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by Huihui Sun

Energy harvesting is a very attractive technique for a wide variety of self-powered
microsystems such as wireless sensors. Airflow induced oscillations have been used as
an attractive technique for energy harvesting because of its potential capacity for
generating electrical power. The aero-elastic instability phenomenon such as flutter has
been suggested especially for small scale energy harvesters.

This paper describes the design, simulation, fabrication, measurement and performance
of a miniature wind energy harvester based on a flapping cantilevered beam. The wind
generator is based on oscillations of a cantilever that faces the direction of the airflow.
The oscillation is amplified by interactions between an aerofoil attached on the
cantilever and a bluff body placed in front of the aerofoil. To achieve the optimum
design of the harvester, both computational simulations and experiments have been
carried out to investigate the structure. Simulation is achieved with ANSYS to optimise
the structure and predict the power generation for practical design.

Both piezoelectric materials and electromagnetic transducers are used for the generator
and tested. Three prototypes with the same volume of 37.5 cm? are fabricated and tested
through two aspects of the performance namely the threshold wind speed for operation
and the output power. Wind tunnel test results are presented to determine the optimum
structure and to characterize the performance of the harvesters. The piezoelectric
generator is fabricated by thick-film screen printing technique. The optimized device
finally achieved a working wind speed range from 2 m/s to 8 m/s. The power output
was ranging from 0.35 to 3.6 WV and the open-circuit output voltage was from 0.6V to
1.9V. The first electromagnetic harvester had a working wind speed range from 1.35
m/s to 6 m/s with a maximum power output of 29.8 W and a voltage of 293 mV. While
for the second generator, the wind speed for operation is form 1.5 m/s to 6.5 m/s. The
output power is ranging from 8.9 |.W to 41 |W and the output voltage is up to 171 mV.
Results verified the harvester can effectively convert wind energy into large amplitude
mechanical vibration without strict frequency matching constraints.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background

Wireless sensor networks are one of the key enabling technologies as a concept
formally put forward in 1991 by Mark Weiser [1]. It is a concept of deploying small,
self-contained sensor nodes into an environment to collect and transmit information,
and provide localised actuation. Potential uses for wireless sensor networks include:
medical applications [2], structural monitoring of buildings [3]; status monitoring of
machinery; environmental monitoring [4]; military tracking [5]; security; human
guidance systems [6]; and wearable computing. Current wireless devices are often
powered by electrochemical batteries. Considering their limited lifespan, it is obvious
that periodic replacement of batteries is necessitated. These battery replacements can
be troublesome due to the high cost and the large number of wireless devices in use at
present [7]. In the case of wireless sensors that are located remotely, the sensor must be
easily accessible to make the device function over extended periods of time [8].
Consequently, one of the major obstacles to extend the life of such devices is the limited
lifespan of power sources, which must be replaced periodically. The continual evolution
of solid-state electronics, from the invention of the bipolar transistor in 1949 [9] to the
current state of the art integrated circuit manufacturing techniques [10], has led to large
reductions in both the power and size of circuits required to perform given functions.
This continual reduction in power consumption opens the possibility of other methods
to power the sensors in a wireless sensor network [11]. Rather than powering the
devices from a finite local store of energy, such as a battery, the device could be
powered by harvesting energy from its local environment. Hence, as long as energy is
present in that environment in a particular form, and the device has a suitable
mechanism for converting that energy into an electrical form, the device can run
indefinitely, subject to device reliability [12]. Towards this mission, researchers have
begun investigating methods of energy scavenging for wireless devices over the past
decades [13].

1.2 Energy Harvesting Overview

Energy harvesting, also known as energy scavenging, describes the process of capturing
the ambient energy surrounding the electronics then converting it into electrical energy.

The general concept behind energy harvesting is to convert unusable form energy into
1



Chapter 1 Introduction

a more useful form. Often the most useful form of energy in modern applications is
electrical energy that can be stored in batteries or used to power electronic systems. The
initial form of energy can originate from any number of energy domains, then being
converted into a usable form of electrical energy by some form of transducer.
Depending on the situation, we can classify energy harvesting sources in two ways. The
first classification scheme places an emphasis on what kind of energy is converted; thus
identifying four types of energy: photovoltaic energy, kinetic energy, thermal energy
and electromagnetic energy.

The other classification scheme may consider the source where the conversion energy
comes from. For example human energy source means the energy is provided by the
activity of human beings or animals. Another example is environment energy source,
in which the energy comes from the environment [14].

There are a number of ambient energy sources available as listed below [15]:

e Electromagnetic (RF) energy: Base stations, wireless internet, satellite
communication, radio, TV, digital multimedia broadcasting, etc.

e Solar and light. The conversion mechanism can be Photovoltaic cell.

e Motion, vibration or mechanical energy: floors, stairs, object’s movement,
transfer energy from the engine to the battery during braking, etc. The
electromechanical transducer can be electromagnetic, electrostatic, or
piezoelectric.

e Fluid flow (liquids or air).

e Pressure gradients (from air or sea water)

e Thermal energy: Geothermal from temperature, combustion, waste heat from
vehicle exhausts, etc.

e Biological energy: biofuels, biomass.

Each of these sources can be utilized separately or combined together to power
microelectronic systems. However, it is difficult to generalize which energy source is
the most suitable; as each application should be evaluated individually with regards to
choosing the best energy harvesting method.

Among the common renewable energy sources, wind (airflow) energy harvesting has
been widely researched for high power applications where large wind turbine
generators are used for supplying power to remote loads and grid-connected
applications. With the recent increase in public interest in renewable energy sources,
wind energy is gaining popularity as perhaps the most technologically developed and
practical alternative today. The wind turbine technology has already been well
documented and sophisticated. As generating energy from wind does not depend on a
dominant-frequency, the natural frequency of the vibrating structural therefore does not
need to match a certain frequency, which results in great flexibility in the configuration
of the harvester. Another method for wind energy extraction is called flow-induced
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vibration based on aerodynamic instability phenomena.

Despite those advantages previously mentioned on energy harvesting from wind, there
are many challenges as well. The intermittency of wind hinders continuous energy
production, and the inconsistent quality of wind reduces the efficiency of harvesters.
Unpredictable directions of wind are another issue for flow-induced harvesters. All
these challenges must be addressed in using wind as a reliable input energy source.

1.3 Motivation of Work

Energy consumption of buildings in developed countries comprises 40% approximately
of total energy use and is above industry and transport as shown in Figure 1.1. The
upward trend in energy demand will continue in the future because of growing
population, increasing demand for building services, as well as the rise in time spent
inside buildings. Among the building servicers, the growth in HVAC systems energy
use, which presents 55% of the total primary energy consumption, is particularly
significant [16].

_— @0
Industry
33%
Buildings HVAC
39% 55%

Figure 1.1: World final energy consumption and energy use in buildings.

HVAC (Heat, Ventilation and Air Condition) system is designed to provide a
comfortable and desired environment for the occupants. To achieve this, temperature,
humidity and gas sensors are deployed in air ducts to monitor air quality. Harvesting
localized air flow power form HVAC systems is an opportune way to power a sensor.
For this application, airflow energy is the most obvious source since it is already
available in air ducts in the buildings. Although many devices have been published for
airflow energy harvesting, few can operate in the entire range of flow speeds in HVAC
ducts in the buildings, typically between 1.5 m/s — 4.5 m/s [17]. For small scale wind
turbines, which are the most common used structures, the starting airflow speed of
operation are normally 3 m/s to 4 m/s. The relatively high starting speed makes small
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turbines unable to harvest from the entire air ducts flow range. Moreover, these rotating
components suffer from fatigue and wear, hence are not desirable for long-term
applications. Flow-induced vibration is a novel approach to airflow energy harvesting,
and many studies have already been done on these structures. The potential advantages
of this technique appear in compactness, robustness and simple construction. However,
as these harvesters are not currently at “utility scale”, there still exists a gap in
investigating them theoretically and experimentally. In addition this application just
begins to touch on the large potential of energy harvesting for powering many sensors
that could be used in air ducts.

1.4  Objectives of Work

The focus of this work is to provide an airflow energy harvester which can effectively
convert the energy of a uniform and steady flow into periodic motion of the solid
structure. The main objective of this work includes the following specifications:

The harvester has a wider air speed range for operation. This goal implies minimising
the threshold wind speed (the lowest wind speed at which the harvester can operate) of
the harvester. As mentioned above, many published devices, particularly small wind
turbines, are developed for wind speeds above 3 m/s, which make them unable to
harvest from low flow speed in the ducts. However for practical applications, wind
harvesters should operate below 2.5 m/s of wind speed to charge sensor nodes. In
HVAC ducts, in order to operate throughout the entire range of flow speeds, a low
threshold wind speed (1.5 m/s) is necessary for the harvesters. Moreover, the
inconsistent quality of wind reduces the efficiency of the harvester. And this problem
can be improved by designing the harvester with a wider flow speed range for operation
as well.

The focus of the wind energy harvester is the conversion of energy of a uniform and
steady flow into periodic motion of the mechanical structure with the aim of obtaining
high efficiency, high power density and having a capability to self-start and sustain the
periodic motions. To build up a self-excited energy harvester with the optimum
structure, investigations should be carried out with both computational simulations and
experimental work. In addition, the scaling effects of flow-induced harvesters are
unknown. Hence such harvesters may have better performance than rotary harvesters
at some scales. In order to compare the performances of wind harvesters with different
scales, a previously published wind generator should be used as a reference system.

Converting the mechanical energy from wind into electrical energy is performed by a
transducer. Among these transduction systems, piezoelectric and electromagnetic
generators present the advantages of harvesting high power levels with simple
implementations. They have been widely studied in both macroscopic realizations as
well as MEMS structures [18]. Most researches have discussed some optimizations of
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harvested power of the electromagnetic or piezoelectric energy harvesters while limited
works have been conducted to compare the power harvesting performance. Generally
electromagnetic transducers bear the advantage of high efficiency if there is no size
constraints applied. While piezoelectric generators are favourable for miniature devices
when size is the main concern. However, most researchers used piezoelectric
transducers of flexible materials such as PVDF, piezoelectric ceramics especially thick-
film printed PZT materials should be investigated for wind energy harvester
applications. Moreover the performance of piezoelectric and electromagnetic
generators should also be compared theoretically and experimentally.

1.5 Thesis Structure

This thesis will detail the development of a miniature energy harvester for airflow. In
Chapter 2, an extensive literature review is conducted. The background of wind
energy harvesting together with the current state in this field especially in micro
size is briefly introduced. In Chapter 3, the wind energy generator with
cantilevered beam structure is studied, together with theory relatively to both
piezoelectric and electromagnetic transduction systems. Chapter 4 focuses on the
derivation of design parameters and the simulation model of the mechanical
structure. The harvester consists of four components, including a beam, a wing, a
base part and a bluff body. In order to investigate the influence of the mechanical
structure, both computational simulations and experimental work are carried out.
An analytical model based on pure mechanical structures of the device is
developed. And a prototype of the harvester is fabricated for experimental work.
Both simulation and experimental results will be compared to obtain the optimum
structure of the harvester. After investigating the mechanical structure, the
transduction systems should also be considered. To compare the performance of
piezoelectric and electromagnetic generators, both transducers are used for the
harvester during the tests. In Chapter 5, a prototype of the piezoelectric wind
harvester is fabricated and tested. The typical piezoceramic material, PZT, is
chosen for the transducer using normal thick-film printing technique. Both
simulations and experiments are carried out to estimate the performance of the
harvester. A set of experiments both on shaker and in the air duct are carried out
to investigate the performance of the harvester. The testing results are used to
compare with the simulation results in Chapter 4 as well. In Chapter 6, the
electromagnetic transducer is also investigated to compare with the piezoelectric
one. Two commonly electromagnetic generator structure are designed, which are
magnet-through-coil (MTC) structure and magnet-across-coil (MAC) structure.
Final devices with optimum design and structures are used to compare with the
piezoelectric one and other devices in review part. All these works are
summarized and concluded in the final chapter.
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2.1 Energy Harvesting History

The first harvesting energy in the form of current generation from heat was observed by
Thomas Johann Seebeck in 1821. He found that a closed circuit made of two dissimilar metals
with junctions at different temperatures, would induce an electrical current. This phenomenon
was then given the name thermoelectric effect [19]. Electromagnetic induction was discovered
by Joseph Henry and Michael Faraday in 1831 [20], and in the same year, the first direct-
current generator, consisting of a copper plate rotating between magnetic poles, was invented
by Faraday. In 1839, Edmund Becquerel discovered the photovoltaic effect when he did
experiments with an electrolytic cell composed of two metal electrodes [21]. However, it was
not until 1894 that Charles Fritts built the first large area solar cell using a layer of selenium
with a thin layer of gold coated to form the junctions [22]. The first harvesting energy in the
form of charge generation was recognised in 1880 by Pierre and Jacques Curie. They
successfully proved that certain crystals would exhibit a surface charge when subject to
mechanical stress, known as piezoelectricity.

2.2 Kinetic Energy Harvesting

Although it is difficult to generalize the power levels available from different types of energy
to determine which energy source is the best for harvesting, kinetic energy in the form of
motion or vibration is generally considered as the most versatile ambient energy source
available. Solar energy harvesters can achieve relatively high power densities in good light
conditions, but they are unsuitable for implantable devices, low light or dirty situations.
Thermal devices require a temperature gradient to generate electrical energy, which is difficult
to achieve in miniature generators. Kinetic energy is a readily harvestable energy source, both
for human and for environment energy harvesting devices. The power transferred to a load is
limited by the availability of the raw energy, the efficiency of the transducer, the conversion
circuit and the harvester size constrains.
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2.2.1. Types of Kinetic Energy Transduction Mechanisms

The principle behind kinetic energy harvesting is the displacement of a moving part or the
mechanical deformation of some structure inside the energy harvesting device. With respect to
mechanical structures, there are two types of possible generators. One is called inertial
generators, which the kinetic energy is obtained from vibrations or displacements of a proof
mass. These devices are mostly based on mass-spring-damper systems that resonate at a
particular frequency. Being resonant, when the mechanical stimulus vibrates at a frequency
that matches the resonance, these generators work most efficiently. The other mechanical
structure is the non-inertial generator, where energy is obtained from the deformation caused
by applied pressure on piezoelectric materials. In this case, the obtained energy usually depends
on the rate and amount of deformation instead of on the proof mass in inertial generators.

One of the crucial requirements for energy harvester is to convert energy collected into an
electrical form, that is, some form of transduction mechanism. In this report for example, it is
the kinetic energy collected by the mechanical part of device that should be transferred into
electrical energy. Different methods have been utilized to realize this requirement. The
electricity can either be generated from mechanical strain or the relative displacement present
in the system. These methods lead to three major transduction mechanisms which have been
widely used nowadays: piezoelectric generators, electromagnetic transduction and electrostatic
generators. The characteristics such as damping effects ease of use, scalability and
effectiveness are different for each mechanism, and hence the suitability for these mechanisms
are subjected to practical constraints. The following subsection will describe these three
mechanisms in detail separately.

2.2.2. Piezoelectric Generators

2.2.2.1 Piezoelectric Effect

If a piezoelectric material is loaded with a pressure, it is compressed as any other elastic
material, and it is extended transversely to the direction of the load. In addition, electrical
charges are generated on the electrodes on the surface of the piezoelectric material and it is
possible to measure a voltage between the electrodes. The generation of charges is called the
piezoelectric effect. There is also an inverse piezoelectric effect whereby an applied electric
field can produce a mechanical strain. Piezoelectric materials are therefore used to convert
mechanical energy into electrical energy.
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2.2.2.2 Piezoelectric Materials

There are two kinds of piezoelectric materials: monocrystalline materials, such as quartz, zinc
oxide, and ferroelectric materials, such as ceramics PZT (lead zirconate titanate), and the
polymer PVDF (poly vinylidene fluoride). The efficiency of electric transduction differs for
each material with different piezoelectric properties. In general the piezoelectric effect of
monocrystalline materials is comparatively small. Therefore, the piezoelectric effect of
ferroelectric materials is employed in most cases [23]. However, ferroelectric materials are not
immediately piezoelectric after they are fabricated and they need a certain procedure to activate
the electromechanical interaction property. Similar to ferromagnetic materials which need to
be magnetized in a magnetic field before they become permanent magnets, ferroelectric
materials need to be polarized by a large electrical field before use.

For piezoelectric ceramics, most of them are manufactured in bulk form commercially.
However, due to the relatively large thickness (greater than 100 pm), their application is limited
in Micro-Electro-Mechanical Systems. Film piezoceramics, on the other hand, are more
favourable to fabricate devices with thickness less than 100 pm for electrical power generation
because of its relatively high piezoelectric activity compared to piezoelectric polymer materials
[24]. Film piezoceramics can be fabricated with thin- and thick-film technologies. Thin-film
technology is basically used to fabricate films with thickness less than 5 pm. The process
involves physical vapour deposition, chemical vapour deposition, and solution deposition. For
thicker films between 10 pm — 100 pm, thick-film technology is more favourable, which
involves screen printing technique.

2.2.2.3 Piezoelectric Constants

Since piezoelectric materials are anisotropic, their physical constants relate to both the direction
of the applied stress or electric force and to the directions perpendicular to the applied force.
Therefore each constant generally has two subscripts to indicate the directions of the two
related quantities. As illustrated in Figure 2.1, the direction X, Y and Z are represented by the
subscript 1, 2 and 3 respectively, and the shear about these axes are represented by 4, 5 and 6
respectively. The various constants can be written with these subscripts.
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Figure 2.1: Direction of forces affecting a piezoelectric element.

The most frequently used piezoelectric constants are: the piezoelectric charge constant d, the
piezoelectric voltage constant g, and the permittivity e. The main constant describing the
piezoelectric effect is the piezoelectric charge constant d, which relates to the strain caused by
the electric field in the absence of mechanical stress and to the electrical charge per unit area
by the applied stress under zero electric field. The first subscript to djj indicates the direction
of polarization generated in the material, and the second subscript is the direction of the applied
stress or the induced strain, respectively. For instance, as shown in figure 2.2, d3; means that
the induced polarization is in direction 3 and the stress is applied along axis 1. dzz on the other
hand, means both the induced polarization and the stress are in direction 3.
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Figure 2.2: Piezoelectric constants in typical energy harvesting modes. Reprinted from [25].

The most advantageous way to employ piezoelectric materials is cantilevered structures
operating in a bending mode with piezoelectric layers attached to surfaces on one or two sides
(unimorph or bimorph). It is commonly used for enabling relatively high stress levels on the
piezoelectric material while minimizing the dimensions of the devices. The structure can be
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designed to operate in either ds1 or dzs modes depending on the arrangement of the electrodes.
In many cases, ds1 mode has been used where a piezoelectric layer is sandwiched between two
metal electrodes. The piezoelectric layer is poled and driven through its thickness thereby
straining the piezoelectric material and generating a charge. In contrast, the ds3 mode is poled
parallel to the passive layer using an interdigitated transducer (IDT) where stress can be applied
to the poling direction. In many ferroelectric materials, the dss coefficient is two to three times
larger than the da1 [26].

2.2.2.4 Poling

The piezoelectric properties of ferroelectric materials can be enhanced by applying a
sufficiently high electric field at an elevated temperature, therefore generating an internal
remnant polarization in the material, which continues long after the removal of the electric and
thermal fields. This process is known as poling [27].

Several poling techniques that have been developed are: contact poling, corona poling, photo
thermal poling and electron beam poling. Each technique has some advantages and drawbacks.
In this paper, contact poling is used as a simple static field poling technique.

In the contact poling process a large poling field is created through electrodes with the
piezoelectric film in between (Figure 2.3). The film is heated up to an elevated temperature and
the poling voltage, depending on the thickness of the material, is applied through electrodes.
The main drawback of this technique is the limited voltage that can be applied due to the
dielectric breakdown in surrounding air or in the poled film itself [28].
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Figure 2.3: Schematic of the contact poling technique.

In all techniques, heating is the essential process to permit dipoles inside the material to become
mobile and orient in the direction of the applied external field. The orientation is then frozen
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by cooling the poled film to room temperature whilst under the applied external field.

The effect of poling conditions including temperature, time and electric field has been
investigated by Torah et al. [29]. Results showed the value of ds3 increased with poling
temperature and duration, as well as the poling voltages. However, the maximum achievable
poling field is limited by the electrical breakdown of the films. An optimum result was obtained
at a temperature of 200C with poling times of 30 minutes and electric filed strength up to 4
MV/m. However, little improvement was achieved in the piezoelectric activity when the
applied electric field was above 2.5 MV/m.

2.2.2.5 Thick-film Screen Printing

Screen printing is one of the oldest forms of graphic art reproduction. The basic concept is to
deposit ink or paste onto a base material or substrate by the use of a finely woven screen with
the desired pattern [30]. This technique is traditionally used for the production of graphics onto
items such as T-shirts and mugs. Then it has been applied to manufacture electronic
components as well as microelectronic thick-films with typical thickness ranging from 0.1 pm
to 100 pm [31].

The standard process starts with a typical screen, which is made of a finely woven mesh of
stainless steel, adhesively attached to a cast aluminium frame and coated with a UV-sensitive
emulsion. The mask is generated on the mesh through which the paste can be squeegeed to
produce a pattern on the substrate. The mask is patterned by a standard photolithography
process [32]. The paste is poured onto the upper surface of the screen, and then a rubber blade
called a squeegee sweeps across the screen under pressure, forcing the paste through the
apertures of the screen onto the substrate as shown in Figure 2.4. However, before starting
screen printing, some parameters need to be considered in the printing profile such as the
printing gap, velocity and pressure of the squeegee.
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Figure 2.4: Process of screen printing. Reprinted from [32].

After screen-printing, the deposit films are dried to remove the organic carriers in the paste and
form a rigid film for over-printed upper layers. This stage is usually undertaken in an infrared
belt drier at a temperature of approximately 150 C The next step is firing the films to produce
a solid film one on the substrate and bind the active particles together. This process is achieved
in a belt furnace in air atmosphere at temperatures up to 900 C [32]. After firing, the film is
firmly attached to the substrate. Then the printing, drying and firing process can be repeated if
further screen printed layers are needed.

2.2.2.6 Applications

The piezoelectric generator is widely employed because of the large output voltage or force
which can be generated in a small volume. A large percentage of recent studies have focused
on improving the efficiency of piezoelectric energy harvesting systems by means of changing
the configuration of the device to maximize the energy captured from the ambient environment.

