest the energy lost during walking; this circuit design has found use in many other
researchers work. Two piezoelectric devices were located in a shoe, the first was used to absorb
the impact energy of the heel and the second was used to obtain the bending energy of the sole.
This circuit also used a capacitor as a storage medium, but required additional components to
allow the capacitor to charge to a desired level before discharging through a transmitter. The idea
of using this technology in conjunction with a transmitter opened up many doors for wireless
sensors. Following this work, the interest in power harvesting for use in biological systems began
to grow, and in 2000, Elvin et al. received a patent for a self-powered sensor. This patent was for
a bone strain monitoring system that was self powered by the strain energy of the bone. The
energy obtained from the bone was sufficient to transmit a signal containing data detailing the
stain of the bone. Since these early studies in power harvesting, numerous other creative

locations have been investigated for the placement of piezoelectric power harvesting devices.

While a lot of research has been devoted to the search for storage methods compatible
with piezoelectric devices, other researchers have investigated using circuitry to increase the
amount of power generated by the piezoelectric material. One such study was performed by
Ottman et al. (2002), who used a step down DC-DC converter to maximize the power output from
a piezoelectric device. It was found that at very high levels of excitation the power output could
be increased by as much as 400%. However, this study did have a drawback, the additional
electronic components required to optimize the power output dissipated energy. This additional
circuitry required an open circuit voltage greater than ten volts for the power generated to be
increased. The research that will be presented in this chapter will concentrate on power storage
methods that can be used for realistic vibration levels, whereas the study performed by Ottman et
al. (2002) used a resonant signal at far greater excitation levels than available in most typical
structures. The realistic signal used in this chapter was generated to be comparable with that by

placing an accelerometer on a car and measuring the vibration levels at a non-optimal locations.

In chapter four, a model describing a power harvesting system was formulated and shown
to accurately predict the amount of energy generated during vibration of a beam. The first
portion of this chapter will emphasize the methods of storing electric energy generated by a PZT.

The amount of power that one particular PZT device can generate has first been estimated, and
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the feasibility of the devices for recharging a battery has been studied. This research is motivated
by the fact that the power generated by PZT is far smaller than required for the normal operation
of most electronics in real field applications. However, when identifying the ideal storage
method, the time required by PZT to charge power storage devices must be taken into account for
the electronics intent to be charged. In addition, the low efficiency of both the PZT and the
circuit has been identified as a critical issue in previous studies. In this study, the energy
produced by the PZT is stored using two different methods. The first method tested will be the
capacitor that allows for immediate access to the stored energy, this method has been commonly
used by other researchers, and the second method is to charge a nickel metal hydride battery. The
battery charging method provides certain advantages over the capacitor method that will be
outlined in the following sections. However, the use of energy generated from piezoelectric
materials has not been previously shown to be compatible with rechargeable batteries. Therefore,
the ability to use this energy to do so must first be shown before other studies into this technology

can be performed.

Once the ability to use energy generated by piezoelectric materials is shown to be effective
for use with rechargeable batteries, the second portion of this chapter will perform a comparison
of the recently developed macro-fiber composite (MFC) and the traditionally used piezoceramic
material PZT. First the efficiency of each material’s ability to convert applied mechanical energy
into usable electric power is determined, for a random disturbance signal and at the resonance of
the test specimen. Then the performance of each actuator material for recharging nickel metal
hydride batteries was investigated.  After testing both piezoelectric materials significant
differences in their ability to produce electrical energy were found, reasons contributing to these

differences will be discussed.

5.2 Piezoelectric Power Harvesting Storage Methods

This section will investigate the two previously mentioned methods of storing the power
generated from the vibration of piezoelectric devices. First the use of a capacitor will be
investigated and tested, followed by a study to determine if the energy from piezoelectric
materials is suitable for storage in a rechargeable battery. The last portion off this section will

outline the advantages and disadvantages of each method.
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5.2.1 Experimental Setup

The piezoelectric device used for this portion of the study consisted of an Aluminum
plate with a PSI-SH4E piezoceramic (PZT) from Piezo Systems Inc. bonded to its surface. The
aluminum plate was constructed by bonding the piezoelectric material to its surface using
superglue; the dimensions and plate are shown in Figure 5.1. The thickness of the aluminum
plate and the PZT were 0.04 in. and 0.0105 inches respectively. The relatively thick aluminum
plate was used because the piezoceramic material is extremely brittle and is susceptible to
accidental breakage, when bonded to a thick substrate the likelihood of damaging the

piezoelectric is greatly reduced.

40mm PZT

— 62mm —>

A

80mm ——»

Figure 5.1: Dimensions and layout of the piezoelectric on the aluminum substrate.

The following experiment investigates the possibility of harvesting power from the
vibration of a structure such as an automobile compressor. In order to simulate the vibration of an
automobile compressor a PCB accelerometer, model 352C22, was attached to a random location
on the compressor. The term ‘random location’ is used because no effort was made in optimizing

the placement of the accelerometer to produce the maximum magnitude of vibration, nor is the
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compressor the optimal location in the engine compartment for obtaining vibration energy. The
engine was run at various speeds while the accelerometer measured the compressors response. A
typical signal measured from the compressor of a Mitsubishi Eclipse had the appearance of
random vibration from 0 to 1000 Hz. The aluminum plate in Figure 5.1 was attached to a ridged
structure in cantilever boundary conditions (fixed-free), while a shaker applied the excitation
force. The typical response showing the magnitude of vibration measured at a random location
on the automobile compressor is shown in Figure 5.2, along with the input signal used for the
experiment, shown in Figure 5.3. The excitation signal used in the experiments was found by
placing the same accelerometer on the piezoelectric plate and adjusting the signal supplied to the
shaker until it was comparable with that of the compressor. The disturbance used in the
experiments had a magnitude that was 9.5% less than that of the automobile compressor,
indicating that the excitation signal used was conservative in representing the vibration of an
automobile compressor. The energy produced by the PZT was stored using two different
methods. The first was in a capacitor that allows for immediate access to the stored energy and

the second method charged a nickel metal hydride battery.
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Figure 5.2: Vibration of an automobile compressor measured by an accelerometer.
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Figure 5.3: Random signal applied to the shaker as the disturbance force, with matched

amplitude to the automobile compressor.

Figure 5.4: Experimental Setup used to both excite the plate and measure the vibration.
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Capacitor Charging Circuit

The first method of storage used a capacitor to accumulate the energy output of the
piezoelectric patch, a schematic of the complete circuit used is shown in Figure 5.5, and the
circuit build on a breadboard is shown in Figure 5.6. The circuit design was modified from one
used for a self-powered RF tag (Kymissis et al, 1998). The principle of operation of this circuit
is as follows; first the signal from the PZT is full wave rectified and accumulated in capacitor C1.
Once Cl1 is charged past the zener diode voltage, in this case 6.5 volts, the capacitor releases it
charge, switching the BIT, Q1, to the on position, and triggering the MOSFET, Q2, to pull the
ground line down allowing C1 to discharge through the circuit. The MAX666 chip is a low-
power series regulator that produces a +5 volt DC signal as C1 discharges. Once CI1 has
discharged beyond 4.5 volts, the MAX666 sends out a negative pulse that turns the QI, off,
allowing C1 to begin the process over and recharge. In the "off" state, the circuit has a high

impedance allowing C1 to charge fast.
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Figure 5.5: Schematic of the capacitor circuit layout (Kymissis 1998).