The type of piezoelectric material selected can have a major influence on functionality and
performance of the harvester. To date, the most commonly used piezoelectric material is lead
zirconate titanate, a piezoelectric ceramic, known as PZT, which has very high
electromechanical coupling ability. However, PZT is extremely brittle, limiting the strain that
it can safely absorb without being damaged [33]. In order to eliminate the disadvantages of
piezoceramic materials and improve their efficiency, researchers have developed a wide variety
of piezoelectric materials that exhibit more flexibility and can be employed in energy
harvesting applications [34, 35]. Other methods of modifying the configuration of piezoelectric
energy harvesters have been investigated by different researchers including changing the
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electrode pattern, altering the poling and stress direction, layering the material to maximize the
active volume, and tuning the resonant frequency of the device [36-39].

2.2.3. Electromagnetic Transduction
2.2.3.1 Electromagnetic induction

Electromagnetic induction was first discovered by Faraday in 1831, which states the generation
of electric current in a conductor when it is located within a varying magnetic field. This applies
whether the field itself changes in strength or the conductor moves through it. For a typical
electromagnetic generator, the conductor takes the form of a coil and permanent magnets are
used to produce the magnetic field. Therefore the electricity is generated either by the relative
motion of the magnet and coil, or the changes of the magnetic field. In this case, the induced
voltage across the coil depends upon the strength of the magnetic field, the velocity of the
relative movement and the number of turns of the coil.

2.2.3.2 Application

Electromagnetic transduction has been widely used in the form of rotating generators for many
years. It generates power from a few watts (brushless DC domestic wind turbine systems), to
several hundred megawatts (synchronous machines used for power generation by the utility
companies). For Kinetic energy harvesting, both rotating generators and linear generators can
be exploited to harvest power from rotation and vibration. One of the most effective methods
for linear generators is to use an inertial frame configuration, in which the relative movement
between the magnets and the coils are induced by the vibration of a resonating cantilever beam.
Either the magnets or the coil can be chosen to be mounted on the beam while the other remains
fixed. However, it is generally preferable to attach the magnets onto the beam as the inertial
mass [40]. Figure 2.5 shows two commonly used arrangements of electromagnetic generators.
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Figure 2.5: Schematics of two electromagnetic generators arrangements.

Electromagnetic transduction has the advantage of high efficiency compared with other
mechanisms when there are no size constraints applied. This advantage is largely contributed
to the feasibility of designing the coil in such a way (e.g., increasing the number of turns,
decreasing the coil resistance by using larger diameter wire, using a larger area coil) to achieve
high coupling factors. Several examples demonstrating this principle can be found in the
literature [41-46].

2.2.4. Electrostatic Generators

Electrostatic forces have also found use in converting kinetic energy into electrical energy.
These types of generators consist of a variable capacitor whose two plates are electrically
isolated by air, a vacuum, or an insulator. External vibration (on both horizontal and vertical
directions) will lead to a movement of the two plates and hence induce a capacitance change.
There are two modes of operation for electrostatic generators. The first is called constant charge
operation as shown in Figure 2.6(a). For the parallel plate structure, in which the two plates
have a constant overlap with a variable separation, the field strength is proportional to the
charge and thus the energy density of the electric field is independent of plate separation. As
the electrode separation increases, additional electrical potential energy is stored as an increase
in the electric field. If the plates, on the other hand, are moved relative to each other with a
sliding motion at a constant separation, mechanical work is done against the fringing field and
there is an increase in stored electrical energy because the electric field strength increases with
the reduction in plate overlap [47].

The other mode of operation is referred as constant voltage operation, in which a constant
voltage is applied on the two plates as illustrated in Figure 2.6(b). If the plate separation is
increased with a fixed overlap, the electric field strength between the plates falls causing charge
to be pushed off the plates into an external circuit as a current flow i(t). If the plates are moved
with constant separation and changing overlap, the field strength stays constant while the
current is again forced to flow into the source because the volume of the field decreases. In
both cases, the mechanical work done is converted into additional electrical potential energy
as an increased space charge in the voltage source.
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Figure 2.6: Principle of operation of the electrostatic generator.

The efficiency of electrostatic transducer is limited by technical challenges including charging
the electrodes, the separation distances, and the amplitudes of displacement [48].

2.3 Wind Energy Harvesting

A number of sources can provide kinetic energy including human movements, mechanical
vibrations from environment, and fluid flow (liquid flow and airflow). Of several possible
alternatives, wind energy has been utilized for thousands of years and became one of the most
important sustainable energy resources. Since the beginning of the twentieth century, this
technology has developed rapidly towards new dimensions in both large and micro scales.
Nowadays, existing methods of wind energy harvesting include using turbines, harvesting
energy from flow-induced vibration and using Helmholtz resonators.

2.3.1. Wind Turbines
2.3.1.1 Description of technique

A wind turbine, also known as windmill, is essentially a rotating machine which converts the
kinetic energy from the incoming wind into the electric energy. The design is based on the drag
or lift effect relying on different air resistance on the front and back of the rotor section to cause
rotation. The first wind turbines for electricity generation emerged at the beginning of the 20th
century and the technology improved incrementally since early 1970s. There are two categories
of wind turbines according to different direction of the rotational axis: horizontal-axis wind
turbines (HAWT) and vertical-axis wind turbines (VAWT). The former one captures Kinetic
wind energy with propeller rotors and the rotating axis is parallel to the direction of wind.
While the other one uses straight or curved bladed rotors perpendicular to the wind. The
advantage of all vertical-axis windmills is that they can accept wind coming from all directions,
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thus, they do not have to face up or downwind for rotation like the horizontal-axis machines.
However, since the end of the 1980s, the development of vertical-axis wind turbines has almost
stopped due to their lower efficiencies [49]. The horizontal-axis approach currently is used
world widely.

Modern wind turbines generate electricity using slender aerodynamic blades and tall towers.
The general components are:

e A rrotor to convert wind energy into mechanical power.

e A tower to support rotor.

e A gearbox to adjust the rotational speed.

e A control system to monitor operation of wind turbine automatically.
e A foundation to protect the turbines in high speed winds.

e A generator to convert mechanical energy into electrical power.

The main operation of wind turbines to generate electricity is: When the wind blows, the blades
lift, rotate and turn the rotor, which creates mechanical energy. The generator uses magnetic
fields to convert the Kinetic rotating energy into electrical energy. The power output can be
transformed to the right voltage or stored in batteries for typical systems. The control system
is connected to an anemometer to measure wind speed continuously. It allows the turbine to
rotate, producing power in a certain level when wind speed is high enough. If the wind speed
exceeds its limits of the electrical or mechanical parts of turbines, the system will cut out to
prevent more power increase.

Some elements can influence the performance and the design of wind turbines. The most
important factors are wind speed and wind turbine availability. The maximum mechanical
power that can be extracted by a wind turbine is given by:

Py = %PAV%p A4, B) (Equation 2.1)

Here P, is the power (W), p the density of air, A the rotor area, v the wind speed and c,, is the
coefficient of power that is a function of tip speed to wind speed ratio, A, and blade pitch
angle, B . The power is proportional to the area of turbine blades and the cube of the wind speed,
which means that the maximum available power can reduce significantly with scaling down
the size of wind turbine or decreasing wind speeds. The average wind speed is unstable due to
its variation with time, altitude, gusts, and fast changes in direction or air density [50]. An
average speed of 4.5 m/s to 5 m/s is typically needed to make the electricity economically
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feasible; however, some windmill designs begin producing electricity at a wind speed as low
as 3.5 m/s [51]. The power efficiency is described by c,, a dimensionless term with a
theoretical maximum value of 0.59. This is known as the Betz limit. However, in practice, due
to the stall and viscous drags of the rotor, bearing or gear losses of the transmission and the
low efficiency of the generator, the total efficiency of the wind turbine is much lower.

2.3.1.2 Recent development in wind turbine generators

In order to maximize the energy captured by wind turbines, much research had been done in
this field particularly from the point of view of velocity direction control of the wing and in
turbine blade design. With respect to recent development in wind turbine generators at large
scale, some researchers have put an emphasis on magnetic bearings. A mechanical bearing is
typically used to promote smooth rotation of the rotor in the wind turbine. However, there is
always friction between the bearing and the rotor as a result of mechanical contact, increasing
the driving force of transmission drive system and reducing efficiency of energy conversion.
No matter how frequently the bearing is maintained to be lubricated, it will gradually wear out
and eventually fail. To solve this problem, magnetic bearing has been investigated and applied
to wind turbine as a replacement of the traditional mechanical bearing [52]. The magnetic
bearing supports the rotor using magnetic levitation, thus there is no physical contact between
the rotor and the bearing. Because of the full magnetic levitation, the rotation has a very low
friction and no mechanical wear, the life time of the turbine can be increased and the
maintenance cost will be reduced. Liu et al [53] reported a magnetically suspended VAWT,
which also proved that the starting wind speed of the magnetically suspended turbine is reduced
to 1.5-2.5 m/s, which is much lower than that of the traditional turbine with the same size (3—
4 m/s).

On the other hand, as large-scale wind turbine technology is well documented and matures,
more and more attention has been paid to the development of small scale wind turbine
generators. However, to the author’s best knowledge, very few research works can be found in
the literature that discuss the issue of wind energy harvesting using micro wind turbines which
are miniaturized in size. A miniature wind turbine can be generally defined as rotor-tip diameter
of several centimetres in scale. It is used to capture efficient power from where modest ambient
airflows are present, for example, in heating, ventilating, and air-conditioning ducts, or in
outdoor environments [54]. Several challenges are associated with this type of miniature wind
energy harvesting system in contrast to the large-scale systems. They are: (i) wind speeds of
interest at low height and concealed ground are relatively low compared to large-scale systems;
(i) relatively high viscous drag on the blades at low Reynolds number; (iii) aerodynamic force
generated by miniaturized vanes with very small surface area is extremely small in comparison
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to huge wind turbine; (iv) bearing and thermal losses increase significantly as size decreases.
Consequently, for miniature windmills, which operate at a much higher speed and low
Reynolds number, it is important to understand how the size of the generator will affect its
performance. Shrestha et al. [55] investigated scaling laws for wind turbine generators. It
concluded that the output power of the generator decreases with reduction of the mass and
length of the blades at different ratio.

A number of miniature energy scavengers based on turbines have been demonstrated
successfully with different techniques in recent years. Some of them showed good performance
with a maximum efficiency close to 40%. Hirahara et al. demonstrated a small wind turbine
system with a 50 cm rotor diameter [56]. Research group from Uludag University also reported
a miniature wind turbine rotor using different shapes of aerofoils. The rotor models had a 31
cm diameter were made from Balsa wood [57]. However, those devices are relatively large in
size, which may not be appropriate for wireless sensor applications.

Some miniature wind turbines whose rotor-tip diameters smaller than 10 cm have already been
published. A micro electromagnetic power generator with 4.2 cm diameter turbine was reported
by Rancourt in 2007 [58]. After test, an output power of 2.4 mW was achieved with 5.5 m/s
wind speed and 130 mW at 11.8 m/s. The maximum overall efficiency was 9.5% at 11.83 m/s
but at 5.5 m/s efficiency was as low as 1.85%. Holmes and his colleagues from Imperial
College have reported a micro-power conversion device combined an axial-flux
electromagnetic generator, of which the rotor area was down to approximately 1.5 cm? [59].
However, in this design, due to its configuration, the power generation capability is limited. To
improve performance further, in 2009 and 2011, they developed similar turbine geometry, a
shrouded wind turbine with an integrated axial flux permanent magnet generator [60, 61].
Figure 2.7 shows a prototype of the device. It is fabricated by rapid prototyping and traditional
machining techniques, as well as flexible printed circuit board. In the rotor area, there is a
central hub, an annular rim, and a number of blades, which are all made by rapid prototyping.
A thin layer of nickel coating is electroplated on the blades for strengthening. The rotor is fixed
on a stainless steel casing, held by a pivot and bearings. The static friction of bearings is a
critical issue because it determines the lowest airflow speed for operation of wind turbines. In
this design, they used jewel bearings, which can offer very low starting friction. In the
experiment, a prototype with 12 blades was tested and showed the threshold wind speed for
operation is 4.5 m/s, and the output power is approximately 4.3 mW at average flow speed of
10 m/s.
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| _ '
Figure 2.7: Schematic view of wind turbine. Reprinted from [61].

Most miniature wind turbines are mainly focused on the design and fabrication techniques,
while some researchers concentrated on harvesting circuit control and the general theory of
system modelling to assist the design and estimate the performance. Carli et al. [62] provided
a detailed model and characterization of the micro wind turbine with an effective power-saving
architecture to control the harvesting circuit. The optimized design of the wind flow harvester
had a turbine diameter of just 6.3 cm. A highly efficient buck-boost converter, aimed towards
the minimization of its power losses, is the core of the optimal power point tracking circuit.
The experimental results showed that the wind generator was able to supply up to 10 mW with
an airflow speed of about 7 m/s, and can work at its maximum efficiency over a wide range of
operating conditions. Xu et al. [63] successfully designed an equivalent circuit model used as
a guild line for predicting and optimizing the performance of the wind turbine system. The
maximum output power reached 13.5 mW and 18 mW at the wind speed of 4 m/s and 4.5 m/s
respectively.

Although a majority of existing turbine generators are based on electromagnetic transducers as
mentioned above, there are some researches on piezoelectric wind turbine generators. Chen
and Lin [64] investigated the feasibility of using resonant piezoelectric structures to generate
energy from wind flow. Simulation results showed that the efficiency of such piezoelectric
wind turbine generator is only 0.003% which is much lower than the Betz limit. A novel small
scale piezoelectric windmill for energy harvesting from the wind flow was demonstrated by
Priya et al. in year 2004 [65]. The device has 11 bimorph piezoelectric cantilevers arranged
along the circumference of the centre shaft which is connected to the rotor of the wind turbine.
The centre rotates with the rotation of the wind turbine. The stoppers bend the piezoelectric
cantilevers to produce electricity. As the piezoelectric material has great impact on the
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performance of the transducers, with this structure, the mechanical energy transferred to the
bimorph was high. This study was further extended in year 2005 and a theoretical model to
estimate the generated electric power output was presented [66]. The piezoelectric wind mill
was found to be capable of producing electrical power up to 7.5 mW at the wind speed of 4.5
m/s. Two years later, researchers from the same department of the University of Texas designed
another piezoelectric windmill with an optimized structure [67]. Figure 2.8 shows the inner
structure of the windmill and crank assembly which consisted of a vertical shaft connected to
a lever arm that converted the rotational motion into translation motion. All three fans were
connected into the single vertical shaft through an adjustable gear ratio. The wind mill was
composed by two rows of piezoelectric bimorphs, as front and back rows, where each row had
nine bimorphs. Therefore, this windmill can reduce the force required for deflection and expand
the surface area for energy capturing. In addition, the frequency can be adjusted by varying the
gear ratio. After testing, the windmill can operate at a low flow speed down to 3 m/s; and with
a flow speed of 4.5 m/s, it generated a 5 mW continuous power. In year 2010, Bressers et al.
attempted to develop a contact-less wind turbine which utilizes vertical axis Sarvonius wind
turbine rotor and piezoelectric bimorphs [68]. This device has a series of piezoelectric
bimorphs with magnets at the tip placed horizontally around the wind turbine rotor shaft. The
magnets were used to induce harmonic vibration in the piezoelectric elements. The design of
contactless wind turbine having a size of 80 mm <80 mm =175 mm was found to provide
peak power output of 1.2 mW at 4 m/s of wind speed.
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Figure 2.8: Piezoelectric windmill with isometric view and internal structure. Reprinted from
[68].

Many miniature wind turbines have been demonstrated successfully for wind energy harvesting,
however due to the increased friction losses of the bearings and the reduced surface area of the
blades, the efficiency of conventional turbines reduces with size. These devices reviewed above
are summarised in Table 2.1. Power efficiencies in this table show the percentages of the wind
kinetic energy that converted into electric output energy. In general, almost all reported
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miniature wind energy harvester with rotor diameters smaller than 10 cm have practically low
efficiency for specific range flow speed to date. For some miniature wind turbines, the rated
wind speed is higher than the nominal ambient air speed. Therefore achieving lower threshold
wind speed for operation is the main issue of such devices. Additionally, complicated
mechanical structures and intricate fabrication processes also limit the minimization of rotary
air-powered generators.

Table 2.1: A Summary of miniature wind turbines reviewed.
Threshold Maximum

Authors Type svlv)lelzc(ll (l;:::;:t Efficiency
(m/s) (mW)
Rancourt efal.  Electromagnetic 5.5 130 9%
Holmes et al. Electromagnetic 3 2.5 1.4%
Carli et al. Electromagnetic  unknown 10 5.5%
Xu et al. Electromagnetic 3 18 8%
Priya et al. Piezoelectric 2.5 7.5 1%

2.3.2. Energy harvesters based on flow-induced vibration

When a structure is subjected to wind loads, the structure may experience unwanted, excessive
vibrations due to aerodynamic instability phenomena. This kind of flow-induced vibration has
been generally avoided in civil engineering to reduce possible damage. From a totally different
perspective, such vibration has started to emerge recently as a novel approach based on wind
power to generate electrical energy. Several distinct phenomena are known to excite flow
induced vibrations of structures including vortex induced vibration, wake galloping and
divergent oscillation (flutter). Figure 2.9 shows the typical velocity— amplitude curves of the
aerodynamic instability phenomena [69].
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Figure 2.9: Typical velocity—amplitude curves of aerodynamic instability phenomena; (a)
vortex-induced vibration, (b) divergent oscillations (i.e. flutter), (c) wake galloping. Reprinted
from [69].

As shown in the figure, Vortex-induced vibration may occur at relatively low wind speed, but
it occurs only within a very narrow range of wind speed along with relatively small amplitude.
Therefore, an energy harvesting system based on vortex-induced vibration may be inefficient.
The flutter-based energy harvesting system can dramatically improve the amplitude with
increasing wind speed. However such devices only operate at very high wind speed and become
unstable under unexpected flows. The wake galloping structures can operate at a wider range
of flow speed, but suffer from drastic deterioration of efficiency at low speed levels.

2.3.2.1 Vortex induced vibration

Vortex induced vibration is one of the most classical-type aerodynamic instability phenomenon.
It predominately occurs in bluff bodies such as bridge decks, smoke stacks, or heat exchanger
tubing. When a fluid flows toward the leading edge of a bluff body, it will be slowed down
while in contact with the surface of the bluff body as a result of viscosity, forming a boundary
layer. This boundary layer can be separated from the body because of its excessive curvature.
If the flow speed is higher than a critical value, pressure on both sides of the bluff body will
change from stable free steam pressure to unstable stagnation pressure, and hence vortices are
created. This phenomenon is called Vortex Street or Kaman Vortex Street as shown in Figure
2.10. In one limited range of flow speed, the exciting frequency may be close enough to one of
the natural frequencies of the body, causing resonance and oscillations. Therefore certain
transduction mechanisms can be applied to extract energy. Sanchez-Sanz and his colleagues
[70] studied the feasibility of energy harvesting based on the Kaman vortex street and
proposed several design rules of such micro-resonator. This method is suitable both air flow
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and liquid flow. A preliminary study on harnessing energy from piezoelectric transducers by
vortex-induced vibration phenomena was discussed by Sivadas et al. [71]. Different bluff-body
shapes and dimensions are investigated, including cylindrical, triangular, and pentagonal. The
simulation results obtained showed the cylindrical bluff body had a wider lock-in bandwidth,
which means it can generate appreciable power over a wider range of flow speeds, and higher
average power compared to the other two bluff body shapes investigated.

Bluff body

Figure 2.10: An example of K&aman Vortex Street.

Classical studies predict that the dominant exciter of this oscillation phenomenon should be
when the vortex is shedding from the bluff body. Bernitsas et al. [72] proposed an energy
harvesting device using vortex induced vibration and the idea has since then been further
developed. Some researchers focused on this type of excitation [73], and the most famous
energy harvester based on Vortex Street is the ‘Energy Harvesting Eel’ [74]. Figure 2.11 shows
a schematic of the device. The ‘eel’ converts the flow energy to electrical power through a flow
induced oscillating motion on the PVDF film behind bluff body. However, those devices are
mostly used in liquid flow such as rivers or oceans [75-78].

X

Bluff body The Eel

Figure 2.11: Schematic of the ‘Energy Harvesting Eel’ (top view).
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A wind energy harvesting configuration, called flapping-leaf, has been reported by Li and
Lipson as shown in Figure 1.22 [79]. The device consists of a P\VDF cantilever with one end
clamped on a bluff body and the other end connected to a triangular plastic leaf. When the
airflow passes through, the vortex shedding, caused by the bluff body, generates harmonic
force; meanwhile another unsteady force is induced by the trailing edge of leaf. Those two
potential excitations generate unstably periodic motion of the flexible plate and thus the P\VDF
cantilever produces electrical energy. The energy harvester generated a maximum output
power of 17 uW under the wind of 6.5 m/s. Dimensions of the PVDF cantilever is 73 mm <16
mm x40 um. The same group explored another type of flapping-leaf with a dangling cross-
flow stalk arrangement, which can amplify the vibration by an order of magnitude. They
claimed that their architecture makes it appropriate for low-cost organic piezo-materials.
Experimentally, the prototype produced a peak output power of approximately 600 puW in the
wind of 8 m/s [80].
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Figure 2.12: Different configurations of piezo-leaf. Reprinted from [79].

Kwon et al. also implemented a leaf-like design for a piezoelectric harvester with two different
kinds of piezoelectric materials. The soft flexible one is used to make the leaf element, while
the hard one is applied to the trunk portion of the tree requiring rather strong winds to generate
any power. Results showed the power output was insufficient for powering a wireless network
node [81].

Dunnmon et al. [82] reported a piezoelectric aeroelastic energy harvester. It consists of a
flexible plate with piezoelectric laminates which is placed behind a bluff body. It is excited by
a uniform axial flow field in a manner analogous to a flapping flag such that the system delivers
power to an electrical impedance load. In this case, the bluff body is in the shape of an aerofoil
rather than a cylinder. The beam is made of aluminium and an off-the-shelf piezoelectric patch
is mounted close to the clamped end of the beam. Experimental results showed that an output
power of 2.5 mW can be derived under a wind of 27 m/s. The plate has dimensions of 310 mm
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% 101 mm = 0.39 mm and the bluff body has a length of 550 mm. Dimensions of the
piezoelectric laminate are 25.4 mm >%20.3 mm %0.25 mm.

Wen et al. [83] proposed a fluid kinetic energy harvester excited by vortex induced vibration.
In order to optimize the harvester, they used a two-way Fluid Structure Interaction (FSI)
simulation to investigate the performance. The harvester was assembled with a cuboid-shaped
aluminium bluff body and a piezoelectric polymer (PVDF) cantilever in size of 60 mm =12
mm %52 pm. The test results showed that the energy harvester delivered 1 W power output.
Researchers from University of Brescia [84] have also reported a VIV energy harvesting
system based on a piezoelectric converter to power autonomous sensors. The convertor was
embedded as a part of a flexure beam (45 mm long and 20 mm wide) with a blade (70 mm long
and 30 mm wide) and a bluff body placed upstream. The results of experimental
characterization showed a harvested power up to 100 MW was obtained at a flow speed of 4m/s.

Weinstein et al. proposed a cantilevered piezoelectric beam for energy harvester used in HVAC
flow. Excitation is amplified by the interactions between an aerodynamic fin attached at the
end of the piezoelectric cantilever and the vortex shedding downstream from a cylinder shaped
bluff body placed in ahead of the cantilever assembly (Figure 2.13). The positioning of small
weights in the form of magnets were placed along the length of the fin to adjust the resonant
frequency of the bender. The energy harvester was test to operate at flow velocities from 2 to
5/m s with power generation of 200 uW to 3 mW respectively with a dimension of 22.5 cm
long and 11 cm wide [85].

Spring Plunger
Supports
Length: 22.5 cm

Added Weights
Adjustable

Height: 11 cm

Piezoelectric
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Marks Denote Weight
Positions For Resonance
At Various Speeds

Figure 2.13: Schematic of the cantilevered piezoelectric beam. Reprinted from [85].
2.3.2.2 Wake galloping

Wake galloping is known to occur in parallel cylinders because of the wake interference
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between two circular cylinders. Under certain conditions the leeward cylinder may be subjected
to galloping oscillations induced by the turbulent wake of the windward cylinder. Figure 2.14
shows the schematic of this phenomenon. The vibration orbit depends upon the arrangement
of parallel cylinders. However, there were some incidences that these devices were damaged
by strong forces due to the wake galloping.
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Windward cylinder Leeward cylinder

Figure 2.14: Schematic of wake galloping phenomenon.

Numerical investigations for two circular cylinders in different arrangement have been reported
since 1973 [86] and researchers found that if the distance between two cylinders is
approximately six times larger than the diameter, the vibration does not appear. Jung et al. [87]
proposed an energy harvesting devices based on the wake galloping phenomenon for the first
time. Tests results showed that with two cylinders with lengths of 85 cm and diameters of 5
cm, a maximum power of 1.13 W was measured under wind speed with 5.6 m/s. Later, a more
detailed investigation followed their conceptual study was reported by Jung and Lee [88]. In
order to validate the effectiveness of the wake galloping-based energy harvesting system
clearly, a prototype device with electromagnetic induction was designed and manufactured as
shown in figure 2.15. In the experiment, the prototype device produced an average output
power of 370 mW under wind of 4.5 m/s.

Dummy model

Test model
Spring

Permanent magnet
Solenoid coil
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Figure 2.15: A prototype of the wake galloping-based energy harvesting system. Reprinted
from [88].

2.3.2.3 Flutter

Flutter is a self-feeding and potentially destructive vibration where aerodynamic forces on an
object couple with a structure's natural mode of vibration to produce rapid periodic motion. It
happens when the natural mode of vibration for this object couples with the aerodynamic forces
applied on it. When the natural damping of the system is smaller than the aerodynamic
excitation, the vibration will keep increasing until the aerodynamic or mechanical damping of
the object matches the energy input. This phenomenon leads to large amplitude of the
oscillation for a stable nonlinear limit cycle to emerge or a rapid structure failure of the system
in divergent behaviour due to an increased wind speed. Consequently, the study of this
phenomenon was initiated in the field of aeronautics to aerodynamically stabilize aerofoils.

The possibility of the idea that utilising aerodynamic instability phenomena for energy
harvesting was first addressed by Duncan in 1948 [89]. Since then, some researches has been
carried out for developing energy harvesting systems based on this phenomena, more
specifically divergent oscillation due to the flutter. In the early 1980s, McKinney and
DeLaurier [90] proposed a prototype power generating device called windmill based on the
flutter phenomenon. They carried out wind tunnel tests and demonstrated that their device had
an efficiency of 10% approximately, which was comparable to a conventional windmill. In
1997, Jones et al. [91] described their numerical and experimental methods for an oscillating
rectangular wing generator. Their study found that an oscillating wing would be suitable for
some power generation application, if the pitch amplitude exceeded the induced angle of attack
owing to the plunging motion. In 2003, Isogai et al. [92] proposed a different type of energy
harvesting device using a flapping wing under the flutter phenomenon. They introduced an
electric motor to mechanically drive the pitching oscillation of the wing. The result showed an
increased efficiency of the system.

Erturk et al. [93] reported the use of a curved aerofoil section with piezoceramics for energy
harvesting as shown in Figure 2.16. A mathematical model was established and a prototype
device was built to validate the model. The generator has a 0.5 m long aerofoil vertically placed.
Two PZT-5A piezoceramics were attached onto the two ends of the aerofoil. Under certain
airflow, the aerofoil flaps and actuates the piezoceramics to produce electricity. An electrical
power output of 10.7 mW was achieved at the linear flutter speed of 9.3 m/s.
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Figure 2.16: Schematic of a piezoaeroelastic section under uniform airflow. Reprinted from
[93].

Zhu et al. [94] investigated the performance of a new type of flow energy harvester based on
oscillating foils through numerical modelling by using 2D and 3D models. By examining the
power extraction capacity and efficiency of the system at various geometrics including
mechanical and kinematic parameters, the optimal performance of the system was achieved in
the case when there is no spring, and the pitching axis is located at the centre of the chord. They
also found that the presence of the ground increases the heaving response of the foil due to the
blocking of trailing vortices, and greatly enhances both the power extraction and the efficiency.

Kwon published a T-shaped piezoelectric cantilever for generating electric power from fluid
flow. The working principle of the device is based on aeroelastic flutter and utilizes a bimorph
cantilever with T-shape which hastens occurrence of flutter at a low fluid speed. A prototype
device (100 mm <60 mm > 30 mm) was tested in a wind tunnel. The device was found to
provide power from a wind speed of 4 m/s and a continuous peak electrical power output of 4
mW [95].

Bryant and Garcia [96] proposed a novel energy harvesting device powered by aeroelastic
flutter vibrations to generate power on a helicopter rotor blade. The model of a simple wing
connected to the tips of a pair or bimorph piezoelectric beams has been derived by fusing the
governing mechanical, electromechanical, and aerodynamic terms of the system. One design
for such a power harvester is detailed and the electromechanical behavior of the system has
been predicted. The same group then designed another aeroelastic energy harvester consisting
of an aerofoil section attached to a cantilevered piezoelectric bender by a flexural joint, as
illustrated in Figure 2.17, both theoretically and experimentally [97-100]. The beam was made
of Stainless steel with a size of 250 mm %25 mm %0.38 mm, attached with PZT piezoceramics.
This configuration creates an aeroelastic flutter response above a critical cut-in wind speed,
allowing the system to generate vibrations from the airflow and directly transduce the
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vibrations to electrical energy. A model based on simple two degree aeroelastic system of this
device has been developed to examine the effects on the cut-in wind speed of the system when
several design parameters are tuned and the size and mass of the system is held fixed.
Experimental results showed an output power of 2 mW at a wind speed of 7 m/s.

Air flow wing

Piezoelectric patch

P

Figure 2.17: Photograph of the aeroelastic power harvester design. Reprinted from [99].

Researchers from Stanford University [101] investigated the efficiency of an aero-elastic-
flutter based energy harvester with wind speed augmenting funnel incorporated (Figure 2.18).
The wind-flow-contracting funnel device was designed to direct the wind flow to the flutter
and magnify the wind speed. Tests showed that the wind speed was magnified up to
approximately 20 % by the funnel within an incident angle of 307, which leads to an increase
in the voltage output of the device.

T-shape cantilever beam _=

Wind flow contracting fun

Figure 2.18: Photograph of the aeroelastic power harvester with wind funnel. Reprinted from
[101].

All of the studies mentioned previously were focused on flapping-wing type power generators
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based on the flutter phenomenon, which could be inspired from oscillating wings in an aircraft.

Humdingers windbelt is a flapping wind generator that has been proposed by Shawn Frayne
and his team in 2004 as shown in Figure 2.19 [102]. It uses a tensioned membrane for the flutter
oscillation to collect energy from the wind. Magnets are attached to the end of the membrane.
They move with the membrane and are coupled with static coils to generate electricity. The
smallest Windbelt, with a 12 cm > 0.7 cm membrane, can provide an output power less than
100 uW with minimum wind speed of 3 m/s.
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Figure 2.19: Schematic of a windbelt. Reprinted from [102].
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Pimentel [103] and his group presented a characterization of the wind flutter generator with a
50 cm long windbelt. After several parameters taken into account, experimental results showed
the peak output power was 5 mW with wind speed of 3.6 m/s. Fei et al. [104] also designed a
wind energy converter using windbelt structure which has a better performance than previous
one. By optimizing of the location of the generator coils and the magnet using FEM tools, they
achieved a peak output power of 7 mW at 2.8 m/s wind speed.

Kim et al. from Georgia Institute of Technology has presented an electromagnetic generator
using windbelt-based vibration [105]. As shown in Figure 2.20, it consists of a polymer
resonator with embedded permanent magnets, polymer housing, and copper windings with a
size of 12 mm <12 mm >x6 mm. The resonator produces high frequency mechanical oscillation
from air-flow with the motion of vibrating membrane in the middle, then converses it to
electrical power with permanent magnet system. The epoxy housing located inlet and outlet
airflow ports is used to maximize the energy conversion efficiency. In experiment, this
generator produced a peak-to-peak output voltage of 81 mV from an input pressure of 50 kPa.
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Figure 2.20: Three-dimensional schematics of the windbelt vibration energy harvester.
Reprinted from [105].

Sun et al. reported a PVDF microbelt to convert the energy from low-speed air flow to
electricity via their resonant oscillation. The micrometre thick PVDF thin films were fabricated
by a top-down reactive ion etching process. With measures to improve surface smoothness, the
thickness could be controlled down to a submicron level. MB structures made from the PVDF
thin films were shown to oscillate under low speed air flow around 1 m/s. A continuous 12
minutes of simulated respiration produced a capacitor voltage output of 200 mV, corresponding
to 20 mJ of electrical energy storage [106].

St. Clair et al. reported a micro generator using flow-induced self-excited oscillations of a
piezoelectric beam embedded within a cavity [107]. The principle is similar to music-playing
harmonicas as shown in Figure 2.21. When the flow rate of air past the beam exceeds a certain
threshold, the energy pumped into the structure via nonlinear pressure forces offsets the
system’s intrinsic damping setting the beam into self-sustained limit-cycle oscillations. Output
power between 0.1 mW and 0.8 mW was obtained at wind speeds of 7.5 m/s and 12.5m/s. They
emphasized that their device can eliminate the bandwidth issues associated with resonant
vibratory energy harvesters. Similar device has also been developed by Ji et al. which has
impressive mill watt scale power outputs but suffers from a cut-in speed around 3 m/s [108].
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Figure 2.21: Energy harvesting using flow-induced self-excited oscillations. Reprinted from
[107].

Researchers from Kangwon National University designed a piezoelectric MEMS energy
harvester using flow-induced vibration as shown in Figure 2.12 [109]. They used parasitic flow
as the input energy harvester, where reduction of the natural frequency of the harvesters is a
vital factor. The micro harvester was composed of one silicon cantilever coated with
piezoelectric thin film with a size of 610 um x 300 um X% 3.5 um. When the bent micro-
cantilever was exposed to wind, the structure undergoes flow-induced vibration which resulted
in electrical power based on piezoelectricity. In the experiments, this harvester generated
voltage of 0.44 V, 0.62 V and 0.82 V at the flow speed of 6.1 m/s, 12.4 m/s, and 21.6 m/s,
respectively. However, no specific power output was mentioned. The harvester was further
investigated in a recent published paper by changing the geometrical properties of engineering
structures [110]. In this work, four silicon cantilevered with PZT film were used, each of which
has a length of 2,000 um, a width of 200 um, and a thickness of 3.5 um. After testing, an output
power of 1.77 uW and an output voltage of 1.88 V was achieved at flow velocity of 12.4 m/s.

Electrode (Pt)
Piezoelectric thin film (PZT)

Air flow
(wind)

Initially deflected cantilever
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Figure 2.22: The structure of piezoelectric energy harvester using flow-induced vibration.
Reprinted from [109].

Recently, Wang and his group proposed a flow-induced triboelectric nanogenerator (TEGs) for
wind energy harvesting [111]. The mechanism is based on the contact/separation between two
triboelectric materials to drive the electrons flow in the external circuit because of the coupling
between triboelectrification and electrostatic induction. The generator consisted of two Al foils
and a fluorinated ethylene propylene (FEP) film in a cuboid acrylic tube, as illustrated in Figure
2.13. The Al foil plays dual roles as a triboelectric surface and as an electrode. One side of the
FEP film was fixed in the middle of the end surface of the tube, leaving the other side free-
standing. The distance between the two Al foils and the FEP film can be changed periodically
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due to the vibration of the FEP film, resulting in an output voltage/current across an external
loading resistor. A prototype with dimensions of 2.5 cm x2.5 cm %22 cm was tested and an
output power of 0.16 mW at a wind speed of 10 m/s was obtained. To optimise the output
performance of harvester, the device sizes and the film material were further investigated. In
another paper, an improved TEG was fabricated and tested [112]. The new device had a total
size 22 mm x10 mm > 67 mm, and a triboelectric polytetrafluoroethylene (PTFE) film was
used between the Al foils. The best performance of the generator was 3.7 mW power output at
wind speed of 7.6 m/s. The same group also reported a hybridized nanogenerator integrating
TENGS and the electromagnetic generators (EMGs) to enhance the output performance of the
device [113]. A prototype that consisted of two TENGs and two EMGs was fabricated with
dimensions of 6.7 cm x<4.5 cm %2 cm. This device can deliver an output power of 3.5 mW
from one TENG and 1.8 mW from one EMG under an air-flow speed of 18 m/s.

Aluminum

Figure 2.23: Schematic of a triboelectric nanogenerator for wind energy harvesting .Reprinted
from [111].

Another flow-induced energy harvester based on aeroelastic flutter vibrations was reported by
Zhu et al. [114] shown in the following Figure 2.24. The generator consists of a wing attached
to a cantilever spring made of beryllium copper. The airflow over the wing causes the cantilever
to bend upwards, the degree of bending being a function of the lift force from the wing and the
spring constant. As the cantilever deflects downwards, the flow of air is reduced by the bluff
body and the lift force reduced causing the cantilever to spring back upwards. This exposes it
to the full airflow again and the cycle is repeated. When the frequency of this movement
approaches the resonant frequency of the structure, the wing has the maximum displacement.
A permanent magnet is fixed on the wing while a coil is attached to the base of the generator.
The movement of the wing causes the magnetic flux cutting the coil to change which generates
electrical power. The proposed device has dimensions of 12 cm %<8 cm x6.5 cm. This generator
can operate at wind speeds as low as 2.5 m/s with a corresponding electrical output power of
470 uW. This is sufficient for periodic sensing and wireless transmission. When the wind speed
is 5 m/s, the output power is 1.6 mW.
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Figure 2.24: Schematic of the cantilever-based electromagnetic wind generator. Reprinted from
[114].

A summary of all flow-driven devices reviewed in this section is listed in Table 2.2. To
calculate the efficiency, the windward sweeping area was calculated by measuring the width
of the flapping part and the vibration amplitude. In some papers, these values were not clearly
listed, however the value could be estimated by the size and the movement of the device. This
made the efficiency calculated not as accurate as the others, therefore the values were only used
as a guide for comparison. Again the efficiencies at different speeds were calculated and the
maximum one was chosen for comparison

Table 2.2: A summary of the flow-driven devices.

Threshold Maximum
Authors Type wind speed Power Output Efficiency
(m/s) (mW)

Jung et al. Electromagnetic 2.5 370 unknown
Pimentel Electromagnetic 3.6 5 unknown
Zhu et al. Electromagnetic 2.5 1.6 1.2%
Fei et al. Electromagnetic 2.8 7.5 unknown
Humdinger Electromagnetic 3 0.1 unknown
Kim et al. Piezoelectric unknown 0.0017 4.2%
Demorietal.  Piezoelectric 4 0.1 unknown
;)Il.mnmon et Piezoelectric unknown 2.5 0.002%
Wen et al. Piezoelectric unknown 0.001 0.58%
Clair et al. Piezoelectric unknown 0.8 unknown
Lietal. Piezoelectric 4 0.6 0.04%
Z:/'emStem et Piezoelectric 2 3 0.93%
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Erturketal.  Piezoelectric 9.3 10.7 unknown
Kwon et al. Piezoelectric 4 4 unknown
Bryant et al. Piezoelectric 2 2.2 0.18%
Jietal. Piezoelectric 2.8 4.5 unknown
Wang et al. Electrostatic >6 0.16 0.04%

2.3.3. Energy harvesting from Helmholtz resonators

A Helmbholtz resonator, which is a type of acoustic resonator, consists of a cavity full of gas
connected to the environment through a narrow neck. When air flows past the opening, an
oscillation wave occurs. A volume of air in and near the open neck vibrates because of the
'springiness' of the air inside. The pressure in the cavity is relatively uniform, and the air in the
neck oscillates as a single mass. Generally, the cavity has several resonance frequencies, the
lowest of which is the Helmholtz resonance. The Helmholtz resonant frequency is given by:

S .
f= i = (Equation 2.2)

Here c is the speed of sound in a gas; S is the cross sectional area of the neck; L is the length
of the neck and V is the volume of the cavity.

Helmholtz resonators are mostly applied for acoustic energy harvesting, which capture energy
from ambient acoustic field [115]. According to the current review, the published studies on
wind energy harvesting based on Helmholtz resonator are limited. In most cases, the energy
converters are placed at the bottom of the Helmholtz resonators.

A Helmholtz resonator based generator designed for weaker airflow was reported by Liu et al.
[116]. It comprises a gas-filled chamber with an open neck, where the oscillation occurs. As
the membrane oscillates due to the Helmholtz resonance, a static coil is coupled with the
moving magnet to generate electricity. Two energy harvesters were fabricated and tested. The
first one has a dimension of 19 mm =<5 mm and a resonant frequency of 1.4 kHz. It generated
an open circuit voltage of 4 mVp, under the airflow of 0.2 kPa (5 m/s). The second device has
a dimension of 9 mm %3 mm and a resonant frequency of 4.1 kHz. It generated an open circuit
voltage of 15 mVyp under the airflow of 1.6 kPa.

Matova et al. [117] reported a device that has a packaged MEMS piezoelectric energy harvester

inside a Helmholtz resonator shown in Figure 2.25. It was found that packaged energy
harvesters had better performance than unpackaged energy harvesters as the package removes
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the unwanted viscous influence and provides only vibration excitation to the energy harvester.
Experimental results show that the energy harvester generated a maximum output power of 2
uW at 309 Hz under the airflow of 13 m/s.

Figure 2.25: Helmholtz resonator with the piezoelectric cantilever harvester. Reprinted from
[117].

Compared to other wind energy harvesting techniques, reclaiming wind energy using
Helmholtz resonator has received less attention. A major drawback of this kind of device is the
strong dependence of resonant frequency on the ambient temperature. This means that energy
harvesters with Helmholtz resonators can only be used in the environments with stable
temperature.

2.4 Conclusion

The recent development of wind energy harvesting are introduced and reviewed in this chapter.
The main methods of capturing flow energy include wind turbines, flow-induced vibration and
Helmholtz resonators. Based on the current literature review, low efficiency, high threshold
wind speed for operation as well as complicated fabrication process is the main issues of
miniature wind turbine systems. Alternative approaches for replacing these conventional blade
type wind power systems have been investigated in recent years. Due to the temperature
limitation of Helmholtz resonators, most researchers put their emphasis on flow-induced
vibrations.

Most flow-induced structural harvesters take the form of beams cantilevered to a vibrating base
object and tuned to resonate at the vibration frequency of the base object. These cantilevered
based generators have relatively low threshold wind speed for operation than other structures
in the review. In this project, a flow induced energy harvester with a flapping beam is proposed,
which represents a novel opportunity that may achieve low threshold wind speed of operation
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as well as large amplitude. The generator has a cantilever beam attached by an aerofoil for limit
cycle oscillation behind a bluff obstacle in the airflow. As all reviewed devices are developed
to operate at wind speeds above 2 m/s, a low threshold wind speed (1.5 m/s) is the first strategy
in this work. In addition, this structure of harvester provides relatively high performance at low
flow speeds and the efficiency can dramatically improve with increasing wind speed. However
the scaling effect of such structure is unknown. Hence it may have better performance than
rotary harvesters at some scales. In order to investigate that, the work by Zhu et al. will be used
as a reference. Generally the smaller the size of the energy harvester the better it is for miniature
systems application. However, considering that the output power reduces significantly with the
size of the generator scaling down, an optimum design is required to balance both power
generation and size of the device. Hence another goal pursued in the report is to achieve higher
power densities than the previous device with smaller sizes.

Since most wind turbines use conventional electromagnetic transducers in the literature review,
there is little progress made in piezoelectric windmills due to their low adaptability. On the
other hand, most flow-induced wind harvesters, especially with miniature sizes, are
piezoelectric generators. Among them, flexible materials like piezoelectric polymers give low
surface energy density because of low piezoelectric coefficient; and high performance material
like bulk piezoelectric ceramics have limitations in size due to large thicknesses. In this
situation, film piezoceramics are more favourable to fabricate devices with small thicknesses.
Further investigations on designing proper transduction systems will be discussed in the
following chapters.
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Chapter 3 Theory

This chapter explains some relating theory to the wind energy harvester that would be used for
concept design.