Figure 5.6: Schematic of Power Harvesting Circuit.
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Battery Charging Circuit

The second method of power storage used was a circuit that charged a nickel metal hydride
button cell battery. Nickel Metal Hydride batteries were used because they have a very high
charge density and do not require any type of charge controller or voltage regulator to be
incorporated into the circuitry. The circuit constructed to charge the battery was very simple, it
consisted of a full wave rectifier, capacitor and the battery intended to be charged, as shown in
Figure 5.7. The voltage produced by the PZT was first full wave rectified then accumulated in a
large capacitor, typically greater than 1000puF, then the battery intended to be charged was placed
in parallel with the capacitor. The simplicity of this circuit allows it to be constructed very
compactly and without additional components that would result in additional power dissipation,

as shown in Figure 5.8

|+
L L — NiMH

—_ Battery
PIT -

Figure 5.7: Schematic of the battery charging circuit.

Figure 5.8: Layout of the Battery charging circuit built on a breadboard.
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5.2.2 Power Generation

Before the previously mentioned circuits were used to accumulate the generated energy,
the amount of power this particular device could produce was measured. The reason that I say
this particular piezoelectric device, is because there are many factors that affect the power
generated, such as the substrate thickness, material used, excitation strength, and load resistance
used. The effect of the load resistance on the power output of a piezoelectric was discussed in
chapter 4; refer back to section 4.3 for a more detail on this topic. In general, the maximum
power output occurs when the impedance of the piezoelectric element and the load resistance are
matched. However, this cannot always be achieved during testing because the piezoelectric is a
capacitive device, which means that the impedance varies with frequency, and therefore, the
optimal load resistance varies. For the following power generation results, the load resistance

was set to be the impedance of the PZT at the resonant frequency of the cantilever plate.

The power generated by the PZT was obtained using the voltage drop across a 10kQ
resistor. The power is calculated using the following relation of equation 5.1 obtained using

Ohm’s law:
V
P=— 5.1

where P is the power and V is the voltage drop across the load resistance R. The resulting power
(with a chirp input from 0-250Hz) is shown in Figure 5.9 and the voltage and current found are
shown in Figure 5.10. The data presented uses a chirp signal rather than the random signal shown
previously because a chirp signal allows the voltage produced at different frequencies to be
visualized more easily. As can be seen in the figure, the maximum instantaneous power is
identified as 2mW, which occurs at the resonance of the test plate. Three PZT plates were tested
with the same configuration, and all produce a maximum power in the range of 1.5-2mW, and an
average power of 0.14-0.2mW. These measurements were made with the magnitude of the chirp
signal matching that of the signal measured from the automobile compressor. In addition, these
measurements were made without a capacitor, which points out that this power would be
immediately available for powering other devices. This estimation however does not account for

the efficiencies of circuit components, such as a capacitor, diode, and voltage regulator. This
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estimated power certainly would not be sufficient to operate commonly available sensors,
actuators or telemetry devices in real field application, not to mention that it would require a

certain period of time to charge the circuit, if a capacitor or battery is used.
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Figure 5.9: Power output from test plate with a chirp input signal.
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Figure 5.10: Voltage and current output from the piezoceramic test pate.
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5.2.3 Capacitor Circuit

The random excitation of the plate with piezoceramic attached was able to successfully
charge the capacitor and operate the circuit as expected. However, when using the high
frequency excitation found on the compressor, once the capacitor reaches the charged level it
discharges and charges so fast that the circuit outputs high frequency pulses corresponding to the
charging and discharging of the circuit. To better show the performance of the capacitor circuit,
the system was slowed down to allow the capacitor to visually discharge and recharge. Figure
5.11 shows the voltage on the capacitor and the output of the circuit with respect to time. The
Figure shows that as the capacitor charges up to 6 volts, the circuitry allows it to discharge and
the voltage output goes up to the regulated 5 volts. During the discharge of the capacitor, the
output of the circuit stays at 5 volts until the capacitor reaches 4.5 volts, when the circuit begins
to shut off, seen by the bump in the discharge of the capacitor. The process then repeats itself and
the capacitor recharges. This method of collecting the energy generated by the piezoelectric
allows the energy to be attained almost instantaneously. However, the circuit can only output
energy for a very limited amount of time, making this method of storage impractical for powering
many electronic devices, although it is effective for transmitting a short signal as done in the

work by Kymissis et al. (1998).
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Figure 5.11: Plot of the time history of the Capacitor charging and discharging.
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5.2.4 Battery Charging Circuit

In the next section, the ability of a piezoceramic and macro-fiber composite (MFC)
actuator to be used as power harvesting devices for recharging batteries will be compared.
However, the ability to use the energy generated during vibration of piezoelectric materials to
charge a battery has not previously been performed. Therefore, the ability to use these devices
for this purpose must first be shown. For this investigation into recharging batteries with
piezoelectric materials, two different types of excitation signals were used to charge a 40mAh
battery (the unit “mAh” stands for mille-amp-hour and is a measure of the battery’s capacity, a
40mAh capacity means that the batteries will last for 1 hour if subjected to a 40mA discharge
current). The first excitation signal used was a sinusoidal input at the resonant frequency of the
plate, in this case 63 Hz, while the second excitation was similar to the random signal from 0-
1000 Hz, corresponding to the vibration of an automobile’s compressor, shown in Figure 5.3.
The resonant signal was used first because compatibility of the piezoelectric output power and the
charging requirements of the battery needed to be shown before other tests could be performed.
Furthermore, the resonant signal had a higher probability of charging the battery due to the larger
power output obtained at this frequency. Once the compatibility of the piezoelectric and battery
was shown, the random excitation could be used to demonstrate that the vibration available from

an automobile was capable of recharging the battery.

The first tests performed used the resonant signal to excite the plate and the time required
for the battery to charge up to it cell voltage of 1.2 volts was recorded. Although the batteries
charge up to values higher than 1.2 volts, this value is used for consistency. A typical time
history of the battery charging at random vibration is shown in Figure 5.12. Looking at the figure
it can be seen that the battery charges up to it cell voltage in slightly over 20 minutes. This
Figure shows that the piezoelectric is capable of charging a nickel metal hydride battery rather
quickly. Now that this previously unexploited method of storing energy generated through the
piezoelectric effect has been verified, the ability to use the random excitation of a typical

automobile’s compressor can be tested.
The random signal was applied to the piezoelectric plate and the charge time was

recorded as done with the resonant signal. The results of a typical charging test are shown in

Figure 5.13. When using a random signal from 0-1000Hz the piezoelectric patch generates far
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less energy because of the low strain mode shapes at these higher frequencies. However, looking
at the Figure, it can be seen that even with the use of a random signal, the piezoelectric can still

charge a battery in a few hours.

Numerous advantages arise when the power harvested from the vibration of a
piezoelectric device is stored in batteries. First, the capacitor method requires the piezoelectric to
constantly produce electrical energy the entire time the application consumes power. This is
because the capacitor does not possess the power storage properties that batteries have. The
power stored in batteries can be accumulated and saved for use when no vibration is present.
Also the time required for a capacitor to discharge is much smaller than that of the battery, this
causes the capacitor circuit to switch on and off as the capacitor charges and discharges. For
applications that require a constant power supply the capacitor is not suitable, however, when
using batteries, two batteries can be installed allowing one battery to be in the charging stage
while the other is used to supply power. In addition, the power directly generated by
piezoelectric materials would suffice to operate some micro-scale devices, but it is slightly
insufficient for running typical sensors, actuators, or computing devices commonly used in real
field applications. For instance, a PIC 16C71 processor from Microchip Technology requires
18mW at 4MHz (microchip Technologies Inc.), and a functional wearable computer (without
communication device) can operate with a continuous power consumption of 0.5mW (Starner,
1996). By using the power generated from a PZT to charge a battery the number of applications
increases significantly. The 40mAh battery that was charged in less than half an hour, contains
enough energy to power a Casio LW22H watch for two years (Casio Inc.). This shows that if
vibration was only present for a small amount of time when using rechargeable batteries to store
the power generated by piezoelectric materials that the electronics could still receive the power

needed to run for a significant amount of time.
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Figure 5.12: Plot showing the charge from a PZT on the battery (resonance input).
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Figure 5.13: Plot showing the charge from a PZT on the battery (random input).



5.3 Comparison of Piezoceramic Materials and the Macro-

Fiber Composite Actuator for Power Harvesting

The macro-fiber composite (MFC) is a new actuator that was recently developed at the
NASA Langley research center. The actuator is constructed using piezofibers surrounded in an
epoxy matrix and covered with a Kapton shell. The Construction of this actuator allows it to be
extremely flexible, making it ideal for applications such as the inflatable satellite described in
chapter 3. The flexibility of this piezoelectric device as well as the epoxy and Kapton shell,
allows the actuator to be robust to damage and environmental conditions. This is a very desirable
property for a power harvesting system that is intended to provide energy to electronics for an
extended period of time. If the actuator were to be accidentally break as is typical with
monolithic piezoelectric materials, the power harvesting capabilities of the system would reduced
or become nonexistent. Furthermore, if the power harvesting device is intended for a location
that is exposed to the elements, or is for use in a biological system, the power harvesting
capabilities cannot be affected by such things as water causing short circuits or harsh
temperatures and chemicals. The MFC is robust to all of these factors, making it an ideal
candidate for a power harvesting actuator. In addition to the robust nature of the MFC, it is
constructed using interdigitated electrodes that capitalize on the higher d3; piezoelectric
coefficient, allowing for more effective exchange of mechanical and electric energy. This
property should increase the efficiency of the material’s ability to output electrical energy over
that of the lower ds; coefficient found in monolithic piezoceramic (PZT) materials. The
following sections will investigate the ability of this new actuator to function as a power
harvesting device. The efficiency on a device level of the two power harvesting materials is
calculated and compared, followed by a study to determine their effectiveness at charging

batteries.

5.3.1 PZT and MFC Configuration

Two cantilever plates were constructed, one with piezoceramic and one with the macro-
fiber composite, in order to compare the performance of the each as power harvesting devices.

The piezoceramic plate was constructed using an aluminum shim with a PSI-SH4E piezoceramic
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(PZT) from Piezo Systems Inc. bonded to its surface. The PZT and aluminum plate was
constructed as shown in Figure 5.14. The thickness of the aluminum plate and the PZT were
0.0025 and 0.0105 inches respectively. The MFC plate was assembled by bonding the MFC
actuator using double sided tape to a similar aluminum shim. It must be noted that due to the
bonding of the MFC using double sided tape, the damping of the plate was increased and the full
mechanical energy was not transmitted. The dimensions of the MFC and a picture of the plate

setup are shown in Figure 5.15.
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Figure 5.15: Size and layout of the MFC plate.
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5.3.2 Experimental Setup

Vibration of the PZT and MFC plates was induced by an electromagnetic shaker. The
two plates were configured with cantilever boundary conditions with the shaker providing base
motion, as shown in Figure 5.16. The use of the shaker to provide base motion to the structure
follows the same methods as the power harvesting model of chapter 4. The signal provided to the
shaker was fairly low voltage as to closely follow the amplitude of the vibration around a car
engine. Like the study performed in the previous section, the shaker signal adjusted using an
accelerometer, until it closely resembled the excitation that would be experienced a car engine.
The vibration was measured with a PCB accelerometer (model U352C22) at a random location on
an automobile compressor is shown in Figure 5.2. Two different types of signals were supplied
to the shaker, the first was at the resonance of the plate and the second was a random signal from
0-500 Hz. A typical random signal used to excite the cantilever plate with base motion is show in
Figure 5.17, while the typical resonant signal is shown in Figure 5.18. Comparing the magnitude
of the random and resonant signal of Figures 5.17 and 5.18, used to excite the plate, with the
vibration measured from the automobile compressor, shows that the two are very comparable.
The amplitude of the resonant signal is of lower magnitude to avoid accidental breakage of the
piezoceramic element. To determine the efficiency of the setup, a Polytec Laser Vibrometer was
used to measure the displacement of the plate and a PCB force transducer (model 208) was used
to measure the applied force. The same simple circuit, shown in Figures 5.7 and 5.8, consisting
of a capacitor and full bridge rectifier, was used to apply charge to the battery. The large
capacitance, labeled C in Figure 5.7, located before the battery, was used to smooth the signal
into a DC like voltage for the battery. Although more complicated circuits could be used, this

circuit is simple to construct and uses passive components, therefore minimizing electrical losses.
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Figure 5.16: Experimental setup with the MFC plate and PZT Plate in a cantilever configuration.
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Figure 5.17: Random base vibration of the PZT and MFC cantilever plate, closely matching that

of an automobile compressor.
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Figure 5.18: Resonant base vibration of the PZT and MFC cantilever plate, closely matching the

vibration magnitude of an automobile compressor.

5.3.3 Efficiency Calculation of PZT and MFC

The first portion of the work to compare the effectiveness of the MFC and PZT for use as
power harvesting devices was to determine the efficiency of each device used in our experiments.
With this data obtained from the laser vibrometer, force transducer and voltage output from the

piezoelectric, equation 5.2 was numerically calculated to determine the average efficiency:

i (Vn _Vn—l )2 /R
7 =%x1oo% _EF =) = d )6 =0) 0r s
m

in

where 7 is the efficiency, V is the voltage drop across load resistance R, F is the force applied to
the base of the plate, d is the displacement of the plate, ¢ is the time increment between data
points, n is the data point index and m is the total number of data point measured. The efficiency
of three input signals were calculated with the input signals being resonant, chirp and random.

The resulting efficiencies are shown in Table 5.1. For each signal, three measurements were
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made to show consistency. The efficiency of the PZT plate is low at resonance because the
resonance frequency used was the frequency at which the voltage output was the highest, not the
frequency with the best force into voltage out characteristics. This lower efficiency is shown

because that is the resonance frequency used to charge the battery.

Table 5.1: Efficiency of PZT and MFC with three different inputs.