3.1 Oscillation under Air Flow

Unlike the flow-induced harvesters reviewed in Chapter 2, the operation of the cantilever
oscillation in this work is still not fully understood. However, some parts of the operation can
be speculative based on the ANSYS model which will be discussed in details in the following
chapter. As shown in Figure 3.1, an aerofoil is attached to one end of the cantilever spring
while the other end is clamped. If there is no wind, the aerofoil will slightly bend downward
due to its mass. When air is flowing towards the aerofoil, it will bend as shown in Figure 3.1(b).
The degree of bending is related to the spring constant, mass and the lift/drag force form the
aerofoil caused by the air flow. In this condition, however, the cantilever will remain stationary
with a fixed deflection without oscillation. In order to oscillate the cantilever, a bluff body is
required to be placed in front of the cantilever as shown in Figure 3.1(c). The bluff body will
induce differences in velocity distributions above and under the surface of the aerofoil which
causes the lift force to be asymmetric with deflection and varies the direction of deflection of
the cantilever. The bluff body serves to reduce the flow of air which reduces the lift force when
the cantilever is deflecting. In this case, the cantilever is operating mainly under inertial effects
and will spring back. However when the cantilever springs back to the original position where
the aerofoil can be fully exposed to the airflow again, the cycle is repeated. The amplitude of
displacement increases until it reaches its steady state motion, which almost resembles
harmonic forced vibration. Such a configuration can self-start and sustain the necessary
oscillations under uniform and steady flow conditions. In addition to this advantage, such a
harvester will potentially operate at a lower flow speed.

By attaching the aerofoil to the opening end, the deflection of the beam can be larger and its
response can be better tuned for various flows. The position of the bluff body, both its distance
to the cantilever and its height is of significance to the oscillation of the cantilever. The system
can then resonate through both tuning the resonant frequency of the cantilever spring as well
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as appropriate design and positioning of the bluff body. Specific theory of the generator with
cantilevered structure, theoretical model of piezoelectricity, static aeroelasticity and
aerodynamic characteristics of the aerofoil will be discussed in the following sections.

Cantilever Aerofoil
(a)
T Airflow
(b)
Oscillating
.-~ ____> Motion
Airflow
(c)

Figure 3.1: Schematic showing the operation of the cantilever oscillation.

The natural frequency of the cantilever oscillation f, can then be calculated by:

fn= Lk (Equation 3.1)

_Zn m

Where k and m are the stiffness and the total mass of the beam, respectively. The stiffness k
can be obtained by the following equation:

=& (Equation 3.2)
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The total mass is the sum of the effective mass of end mass and the mass of cantilever and can
be given by:

m = Mcantilever T meff = 02235pL + meff (Equation 33)

and the natural frequency of the beam can be written as:

1 k 1 3EI .
fo = 2m\m  2m+](0.2235pL+mepf)L3 (Equation 3.4)
where
E is the Young’s modulus of the beam k is the stiffness of the beam
I is the area moment of inertia fn 1s the natural frequency of the beam
L is the active length of the beam Mgneitever1S the mass of cantilever

p is the mass per unit length of the beam ~ mest is the end mass

According to this equation, for a set material, the natural frequency of beam is related to the
effective end mass and the active length of the beam. The frequency therefore can be decreased
by either increasing the active length or the effective end mass. In other words, known values
of elastic modular E and the density of material, by varying the thickness, width, active length
of the cantilever, its stiffness and natural frequency can be predicted theoretically. Then it was
possible to design a cantilever suited to fit the desired stiffness and frequency.

3.2 Power of Wind

The power generated by a wind generator is originated from the wind power. The theoretical
wind energy can be calculated from the standard formula for the kinetic energy approximation
of a moving system:

E= %mvz (Equation 3.5)

Here m is the total mass of air at the windward area while v is the wind speed. The air mass can
be given by

m = pAvAt (Equation 3.6)
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where p is the air density, A is the windward area for the device and At is the period of time
over which the calculation is performed. Hence, the kinetic energy becomes

E= % pAv3AL (Equation 3.7)

From this equation, we can obtain the wind power simply by dividing the kinetic energy by the
time:

P = %pAv3 (Equation 3.8)

In this case, the power of the wind becomes a function of air density, and area as well as wind
speed. The air density and the windward area for a device are fixed while the wind velocity can
be changed and is proportional to its power.

3.3 Power of Generator

A mechanical model of a second order spring mass system, i.e. an inertial device, was was first
proposed by Williams and Yates which consists of the base excitation of an elastically mounted
seismic [118]. While the elastic mount is typically modelled as a coil spring, in practice a
cantilever beam would provide both the flexibility and necessary constraint of the seismic mass.
The means of energy extraction may consist of a magnetic seismic mass moving past a coil, or
the beam may be fabricated from piezoelectric material. As far as the mechanical vibration is
concerned, the combination of mechanical and electrical damping is treated as equivalent to
linear viscous damping, which is proportional to velocity. The basic system can be considered
as a second order spring-mass-damper model as shown in Figure 3.2.

F sin wt
B
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Figure 3.2: Schematic of a second order mass-spring-damper system.

In Figure 3.2, the model is subject to a sinusoidal force applied directly to the mass. Then the
differential equation of motion is described as:

mX + cx + kx = Fsinwt (Equation 3.9)
Where k is the stiffness of the cantilever; m is the proof mass added to the end of the cantilever;

c is used to model the mechanical and electrical damping; and x is the displacement of the mass.
The standard steady state response is

X = fw)zYsin(wt — @) (Equation 3.10)
+ —

Where Y is the amplitude of vibration and the phase angle ¢ is given by:

¢ = tan_l( = ) (Equation 3.11)

k—-mw?

The maximum power is extracted from the environment when the frequency of excitation is
equal to the natural frequency, regardless of the damping ratio. Then the resonant frequency is
given by:

Wy = W/ 1 — 202 (Equation 3.12)

Here ¢ is the damping ratio, while the natural frequency is

Wy, = |— (Equation 3.13)

m

The power captured by the damper is described by the following equation by Williams and
Yates [118]:

m{l/z(i)au3 .
P= “n (Equation 3.14)

[+l

When w = w,, the maximum power generated. Therefore Equation 3.10 can be reduced to
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my2wy,3

pP; = ST (Equation 3.15)

From equation above, it can be seen that a low damping factor is required for a higher power
generation. However, the conclusion that the output power will be increase towards infinity as
the damping ratio reduces towards zero cannot yet be made. Setting the damping ratio to zero
implies that the system is no longer in a steady-state; therefore the equations are no longer valid.
Besides it is clear from the above that the mass and the maximum displacement of the mass
should be as large as possible within the size constraints to maximize the output power.

3.4 Theoretical Model of Piezoelectricity

The piezoelectric generator can be modelled by assuming a basic configuration (a bender
mounted as cantilever with a mass on the end) based on beam theory and the piezoelectric
constitutive equations:
§=9/p+dQ (Equation 3.16)
D=¢eQ+do (Equation 3.17)
where:
& is mechanical strain
o is mechanical stress
E is the modulus of elasticity (Young’s Modulus)
d is the piezoelectric strain coefficient
Q is the electric field
D is the electrical displacement (charge density)
€ is the dielectric constant of the piezoelectric material

A model suggested by Roundy et al. [119] is presented here to better understand the
electromechanical coupling behaviour of the piezoelectric generator. It is an analogous
transformer model where the mechanical and the electrical domains of the piezoelectric system
are modelled as circuit elements and the piezoelectric coupling is then modelled as a
transformer as shown in Figure 3.3.
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Figure 3.3: Circuit model of piezoelectric with resistive load.

The mechanical domain of the equivalent circuit at the left hand side consists of an inductor, a
resistor and a capacitor which represent the generator mass, m, the mechanical damping, bm,
and mechanical stiffness k, respectively. For the electrical domain on the right, Cp is the
capacitance of the piezoelectric and R is the external resistive load. n is the equivalent turn
ratio of the transformer and is proportional to the piezoelectric charge constant. The vibration
input is shown as a stress generator ( ¢ in) which originated from the input acceleration Ain. The
relation between input vibrations (Ain) and an equivalent stress can be written as:

Oin = 7 Ain (Equation 3.18)

where b™ is the geometric constant relating average bending stress to force at the beam’s end.
The system equation can be developed by using Kirchoff’s Voltage Law (KVL) and Kirchoff’s
Current Law (KCL) as:

kspd

. —kg bmb** & " ;
6= m” §——"—0+ - V +b*Ai, (Equation 3.19)
p=tles Ly (Equation 3.20)
£ RCp

where:
V is the voltage at the output
tc is the thickness of a single layer of the piezoelectric material
ksp IS the equivalent spring constant of cantilever beam
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b” is the geometric constant relating average bending stain to force at the beam’s end

k

The electrical coupling term in Equation (3.19), T:l’;d I/, can then be used to find the equivalent

linear damping ratio, <, which represents the electrically induced damping as presented in
Equation (3.21):

wk?

(o = ————
2 ’w2+1/(RC)2

(Equation 3.21)

where K is the piezoelectric coupling coefficient and K = /gd It is an indication of the

material’s ability to convert mechanical energy to electrical energy [120]. The load resistance
can then be adjusted to equalise the electrically induced damping <. to the mechanically
induced damping ¢ 'm to achieve an optimal output power. The optimal load resistance can then
be given by:

L 2om (Equation 3.22)

Ropr = —
pt
wC [4¢2 +K*

and hence the optimal output power can be calculated as:

2 (kdtcb*
ch( £ )

N (4{,3,1+K4)(chw)2+4ZmK(Rpr)+2(72n

Az (Equation 3.23)

mn

The power output is proportional to the square of the acceleration magnitude of the driving
vibrations and is inversely related to the frequency as can be seen directly from the equation.
However, it should be noted that although a lower frequency will help increase the output
power, the accompanied increase of the displacement of the proof mass may lead to an
increased strain. As there is a limit on the maximum strain can be supported by the material,
the power output is hence limited by the fracture strain of the piezoelectric material. In addition,
although not immediately obvious from the expression in Equation 3.23, we can still conclude
the output power is proportional to the proof mass as an increase of mass will lead to increases
of other variables under a given frequency. For instance, with the increase of mass, either the
thickness or the width of the beam must go up to maintain the same resonant frequency, this
will consequently induce either an increase in both tc and b” or an increase of Cy, both of which
will result in a higher predicted output power.

Although this model is used to calculate output power from vibration, it can also be adapted in
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this work by relating Ain to the amplitude of the cantilever Y:
Ay = w?Y (Equation 3.24)
Equation (3.23) can then be further written as:

RC§ (kdtcb*>
J— £

- (4(,2n+K4)(chw)2+4(mK2(chw)+2(,2n

w?Y (Equation 3.25)

In this work, the oscillation amplitude of the cantilever is determined by the test wind speed.
By establishing the relation between the amplitude and wind speed, this equation can then be
applied to direct calculate the theoretical output power of the piezoelectric generator fabricated
in this work at different wind speeds.

3.5 Theoretical Model of Electromagnetism

Most electromagnetic based energy harvesters use an inertial frame configuration, in which the
relative movement between the magnets and the coils are induced by the vibration of the inertial
frame. The voltage induced in the electromagnetic transducer is expressed by the Faraday’s
law as follows:

dp dz

V=-N—=
dz dt

(Equation 3.26)

where N is the number of coil turns, z is the relative displacement between a magnet and the
coil; @ is the magnetic flux. The induced voltage is proportional to the product of a magnetic
gradient. Furthermore, the magnetic flux is proportional to the position of the inertial mass,
which is determined by the geometries and the configuration of the coil and the magnet as well
as the relative velocity between them. Consequently, the voltage across the idealized voltage
source in the electrical domain can also be expressed as:

V(t) =0z'(t) (Equation 3.27)

where @ is the coupling coefficient. It can be written as 8 = NIB and has units VVs/m. Here Nl
and B are the effective length of the coil and the average flux density. From Equation 3.14, it
can be seen that the maximum power generates when the exciting frequency coincides with the
natural frequency of the system. Using the electromagnetic transduction, the amount of power
generated is equivalent to the energy dissipated by the electromagnetic induction. Therefore
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equation can also be expressed as

_ mleY?wy?

¢ = i) (Equation 3.28)

Where {,, = cp/2mw, and {, = c./2mw, , the electric damping coefficient c, can be
expressed as

_ (N1B)?
" RL+Rc+jwLc

(Equation 3.29)

e

where R;, R, and L, are, respectively, the load resistance, the coil resistance and inductance.
Based on above equation, to achieve high coupling factors, the coil should be designed with
large effective length, which can be achieved by increasing the number of turns and using a
larger area coil. Moreover, decreasing the coil resistance by using larger diameter wire is also
an effective way.

The average power delivered to the load then can be expressed as

_ m(eYzwn3 Ry,
Proaa = 4(Ge+{m)? (RL+RC)

(Equation 3.30)

The maximum power can be transferred to the load by matching the load impedance to the
source impedance. And the relationship is [121]

0% cpwn?
(k-mwp?)2+(cmwn)?

RL:RC+

(Equation 3.31)

where:
k is the spring stiffness
¢S the mechanical damping coefficient

Considering the case at mechanical resonance by substituting in w,, = +/k/m in to equation
3.31 gives:
62 .
R, =R, + = (Equation 3.32)

This equation has previously been derived by Stephen [122] as the resistive match at resonance,
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taking coil resistance into account. It can be inferred that the optimum load is function of the
coil resistance and the mechanical damping.

3.6  Aerofoll

In this work, an aerofoil was used as the wing of the power harvester. An aerofoil is a device
designed to obtain useful reaction upon its surface from the air. When an aerofoil starts moving
through the air, it is capable of producing lift. Wings, turbines and propellers are all examples
of aerofoils. Operation of an aerofoil is based on Bernoulli's Principle, which states that the
pressure of a fluid (liquid or gas) decreases at points where the speed of the fluid increases
[123]. In other words, within the same fluid, such as air, high speed flow is associated with low
pressure, and low speed flow with high pressure. This phenomenon is used to create lift. By
making proper shape of the aerofoil, velocity of the wind above its surface is increased,
therefore pressure above the aerofoil decreased. Simultaneously, the impact of the air on the
lower surface of the aerofoil increases the pressure below. Then the higher pressure below is
able to produce a perpendicular lift force on it.

I
Tailing
Edge

Figure 3.4: Schematic of an aerofoil module. Reprinted from [124].

Figure 3.4 illustrates the various modules that make up an aerofoil. The forward part of an
aerofoil is rounded and is called the leading edge. It is the part of the aerofoil that meets the
wind first. The aft part, which is called the trailing edge, is narrow and tapered. It is the last
part before the wind leaves the aerofoil. A reference line often used in discussing aerofoils is
the chord, an imaginary straight line joining the terminals of the leading and trailing edges,
dividing the aerofoil into the upper chamber and the lower chamber. The angle between the
chord and the oncoming wind towards the aerofoil is labelled as the angle of attack. Lift force
on the aerofoil would vary when the angle of attack changes [124].

Aerofoil geometry can be characterized by the coordinates of the upper and lower surface. It is
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often summarized by a few parameters including maximum thickness, maximum camber,
position of max thickness, position of max camber, and nose radius. By given these parameters,
a reasonable aerofoil section can be demonstrated accurately. The NACA aerofoils are aerofoil
shapes for aircraft wings developed by the National Advisory Committee for Aeronautics
(NACA) [125]. The shape of the NACA aerofoil is described using a series of digits following,
illustrating three parameters, the camber (first digit), the position of the camber (second digit)
and the thickness in percent (two digits). In this work, the most commonly used aerofoil shapes
NACA 0024 and NACA 4424 are selected and will be tested in chapter 4. The former one is
symmetric aerofoils (not cambered) while the latter one is an asymmetric aerofoil profile.
According to the operation description, an asymmetric aerofoil should be preferable to
maximise the lift force acting on it. For simplification, only two aerofoil shape are tested in
this work. However, other aerofoil shapes might give better results.

3.7 Conclusion

In this chapter, the theory governing the mechanical behaviour of the harvester was expounded
with different models. Some conclusions were drawn from those models for potential design
feature. The minimum wind speed for operation of the system is a critical design parameter for
tailoring the energy harvester to its target application and maximizing its useful operating range.
Based on the working principle of the harvester, the mechanical structure can be optimised by
designing the bluff body and aerofoil in a proper way. In any practical device, the amplitude
of the mass is limited to some maximum value, together with the magnitude and frequency of
the excitation. To get maximum power output, the maximum displacement of the mass should
be as large as possible within the design constrains of dimension. Moreover, a lower
fundamental frequency of vibration is also preferable for larger output power. The natural
frequency of the cantilever can be decreased by either increasing the active length or the
effective end mass. Besides the mechanical structure, transduction system is also critical to the
generated power. For electromagnetic transducer, high coupling factors can be achieved by
designing coils in such way of increasing effective length and decreasing the coil resistance.
While in the piezoelectric transduction system, although a lower frequency and a larger
amplitude will help increase the output, as piezeceramics are fragile, the maximum
displacement must be controlled to produce strain within the limit of the material. Furthermore,
static aeroelasticity of such device should be considerable for steady operation. All these design
concerns will be discussed in detail and investigated computationally and experimentally in
following chapters.
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In this chapter, a wind harvester model is designed and discussed. The main objective is to
design the structure based on theory and estimate the performance by simulation. The
simulation of the model will be carried out through a finite element method using ANSYS
software, and it will be used to compare with experimental results. To optimise the basic
geometry of the harvester, both simulations and experiments in this chapter focus on the
mechanical design of the harvester without the transducer part. The transducers will be studied
afterwards.

4.1  Design Considerations

As mentioned in previous chapters, in order to operate throughout the entire range of flow
speeds in air ducts, a low threshold wind speed (<1.5 m/s) is desirable for the harvester. This
parameter is an important design point for any potential application and would be constrained
by size, mass, and material limitations in practical applications. It can be achieved by
improving the mechanical and transducer configurations. The mechanical configuration
involves several parameters such as the position of the bluff body, the attack angle of the
cantilever wing, and the dimensions of the cantilever (seen in Figure 4.1). These need to be
optimized simultaneously according to the operating conditions at different wind speed. The
optimum configuration thus should be designed by investigating these factors for a better
performance.

To achieve the maximum output power from the device, the input excitation from the air flow
should ideally match the natural frequency of the cantilever. For low wind speed operations,
the oscillation frequency of the harvester is normally lower than 20 Hz. In order to operate at
resonance, the natural frequency of the structure should reduce to that value as well. This target
can be achieved through changing dimensions of the beam and employing large proof-mass or
low material stiffness.

After considering the mechanical design factors of the harvester, the transducer features will
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then be taken into account to enable electrical energy output. For most flow-induced energy
harvesters, piezoelectric generators and electromagnetic transduction are used as major
transduction mechanisms. These design details will be discussed in the following chapters.

4.2  Structure Design
4.2.1. Overall Size

The micro wind harvester presented in this report is based on a previous larger scale device
reviewed in the literature search. The volume of the previous harvester was 624 cm? in total.
In order to scale down the size and investigate the performance, a miniaturized form with a
volume of 62 cm?approximately, which is one tenth of the large device volume, was proposed.
The total volumes and the beam sizes of two harvesters are listed below individually. A T-
shape extension of the beam was used to support the length of the blade. This kind of shape is
preferable rather than a traditional simple rectangular shim sheet as the differing air flows along
the length of the blade might lead to a periodic and random twist during oscillation.

Table 4.1: Main components of two harvesters.

Main Components Reference device Miniature prototype
Total volume 120mm >80mm>65mm 50mm >35mm>35mm
Beam 50mm X<18mm>0.2mm 35mm >5mm>0.1mm

4.2.2. Material Chosen

For most flow-induced energy harvesters with a cantilevered structure, two materials,
beryllium copper and stainless steel, are widely used as great spring materials. Properties of
those two alloy materials are slightly different. In this section, beryllium copper was selected
to fabricate the beam because of its lower stiffness which means a lower nature frequency.
Balsa wood was used to make the wing part to minimize weight since the density of this
material is much lower than plastic or other kind of wood. Other components were fabricated
using 3D rapid prototyping. All material properties are listed in the following table.

Table 4.2: Material Properties.

: Density . . Young’s
Components material (glem?) Poisson ratio modulus
g (G Pa)
Beam Beryllium 8.9 0.32 120
copper
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Wing Balsa wood 0.35 0.4 11

4.2.3. Design Configuration

The harvester is constituted with four components, including a beam, a wing, a base part and a
wind shield (bluff body). Figure 4.1 shows the sketch of the harvester mechanical structure.
Some factors that may have a significant influence on the performance of the harvester are the
position of the bluff body, shape and the attack angle of the wing. The position of the bluff
body can be represented as the distances between the bluff body and the wing both in horizontal
and vertical directions. The horizontal position of the bluff body is the distance from the wing,
while the vertical position is the height from the wing. A set of simulations and experiments
will be carried out to investigate the influence of these factors.

Height from
the wing

the wing

Attacking angle

Figure 4.1: Schematic of the harvester mechanical structure.
4.3  Simulation Analysis

It is necessary to investigate the influence of the mechanical structure both computationally
and experimentally. Ideally fluid-structure interaction simulations should be conducted to
simulate the behaviour of the device. However fluid—structure interaction problems and multi
physics problems are often too complex to solve analytically and numerically. In this work, for
simplification, a static model was used for analysis instead of computational dynamic model.
All simulations were conducted using ANSYS CFX to estimate the effect of bluff body and
the attack angle of the wing. Results from different arrangements were compared and plotted
using ANSYS commercial package of Design Optimization.

Figure 4.2 shows the symmetry scheme of the static model where a laminar airflow passed
through the wind tunnel along —x direction with the bluff body placed at the bottom. The inlet
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speed was set from 1 m/s to 8 m/s, which is the wind speed range in the experiments. The
colours in the figure represent the velocity distribution and the arrows represent the wind speed
vector. During the simulation, when the airflow passes the aerofoil, a lift force is generated due
to the asymmetric wind speeds above and below it. In static model, the aerofoil and cantilever
will not move with the airflow, therefore the threshold wind speed is unpredictable. However,
as explained in Chapter 3, the oscillating vibration of the device starts from the asymmetric
force above and below the aerofoil, which is enhanced by placing a bluff body in front of the
aerofoil. Since the consequence that large lift force acting on aerofoil will provide a relatively
low threshold wind speed, configurations generating larger lift force should correspond with
those having lower threshold wind speed. Accordingly, a set of parameters were used to
estimate the lift force applied on the aerofoil, which was used as a guide to determine the
threshold wind speed of the device. The variable simulation parameters included the height of
the bluff body, the horizontal distance from the aerofoil and the attack angle of the aerofoil.