Signal PZT Efficiency (%) MFC Efficiency (%)
Resonant 1.1675 0.9442
2.0777 1.0727
1.1796 0.8782
Chirp 0-500 Hz 3.927 2.7421
3.9388 2.5476
3.8948 2.6285
Random 0-500 Hz 3.9369 0.7636
3.6825 0.828
42174 0.7366

While the MFC had an output voltage far larger than the PZT, the power generated was
much less. This occurs because of the MFC’s construction using piezofibers and interdigitated
electrodes. From a power harvesting standpoint, the small pieces of piezoelectric material located
between each electrode of the MFC can be considered a small power source; this is shown in
Figure 5.19. Along the fiber there are numerous sections of electrodes, the majority of these
small power sources are connected to one another in series. When two power sources are
connected in series, the voltages add but the current does not. This concept of series connections
is the reason for the low power generated by the MFC. Due to the series connection, the MFC
produces a much higher voltage while the current remains far smaller than that of the PZT. The
low current also causes much of the power generated to be dissipated by electronic devices, such
as diodes, resulting in a lower efficiency. Additional effects of this issue will be detailed in the

following section.
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Figure 5.19: Layout of a MFC patch and the equivalent circuit layout.
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5.3.4 Battery Charging Results

The tests presented in this section, investigate the ability of piezoelectric devices to
charge a wide range of batteries sizes and the time required to do so. Several batteries, ranging
from 40mAh to 1000mAh, were charged using the PZT and MFC. During the preliminary
investigation of the compatibility of the MFC and rechargeable batteries, it was found that the
MFC could not sufficiently charge even a small battery; unless the excitation signal provided by
the shaker was unrealistically large (the goal of this work is to show that piezoelectric devices can
charge batteries when experiencing typical levels of vibration). The MFC’s inability to charge
batteries can be attributed to the issue of low current discussed in the previous section. When
charging a battery, the current is the most important factor. Since the MFC generates such a low
current and the battery requires a current fairly high (usually one-tenth the battery’s capacity or
higher), the MFC actuator is not compatible with rechargeable batteries. Therefore the MFC was

unable to charge the batteries and this data will not be presented.

Two signals were applied to the PZT and used to charge the batteries; the first was a
resonance signal at 50Hz and the second was a random signal ranging from 0-500Hz. The
resonance signal was applied at 0.8 volts peak and the random signal was applied at 1.0 volts
RMS. As indicated in the previous section, the magnitude of the signals applied to the PZT plate
closely resembles that of an automobile’s compressor. The time required for the battery to charge
past the cell voltage of 1.2 volts was measured in each case. This is not a complete charge but is
about 90% full. The time required to top off the battery, is far slower than to reach this point.
For this reason and the inability to detect a full charge due to the absence of a charge controller

compatible with the power output from the PZT, 90% was considered a full charge.

Using the methods outlined, each battery was charged while the voltage on the battery
was measured. The resulting charge time for each battery is shown in Table 5.2 and plots of the
typical battery charging cycle are shown in Figures 5.20, 5.21, 5.22 and 5.23. Although the larger
batteries will reach a charge level of 1.2 volts it is doubtful whether the PZT would supply
sufficient current for a full charge of these batteries to be achieved. When comparing the charge
times shown in Table 5.2, the resonance and random signal have similar times, this is because the

voltage applied to the shaker during the resonance signal was lower than applied during a random
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signal. A lower voltage signal was required during resonance to avoid over straining and
breaking the PZT. This work provides a platform to build off when using piezoelectric materials
to charge batteries. With the battery capacities and their corresponding charge times, this table

can be used to determine the ideal battery for a specific application.

Table 5.2: Time required charging different sized batteries using a piezoelectric.

Battery Size Time for Charge at Time for Charge with Random

(mAh) Resonance Signal
40 1.62 Hours 1.6 Hours
80 1.2 Hours 2 Hours

4 Hours 1.2 Hours

6 Hours 5.8 Hours

7 Hours 8.6 Hours
22 Hours 32 Hours

1.2 Volt, 80mAh Battery Charged by PZT with Vibration at Resonance
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Figure 5.20: Charge history of an 80mAh battery with resonant excitation.

105



1.2 Volt, 750mAh Battery Charged by PZT
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Figure 5.21: Charge history of a 750mAh battery with resonant excitation.

1.2 Volt, 300mAh Battery Charged by PZT with Random Vibration
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Figure 5.22: Charge history of a 300mAh battery with random excitation.
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1.2 Volt, 80mAh Battery Charged by PZT with Random Vibration
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Figure 5.23: Charge history of a 300mAh battery with random excitation.

5.4 Chapter Summary

Power harvesting can be an effective way of prolonging the life of a battery or providing
an endless power supply for the life of the electronic device intended to be powered. Power is
generated through the piezoelectric effect which allows the material to interchange electric and
mechanical energy. In this fashion, the piezoelectric material can absorb the energy around it,
usually vibration, and convert it into useful electrical energy. This method of power generation
can be effective, although the power supplied directly from the material is usually not normally
sufficient to power most electronics. To overcome this issue, methods of accumulating the

energy must be developed so that it can be used as an effective power source.

This chapter investigates two methods of storing power generated from piezoelectric
materials. The first portion of this work identifies the amount of power capable of being
generated from the particular power harvesting plate used. This was done to both determine the

maximum power generated and to provide a means of scaling this work to other devices. The
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first storage method tested was the use of a capacitor circuit and the second was a nickel metal
hydride rechargeable battery. It was found the capacitor method worked well, but the high
discharge rate of capacitors do not allow them to output a continuous signal, which is needed for
many electronic applications. The second method of power storage tested, was to use
rechargeable batteries, however, the concept of using piezoelectric materials to recharge a battery
had not previously been shown. Therefore, tests were performed to demonstrate that the power
output of a piezoelectric device is compatible with that required by the battery. To do this both
random and resonant excitation signals were used. The amplitude of each signal corresponded to
the vibration of a typical automobile compressor. Using these signals, it was found that when
excited at resonance the plate could charge the battery to its cell voltage in approximately 20
minutes and the random signal could charge the battery in only a few hours. A comparison of

these two methods of power storage was also given.

The second portion of this chapter compared the performance of the monolithic
piezoceramic (PZT) with the macro-fiber composite (MFC) actuator for power harvesting. To
perform this comparison, two plates were constructed, one with a PZT attached and the other with
a MFC. The efficiency of each plate was determined and found the MFC to be less efficient than
the PZT. While the MFC generates a large output voltage, the current produced is far smaller
than that of the PZT; this greatly lowers its performance for power harvesting. This was followed
by a detailed reason for the MFC’s low current generation. The second test used to compare the
two actuators, was to find the range of different capacity batteries that could be charged and the
time required for each. However, when charging batteries the current is very important, this fact
combined with the low current output of the MFC made it unable to charge a battery. Due to
these reasons, it was found that MFC are not suitable for power harvesting. While the MFC was
ineffective, the PZT’s ability to charge several different size batteries was identified and the time
required to charge each battery to about 90% capacity is given. This work shows that the use of
rechargeable batteries with piezoelectric power harvesting devices is viable option for

accumulating the energy generated to usable levels.
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Chapter 6

Conclusions

This thesis has investigated the use of macro-fiber composite (MFC) actuators as sensors,
actuators and power harvesting devices. The MFC actuator was recently developed at the NASA
Langley Research Center and is constructed using piezoceramic fibers. The fibers are embedded
in an epoxy matrix, followed by a Kapton shell. This construction allows the actuator to be
extremely flexible and durable, making it ideal for applications such as inflatable satellites and
other structures with flexible curved surfaces. In addition, the MFC uses interdigitated electrodes
that capitalize on the higher ds; piezoelectric coupling coefficient. This allows the piezoelectric to
more efficiently interchange electrical and mechanical energy, resulting in higher free strain and
blocked force. The scope of the work presented in this thesis was to investigate the ability of the
MFC to be used in various applications. This chapter will provide a brief overview of the results
found and the contributions made. The chapter will end with a discussion of the future work in

these areas.
6.1 Brief Summary of Thesis

The first portion of this thesis was devoted to the use of MFC as sensors and actuators for
vibration suppression. Chapter two began this work by investigating the feasibility of the MFC
for use in a self-sensing circuit. A self-sensing circuit allows one piezoelectric patch to be used
as both a sensor and actuator simultaneously. When the piezoelectric is configured in a self-
sensing circuit, the sensor and actuator are perfectly collocated, allowing it to be more effective in

certain control techniques that do not require an analytical model, such as direct velocity
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feedback and positive position feedback (PPF). The ability to use traditional piezoceramic
materials in self-sensing circuit has been shown to be effective in numerous previous studies, but
the MFC actuator had never before been shown to be compatible with self-sensing control
techniques. Furthermore, the MFC was developed as an actuator, allowing its ability to be used
as a sensor to go untested. Therefore, a self-sensing circuit using a MFC actuator was constructed
and a PPF control scheme was implemented on an aluminum beam to show its effectiveness for
both sensing and vibration suppression. The system used was able to achieve over 80% vibration
reduction with an excellent settling time. In addition, a simulation was performed to show the

effect of an unbalanced self-sensing circuit; the major concern for it practical use.

After determining the MFC to be an accurate sensor, in chapter 2, it was integrated onto
the skin of an inflatable torus to demonstrate control of inflatable structures using multiple
sensors and actuators. In previous studies at the Center for Intelligent Materials Systems and
Structures (CIMSS) one MFC was shown to globally excite and effectively apply control to an
inflated structure. However, these tests were performed on a scaled model of the actual inflated
satellite intended for space. While one MFC patch was effective for this smaller structure, the
satellites intended for use in space would have diameters as large as 30 meters, making it highly
unlikely that one MFC could globally excited such an immense structure. To overcome this
issue, control techniques using multiple sensors and actuators must be developed in order to
ensure global vibration suppression. One such control system was developed in chapter 3, using
PPF control techniques and two pairs of sensors and actuators. It was found that using PPF
control and separate sensors and actuators was very efficient for control of certain modes,
achieving 70% vibration reduction on the first mode, but ineffective at others due to phase
differences between each sensor and actuator. Since the MFC was found to be effective as a self-
sensing actuator in chapter 2, it was decided that the best way to control all modes of the structure
was to use collocated control with self-sensing actuators. A self-sensing MFC was mounted onto
the torus and shown to accurately measure the frequency response. However, the equipment
available did not allow vibration suppression to be applied to the structure. Therefore, tests were
performed to show that with the necessary equipment, self-sensing MFC actuators could be used

for control of inflatable structures.
Following the investigation of MFC for sensing and control, its ability to be used as a

power harvesting device was explored. Power harvesting using piezoelectric materials is

accomplished by absorbing the mechanical energy around the structure, usually ambient
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vibration, and converting it to useful electrical energy that can be used to power other devices.
Chapter 4 develops a model to predict the amount of electrical energy produced during the
vibration of a piezoelectric patch attached to a beam. The model was found to be very accurate in
predicting the amount of energy generated by a composite beam with a complex layout of four
piezoelectric patches. Following the development of the power harvesting model, chapter 5
performed an investigation into two methods of storing the generated energy. The motivation for
this work was that the energy generated by piezoelectric materials is not sufficient to directly
power most electronic devices. Therefore, the energy produced must be accumulated to allow the
power harvesting system to function with typical electronics. The first method tested was a
capacitor and the second was a rechargeable battery. The energy generated by the piezoelectric
materials had never been previously shown to be compatible with the needs of a rechargeable
battery. Therefore, tests were performed to demonstrate that they could be used to apply a charge
to a battery. After it was found that both methods were compatible with the power generated by
the piezoelectric, the advantages of each were discussed. Subsequent to this investigation, the
efficiency of both a piezoelectric plate and a MFC plate for converting mechanical vibration into
electrical energy was measured. It was found that the MFC was less efficient than the monolithic
piezoceramic due to a low current output; reasons for this occurrence were also identified.
Because the current output of the MFC was very low, it was unable to charge a battery because of
the battery’s requirement for a significant amount of current to hold a charge. Since the MFC
was unable to charge the battery, only a monolithic piezoceramic was used to charge a variety of
different capacity batteries while the charge times were recorded. The resulting charge time for

each battery was given.

6.2 Contributions

The macro-fiber composite actuator is a piezoelectric actuator that is constructed using
piezofibers embedded in an epoxy matrix with interdigitated electrodes. This actuator holds
many advantages over the traditionally used piezoceramic materials. The MFC produces larger
strains and blocked force, in addition to being extremely flexible. However, this actuator was
recently developed and many of its benefits have not been tested or explored. This thesis has
investigated some of its uses and realized some of its previously unknown abilities. The MFC’s
development was directed toward actuation, allowing its sensing capabilities to go unnoticed. It

was found during this work that the MFC holds excellent sensing capabilities that are comparable
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with that of traditionally used piezoceramic material. The topics presented in this thesis, deal

with this previously unknown ability of the MFC.

The identification of the sensing abilities of the MFC actuator opens many doors for its
practical use. The ability to use an MFC as a self-sensing actuator could not be performed
without very accurate sensing capabilities. The first portion of this work was to realize collocated
control with a self-sensing MFC actuator. This was accomplished and found to be very effective
at reducing the vibration of an aluminum beam. Knowing that the MFC is an accurate sensor
(comparable to that of the traditionally used piezoceramic material PZT) makes it an ideal choice
for this application because of the larger control forces applied to the structure. In addition, the

MFC is more easily bonded to surfaces, without the worry of accidental breakage.

Following the realization of the MFC’s sensing qualities, it was used as both a sensor and
actuator to apply vibration control to an inflatable torus. The work in the area of vibration control
of inflatable structures has furthered the field by using multiple sensor and actuator control
techniques to attenuate vibration of an inflated torus. Previous studies to suppress the vibration of
inflated structures were performed on scaled models that were able to be globally excited from a
single MFC patch. However, the structures intend for use in space would have diameters as large
as 30 meters, making it highly unlikely that one actuator could excite it. Therefore, the use of
control systems using multiple sensors and actuators must be implemented to control the
vibration around these structures. The study presented in chapter 3 of this thesis, has shown that
multiple sensor and actuator control systems are effective at suppressing the vibration of an
inflated torus. However, it was found that the control system used could not control certain
modes due to the location of the sensors and actuators not being collocated. To overcome this
problem tests were performed to demonstrate that self-sensing techniques could be used with the

MEFC to apply collocated control of an inflatable structure.