H 4.748e+000

3.561e+000

2.374e+000

1.187e+000

0.000e+000 4\\\» )

[m s*-1] ( (==

0 0.050 0.100 (m)
— — "
0.025 0.075

Figure 4.2: Static modal in ANSYS CFX (Inlet wind speed = 2 m/s).

Firstly, the characteristic of flow over the bluff body without the device was investigated. As
shown in Figure 4.3. It is clear to see the airflow over the bluff body has changed both in
magnitude and direction. In area A, the flow speed has magnitude nearly half as much again as
the inlet speed while flow speed at area B reduces significantly. This situation causes an
asymmetry in pressure distribution, resulting in a different pressure field behind it.
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Figure 4.3: Flow speed distributions around the bluff body (Inlet wind speed = 1 m/s).

Secondly, simulations were run by placing the bluff body in front of the flapping part at
different positions with the same attack angle and airflow speed. At different positions, velocity
distributions above and under the surface of the aerofoil are different, leading to different lift
forces acting on the aerofoil and beam, as shown in Figure 4.4. For this reason, the position of
the bluff body, in other words, the height and distance between the bluff body and the aerofoil
are important factors that should be studied further.

C. Higher than the bluff body D. Lower than the bluff body

Figure 4.4: Flow speed distributions around aerofoil at different positions (Inlet wind speed =
2 m/s)

To investigate these parameters, two schemes were defined to estimate the lift force applied on
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the aerofoil. The first one is at a fixed attack angle, firstly changing the height of the bluff body
while maintaining a fixed distance from the aerofoil. The other scheme was to vary the distance
between them with a certain height of the bluff body. These adjustments were done with
ANSY'S Design Optimization. Results of the simulation are presented in the form of lift force
applied on the aerofoil as seen in Figure 4.5.

[ “ANSYS

Noncommercial use only

[) 00045 0009 (m) \Y"
— — ]

0.00225 0.00675

Figure 4.5: Lift force distributions on the aerofoil and cantilever (Inlet wind speed = 1 m/s).

A 3D response surface of the lift force at an attack angle of 5°with different heights and
distances from the bluff body is plotted in Figure 4.6. The colours in the figure represent the
force distribution where red corresponds to higher force level. From the response surface,
distribution of the maximum values of force concentrates at distances from 3 mm to 10 mm
and heights from 18mm to 21mm.
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Figure 4.6: 3D bar chart of the lift force with different heights and distances from bluff body
(Attack angle = 59.

The attack angle of the aerofoil also has an influence on performance. The investigation of
attack angle was carried out by setting it as the input parameter ranging from 0<to 30<with a
step of 19while the height and distance of the bluff body was fixed at 18 mm and 5 mm
respectively. The Lift force on the aerofoil at different attack angles are plotted in Figure 4.7.
It can be seen that with the same height and distance, the lift forces at attack angles smaller
than 8%are relatively higher than the other values. However, when attack angle is larger than
15<the lift force decreased significantly with the increase of angle.
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Figure 4.7: Lift force at different attack angles with the fixed height and distance.
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Finally, the optimum configurations are summarized by combining the best values from above
results, shown below in Table 4.3.

Table 4.3: Design values for parameters optimization.

Designing Height of bluff ~ Distance between bluff body Attack angle of

Point body and aerofoil aerofoil
1 21 mm 3-4mm
2 20 mm 5-7mm
18°
3 19 mm 8 -9 mm
4 18 mm 11 mm

4.4  Testing of the Wind Harvester

4.4.1. Experimental Setup

Figure 4.8: Prototype of the harvester in this work.

To verify the simulation model, a prototype of the harvester only consisting of mechanical parts
(i.e. no transducer), as illustrated in Figure 4.8, was fabricated and tested in the air duct. All
the tests were done in the centre of a wind tunnel as shown in Figure 4.9(a). The air flow was
generated by a centrifugal fan which was then conducted along a steel air duct of approximately
2 m in length. The harvester was placed in the final 40 cm of the duct which is a transparent
plastic section and enables the oscillation of the harvester to be observed during the test. The
cross section of the duct was 20 cm x 35 cm. Small holes were drilled in the 20 cm long steel

57



Chapter 4 Oscillation Wind Harvester Design

section in front of the harvester to enable the insertion of an anemometer probe to measure the
flow speed. The anemometer has a 2% precision error. The airspeed can be adjusted by
controlling the fan speed, which allows tests from 0 to 8 m/s. A flow speed profile was
measured at different positions in the air duct through these holes and plotted in Figure 4.9(b).
Since the onset speed and prevalent of air turbulence changes slightly at different positions in
the wind tunnel, the harvester was placed near to the end of the duct in the centre where the air
flow is most steady and can easily be observed. All tests were done at room temperature. During
the tests, the threshold wind speed was measured by the aerometer; meanwhile amplitude of
the oscillation was measured using a protractor fixed on one side of the harvester. Testing here
should be precise and accurate and required a long time because of some periodic instability.
Short videos were also taken to find average values of the amplitude.

. (b)

| —e—Bottom Right

| —=—Bottom Centre
~—Middle Centre
| —s—High Centre

| ~—e—Bottom Left

Wind speed (m/s)

| Average

Controller Setting

Figure 4.9: (a) Wind tunnel used in this work; (b) The flow speed profile in the wind tunnel.
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The generator was also tested on a shaker table operated in sinusoidal vibration over a range
of different frequencies close to the resonant frequency of the cantilever beam. The acceleration
level was maintained at a constant level by using a feedback system as shown in Figure 4.10.
The accelerometer in the shaker measures the actual value of frequency and acceleration level
and is feedback into the control processor. A processed signal is then generated and amplified
to drive the shaker to produce the desired acceleration level at a given frequency. The
displacement was measured using a KEYENCE laser displacement meter LC-2450 and
subsequently converted to a digital signal and is measured with a National Instrument Sequence
Test Programme.

AnalogDigital > PC

N

KEYENCE laser

Sensor Signal Function
Conditioner Generator
A~
4
Shaker € Amplifier

Figure 4.10: Diagram of a sequence test system.

4.4.2. Experimental Results

Experimental results were used to estimate the performance of the harvester focusing on two
aspects; the threshold wind speed and the tip displacement. The threshold wind speed here is
defined as the lowest airflow speed at which the steady peak-to-peak displacement of the wing
exceeds 1 cm as displacement smaller than this value is not easy to be observed.

4.4.2.1 Attack Angle

The attack angle is of significant importance in this structure. The investigation of the influence
was carried out by determining the threshold wind speeds at variable attack angles with
different combinations of distances and heights of the bluff body. The attack angles were tested
ranged from 0°to 30°with a step of 12 For different bluff body height and distance
combinations, the threshold wind speed at different attack angles changes roughly towards the
same trend. Figure 4.11 illustrates this trend where the distance and the height between the
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bluff body and the wing are 5 mm and 20 mm respectively. It can be seen that with the same
height and distance, the threshold wind speeds are the lowest (below 1 m/s) for attack angles
from 5“0 82 In addition, when the attack angle is larger than 15<the threshold wind speed
increases rapidly. More figures can be found in Appendix A.
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Figure 4.11: Threshold wind speed at different attack angle the same height and distance (d =
5 mm, h =20 mm).

4.4.2.2 Distance of the Bluff Body

The position of the bluff body is another key factor which has influence on the performance of
the harvester. Tests were carried out both on horizontal and vertical distances (height) between
the aerofoil and bluff body. During the tests, horizontal distance was changed from 1 mm to
15 mm by a step of 2 mm while the vertical distances changing from 15 mm to 25mm. In this
section, a parameter of Ah is introduced and it refers to the gap between the bluff body and the
wing. For instance, 5 mm means the bluff body (which is 25 mm high in total) is 5 mm higher
than the leading edge of the wing, likewise -5 mm means the bluff body (which is 15 mm high
in total) is 5 mm lower than the wing.

Experiments showe that a value of height larger than 1 mm always leads to a high threshold
wind speed. The values of the threshold wind speed at varying distances and heights are shown
in Figure 4.12. Lower threshold wind speeds are found at horizontal distances ranging from 3
mm to 11 mm with vertical distances varying from 0 mm to —4 mm. Two relations are observed
between the distance and the threshold wind speed with different height conditions as shown
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in Figure 4.13. When the bluff body is lower than the leading edge of the wing, the threshold
wind speed reduces with the increasing distance in a certain range before rising again. On the
other hand, when the bluff body is higher than or at the same height of the wing, increasing
distance results in higher threshold wind speed for operation. It has also been found that to
achieve the lowest threshold wind speed, lower heights are favourable for further distances.
More figures can be found in Appendix B.

wind speed s

Figure 4.12: A 3D bar chart for threshold wind speed with variable distances and heights of
bluff body (attack angle = 59.
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Figure 4.13: Threshold wind speed with variable distances with the bluff body 3 mm lower and
1 mm higher than the wing (attack angle = 5<and lines plotted are used to indicate the trend).
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Figure 4.14 illustrates this relationship between the height and the distance at a fixed attack
angle. After optimising the distance of the bluff body and the attack angle, the lowest threshold
of the device is lower than 1 m/s.

Height from the wing (mm)

) A R NI NI SN S
0 2 4 6 8 10 12 14

Distance from the wing (mm)

Figure 4.14: Relationship between the height and the distance (attack angle = 5.

4.4.2.3 Shape of the Wing

Two main factors may have influence on the performance of the wing are the length and the
width. Experiments were carried out using a model wing with the shape of flat plate, so that
the variations could be easily adjusted. During the experiments, the attack angle was set to 5
and the distance and height of the bluff body were set to 5 mm and 20 mm respectively. Figure
4.15(a) and (b) illustrate the threshold wind speed of the wings at different length and width
respectively. Results show a plate of around 30 mm long and 11 mm wide are the most
optimising size, which can further decrease the threshold speed to 0.9 m/s. Wings longer than
that length resulte in an increase in twist. More figures can be found in Appendix C.
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Figure 4.15: (a) Threshold wind speed with different lengths of the wing; (b) Threshold wind
speed with different widths of the wing.

Three different wing profiles were tested to investigate the effects of the aerodynamic
characteristics of the wing on the harvester performance. These geometries selected were flat
plate; NACA 0024 aerofoil and. NACA 4424 aerofoil. The flat plate represents the simplest
and cheapest possible design while the NACA profiles are selected for different thickness and
cambers of the aerofoils. In order to compare the aerodynamic characteristics of the profiles
only, those wings were build and weighted to closely matching mass and size. And tests were
carried out for different wings at the same construction of the harvester. Table 4.4 shows the
geometry parameters and the threshold wind speed for operation of the wings.

Table 4.4: Comparison of four Wings Parameters.

. Wing Wing Wing Wing Threshold
Wing type mass length width maximum = \yind speed
thickness

Flat Plate 0.16 g 30 mm 11 mm 3 mm 0.9m/s
NACA 0024 0.21¢g 30 mm 11 mm 3mm 0.85 m/s

aerofoil
NACA 4424 0.25¢ 30 mm 11 mm 5mm 0.8 m/s

aerofoil

From the results it can be seen that the NACA 4424 aerofoil showed better performance with
a lower threshold wind speed (0.8 m/s) notably than the others. The reason is the asymmetric
aerofoil shape is more preferable to maximise the lift force acting on it. Consequently, it was
used for the harvester for further investigation.

4.4.2.4 Attached Mass
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Considering that adding proof mass could alter the amplitude of the oscillation and increase
the power output, investigation was taken in the influence of adding mass. Tests were carried
out by measuring the threshold wind speed and the amplitude of the wing with variable weights
of mass at different attack angles. The weight of the attached mass was ranging from 0.1 g to
2 g with a step of 0.2 g. All the masses were placed under the wing in the centre of the cantilever
tip. During the experiments, the distance and height of the bluff body were set to 5 mm and 20
mm respectively. The origin attack angle was set to 5<and increased with the increase values
of added mass. The threshold wind speed and amplitude at 2 m/s with a variety of proof mass
are plotted in Figure 4.16 respectively. It is found adding weights of the proof mass can magnify
the amplitude; however it increases the threshold speed as well. In order to control the threshold
wind speed below 1.5 m/s, the maximum proof mass should be lower than 2 g.
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Figure 4.16: Threshold wind speed and amplitude with variable weights of masses (plotted line
was used to indicate the trend).

The device was tested on the shaker operated as Figure 4.10 to estimate the natural frequency
of the cantilever beam with four different proof masses attached under the wing in the centre
of the cantilever tip. Figure 4.17 shows a typical frequency response for the cantilever. The
cantilever without proof mass has a resonant frequency of around 12.8 Hz, and this value
decrease with increasing proof mass attached on the cantilever. With proof mass of 2 g, the
resonant frequency can be reduced to 7.1 Hz.
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Figure 4.17: Experimental results for resonant frequency with different proof mass.

4.4.2 5 Final Results

After testing the influence of all factors mentioned above, a list of optimum configurations of
the harvester is shown in Table 4.5.

Table 4.5: Optimum structure of the harvester in this work.

e omthe MOIIIOT e TS e,
blade (mm) (mm) (m/s) (H2)
5< 3 0 / 0.8 18 12.8
6° 5 0 / 0.8 22 12.8
< 7 -1 / 0.8 18 12.8
8<° 11 -4 / 0.8 20 12.8
7 3 0 0.5 1 25 8.9
9<° 5 0 1 1.1 26 8.1
10< 7 -1 15 1.3 28 7.5
12< 11 -4 2 15 32 7.1
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To summarize, the configuration of the harvester has great influence on the performance.
Experiments showed that the threshold wind speeds are lowest at attack angles between 6<to
102 Lower bluff body heights should be combined with increased distances for the lowest
threshold wind speed. It has also been demonstrated that adding mass can increase the
amplitude and reduce the natural frequency significantly. However it also increases the
threshold wind speed. As it has been restricted to 1.5 m/s, the maximum value of the proof
mass added is 2 g.

45 Comparison
4.5.1. Optimum Mechanical Structure

Structure simulations by ANSYS CFX were used to investigate the influence on threshold wind
speed of the harvester with different configurations. Results of the simulation are presented by
using the lift force as a guide to determine threshold the wind speed of the device. It is assumed
that the lift force acting on aerofoil will provide an indirect indication of the threshold wind
speed, optimum configurations in simulation should demonstrated maximum lift force. A set
of diagrams comparing the simulation results and the experimental results is shown in Figure
4.18. Both simulation and test results verify that optimum positions of the bluff body are
approximately between 3 mm to 11 mm in horizontal distance and 18 mm to 20 mm in vertical
distance. Relations between the distance and the threshold wind speed at certain height of the
bluff body have the same trend in the simulations and tests. For instance, if the bluff body (with
height of 17 mm) is 3 mm lower than the wing, lift force increases initially and then begins a
gradual decrease when the distance is larger than 8 mm (Figure 4.19(a)). Accordingly, during
the tests, a decrease was observed in the threshold wind speed with the increasing distance in
a certain range before rising again. On the other hand, if the bluff body (with height of 21 mm)
is 1 mm higher than the wing, further distance results in lower lift force level, which in turn
leads to higher threshold wind speed as seen in Figure 4.19(b). However, there is a slight rise
before the significant drop in lift force, which is not observed during the tests. Regard to the
attack angle, largest lift force are generated at attack angle from 1°to 82 while the lowest
threshold wind speeds are found at attack angle between 5o 8<This difference is due to the
static model in ANSYS simulation, which does not involve the small bending of the cantilever
because of the gravity. However, the influences of the attack angle in computational and
experimental work are similar. Figure 4.20(a) showes a smooth increase of the lift force around
6<and a significant decrease when the attack angle was larger than 15<in simulation. And the
same trend is also found in the experiments as shown in Figure 4.20(b). In the test results, the
variation curve is not as clear as that plotted in ANSYS; however, results follow a similar trend.
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Table 4.6 shows the comparison of the simulation and the experimental results.

Figure 4.18: (a) Lift force and (b) threshold wind speed as functions of different distances and
heights of bluff body from simulation in ANSYS (attack angle = 5.
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Figure 4.19: (a) Lift force and (b) threshold wind speed a function of different distances and
heights of bluff body from simulation in ANSYS (attack angle = 57, lines plotted are used to
indicate the trend).
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Figure 4.20: (a) Lift force and (b) threshold wind speed a function of different attack angles
from simulation in ANSYS (distance = 3 mm, height =19 mm, lines plotted are used to indicate
the trend).

Table 4.6: Comparison of optimal configurations of the harvester in simulation and test results.

Simulation Analysis Wind Tunnel Tests
Attack angle of aerofoil 1°-8< 5<8<
Height of the bluff body 18 mm - 21mm 16 mm - 20 mm
Distance between bluff body 3mm - 11 mm 3mm - 11mm
and aerofoil

To sum up, although it is not possible to vary and correspond all of the parameters that were
computationally examined, the experimental results generally show good correlation with the
predicted results, thus validates the simulation model used in this study.

4.5.2. Natural Frequency

As discussed in Chapter 3, known values of elastic modular E and the density of material, the
thickness, width, active length of the cantilever, its natural frequency can be predicted
theoretically using Equation 3.17. Figure 4.21 shows the comparison of the resonant
frequencies of the cantilever in experimental results and theoretical calculation. As can be seen
form the figure that the theoretical values are higher than the experimental results in general.
For example, without proof mass, the theoretical resonant frequency is 13.3 Hz and the
experimental one is 12.8 Hz, which is quite close. However with proof mass of 0.5, the
theoretical value is 11.1 Hz, while the experimental result shows a resonant frequency of 8.9
Hz. This is because in the theoretical calculation, the effective mass of end mass distributes
evenly along the tip while during the experiments the end mass is in the middle of the cantilever.
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Figure 4.21: Comparison of the experimental results with the theoretical calculation for
resonant frequency with different proof mass.

4.6 Conclusion

In this chapter, in order to assess the effect of the bluff body and the attack angle of the aerofoil,
computational simulations were conducted using ANSYS. The lift force applied on the aerofoil
was used as a guide to determine the threshold wind speed. Results from different configuration
arrangements were compared and plotted using ANSYS commercial package of Design
Optimization. As seen in the figures, both simulation and test results verified that optimum
positions of the bluff body were approximately between 3 mm to 11 mm in horizontal distance
and 18mm to 20 mm in vertical distance. The optimum values of attack angle were from 5°—
8" Moreover, relations between the distance and the threshold wind speed at certain height of
the bluff body had the same trend in the simulations and tests. It could be observed that lower
heights of the bluff body were favourable for further distances to achieve the lowest threshold
wind speed. These similar trends between the simulation and experimental results showed good
correlations, which validated the simulation model used in this study. It should be noted that
simulation in this section was purely on mechanical structure and the transducer was not taken
into account.

Other parameters such as the shape of the wing and the influence of the mass added were also

investigated during the tests. The results showed that adding mass with suitable weight can
increase the amplitude slightly but increases the threshold wins speed at the same time. In order
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to restrict the value of threshold wind speed to 1.5 m/s, the maximum value of the proof mass
added is 2 g.

The next chapter will investigate the performance of the harvester with piezoelectric transducer.

The design and fabrication of a prototype of the harvester will be presented. After processing,
performance of the generator will be tested and evaluated.

70



Chapter 5 Piezoelectric Wind Generator

Chapter 5 Piezoelectric Wind Generator

For most flow-induced energy harvesters, piezoelectric generators and electromagnetic
transduction are used as major transduction mechanisms. Generally piezoelectric generators
are favourable for miniature devices when size is the main concern. In this chapter,
piezoelectric generator will be used to convert mechanical energy into electrical power. The
typical piezoceramic material, PZT, is chosen to fabricate the transducer. The design and
fabrication of a prototype of the harvester is presented. After processing, performance of the
generator will be tested and evaluated.

5.1 Transducer Design

For piezoelectric transducers in airflow energy harvesting systems, piezoelectric polymers are
attractive materials because of their flexibility, but suffer from low charge constant thereby
giving low surface energy density. Some researchers developed wind harvesters using
piezoelectric ceramics, which are manufactured in bulk form commercially, for its high level
of piezoelectric behaviour. However, due to the relatively large thickness, it is not compatible
with miniature size devices such as being developed in this work. Therefore a screen printable
version has been developed and this has previously been optimised to maximum performance.
In addition, as the beam is designed to vibrate at low frequency, the excited amplitude will
become large, resulting in a relatively high stress on the beam. As PZT is brittle, the cantilever
has to operate within the limit of stress that the material can withstand. Therefore suitable
design of the geometry of the PZT layer is important for energy transfer capability.

5.1.1. Design Configuration

For this device, the piezoelectric transducer was designed in form of a cantilevered beam with
bimorph structure which consists of PZT attached to both sides of the beam. For each side, a
sandwich layer of electrode-PZT-electrode on the dielectric layer was deposited on the beam
as shown in Figure 5.1. When the cantilevered beam is purely moving along the z axis, the
maximum stress induced at the bottom area, close to clapping edge of the cantilever. Therefore
in order to optimise electrical energy generation, piezoelectric material should be printed
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concentrating on the end of the clamped area of the beam. This structure is commonly used
piezoelectric generators, and the actual device will be fabricated based on this model. The
limitation of the fabrication technology (in this case, thick-film technology) and the physical
constrains of the real device for a robust piezoceramic structure should be considered.

Clamp
N

Top electrod‘G/ PZT Stainless steel

/

Dielectrode
bottom electrode X
Y

Figure 5.1: Schematic of a cantilevered beam with bimorph structure.

5.1.2. Material Chosen

In this chapter, stainless steel, instead of beryllium copper, was chosen because it is compatible
with the firing temperature required by the screen printable piezoelectric and conductive pastes.
The type of piezoelectric material selected for a harvester can have a major influence on the
functionality and performance. A common type used in energy harvesting applications is lead
zirconium titanate (PZT) due to its ability to efficiently transform mechanical energy to
electrical energy. The paste should be compatible with the substrate material, (304-type
stainless steel in this case). Gold (Au) paste is commonly used to fabricate the bottom
electrodes due to its good wire bondability and conductivity. Additionally it does not migrate
into the PZT at high temperature. Usually, Pt or Pd are added to form alloys to form a better
soldering pad material for thick-film applications. As the gold bottom electrode cannot be
printed directly onto the stainless steel substrate, an isolating dielectric layer must be printed.
Silver conductor paste is another alternative electrode material with poorer performance but
lower cost of fabrication compared with Au. It is used to fabricate the top electrodes due to the
low curing temperature, which can minimise lead loss form the PZT. More information of the
fabrication materials will be listed in the following section.

5.1.3. Modal Analysis
ANSYS is used to estimate the frequency response and power output produced when the
cantilever is driven with base excitation under harmonic vibration in the direction normal to

the base. The purpose of this simulation is to investigate the effect of the structure geometry to
the resonant frequency and output power with a focus on the PZT layer. The power generated
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from the simulation is useful for designing a feasible piezoelectric transducer. The simulation
parameters include the length, width, thickness of each layer and the proof mass, and the
constants used in the simulation are the elastic modulus, Poisson ratio and density of the
material. Simulation is carried out by varying one parameter at a time while fixing the other
parameters to estimate the resonant frequency and output power. For simplification, a bimorph
cantilever structure consisting of a sandwiched layer as illustrate in Figure 5.1 is designed with
different dimensions to investigate the performance. The aerofoil is not taken into account in
this structure (shown in Figure 5.2(a)). Firstly, a cantilever with dimensions in Table 5.1 was
used for the analysis. Figure 5.2 (b) showed that a fundamental resonant frequency of 50.7 Hz
were generated form the simulation. By connecting a resistance load of 900 kQ (the value of
the optimum load is tested in Section 5.4) between the upper and lower electrodes, an output
voltage can be obtained for power calculation.

Table 5.1: Parameters for ANSY'S piezoelectric simulation in this work.

Parameter Unit Value

I Beam length mm 30
Wp Beam width mm 5

tp Beam thickness pm 80

I PZT layer length mm 10
Wp PZT layer width mm 5

t PZT layer thickness pum 80

la Dielectric layer length mm 10
Wd Dielectric layer width mm 5

tq Dielectric layer thickness pm 20
le1 Top electrode length mm 10
Wel Top electrode width mm 4

ter Top electrode thickness pm 10
le2 Bottom electrode length mm 10
We2 Bottom electrode width mm 4

te2 Bottom electrode thickness pm 10
Pb Density of stainless steel kg/m’ 7750
pPd Density of dielectric material [126] kg/m’ 2230
Pel Density of Ag kg/m? 9320
Pr Density of PZT [127] kg/m’ 5440
Pe2 Density of Au kg/m’ 19280
Po Stainless steel Poisson ratio dimensinless 0.26
Pr PZT Poisson ratio [127] dimensinless ~ 0.35
Pa Dielectric material Poisson ratio dimensinless 0.2
Pei Ag Poisson ratio dimensinless 0.38
Pe2 Au Poisson ratio dimensinless 0.42
Ep Stainless steel Young’s Modulus GPa 180
E, PZT Young’s Modulus [127] GPa 60
E,; Dielectric material Young’s Modulus [126]  GPa 64
E.; Ag Young’s Modulus GPa 110
E.; Au Young’s Modulus GPa 80
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Figure 5.2: (a) Diagram of the cantilever with dimensions in Table 5.1; (b) Diagram of the
output voltage generated by the cantilever.

Analytically, it is confirmed that increasing both the width and length of the PZT layer helped
increase charge output, and that increasing the width is more effective than the length [128].
As a consequence, printing the PZT layer along the total width and length of the beam can
achieve the maximum output charge. However, this will increase the total thickness of the beam,
leading to a high resonant frequency which is not suitable for wind generator. Consequently,
optimising the size of the PZT layer is necessary for trade-off between the electrical energy
output and the resonant frequency. Additionally increasing the PZT thickness also increases
the charge output. In this section, the thickness of the PZT layer is fixed at be 80 pm.

Simulations with different lengths and widths of the PZT layers were carried out to investigate
resonant frequency and output charge. The width of the PZT layer does not have great influence
on resonant frequency; therefore printed width of the PZT material should be the same value
as that of substrate, which is 5 mm in this case. On the other hand, the length of the PZT layer
affects the performance a lot. As shown in the Figure 5.3, length with values from 11 mm to
16 mm can achieve better output power than the others. However, a larger length significantly
increases the resonant frequency at the same time. An important method to reduce resonate
frequency and magnify the output power is by adding mass, which could be the aerofoil in this
case.
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Figure 5.3: Natural frequency and output power with different lengths of the PZT layer (lines
plotted are used to indicate the trend).

Simulations were also run with aerofoil attached to the tip of the beam, fully covered the T-
shape extension tip of the beam. The simulation parameters are listed in Table 5.2. Results are
plotted in Figure 5.4. It can be seen that by attaching wing as the proof mass at the tip of the
cantilever, resonant frequency can be reduced significantly and the output power increases as
well. For example, with a PZT length of 11 mm, the resonant frequency decreases from 55 Hz
to 16.5 Hz while the power output increases from 3.2 W to 4.5 JW. As a result, PZT lengths
from 11 mm to 16 mm are chosen for experiments in the following section.

Table 5.2: Parameters of aerofoil for simulation.

Parameter Unit Value
Ly Aerofoil length mm 30
Wy Aerofoil width mm 11
tw Aerofoil thickness mm 5
Pw Density of balsa wood kg/m’ 350
Pw Balsa wood Poisson ratio dimensinless 0.4
E, Balsa wood Young’s Modulus GPa 11
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5.2.1. Substrate Design

Figure 5.4: Natural frequency with different lengths of the PZT layer after adding the aerofoil.

An I-shaped beam was designed as shown in Figure 5.5. The tip extension of the beam is used
to support the length of the aerofoil, while the bottom extension is to form the electrode pads
for soldering. This kind of shape is preferable rather than a traditional simple rectangular shim
sheet as the differing air flows along the length of the blade might lead to a periodic and random
twist during oscillation. Layout of the beams on a metal foils (15 cm > 15 c¢cm), was designed
with Autodesk Inventor software and illustrated in Figure 5.6. Grooves with small connections
are made along the edges of beams and used as mask patterns during the machining process,
which will subsequently be etched off to form the beam profiles. The joints can also reduce the
warping effect caused by thin metal foil undergoing high temperature firing process.
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Figure 5.5: Design schematic of the cantilever beam used in this work.

-

s < Align pattern
srooves with joints

o

j\/ . N
&y/%/ )

S >
Screw hole for\}\

. Tip extension
magnet fixing

Figure 5.6: Layout of the Cantilever beams on a metal foils in this work.
5.2.2. Screen Design
The structure of a piezoelectric cantilever beam is illustrated in Figure 5.7(a). The PZT layer

was designed to be 0.5 mm shorter than the dielectric layer, while the bottom and top electrodes
were 0.5 mm narrower peripherally than the piezoelectric material. This is to give a margin for
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printing tolerance to prevent a short circuit between those electrodes. Each layer of the
composite structure was designed with Autodesk Inventor software and converted separately
into photo-plotter format (DXF) which could be translated into a patterned thick-film printing
screen. As shown in Figure 5.7(b), four screens were needed to fabricate different layers of the
structure.

Stainless steel~

I
~

PZT layer

Top electrode Bottom electrode

Dielectric layer

(a)
I ] | ]
(1) (2) (3) (4)
Dielectriclayer ~ Bottom electrode layer  PZT layer Top electrode layer
(b)

Figure 5.7: (a) Layout of the piezoelectric cantilever structure; (b) 4 layers on the cantilever
structure.

Geometry of the piezoelectric cantilever was also investigated in simulation. Moreover, screens
were designed for thick-film screen printing process. All the simulation results will finally be
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compared with experimental results in the next section.

5.3 Fabrication of the Piezoelectric Cantilever

The piezoelectric cantilever is produced by normal thick-film printing steps, including paste
preparation, screen-printing deposition, drying, firing and finally poling process.

5.3.1. Materials Preparation

The ingredients for fabricating the piezoelectric cantilever consist of dielectric pastes, PZT
pastes, conductor pastes and the base substrate.

The PZT used in this paste preparation is based on Morgan Electro Ceramics, Southampton,
UK, PZT-5H by blending the power of different particle size (ball milled and attritor3 milled).
This material exhibits high levels of piezoelectric activity with a low Curie temperature
compared to alternative compositions [30]. The particle sizes available had an average diameter
of 2 pm and 0.8 i for the ball and attritor3 milled PZT power respectively. Lead borosilicate
glass (CF 7575) is used as the permanent binder. Table 5.3 shows the components of PZT paste
formulation, each of which is expressed as a percentage of the total weight of the paste.

Table 5.3: Components of the PZT paste used in this work.

Components % by Total Weight
PZT-5H(2 pm) 72
PZT-5H (0.8 pm) 18
CF7575 10

The substrate is the essential material on which films or layers of screen printable materials are
deposited and processed to build a whole device. Depending on the process of fabrication, a
range of substrates can be used for thick-film devices such as alumina, silicon, stainless steel,
polymer and glass. Since the device is used for airflow induced cantilever structure, elastic
material is more preferable. Consequently stainless steel is selected for the substrate. There are
various types of stainless steel according to different alloy compositions. In this study, the type
of 302/304 is used because it is compatible with the firing temperature required by the screen
printable pastes. The final substrate with a thickness of 80 pm is shown in Figure 5.8, fabricated
by Tecan Ltd using photo chemical machining process technology.
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Figure 5.8: Stainless Steel substrate fabricated in this work.
All fabrication materials and their properties are summarized in the following table.

Table 5.4: A summary of f materials deposited in this work.

Layer Material/Paste
Substrate Type 304/302 Stainless Steel
Dielectric ESL 4916

Bottom Electrode(Au) ESL 8884
Top Electrode (AQ) DuPont 5000
PZT PZT-5H University of Southampton

5.3.2. Screen Printing Process

The substrate was printed in University of Southampton Class 100 clean room using a DEK
248 CERD printer. A process flow chart outlining all the steps employed in the report was
listed in Figure 5.9. The screen printing process commenced with one layer of dielectric
material printed to cover the substrate. The film was then dried in a belt furnace at 125T for
15 minutes. A sequence of printing and drying a dielectric layer on the other side of the
substrate was repeated to create a bimorph structure for the PZT layers. Both dielectric layers
were subsequently fired on the thick-film belt furnace with a peak temperature of 850 C. Once
the dielectric layer was fired, two single bottom electrode layers of gold were added on both
sides of the substrate using the same process. On the bottom electrode, the PZT layer was added
consisting of two prints. The first layer was dried at 125T for 15 minutes, and then a second
layer was printed directly on top and dried. After the PZT layers were fired, top electrode layers
of silver were printed and dried as well using the same process. This printing and curing
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sequence avoids firing the device at high temperature again. Drying and firing conditions
depend on the type of printed material and substrate. A summary of drying and firing profile
for each layer of material is shown in Table 5.5. The furnace operator can control the peak
temperature, through speed, and drying time.

. - - - - - ™\
e Dielectric material print on side 1 #Drying
e Dielectric material print on side 2 *Drying
e Firin
g J
- - . ™\
¢ Gold print on side 1 *Drying
¢ Gold print on side 2 ¢Drying
Bottom ..
electrode layer] © Firing
~
* PZT layer 1 print on side 1 eDrying ¢PZT layer 2 print on side 1 ® Drying
* PZT layer 1 print on side 2 eDrying PZT layer 2 print on side 2 eDrying
PZT layer | * Firing
J
~
* Silver print on side 1 *Drying
e Silver print on side 2 *Drying
J

Figure 5.9. Flow chart of the screening printing process.

Table 5.5: Drying and firing conditions of materials printed.

Drying Time Curing
Material Temperature . Temperature Peak Time (mins)
o (mins) o
(WY)] (WY)]
Dielectric ESL
4916 125 15 850 10
PZT 5H 125 15 850 10
Au ESL8884 125 15 850 10
Ag DuPont5000 125 15 / /

Two pieces of substrates were fabricated using above processing and a photograph of the final
device cutting from the metal sheet is shown in Figure 5.10.
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Figure 5.10: Photograph of a printed piezoelectric cantilever in this work.
5.3.3. Poling

Polarisation is the final fabrication step, which is used to enhance the piezoelectric properties
of the PZT. The general process of poling involves the following steps: the material is heated
up to and held at an elevated temperature (typically around 150 C). A sufficiently high electric
field (usually 2 — 5 MV/m) is applied to the material for certain time to let all ferroelectric
domains get oriented in the direction of the electric field, and the material attains saturation
polarization. Then the material is allowed to cool down to room temperature with electric field
kept on. This is to prevent the sample from depolarising below Curie temperature. Finally the
electric field is removed. The material remains in the maximum polarization state with most of
the domains oriented in the same direction. A set-up of the polarisation is shown in Figure 5.11.
The poling process was undertaken in a chamber with a temperature-controlled hotplate for
heating up. Devices were connected electrically to a high voltage DC power supply. Two clips
were used to connect electrodes on different sides together, thus the PZT layers on both sides
can be poled simultaneously. One alumina block was placed on top to press the beam close to
the hotplate surface avoiding nonuniform temperature caused by the interspace between them.

The ds3 values were measured using a commercial Berlincourt piezometer as shown in Figure
5.12. However, clamping effects of the substrate may reduce the effective dsz coefficient in this
measurement [129]. The effect of poling conditions including temperature, time and electric
field on this piezoelectric material will be further discussed in the next section.
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Figure 5.11: The setup of the polarisation process.

Figure 5.12: The setup of the dss measurement by piezometer.

5.3.4. Results and Discussion

After printing four pieces of substrates, 36 samples were finally achieved and poled. Other
samples were failed because of a short circuit causing by cracks on the PZT layer during firing
process. It was found that a maximum value of dss obtained was around 90 pC/N when the
polarisation temperature, time and field strength are 225, 30 minutes and 4 MV/m
respectively.
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5.3.4.1 Firing Condition

The furnace firing profile affects the piezoelectric properties due to the change in stoichiometry
of the film and the degree of particle sintering occurred during the firing process [30]. Typical
firing temperature for screen-printed PZT thick films is 800 — 1000TC as PZT films at
temperature above 800 C show acceptable adhesion and sintering. In some research, the higher
firing temperature produces an increase dsz value [129], hence two firing profiles with different
temperatures (950C and 850 C) were used for two substrates respectively.

After firing, however, some devices failed due to electrical shorting between the top and bottom

electrodes. Since they had not been subjected to a high-voltage treatment prior to measurement;

the most likely explanation is a conductive path has been induced between the electrodes

through the PZT layers. An examination of the device surface under microscope (Figure 5.13(a))
shows the presence of some cracks on the PZT layer. If the cracks span the entire thickness of

the layer, it is possible for a conductive path between the upper and lower surface of the layer

to be created. These through-thickness cracks are not present on the other substrate (Figure

5.13(b)); thus it is reasonable to surmise that they arose as a consequence of the high firing

temperature.

Figure 5.13: Microscope images of PZT surface fired at (a) 950<C and (b) 850 <C.

5.3.4.2 Poling Conditions
In this report, six samples divided into two batches were prepared for poling parameter

optimization. In all cases five readings were taken on each device with an average recorded.
The necessary poling voltage was calculated by:
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Vpoling = field strength <PZT thickness (Equation 5.1)
Where the thickness of the PZT layer was measured using electric micrometre.

The first batch was poled at constant field strength of 3 MV/m with temperature varying from
150T to 225°C for duration of 10 — 120 minutes. At each of four temperatures with five
different time periods, one sample was poled as described above. Results in Figure 5.14 show
that the value of dss increases with both temperature and time of poling. Devices poled at higher
temperatures achieve a higher value of dss at a faster rate. For instance, at 150 C the value of
dss achieved after 30 minutes is 62% of the value after 120 minutes. While at 225T the 30
minute values were 93% of 120 minutes values. However, beyond 225C samples are found to
be short circuit. Therefore the optimal value of temperature should be 225C. If this poling
process was continued for longer time periods, the increase would prove to be exponential as
a maximum polarization is achieved [130].Consequently long poling times are not necessary
to obtain reasonable ds3 values. In addition, the increase of dsz over 30 minutes is not significant,
thus a poling time of 30 minutes is enough for sufficient dsz values achieving.
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Figure 5.14: Measured ds3 values with variatiosn of poling temperature and time at a field
strength of 3 MV/m.

Next, a study of the electric field was conducted. Two samples were poled at temperature of
225°C with electric field strength ranging from 1 MV/m to 5 MV/m and poling duration of 30
minutes. As shown in Figure 5.15 it is found that improved value of coefficient is achieved
when the poling voltages are increased. Nevertheless the piezoelectric layer suffered electrical
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short circuits when it is polarised with electric field strength greater than 4 MV/m. Therefore,
all the samples were polarised at slightly lower field strengths to prevent the high voltage from
damaging the device.
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Figure 5.15: Measured ds3 values at different electric fields.

During the polarization, the combined effect of high electrical field and high temperature
applied sometimes led to increased conductivity or even electrical breakdown. To maintain the
high level of poling, this needs to be avoided by reducing the temperature or poling field.
Alternatively, using pulsed fields to apply electric field for short periods of time is an effective
way.

5.4 Testing of the Wind Generator

A prototype was fabricated based on the results from Chapter 4, which has a total volume of
37.5 cm?3 as shown in Figure5.16. Then experiments on a shaker and in an actual airflow were
carried out to investigate the performance of the harvester. Based on the testing result in Section
4.4, experiments in this chapter will further optimise the structure to achieve the lowest
threshold wind speed as well as the highest power output of the device. Adjustable parameters
include the position of the bluff body, the attack angle of the aerofoil, the length of the PZT
layer and the adding mass. Testing the energy harvester required a long time because of some
periodic instability.
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Figure 5.16: The prototype piezoelectric harvester fabricated in this work.

5.4.1. Experimental Setup

The average wind speed in the environment is around 5 m/s, depending on the area, the season
and the time of the day [115]. Close to the ground however, important effects of viscosity
appear and lead to a reduction of the velocity. For internal flow, such as ventilation ducts, the
air velocity can be up to 8 m/s in large ducts and down to 1 — 2 m/s close to the exit in rooms.
The air duct application has significant advantages for wind energy harvester, the constancy of
the wind, the absence of rain; snow and ice provide a well-controlled environment.

Airflow experiments were carried out in the centre of a wind tunnel, as illustrated in Figure 4.9
with the same conditions. During the tests, the voltage across a load resistance was measured
with an oscilloscope in order to determine the power generated by the wind energy harvester,
meanwhile the operation wind speeds of the harvester were measured by the anemometer.

As shown in Figure 5.17, testing of the harvester was also performed on the shaker with an
accelerometer to determine its resonance frequency. The structure was firmly attached to the
vibrating stage and the harvester voltage output was monitored on an oscilloscope. A
programmable resistance box and a PC with LabVIEW software was used to collect the data.
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5.4.2. Experimental Results

Experimental results were used to estimate the performance of the harvester focusing on two
aspects; the threshold wind speed and the output power. When reading the output voltages, for
each measurement the average voltage was calculated from three observed values.

5.4.2.1 Attack Angle

The piezoelectric generator has the same structure as the prototype in Chapter 4. However, the
PZT element printed at the root of the cantilever changes the total stiffness of the beam, thus
altering the dynamic behaviour of the cantilever. In this way, for a given attack angle the
position of the wing is slightly higher than that without magnets attached. Therefore further
testing was undertaken to investigate the optimal attack angle of the wing with piezoelectric
material (length of 13 mm) attached on the beam. Figure 5.18 illustrates the threshold wind
speed at different attack angles with the same position of bluff body (distance of 5 mm, height
of 20 mm). The attack angle tested was ranging from 0°to 30°with a step of 1°It can be seen
that the trend of threshold wind speed at different attack angles are similar to the results in the
previous chapter. The optimum attack angle at which the threshold wind speeds are lowest
(below 2 m/s) is between 4%and 107 When attack angle is larger than 10 the threshold wind
speed increases dramatically with the increasing angle.
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Figure 5.18: Threshold wind speed at different attack angle (distance =5 mm, height = 20mm).

5.4.2.2 Position of Bluff Body

The piezoelectric generators in this chapter have the same mechanical structure as that in
Chapter 4; consequently the influence of the bluff body should also be the same. The optimum
position of the bluff body has already been investigated numerically and experimentally in
previous chapters, the results shown in Table 4.5 were using as a reference for the bluff body
position in this section. As listed in Table 4.5, four optimum positions of the bluff body are:
distance of 3 mm, height of 20 mm; distance of 5 mm, height of 20 mm; distance of 7 mm,
height of 19 mm; and distance of 11 mm, height of 16 mm. The performance of the harvester
was tested in these four configurations. As shown in Figure 5.19, testing of the output power
with various bluff body positions is performed at airspeed of 2 m/s to 7 m/s with a resistor of
900 kQ. The maximum RMS output power occurs in 7 m/s wind from a configuration with
distance of 11 mm and height of 16 mm. It can be observed that at distance below 5 mm, the
performance at high wind speed (higher than 4 m/s) is not stable, thus resulting in even lower
power output. Therefore, for further tests the position of the bluff body is chosen to be 11 mm
in distance and 16 mm in height.
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Figure 5.19: RMS power output vs. wind speed for four configurations (distances of 3 mm, 5
mm, 7 mm and 11 mm; height of 20 mm, 20 mm, 19 mm and 16 mm respectively; attack angle
=6, lines plotted are used to indicate the trend).

5.4.2.3 Adding Mass

Considering that adding proof mass could increase tip amplitude of the cantilever as discussed
in Section 4.4, the addition of extra mass was also investigated. Tests were carried out by
measuring the threshold wind speed and the power output for different values of added mass.
The additional mass was ranged from 0.1 g to 2 g with increments of 0.2 g. All tests were
carried out with the optimum position of the bluff body. The attack angle was set to 6 originally
and varied with different values of mass added as shown in Table 4.5. It is found that increasing
the proof mass causes an increase in the threshold speed as shown in Figure 5.20. For further
investigation, additional mass with four different values were placed under the wing in the
centre of the cantilever tip to measure effect of increasing mass on the output power. Results
verify that adding suitable weight of mass does not show a significant improvement in the
output power, and furthermore it is not desirable to increase the threshold wind speed (shown
in Figure 5.21).
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Figure 5.20: Threshold wind speed with variable weights of masses (distance = 11 mm; height
=16 mm).
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Figure 5.21: RMS power output at variable wind speed with different weights of masses
(distance = 11 mm; height = 16 mm; load resistance = 800 kQ).