Following the work in control, the thesis moved on to power harvesting. Power
harvesting is a field that is growing very quickly due to the advances in low power electronics
and wireless technology. Power harvesting using piezoelectric materials is accomplished by
taking mechanical energy from around the structure, usually ambient vibration and converting it
into electrical energy that can then be used to power other devices. The work presented in
chapter 4 developed a model of a power harvesting system. The model was formulated using

various other piezoelectric models from earlier studies. However, the model presented here
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included one major difference, structural damping was accounted for. If the structural damping
was not included then the system would over estimate the amount of energy produced. The
addition of this parameter, allowed the model to accuracy predict the power generated from a
piezoelectric. This model can be used as a design tool for developing a power harvesting system.
With the model in hand, it can reveal the size and location of the piezoelectric as well as the

amount of vibration required to generate the desired electrical signal.

One problem that is often encountered when using power harvesting systems is that the
energy produced by the piezoelectric material is not sufficient to power most electronics.
Therefore, methods of accumulating the energy so that it many be used as a power source need to
be developed. The method typically used to accumulate this energy, is a capacitor. However, the
capacitor has characteristic that are not ideal for many practical applications. These limitations
led me to develop another method of storing the power that would not limit the type of
applications that could be powered. The rechargeable battery was an option that had not been
looked into by other researchers and possesses the qualities that were needed in a power
harvesting system. To shown that the power generated by piezoelectric devices was compatible
with rechargeable batteries, a piezoceramic plate was used to charge the battery and the time
required was recorded. To charge the battery it was decided that the excitation signal supplied to
the piezoelectric plate should not be of resonant nature, but rather a signal that was typical of a
mechanical system. Therefore, the vibration signature of a typical automobile compressor was
measured in a non-ideal location and used to actuate the piezoelectric. This study found that the
vibration of a typical system could indeed recharge a dead battery. Knowing that the power
output was compatible with that required by the battery we moved on to using a MFC for
charging batteries. However, in doing this it was found that the MFC was incompatible with the
requirements of the battery, due to a low current output. Therefore, it was determined that the
MFC is not suitable for use as a power harvesting device. Following this finding, various
capacity nickel metal hydride batteries were charged to determine the largest battery that could be
effectively charged and the charge time for each with both a resonant and random signal. This
study provides a basis for other researchers to determine the ideal size battery for there intended

application based on the charge time and capacity of the battery.
The advances made from the work presented in this thesis will provide future researchers

with the tools necessary to use the macro-fiber composite actuator effectively in numerous

applications. The sensing capabilities of the MFC were realized and shown on to be effective as a

113



self-sensing actuator for collocated control, multiple sensor and actuator control techniques were
used to suppress the vibration of inflatable structures allowing control to be extended to real scale
satellites, the ability to use the power generated by piezoelectric materials to recharge batteries
was discovered and the issues regarding the effectiveness of the MFC as a power harvesting
device were discussed. In addition, a model to predict the power generation of a beam with
piezoelectric patches attached was derived and shown to be very accurate on a composite beam
with complicated piezoelectric layout. These contributions will certainly aid researchers in the

future.

6.3 Recommendations for Future Work

While the focus of each topic investigated in this study was completed, there are a few
extensions of the work that could be made. The first piece of work that could be performed to
further the study in control of inflatable structures would be to obtain the equipment necessary to
execute collocated control using self-sensing MFC actuators. During the period of this work, the
control board available was not sufficient for the task of applying real time control, because of a
10 volt input limitation that if exceeded would jeopardize the circuitry of the board. The control
voltages used to excite the torus were on the order of 700 volts. These high voltages combined
with the sometimes unstable nature of the self-sensing circuitry could easily find their way into
the board resulting in very expensive damage. Therefore, a method of regulating the input to the
control board without jeopardizing its real time control properties must be constructed.
Following this a high power self-sensing circuit must be built and used to implement collocated

control on the torus.

Additional studies into power harvesting are needed to determine the efficiency of both
the MFC and PZT for power harvesting on a level greater than the device level found in these
studies. In addition, the studies into recharging batteries using piezoelectric devices were not able
to fully charge the battery because a charge controller compatible with the power supply did not
exist. Therefore, a charge controller could be constructed to allow the piezoelectric device to
fully charge the batteries. This controller would have to be extremely efficient in it use of power
as to not significantly reduce the electrical energy supplied to the battery. And lastly the model of

a piezoelectric power harvesting beam could be extended to work with plate geometries.
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Appendix A

Matlab Code and Simulink Model Used to Simulate the Effects
of an Unbalanced Circuit of the Effectiveness of a Self-Sensing

Actuator
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%% % %0% % %% % % %6 % % % %0 % % %6 % % % %0 % % %6 % % % %0 % % %% % % %0 % % Yo
% This code develops the necessary parameters and functions

% to allow the Simulink program to run.

%% %0% %% %% % %0 % %0 % % % % %0 % %0 % % %0 % %0 % %% % % % %0 % %% % % % %o %

clear all

close all
%% % 6% % % %0 % % %6 % % % %0 % % %6 % % % %0 % % %6 % % % %0 % % %% % % %0 % % Yo
% Define beam parameters and piezoelectric Properties

% %% %% %% % %% 0% %0 % % %0 % %0 % %0 %0 % %0 % %0 % %0 %0 % %0 % %0 % %0 %o % %0 % %o

n=10; % Number of modes to be considered

% Beam Properties

Lb=450e-3; % Length of beam
wb=52e-3; % Width of beam
tb=3e-3; % Thickness of beam
Eb=6.9e10; % Modulus of beam
rhob=2.7e3; % Density of beam
Ab=tb*wb; % Area of beam

Ib=tb*3*wb/12;

% Area moment of inertia

% PZT Properties

d31=-190e-12; % PZT coupling coefficient use PZT 5H
Ep=50e9; % Modulus of PZT

wp=20.574e-3; % Width of PZT

tp=0.127e-3; % Thickness of PZT

LIp=45.974e-3; % Length of PZT

g31=-11.6e-3; % Voltage constant

Cpo=d31*LIp*wp/tp/g31;

% Original capacitance of PZT
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Cp=Cpo+0.011*Cpo; % Percent change in capacitance to cause imbalance

% Define the actuator and sensor location, they are collocated

PZTloc=[17e-3; 17e-3+LIp; 17e-3; 17e-3+LIp];

% Define Electric components of the self-sensing circuit

C3=Cpo;
C2=.28¢-6;
R=1.6¢e6;

% Weighted natural frequencies of a clamped-free long slender beam

Bn=[1.87510407 4.69409113 7.85475774 10.99554073 14.13716839]/Lb;

% Loop generates the weighted frequencies higher than the first five
if n>5;
for k=6:n
Bn(k)=(2*k-1)*pi/(2*Lb);
end

end

% The natural frequencies of the beam are calculated
Bn=Bn(1:n);

wn=Bn.A2*sqrt(Eb*Ib/(rhob*Ab)); % Natural Frequencies
% Define the Mode shapes and set them to be Orthogonal

syms x real

modes= (sin(Bn*x)-sinh(Bn*x)).*(sin(Bn*Lb)-sinh(Bn*Lb))+ ...
(cos(Bn*x)-cosh(Bn*x)).*(cos(Bn*Lb)+cosh(Bn*Lb));
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Intmodes=double(int(modes.*2,x,0,Lb)); % Integrate the mode shapes along