5.4.2.4 Length of the PZT

The length of the PZT layer is an important consideration for the performance of the harvester
as discussed in Section 5.13. For testes in previous sections, the length of the PZT was 13 mm,
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which can achieve a maximum output power at 1.35 W. However, this value is quite low
compare with the simulation result. Therefore six samples were tested to evaluate the influence
of the PZT with lengths varying from 11 mm to 16 mm respectively. Figure 5.22(a) shows the
natural frequencies of the cantilever with different lengths of PZT section. The performance of
these samples is compared in Figure 5.22(b) with the optimum structure obtained above. It can
be seen that although PZT layer with the length of 16 mm has a slightly higher threshold wind
speed (2 m/s) and natural frequency (20 Hz), it achieves the maximum RMS power output. As
a result, this length is chosen for the further testes and the final performance of the device.
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Figure 5.22: (a) Natural frequencies of the cantilever with different PZT lengths; (b) RMS
power output and threshold wind speed versus different PZT lengths (attack angle = 67 distance
= 11 mm; height = 16 mm; load resistance = 900 kQ, lines plotted are used to indicate the
trend).
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5.4.2.5 Optimum Load

For tests in previous sections, the resistive load was set to be 900 kQ. When the piezoelectric
harvester is placed on the shaker table at the resonance frequency, namely 20 Hz, a standard
curve for load resistance is noted, as seen in Figure5.23. The maximum power output is found
paired with a resistor of 900 kQ. In the wind tunnel, the output power of the harvester for a
variety of resistive loads is also plotted in Figure5.24. At different levels of wind speed, the
ideal value is not as clearly defined; however, results follow a similar trend. The power output
at the chosen resistance of 800 kQ is comparable to maximum power for all test cases, and is
thus determined to be a sufficient load for these initial investigations.
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Figure 5.23: Output power with a varying resistive loads on the shaker.
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Figure 5.24: Output power with varying resistive loads at different wind speeds in the air duct
(lines plotted are used to indicate the trend).

5.4.2.6 Final Performance

For the results presented in the previous four sections, a final design was identified that
optimized the parameters of this device as listed in Table 5.6. The graph in Figure5.25 (a)
shows the ideal performance that could be achieved for the wind harvester in varying flow
speed conditions. As can be seen from the graph, the maximum output power (3.6 W) is
achieved at wind speed of 6.5 m/s. However, the performance of the device is not stable at this
wind speed. The value of the output voltage has a large variation which can be seen form the
error bar in the figure. In addition, at wind speed larger than 6.5 m/s, the performance is more
unstable and results in even lower power outputs. The open-circuit output voltage curve with
the maximum RMS value of 1.8V is shown in Figure5.25 (b). However due to the high
impedance, this value may not be sufficient for simple power conditioning circuitry as when
the device is connected to the power conditioner, the voltage can drop to unacceptably low
level.

Table 5.6: Optimal parameters of the final device.

Unit Value
Distance of the bluff body mm 11
Height of the bluff body mm 16
Attack angle © 6
Length of PZT mm 16
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Optimum Load kQ 800
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Figure 5.25: (a) RMS Output power in varying flow speed conditions with optimal
configuration and load. (b) RMS open circuit output voltage in varying flow speed conditions
with optimal configuration.

5.4.3. Comparison

5.4.3.1 Output Power
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In this section, both natural frequency and the output power with different lengths of PZT layer
were compared. The natural frequency from experimental and simulation results were plotted
in Figure 5.26. It can be seen that estimated natural frequencies from the simulation result are
higher than the experimental results. The reason could be the dimensions of the screen printed
parts on the beam as well as the aerofoil are slightly different from the simulation parameters.
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Figure 5.26: Comparison of natural frequency of the cantilever from simulation and
experimental results with different PZT lengths.

The damping ratio for the cantilever is an important parameter used to calculate piezoelectric
properties, and it can be estimated by:

1 .
{r = 20 (Equation 5.2)

Where Qr, the total Q-factor can be determined from an experiment by dividing the measured
fundamental natural frequency of the structure fo, by the full width at half maximum electric
output power Af, according to

Stored vibration ener .
Qr = 2w 9y _Jo (Equation 5.3)
Energy lost per cycle of vibration Af

The experiments were carried out on the shaker in Figure 5.17. The cantilever was excited over
a range of frequencies and the value of the full bandwidth at half maximum electrical output
power was taken into equation above to calculate the damping ratio. Figure 5.27 shows that the
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calculated values of the total damping ratio for different cantilevers with the measured Q-factor
value.
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Figure 5.27: Calculated damping ration with different length of PZT layer.

With the damping values tested, the output power could be estimated using Equation 3.25.
Figure 5.28 compares the output power from theoretical calculation, experimental work and
simulation result. It is obvious that the output powers in the tests were much lower than the
expectation values of the calculation and simulation results. Especially with the 11 mm long
PZT layer device, a low output power of 0.86 WV was achieved, which was much lower than
the calculation (4.76 W) and simulation result (4.5 |W). The most likely explanation for this
could be the reduced displacement of the part of the cantilever that has the PZT element printed
on it. The PZT element adds stiffness to the beam due to the presence of the printed
piezoelectric and electrode layers. As the stiffness of the printed and unprinted sections of the
cantilever are quite different, the majority of the overall cantilever displacement might only be
occurring on the unprinted section and the PZT element experiencing lower than expected
strains. However, with the increasing length of the piezoelectric part of beam, the problem
could be reduced. In order to verify this assumption, displacements at different points on the
beam with 11 mm long PZT layer were measured in both simulations and the experiments.
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Figure 5.28: Power outputs from simulation and experimental results with different PZT
lengths.

5.4.3.2 Displacement

In the simulation, 8 key points are selected along the beam at different lengths. They are Imm,
4mm, 7mm, 10mm, 15mm, 20mm, 25mm, and 30mm from the clamping edge respectively. In

the experiments, 8 points at the same positions were also selected for measurement as shown
in Figure 5.29,
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Figure 5.29: Points selected on the cantilever for the displacement measurements.

Results were plotted in Figure 5.30. From experimental results, a significant displacement was
observed at points E, F, G, and H, while the displacements of the other points were less than
0.2 mm. Therefore the PZT element is experiencing low levels of strain and hence generating
relatively low level of power. However, this trend is not obvious in simulation result.
Consequently it is reasonable to surmise the low output power in the experiments as a result of
the added stiffness of the beam from the presence of the printed piezoelectric layers. This
reason can also explain the fact that increasing the inertial mass did not increase the power
output as expected. The adding mass does increase the cantilever displacemnt as discussed in
Chapter 4, but not the strain on the PZT section.
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Figure 5.30: Measured cantilever displacements at different points

5.4.3.3 Different Materials

Due to the added stiffness of the PZT material resulting in low power output, the performance
could be improved by using a flexible piezoelectric material such as PVDF. To estimate the
result of this, simulations were also run with PVDF material using the same dimensions as PZT
devices. As the PVDF device will not be fabricated and tested, the properties of the material
are from the Piezotech leaflet [128]. The physical properties of PVDF material are listed in
table 5.7. In the simulation, the PVDF patches are laminated to the beam with epoxy matric.
The results of simulation are shown in figure 5.31. It can be seen that with PVDF materials,
the power outputs are all below 0.5 pW. This is mainly because of the low piezoelectric charge

99



Chapter 5 Piezoelectric Wind Generator

constant of P\VDF material. Therefore using flexible piezoelectric materials cannot solve the
low power output problem.

Table 5.7: Parameters of PVDF device.

Parameter Unit Value
by PVDF layer length mm 11
Wpy PVDF layer width mm 5
tpy PVDF layer thickness pm 60
Ppv Density of PVDF kg/m’ 1780
Pep Density of Epoxy matrix kg/m’ 2150
lep Epoxy matrix layer length mm 11
Wep Epoxy matrix layer width mm 5
tep Epoxy matrix layer thickness um 20
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Figure 5.31 Output power of PZT and PVDF materials with differnent lenghts
5.5 Conclusion

In this chapter, a prototype of piezoelectric wind harvester with a total volume of 37.5 cm® (5
cm x 3 cm x2.5 cm) was fabricated and tested. The dimensions of the beam are 35 mm>&
mm>0.1 mm and the dimensions of the aerofoil are 30 mm ><11mm with a maximum oscillating
amplitude of 20 mm. The piezoelectric transducer was produced by normal thick-film printing
steps, including paste preparation, screen-printing deposition, drying, firing and poling process.
Properties of the piezoelectric cantilever depended on poling conditions including the
temperature, time and electric field applied. With optimal combinations of these parameters, a
maximum value of ds3 of 92 pC/N was obtained.
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A set of experiments both on shaker and in the air duct were carried out to investigate the
performance of the harvester. After testing, the results showed relatively good correlation with
the previous ones in Chapter 4, thus validating the model in this study. Further investigation of
the performance was carried out with four configurations and the power outputs with various
bluff body positions were tested. The maximum output power occurred in 6.5 m/s wind speed
from a configuration with distance of 11 mm and height of 16 mm, which was chosen for final
tests. It can also be observed that at distance smaller than 5 mm, performance at high wind
speed was not stable, which resulted in a lower power output.

The length of the PZT layer was also investigated by testing six samples with different lengths
from 11 mm to 16 mm respectively. Results showed that with the length of 11 mm, the
threshold wind speed was around 1.5 m/s, but the maximum output power was only 0.86 |V
because of the added stiffness of the beam from printed PZT parts. This power generation could
be improved by increasing the volume of the piezoelectric part of the beam. However, such
configurations also suffer from the increasing natural frequency as well as the stiffness of the
beam, resulting in relatively high threshold wind speed. As a result, prototype of a length of 16
mm was chosen for the final tests. The optimized device achieved a working wind speed range
from 2 m/s to 8 m/s. The power output with optimal load (800 k) was ranging from 0.35 WV
to 3.6 W and the open-circuit output voltage was from 0.6 V to 1.8 V. Results verified the
harvester can effectively convert wind energy into large amplitude mechanical vibration
without strict frequency matching constraints.
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Chapter 6 Electromagnetic Wind Generator

Compared with piezoelectric generators, electromagnetic transducers have the advantage of
higher efficiency if there is no size constraints applied. This chapter represents the design and
the fabrication of the electromagnetic transducer for the miniature wind generator application
where the transducer is constrained in size. Prototypes with the same size as the piezoelectric
one are made to test the performance of the harvesters and these will be compared with the
piezoelectric version.

6.1 Transducer Design
6.1.1. Design Considerations

The basic operating principle of a magnetic induction system was discussed in Chapter 3. As
mentioned, altering geometric configurations will affect the output power of the harvester.
Considering the arrangements of electromagnetic transducers presented in this section,
changing the geometric configurations include changing the geometries of the magnets and the
coils as well as the gap between them. In addition, increasing the magnetic flux density of the
magnets and the number of coil turns or decreasing the coil resistance should increase the
power output as well. However, increased power output indicates an increased current flow,
resulting in a stronger electromagnetic drag force on the magnet, and the oscillation of the
harvester may be difficult to start. Thus there will be some complexity to the relationships
between these parameters and the power output. It should also be noted that the magnetic flux
density can be increased by using a more highly magnetized material or by increasing the size
of the magnet. However increasing the size of the magnet will increase other parameters, such
as the mass of the magnet and the size of the coil. Another concern should be taken into account
in this design was that a moving magnet design in practice is simpler to fabricate as it avoids
electrical connection to the mass, while the coil required wires, and moving at high speed could
easily break the wires from cyclic stresses. Moreover, the moving magnet attached on the beam
will increase the proof mass of the system, which could also increase the electrical power.
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6.1.2. Design Configuration

Two commonly used arrangements of electromagnetic transducers were implemented in this
work, which were the magnet-through-coil (MTC) induction and magnet-across-coil (MAC)
induction as shown in Figure 6.1 and Figure 6.2 respectively. The magnet-through-coil
induction consisted of a bar magnet that translates through a cylindrical coil. According to
Faraday’s Law, when the magnet moves towards and away from the coil, the magnetic flux
moves thus inducing an Electromotive Force or emf, in other words a voltage across the coil
ends. The magnets-across-coil induction systems consisted of two magnets separated by an air
gap, in which the coil is located. The magnets are fixed to the cantilever and move relative to
the fixed coil thus generating a voltage across the coil. Both systems used essentially similar
methods of implementing an electromagnetic transducer with magnets attached to the wing for
oscillation while the coil is fixed to the base.

O--| |--®

N

Figure 6.1: Cross-sectional view of the electromagnetic transducer with magnet through coil
induction.

Figure 6.2: Cross-sectional view of the electromagnetic transducer with magnet across coil
induction.
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6.1.2.1 Magnet-through-coil Induction Design

In this design, the magnet was mounted in the middle of the underside of the cantilever while
the coil was fixed under it. Due to the air flow, the beam oscillated with the magnet moving
towards and away from the coil to produce electricity. The advantage of this kind of magnetic
induction system is easy to build. However the coil never experiences a complete flux reversal,
thus resulting in relatively low voltage and power generation. In order to improve the output,
the magnet was extended further from the wing. The system was implemented as seen in Figure
6.3.

Figure 6.3: Transduce design with magnet through coil induction in this work.

6.1.2.2 Magnets-across-coil Induction Design

In this design, one stator coil was fixed and two translator magnets were attached onto the
cantilever. A schematic diagram of the electromagnetic generator was showed in Figure 6.4.
Although this design is more complicated to build than the former one, it had a higher potential
power output from the transducer because the coil experience complete flux reversals. However
two magnets attached onto the beam increased the proof mass, which could result in relatively
high threshold wind speed for operation. Since the permeability of a magnetic material like
steel is higher than that of air, steel magnet keeper was used to form a magnetic flux path
linking the magnets and maximising the flux density through the coil. A gap was required
between the magnets for the coil to pass through.
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~

Figure 6.4: Transduce design with magnet across coil induction in this work.
6.1.3. Materials Chosen

It is important to choose a type of magnet that will produce a strong flux density. As NdFeB
has a large energy density than most of other permanent materials, NdFeB magnets are being
widely used in electromagnetic power generators as high performance magnets. Therefore in
this work, high grade (N52) NdFeB magnet bars were selected for the transducer. The wire
wound coils were fabricated from enamelled copper wire, which has the lowest resistivity of
any metal at room temperature except silver. Beryllium copper was selected to fabricate the
beam because it is a spring material with high fatigue strength.

6.2 Testing of the Wind Generator

Two prototypes were fabricated and tested in the air duct to investigate the performance of the
harvester.

6.2.1. Prototype Fabrication

The actual devices were shown in Figure 6.5 and Figure 6.6. The cantilevers both had
dimensions of 30 mm>5 mm>0.08 mm. As tested in Chapter 4, attached mass should be lighter
than 2 g to achieve a threshold wind speed below 1.5 m/s. The magnets sizes available vary
from @3 mm><1L mm, @3 mm>3, and @4 mm %3, @5 mm %3 mm to @5 mm %<8 mm. The
largest bar magnet size of @5 mm %8 mm, which has a mass of 1.17 g was selected as for the
MTC generator design. It was fixed in the middle of the backside of the wing with extension
part, which makes the total mass up to 1.62 g. The lowest point of the magnet was positioned
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around 1 mm above the coil due to the cantilever banding. The coil was wound using 60 um
thick copper wire. Its outer and inner diameters were 15 mm and 6.5 mm, respectively. The
thickness is 3 mm. The coil had a static resistance of 1020 Q and approximately 3500 turns.
For the MAC design, two bar magnets with diameters of 5 mm and thicknesses of 4 mm, which
together have the same mass as the magnet of MTC generator, were placed below the wing
with an air gap of 5 mm between each other. After adding the steel magnet keeper, the total
mass was up to 1.85 g. The static coil had an outer diameter of 6 mm and in inner diameter of
1 mm with a thickness of 3 mm. The wound wire was also 60 um thick. The resistance of the
coil was 260 Q and about 2100 turns. Both generators had the same overall dimensions with
the piezoelectric harvester presented in Chapter 5 of 50 mm>25 mm>15 mm.

Figure 6.6: Prototype of the MAC harvester fabricated in this work.

6.2.2. Experimental Setup
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The experimental work was set up as described in Chapter 5. Tests were carried out in the
centre of a wind tunnel with the air flow generated by a centrifugal fan (seen in Figure 4.9),
and airspeed can be adjusted from 0 to 8 m/s. During the tests, the harvester was placed near
to the end of the steel duct where the air flow is most steady. The voltage across a load
resistance was measured with an oscilloscope, meanwhile the wind speeds of the harvester
were measured by the anemometer. To get accurate readings of the output voltages, three
values were recorded and an average was taken for each measurement. All tests were done at
room temperature.

6.2.3. Experimental Results

Experimental results were used to determine the performance of the harvester by means of the
threshold wind speed and the output power.

6.2.3.1 Attack angle

In electromagnetic generators, moving magnets were attached on the underside of beam, which
increased the proof mass of the system and then increased the electrical power. In this situation,
the cantilever initially bends downwards due to the mass of the magnets. Then the position of
the wing was lower than that without magnets attached. As a result the optimum attack angle
should be different from the results in Chapter 4. Testing was undertaken to investigate the
optimal attack angle of the wing with magnets attached. The position of the bluff body was set
as 11 mm in distance and 16 mm in length as this is the optimum position for the piezoelectric
device. Figure 6.7 and Figure 6.8 illustrated the threshold wind speed at different attack angles
of MTC generator and MAC generator respectively. The attack angle tested was ranging from
0°to 30°with a step of 1° It can be seen that with the same position of the bluff body, the trend
of the threshold wind speed at different attack angles were similar. For MTC generators,
threshold wind speeds at attack angles from 6°to 11°were lower than the others indicting the
optimum angle is in this range, and for the MAC generator, the optimum angle range was 7°to
12" Those values are slightly higher than the piezoelectric one (4°to 107 due to extra bending
of the beam caused by attached magnets In addition, for attack angles greater than 157, a
threshold wind speeds of both devices were found to increase with increasing angle.
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Figure 6.7: Threshold wind speeds at different attack angles in MTC generator (distance = 11
mm and height = 16 mm).
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Figure 6.8: Threshold wind speeds at different attack angles in MAC generator (distance = 11
mm and height = 16 mm).

6.2.3.2 Resistive Loads

In order to determine the optimum value of the resistive load for the generators, experiments
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were carried out in the wind tunnel. The attack angle was set as 109, which is within the
optimum range for both devices. The position of the bluff body was set as 11 mm in distance
and 16 mm in length. The output power of the MTC generator for a variety of resistive loads
was tested and plotted in Figure 6.9. It was found that, the optimised resistive load decreased
with increasing airflow speeds, from 7.4 k) to 2.6 kQ. The reason is when the airflow is strong;
the force acting on the wing to overcome total damping became larger, resulting in larger
energy extraction. Figure 6.10 shows the optimum load resistance values at different wind
speeds, for the MAC harvester, where the results followed a similar trend clearly. The optimum
load decreased from 1.9 kQ to 0.6 kQ.
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Figure 6.9: (a) Output power with a variety of resistive loads at different wind speeds for MTC
generator (lines plotted are used to indicate the trend); (b) Optimum resistive loads at different
wind speeds for MTC generator in this work.
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Figure 6.10: Optimum resistive loads at different wind speeds for MAC generator in this work.

6.2.3.3 Position of the bluff body

As tested in Chapter 4 and Chapter 5, the optimum position of the bluff body was already listed
in Table 4.5. However, since the electromagnet transducers needed more space for coil and
magnets, the distance of the bluff body should be larger than 5 mm from the wing. In addition,
involving the magnets and coils changed the structure of the device; therefore position of the
bluff body might be different from the previous devices in Chapter 4 and Chapter 5. In order
to estimate this influence, tests were carried out on threshold wind speed with different
positions of the bluff body. The values of the threshold wind speed at varying distances and
heights are shown in Figure 6.11. As can be seen from the 3D bar charts, both MTC and MAC
generators were found that distances ranging from 5 mm to 11 mm and height varying from 16
mm to 20 mm were the optimum positions to achieve lower threshold wind speed.
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Figure 6.11: Threshold wind speeds with variable distances and heights of the bluff body for
the (a) MTC generator and (b) MAC generator at the attack angle of 107

Four configurations were further investigated for performance of the harvester. They are
distance of distance of 5 mm, height of 20 mm; distance of 7 mm, height of 19 mm; distance

of 9 mm, height of 17 mm and distance of 11 mm, height of 16 mm respectively. The output
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power with various bluff body positions was plotted in Figure 6.12 with the same attack angle
of 107 The maximum output power occurred with airspeed of 7 m/s from a bluff body
configuration with distance of 11 mm and height of 16 mm. As with the piezoelectric generator,
at distance of 5 mm, the power generations deceased with increasing wind speeds due to
unstable performance at high wind speed.
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Figure 6.12: RMS Power versus wind speed for four configurations with (a) MTC generator
and (b) MAC generator at the attack angle of 107 (lines plotted are used to indicate the trend).

6.2.3.4 Final Performance
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The final designs were finished with optimum parameters (attack angle of 107 distance of 11
mm; height of 16 mm; load values from Figure 6.9 and Figure 6.10) using the testing results
and performances as shown in the following figures.

Figure 6.13(a) showed the optimum performance that could be achieved for the MTC generator
in varying flow speed conditions. As can be seen from the graph, the harvester started operation
from a wind speed of 1 m/s, and the maximum output power was 29.8 uW, which was achieved
at a wind speed of 6 m/s. An output voltage curve with the RMS value of 293 mV (shown in
Figure6.13 (b)) was obtained at the same wind speed.
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Figure 6.13: RMS output (a) power and (b) voltage in varying flow speed conditions with
optimal configuration and load of the MTC generator fabricated in this work.
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While for the MAC generator, the threshold wind speed for operation was 1.5 m/s, which was
slightly higher than the MTC generator due to the extra mass of the attached magnets. However,
the maximum power output was higher up to 41.2 uW as shown in Figure 6.14.
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Figure 6.14: RMS output (a) power and (b) voltage in varying flow speed conditions with
optimal configuration and load of the MAC generator fabricated in this work.