% the length of the beam

An=sgrt(1./Intmodes); % Normalized coefficient
omodes=An.*modes; % Orthonomal eigenvectors
omodesd=diff(omodes,x); % derivatives of mode shapes

% Define the sensor constants

yc=(tp/2+tb/2);
Ks=d31*yc*Ep*wp/Cp;

% Define the actuator constants

Ka=d31*Ep*wp/(2*tp)*(2*yc*tp);
Kad=-d31*Ep*wp/(2*tp)*(2*yc*tp);

%Sensor curvature

Wsn=double(limit(omodesd,x,PZTloc(2))-limit(omodesd,x,PZTloc(1)));

%Actuator curvature

Wan=double(limit(omodesd,x,PZTloc(4))-limit(omodesd,x,PZTloc(3)));

% %% %% %% % %% %0 % %0 % % %% %0 % %0 %0 % %0 % %0 % %0 %o % /0% %0 % % % % %0 % %o %o

Formulate the state space matrix defining the vibration of the beam

% %% %% %% % %% %0 % %0 % % %0 % %0 % %0 %0 % %0 % %0 % %0 %o % %0 % %0 % %0 %o % %0 % %o %o

zeta=0.005; % Assumed modal damping

A=[zeros(n) eye(n); -diag(wn."2) diag(-2*zeta*wn)];

B=[zeros(n,1); 1/rhob/Ab*Ka*Wan; % For the use of w/o Simulink
B1=[zeros(n); 1/rhob/Ab*eye(n)];
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C=[Ks*Wsn zeros(1,n)];
C1=[eye(n) zeros(n)];
D=zeros(size(C,1),size(B,2));
D1=zeros(size(C1,1),size(B1,2));

sys_ol=ss(A,B,C,D); % Final model of the system detailing the dynamics

% of PZT and the beam

% Convert voltage to moment or strain to volts

v2m_d=[Kad*Wan'[; % For disturbance

v2m_c=[Ka*Wan'; % For control input
s2v=[Ks*Wsn]; % Change to voltage
Fs=20000; % Sampling frequency in Hz
dT=1/Fs; % Sampling time

t1=0; tf=5-dT; % Simulation parameters
ts=t1:dT:f; % Simulation parameters

NFFT=length(ts);

a=1; % Magnitude of the applied voltage
VVV=a*chirp(ts,0, tf, 3500);

VFc=fft(VVV,NFFT);
f=Fs*(0:NFFT/2)INFFT; % frequency of interest in Hz
ww=2*pi*f;

ww(1)=0.000001;

Hsys=freqresp(sys_ol,ww);

Hsys=squeeze(Hsys);

126



% Convert voltage to moment or strain to volt

v2m_d=[Kad*Wan']; % for disturbance
v2m_c=[Ka*Wan; % for control input
s2v=[Ks*Wsn]; % change to voltage
znf=.3;

wnf=wn(1)*1.3;

% Set the simulation gain
g=100;
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Appendix B

Matlab Code Used to Simulate the Power Generated from a

Beam with Piezoelectric Patches Attached
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% %% %% %% % %% %% %0 % % %0 % %0 % %0 %0 % %0 % %0 % %0 %0 % %0 % %0 % %0 %o % 0% %o % %o %o % %0 % %0 % %0 %o % %0 % %o

% --- Program simulates the vibration a beam with piezoelectric

% --- Patches attached, and returns the beams frequncy response,

% --- impulse response and amount of power generated
%% % %% % % %0 % % 6% % % %0 % % %6 % % % %0 % % %6 % % % %0 % % %6 % % % %0 % % %6 % % % %0 % % %6 % % % %6 % % %o

clear all

close all

% --- Define Beam Properties

wth=25.4e-3; % width
dth=.254e-3; % depth

Lb=92.6e-3; % length of the beam

[=(wth*dth*3)/12;
AA=(wth*dth);
NuBeam=0.33;
rhoBeam=4889;
EBeam=3.4*10M0;

% Moment of Inertia

% Cross-sectional Area of Beam

% Poisson’s Ration

% Aluminum Beam density (kg/m”3)

% Modulus of Aluminum Beam

c=sqrt(EBeam*l/rhoBeam/AA);

% --- Define Piezoelectric Properties

tPZT=0.254¢-3;
wthPZT=20.574e-3;
K3=1800;
Sigma=K3*8.85e-12;
rhoPZT=4889;
EPZT=3.4*10M0;
d31=-179e-12;
g31=-11.0e-3;
NuPZT=0.31;

% Thickness of PZT

% Width of PZT

% Dielectric Constant

% Dielectric Permittivity

% Piezo Density (kg/m*3)

% Modulus of PZT

% Piezoelectric coefficient (m/v)

% Piezoelectric Voltage Coefficient

% Poisson’s Ration

% --- Weighted Natural Frequencies of a Cantilever Beam
betan=[1.87510407 4.69409113 7.85475744 10.99554073]'/Lb;

130



wn=betan.*2*c; %Calculate the Undamped Natural Frequencies
n=length(betan);
freq=wn/2/pi

symsxrealyzab

SIG=[0.7340955 1.018467 0.999224497 1.0];

modes= (sin(betan*x)-sinh(betan*x)).*(sin(betan*Lb)-sinh(betan*Lb))+ ... %Define Mode Shapes
(cos(betan*x)-cosh(betan*x)).*(cos(betan*Lb)+cosh(betan*Lb)); %Define Mode Shapes

Intmodes=double(int(modes.*2,x,0,Lb));

An=sgrt(1./Intmodes); % Normalized cofficient

omodes=An.*modes; % Orthonomal eigenvectors

omodesdd=diff(diff(lomodes,x));

% --- Generate and Plot the Mode Shapes
xnum=0:.0001:Lb;
xnum1=Lb-45.974e-3:.000001:Lb;
xnum2=0:.000001:38.94e-3;

PhiT=omodes.";
PhiddT=omodesdd.";

i=0;
for i=1:length(PhiT)
Phiw=subs(PhiT(1,i),xnum)’;
Phi2=trapz(xnum,Phiw);
Phi(:,i)=Phiw;
end
plot(xnum,Phi(;,1),xnum,Phi(:,2),xnum,Phi(:,3),xnum,Phi(:,4))

% %% %% %% % %% 0% %0 % % %0 % /0% %0 % % %% %% %o

% --- Mass Matrices
%% % % % % % % % % % % % % % % % % % % % % % % % % %
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% --- Mass of Beam
Ms1=wth*rhoBeam*PhiT."*PhiT*dth;
q=0;
p=0;
forg=1:4
for p=1:4
Msw=subs(Ms1(q,p),xnum)’;
Msi=trapz(xnum,Msw);
Ms(q,p)=Msi;
end

end

% --- Mass of Piezoelectric
Mp1=vpa(int(wthPZT*rhoPZT*PhiT."PhiT,y,-dth/2-tPZT -dth/2));
Mp2=vpa(int(wthPZT*rhoPZT*PhiT."PhiT,y,dth/2,dth/2+tPZT));
Mp3=Mp2+Mp1;
q=0;
p=0;
forq=1:4
for p=1:4
Mpw1=subs(Mp3(q,p),xnum1)’;
Mpw2=subs(Mp3(q,p),xnum2)";
Mpi1=trapz(xnum1,Mpw1);
Mpi2=trapz(xnum2,Mpw2);
Mpi=Mpi1+Mpi2;
Mp(q,p)=Mpi;
end

end

%% % % % % % % % % % % % % % % % % % % % % % % % % %
% --- Stiffness Matrices
%% % % % % % % % % % % % % % % % % % % % % % % % % %
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% --- Stiffness of Beam
cs=EBeam;
cE=EPZT;
Ks1=vpa(int(wth*y*2*PhiddT."*cs*PhiddT,y,-dth/2,dth/2));
q=0;
p=0;
forgq=1:4
for p=1:4
Ksw=subs(Ks1(g,p),xnum)’;
Ksi=trapz(xnum,Ksw);
Ks(q,p)=Ksi;
end

end

% --- Stiffness of Piezoelectric
Kp2=vpa(int(2*wthPZT*cE*y*2*PhiddT.*PhiddT,y,dth/2,dth/2+tPZT));

Kpw1=subs(Kp2(q,p),xnum1);
Kpw2=subs(Kp2(q,p),xnum2);
Kpit1=trapz(xnum1,Kpw1);
Kpi2=trapz(xnum2,Kpw2);
Kpi=Kpi1+Kpi2;
Kp4(q.p)=Kpi;
end
end
Kp=Kp4

%% %0% %% %% % %0 % %0 % % % % %0 % %0 % % % % %0 % %0 % %% % %0 % %0 % %% % %0 % %o % %% % % % %o % %0 % % %
% --- Piezoelectric and Substrate Interaction Term

%% %% %% %% % %0 % %6 % % % % %0 % %0 % % % % %0 % %6 % % % % % % %0 % % % % % % %0 % % % % % % % % % % % %
T1=vpa(int(-y*wthPZT*PhiddT."cE*d31*(1/tPZT),y,-dth/2-tPZT -dth/2));
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T3=2"T1;

n=0;

for n=1:4;
T41=subs(

3(n,1),xnum1);

T )
T42=subs(T3 )
Theta2=trapz(xnum1,T41);
Theta3=trapz(xnum2,T42)
Theta1=Theta2+Theta3;
Theta(n,1)=Thetat;

end

(n,1
(n,1),xnum2
(

% %% %% %% % %% %% %0 % % % % %6 % %0 % % % % % % %o

% --- Capacitance Term

% %% %% % % % % % %% % % % % % %% % % % % % %% %
Cp=wthPZT*(2/tPZT)*Sigma*Lb-wthPZT*(2/tPZT)*Sigma*Lb/10

%% %% %% %% % %0 % %0 % %% % % % %0 % %% % % % % %
% --- Proportional Damping

%% %% %% %% % %0 % %0 % %% % % % %0 % %% % % % % %
zeta=[0.0396; 0.0331; 0.04079; 0.0158];
Wnd=[219.91; 1240; 4209.7; 904]*2*pi;
[a,b]=solve('0.0369=a/2/219.91+b*219.91/2', '0.0331=a/2/1228.36+b*1228.36/2');
Damping1=a*(Ms+Mp)+b*(Ks+Kp);
Damping=eval(Damping1);
Damping(1,1)=Damping(1,1)-1;
Damping(2,2)=Damping(2,2)-6;
Damping(3,3)=Damping(3,3)-40;

% %% %% % % % %% %% %0 % % % % %6 % % % % % % % % %o
% --- Forcing Term
% %% %% %0 % % %% %% %0 % % % % %6 % % % % % % % % %o

R=10.01e3; % Resistance
w=25*2%pi; % Forcing frequency (rad/sec)
Amp=3.79%¢-4; % Amplitude of Force
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% --- Calculate the Effect of the Force on the Beam
F1=vpa(int(int(PhiT.*rhoBeam*w"2*Amp,z,0,wth),y,-dth/2,dth/2));
F2=vpa(int(int(PhiT."rhoPZT*wA2*Amp,z,0,wth),y,-dth/2-tPZT ,-dth/2)+...
int(int(PhiT."rhoPZT*wA2*Amp,z,0,wth),y,dth/2,dth/2+tPZT));
F3=F1+F2;
n=0;
for n=1:4;
F4=subs(F3(n,1),xnum);
Force1=trapz(xnum,F4);
Force(n,1)=Force1;

end

%% % %6% % %% % % %6 % % % %0 % % %0 % % %6 % % % %0 % % %6 % % % %0 % % %% %
% --- Define State Space Matrices

%% % %% % %% % % %6 % % %6 %0 % % %0 % % %6 %0 % % %0 % % %6 % % % %0 % % %% %
koverm=-inv(Ms+Mp)*(Ks+Kp)+Theta*inv(Cp)*Theta';

Minv=inv(Ms+Mp);

MinvTheta=Minv*Theta;

Dam=-Minv*Damping;

A=[000010000,000001000,000000100;,000000010;...
koverm Dam MinvTheta*inv(Cp);(inv(Cp)*Theta')/R 0 0 0 0 -inv(Cp)/R];

B=[0; 0; 0; 0; Minv*Force; 0];

C=[(inv(Cp)*Theta")/R 0 0 0 0 -inv(Cp)/R]; % Matrix to output Current

C=[0 0 0 0 Phi(927,1) Phi(927,2) Phi(927,3) Phi(927,4) 0, %Matrix to output Displacement

D=0;

% %% %% %% % %% %% % % % %% %% % % % %%

% --- Run Simulation

135



%% % % % % % % % % % % Y% % % % % % % % % % % Y%
SYS=ss(A,B,C,D);
t=0:.00001:1.6;

wt=w*t;

% --- Plot the Time response of Simulation and Experiment
figure(1)

Current=Isim(SYS,sin(wt),t);

plot(t,Current*1000)

hold on

% --- Load Experimental Data

load ACX_Time_25Hz_10kR_Big.vna -mat
time=SLm.tdxvec;
voltage=SLm.scmeas(3).tdmeas;
plot(time,(voltage/R)*1000,'r')

legend('Model','Experimental’)

title('Output Current of Beam from model and Experimental Data at 25 Hz across 10 k\Omega Resistor)

xlabel('Time (sec)')
ylabel('Current (mA)')

% --- plot the Impulse Response
figure(2)

impulse(SYS,t)

gtext('1 k\Omega Resistance')

figure(3)
Wrange=.1:.5:6300;
[Mag,Phase]=bode(SYS,Wrange);

% --- Loop to reduce the Magnitude matrix down to plottable size

for j=1:length(Wrange)
Mag1(:,j)=Mag(:,:j);
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end

% --- Plots the Frequency Response Function
plot(Wrange/(2*pi), 20*log10(Mag1))
hold on

% --- Load Experimental Data
load ACX_FRF_Velocity.vss -mat

% --- Plot the Experimental and Simulation Frequency Response
figure(3)
plot(Fvec,20*log10(abs(XferDat*.1124))-26.8)
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