In addition, it can be observed that a working wind speed range from 1 m/s to 7 m/s was

achieved by the MTC generator, and the wind speed range of the MAC generator was from 1.5
m/s to 7 m/s.
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6.2.4. Comparison

6.2.4.1 Electromagnetic Coupling

As mentioned in previous section, the output power of the harvester depended on several
parameters, and the electromagnetic coupling is always important. In order to achieve
maximum power output, the electromagnetic coupling should be strong. However, fully
coupled transducer may result in higher wind speed to start the operation. Therefore, the
electromagnetic transducer should not be coupled too well in low air speed condition. And once
the stable oscillation is maintained, the coupling can be strong with the optimum electrical load
to extract maximum power output. As a result, an adjustable load is required for varying
conditions.

6.2.4.2 Comparison with Piezoelectric generator

The optimum parameters of both piezoelectric generator and two electromagnetic generators
were tabulated in Table 6.1:

Table 6.1: Comparison of the optimum parameters in the three devices fabricated in this work.

Parameters The PE generator ~ The MTC generator  The MAC generator
Optimum attack angle 4710° 6-11° 7712°
Optimum position of d=3-11 mm d=5-11 mm d=5-11 mm
the bluff body h=20-16 mm h=20-16 mm h=20-16 mm
Threshold wind speed 2mls 1.35 m/s 1.5 m/s

The attack angle of both piezoelectric and electromagnetic generator has the similar influence
on threshold wind speed according to previous tests. The lowest threshold wind speeds only
exist within a range of attack angles. However for different devices, these ranges are slightly
different. As can be seen for Table 6.1, the optimum attack angles of the electromagnetic
generators are larger than the piezoelectric one. This is because the cantilever initially bends
downwards due to the mass of the magnets and the position of the wing was lower than that
without magnets attached. In addition, when the attack angle is higher than a certain value (15~
for instance), the threshold wind speed will increase dramatically. The optimum positions of
the bluff body of these devices are similar as well except for the EM generator the distance has
to be larger than 5 mm for the space of attached magnets and coils. During the final
performance tests, the positions of the bluff body for all devices are the same, which are 11
mm in distance and 16 mm in height. This is because smaller distance of the bluff body causes
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unstable oscillations at high wind speed thus results in lower power outputs. The piezoelectric
generator has the highest threshold wind speed compare with the other two, due to added
stiffness of the beam from the printed piezoelectric layers. All three generators can operate
below 2 m/s of wind speed and operate throughout the entire range of flow speeds in HVAC
ducts.

Table 6.2 summarises the electrical output performance between both systems through various
comparison points. The power density is calculated dividing the maximum generated power by
the volume of the device. And the power efficiency is defined as dividing the electric power
output by the power of wind which can be calculated through Equation 3.8, where the
windward area is defined as the sweeping area of the wing.

Table 6.2: Comparison of the performances in the three harvesters fabricated in this work.

Performance The PE generator The MTC generator  The MAC generator
Optimum load 800 kQ 7.4 kQ -2.6 kQ 1.9 kQ—0.6 kQ
RMS maximum voltage 18V 293 mV 158 mV
RMS maximum power 3.6 W 29.8 uW 41.2 yW
Maximum power density 0.09 0.8 1.1
Efficiency 0.01% 0.5% 0.7%

The optimum loads of the piezoelectric generator and the electromagnetic generator that
maximise the power output are not in the same range. For piezoelectric generator the value is
800 kQ, but for electromagnetic devices, the optimised resistive load are several kQ and the value
decreases with increasing airflow speed. It should also be noticed that piezoelectric generators
provided typically high peak voltage and low power from the airflow, while electromagnetic
generators provided higher power with less available voltage. With similar threshold wind
speed (1.5 m/s), the MAC generator has higher output power than the MTC one. Both MTC
and MAC generators have higher power density and efficiency. The main issue of the
piezoelectric generator is the small displacement of the active part as well as the limited value
of the charge constant of screen printed PZT materials.

6.2.4.3 Comparison with other Devices

Figure 6.15 compares the performance of various airflow energy harvesters mentioned in the
literature review and the generators presented in this thesis. As shown in Figure 6.15(a), both
electromagnetic generator (MAC) and piezoelectric generators here had lower power outputs
than other devices in the review part. The main reasons for this include most devices are
designed for high wind speed operation and they have larger sizes compared with devices in
this work. Figure 6.15(b) illustrates the power densities of these devices at different wind
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speeds. As the output power is proportional to the cubic of the wind speed, this rough
comparison focuses on the power density as power divided by the cubic of its corresponding
wind speed and the volume of the main components (transducers and mechanical parts for
vibration).

Although the generators presented in this work had lower power outputs than other devices due
to the size constrain, the power densities comparison of these devices had different results. The
EM generator in this report had the highest power density when it was operated at 1.5 m/s.
However, the performance of the PE generator was not as well as the EM one. The main issue
of the PE generator could be the added stiffness of the PZT part as well as the limited value of
the charge constant of screen printed PZT materials. Moreover, both harvester presented here
had low threshold wind speeds (1.5 m/s and 2 m/s respectively) compare with other devices in
the review.

6.3 Conclusion

In this chapter, two prototypes of electromagnetic wind harvester with MTC and MAC designs
were fabricated and tested. NdFeB magnet bars were selected as the moving parts for the
transducers. The coils were wound by 60 um thick copper wire with different designed
dimensions.

A set of experiments in the air duct were carried out to investigate the performance of the
harvesters. After testing, the results again showed relatively good correlation with the previous
ones in Chapter 4. The optimized device for the MTC generator achieved a threshold wind
speed of 1.35 m/s. The maximum output power was 29.8 uW, which was achieved at wind
speed of 6 m/s. An output voltage with the RMS value of 293 mV was also obtained at the
same wind speed. For the MAC generator, the threshold wind speed for operation was 1.5 m/s,
which was slightly higher than the MTC generator. However, the maximum power output was
higher (41 uW) as well. These performances together with the PE generator in Chapter 5 were
compared via mechanical and electrical output performance. It is found that both the
piezoelectric generator and the electromagnetic generator had similar optimum parameters in
mechanical parts. The optimum attack angles and the position of bluff body are within the
similar ranges. Particularly for best electrical output performance, the positions of the bluff
body are all the same (11 mm in distance and 16 mm in height). The piezoelectric generator
has the highest threshold wind speed compare with the other two. The MAC generator has a
higher threshold wind speed than the MTC generator because of the larger mass of the magnets.
All three generators can operate below 2 m/s of wind speed and operate throughout the entire
range of flow speeds in HVAC ducts.
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Figure 6.15: Comparison of (a) maximum power output, (b) efficiency between the airflow
energy harvesters fabricated in this work and other reported works.

Figure 6.16: Comparison of (a) maximum power output, (b) efficiency between the airflow
energy harvesters fabricated in this work and other reported works.

The electromagnetic generators have higher power output, as well as the efficiency than the
piezoelectric one. However, the piezoelectric one has higher output voltage. In addition, the
optimum loads of the piezoelectric generator and the electromagnetic generator that maximise
the power output are not in the same range. For the electromagnetic generator, an adjustable
load is needed for the EM generator. The EM transducer should not be coupled too well in low
air speed condition to achieve a low threshold wind speed for operation. However, once the
stable oscillation is maintained, the coupling should be strong enough to extract the maximum
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power output. Therefore with varying conditions, the load should be adjustable for the optimum
performance.

Performance of the generators was also compared with various airflow energy harvesters

mentioned in the literature review. It is shown that the generators presented in this work had
higher power densities and lower threshold wind speeds than the other devices.
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Chapter 7 Conclusion and Future Work

This thesis has presented the design, simulation, fabrication, measurement and performance of
a miniature wind energy harvester for HVAC systems in the buildings. This final chapter will
give a brief overview of the research presented in this thesis, address how this work contributes
to field of wind energy harvesting and other applications, and then present some possibilities
for future research.

7.1  Summary of Achievement

In Section 1.3, the objective of the research was to design, fabricate and characterise an airflow
energy harvester which can effectively convert the energy of a uniform and steady flow into
periodic motion of the solid structure. These have been achieved, and specifically the following
technical areas have been investigated in detail:

* Modelling the mechanical structure of the harvester in ANSYS CFX.

* Development of piezoelectric generator fabrication processes.

* Characterising the performance of the harvester

¢ Maximisation on electrical output by optimising the structures

The main results and conclusion will be summarised in more detail.
7.2  Summary of Contributions

The major contributions of the research are mainly divided into three major parts; modelling
and optimization, fabrication, characterisation and comparison.

7.2.1. Modelling and Comparison
The first part of the research was to investigate the performance of wind energy harvesters and
the current state in this field. From the literature review in Chapter 2, as miniature wind turbine

systems suffered from high threshold wind speed for operation and complicated fabrication
process, most researchers put their emphasis on flow-induced harvesters. However, none of
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these harvesters were designed for low wind speed operation. In this situation, a flow induced
energy harvester with a flapping beam was proposed, which represented a novel opportunity
that may achieve low threshold wind speed of operation as well as large amplitude.

After studying the working principle of the harvester, the mechanical structure can be
optimised by designing the bluff body and aerofoil in a proper way to achieve a low threshold
wind speed for operation. In order to assess the effect of the design parameters, simulation with
finite element analysis software such as ANSYS is necessary. The investigation successfully
employed CFX-ANSYS in constructing a model for examining the aeroelastic pnenomena. The
static model was 3-dimensional and encompassed the main components in the mechanical
structure. The lift force applied on the aerofoil was used as a guide to determine the threshold
wind speed. A major contribution of the model is estimating the optimum structures of the
device to achieve a low threshold wind speed. A prototype of the harvester was also fabricated
for experimental work. Both simulation and experimental results are compared and results
show a similar range of optimum positions of the bluff body and the attack angle. Moreover,
relations between the distance and the height of the bluff body have the same trend in the
simulations and tests. These similar trends between the simulation and experimental results
show good correlations, which validates the simulation model used in this study.

In Chapter 5, the modal analysis in ANSYS was also used to estimate performance of the
piezoelectric generator. Simulations with different lengths and widths of the PZT layers were
carried out to investigate the effect of the structure geometry to the resonant frequency and
output power. In order to compare the simulation result with the experimental result, a
prototype was fabricated and tested. It is found that estimated natural frequencies from the
simulation results are higher than the experimental results. The reason could be the dimensions
of the screen printed parts on the beam as well as the aerofoil are slightly different from the
simulation parameters. Regarding to the power output, the testing values are much lower than
the expectation values of simulation results. Especially with the 11 mm long PZT layer device,
an output power of 0.86 |.W was achieved, which was much lower than the simulation result
(4.5 pW). The most likely explanation is the reduced displacement of the part of the cantilever
that has the PZT element printed on it due to added stiffness to the beam. This assumption was
then verified by measuring the displacements at different points on the beam with 11 mm long
PZT layer. However, with the increasing length of the piezoelectric part of beam, the problem
could be reduced.

7.2.2. Fabrication

In Chapter 5, a prototype of piezoelectric wind harvester was fabricated by normal thick-film
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printing steps. The main materials for fabricating the piezoelectric devices are PZT paste,
electrode paste, dielectrode paste and substrate. The PZT paste was based on PZT-5H by
blending the power of different particle size. The components of PZT paste formulation were
72% of 2 pm particles, 18% of 0.8 pm particles and 10% of Lead borosilicate glass, which was
used as the permanent binder. Two kind of electrode paste were used, which are Au (ESL 8884)
for bottom electrode and Ag (DuPont5000) for top electrode. Four layers were designed and
printed onto the substrate (302/304 stainless steel). The dielectric layers were printed to cover
the substrate and dried at 125C for 15 minutes. It was then fired with a peak temperature of
850C. This layer was printed because the gold bottom electrode cannot be printed directly onto
the stainless steel substrate. Two single bottom electrode layers of gold were added on both
sides of the substrate using the same process. On the bottom electrode, the PZT layer was added
consisting of two prints. The first layer was dried at 125C for 15 minutes, and then a second
layer was printed directly on top and dried. Finally, the top electrode layers were printed and
dried at 125°C. This printing and curing sequence avoids firing the device at high temperature
again thus minimise lead loss from the PZT.

7.2.3. Characterisation and Optimisation

7.2.3.1 PZT Material Characterisation

In Chapter 5, the characterisation results for the fabricated thick film piezoelectric samples are
discussed. Two samples at different curing temperature; 850 T and 950 T were inspected under
microscope. The micrographs showed that the piezoelectric sample fired at 950C had cracks
on the surface resulting in electrical shorting between the top and bottom electrodes. Therefore
the higher firing temperature is not suitable for the PZT paste in this work.

Polarisation was the final fabrication step. The poling conditions including the temperature,
time and electric field applied. The measurement results show that a series of samples polarized
150°C for 30 minutes have an average dss of 25 pC/N, which is 62% of the value that after 120
minutes. And at 225<C the 30 minute values were 93% of 120 minutes values. These results
verify that the value of ds3 increases with both temperature and time of poling. However,
beyond 225T samples were found to be short circuit. It is also found that improved value of
coefficient is achieved when the poling voltages are increased. Nevertheless the piezoelectric
layer suffered electrical short circuits when it was polarised with electric field strength greater
than 4 MV/m. When the polarisation temperature, time and field strength were 225, 30
minutes and 4 MV/m respectively, a maximum value of ds3 of 92 pC/N was obtained.
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7.2.3.2 Mechanical Characterisation

All devices were tested for their mechanical structure properties. The measurements were
carried out both on the shaker and in the air duct to investigate the threshold wind speed and
natural frequency of the harvester.

The threshold wind speed depends on several design parameters, and the attack angle and the
position of bluff body are of significant importance. Experimental work was carried out by
measuring the threshold wind speed at different attack angles and positions of the bluff body.
Results show that for all devices, the lowest threshold wind speed can be achieved within a
certain range of those two parameters. For pure mechanical structure, the optimum range of
attack angle is 5 to 8 and for piezoelectric generator this range is 4" to 10", Regarding to the
electromagnetic generators, the optimum attack angles increase to 6 — 11" (MTC) and 7°— 12"
(MAC) as the position of the aerofoil is lower than the piezoelectric one due to the bending of the
cantilever caused by attached magnets. In addition, during all tests, it is found that when the attack
angle is higher than a certain value, the threshold wind speed of the harvester increases
dramatically. The optimum positions of the bluff body of these devices are similar. The
experimental results verify that with distance from 3 mm — 11 mm and height from 16 to 20
mm, the threshold wind speeds are the lowest. However, for the electromagnetic generator the
distance has to be larger than 5 mm for the space of attached magnets and coils. Other
parameters were also tested to investigate the influence on the threshold wind speed. Adding
weights of proof mass and increasing the length of PZT layer both increase the threshold wind
speed. Final testes show that all three generators can operate below 2 m/s of wind speed.

Natural frequencies of different cantilevers were tested on the shaker table. It is found that
adding proof mass can effectively reduce the natural frequency. For piezoelectric generator,
the resonant frequency decreases from 55 Hz to 16.5 Hz with added proof mass. For the
electromagnetic generator, magnets are used as the proof mass and the natural frequency of the
cantilever are reduced from 12.8 Hz to 7.3 Hz. The length of PZT layer also has influence on
the natural frequency of the cantilever. Results show that with PZT lengths varying from 11
mm to 16 mm, the natural frequencies increase from 15 Hz to 20 Hz.

7.2.3.3 Electrical Characterisation

The electrical properties were tested through voltage and power output as well as the optimum
resistive load of the harvesters. In Chapter 5, the maximum output power of the generator
occurred at 7 m/s wind speed from a configuration with distance of 11 mm and height of 16
mm. Different lengths of the PZT layer were also investigated and results showed that with a
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shorter length of PZT materials, the output power was small because of the added stiffness of
the beam from printed PZT parts. As a result, PZT layer with length of 16 mm has much higher
power output than that with length of 11 mm. After testing, the optimized device achieved the
RMS power output ranging from 0.35 WV to 3.6 W and the open-circuit output voltage from
0.6Vtol9V.

In Chapter 6, the maximum output power of both MTC and MAC generators were achieved
from a configuration with distance of 11 mm and height of 16 mm, which is the same as the
piezoelectric one. For the MTC generator, the maximum output power was 27.2 W with an
output voltage of 293 mV. For the MAC generator, the maximum power output was 41 W
and the voltage was 158 mV. During the tests, it can also be observed that at distance smaller
than 5 mm, performance of all devices at high wind speed was not stable, which resulted in a
lower power output.

The optimum loads of the piezoelectric generator and the electromagnetic generator that
maximise the power output are not in the same range. In Chapter 5, at different levels of wind
speed, the ideal value of the optimum load was not as clearly defined; however, results followed
a similar trend. The power output at the chosen resistance of 800 kQ was comparable to
maximum power for all test cases, and was thus determined to be the optimum resistive load
for the piezoelectric generator. But for electromagnetic devices, the optimised resistive loads
are not as clear as the piezoelectric one. It is found that, the optimised resistive load decreases
with increasing airflow speeds. The reason is when the airflow is strong; the force acting on
the aerofoil to overcome total damping became larger, resulting in larger energy extraction.
Considering this situation, an adjustable load is required for the electromagnetic generator at
varying conditions.

7.3 Recommendations for Future work

The experimental results presented in this thesis show that the harvester can effectively convert
wind energy into large amplitude mechanical vibration without strict frequency matching
constraints and can be used as a useful wind energy harvester in the HVAC systems. However,
there is still room for improvement and other applications for powering many sensors in air
ducts are worth exploring.

The wind harvester in this report was based on a flapping beam with a bluff body to induce the

oscillation. Hence, for more accurate dynamic aeroelasticity analysis, a theoretical aeroelastic
model should be presented and investigated the operation conditions for energy harvesting.
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The PZT material used for the piezoelectric generator in this thesis has a charge constant (dss)
value of 92 pC/N, which is normal for screen printed PZT layers. However increasing the
charge constant of the PZT material can further improve the electrical output. This can be
achieved by using a high piezoelectric activity material.

This thesis put an emphasis on investigating the structure of wind harvester. However, in
practical application, a power conditioning and storage circuit is needed, which should be the
study of future work. A super capacitor can be used for energy storage and an electronic circuit
with rectifier and microcontroller can be used for power management. The control system
should also be able to detect the output voltage and adjust the electrical load accordingly.
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Appendix D

The ANSY'S model for piezoelectric cantilever analysis.

/prep7

ts = 80e—6 ! substrate thickness (microns)
tpzt = 100e-6 ! pzt thickness (microns)
te = 10e—6 ! electrode thickness (microns)
td = 20e-6 ! dielectric thickness (microns)
tt = 3e-3 ! mass thickness (microns)

ttl= 2e—4

[

1 = 10e-3 ! beamlength (mm)

wl = 5e-3 ! beam width (mm)

w2= 0. 25e-3

w3= 4. 75e-3

wd= 0. 75e-3

wo= 4. 25e-3

g = 20e-3

lc = 5e-3 ! clamping area

|——— mass

11 = 5e-3 ! 11  length of wing (mm)

wl0 = 10e-3 ! wl  wide of wing (mm)

—

tl = ts/2

t2 = tl+td

t3 = t2+te

t4 = t3+tpzt

th = td+te

t6 = t2+tt

! MODEL COORDINATES
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, 5, w4, 1+g, —tl
, 6, wh, 1+g, —tl

, 8, wl+wl0, 1+g+11, —-t1

-~

,11,0,-1c, -t1
,12,wl, —lc, —tl

-~

kgen, 2,1,12,,,,ts, 500

kgen, 2,1,12,,,,-td, 100

kgen, 2,101, 104,,,,—-te, 100

kgen, 2,201, 204,,,,-tpzt, 100

kgen, 2,301,304,,,,-te, 100

kgen, 2,501,512,,,, td, 100

kgen, 2,601,604, ,,, te, 100

kgen, 2,701,704,,,, tpzt, 100

kgen, 2,801,804, ,,, te, 100

kgen, 2,107, 110,,,,-tt,50
kgen, 2,607,610,,,,ttl, 50

!— substrate

v ,11,12,6, 5,511,512, 506, 505

,1,0,0,-tl !
,2,wl, 0,-tl !
, 3, w2, 1, -tl !
4, w3, 1, -tl !

, 7, —wl0, 1+g+11, —t1 !

, 9, wi+wl0, 1+g, —tl !
, 10, —w10, 1+g, —t1 !

keypoint 1
keypoint 2
keypoint 3
keypoint 4

! keypoint 5

! keypoint 6
keypoint 7

! keypoint 8
keypoint 9
keypoint 10

! keypoint 1
! keypoint 2
! substrate
! dielectric(b)
! electrodel (b)
! pzt(b)
! electrodel (u)
! dielectric (u)
! electrode2 (b)
! pzt (u)

! electrode2 (u)

! mass (b)

! mass (u)

! volume 1
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v,7,8,9, 10, 507, 508, 509, 510 ! volume 2

I— dielectric (b)

v ,11,12,4, 3,111,112, 104, 103 ! volume 3
'v ,7,8,9, 10, 107, 108, 109, 110 ! volume 4

I— dielectric (u)

v , 611,612,604, 603, 511, 512, 504, 503! volume 5

I— dielectric (u)

v , 607, 608, 609, 610, 507, 508, 509, 510 ! volume 6
I— mass (b)

'v ,7,8,9,10, 157, 158, 159, 160 ! volume 7
!— mass (u)

v , 607, 608, 609, 610, 657, 658, 659, 660 ! volume 8
1— electrodel (b)

v , 101, 102, 104, 103, 201, 202, 204, 203! volume 9

1— electrode2(b)
v , 301, 302, 304, 303, 401, 402, 404, 403! volume 10

1— electrodel (u)

v , 601, 602, 604, 603, 701, 702, 704, 703 ! volume 11

1— electrode2 (u)

v , 801, 802, 804, 803, 901, 902, 904, 903 ! volume 12

1— pzt(b)
v , 201, 202, 204, 203, 301, 302, 304, 303! volume 13

1— pzt(u)
v , 701,702, 704, 703, 801, 802, 804, 803! volume 14
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! substrate

'vadd, 1, 2 ! volume 15
I— dielectric (b)

'vadd, 3, 4 ! volume 1

I— dielectric (u)

!vadd, 5, 6 ! volume 2

'beam — material — stainless steel

mat, 1 ! material number 1

ET, 1, 45 | type of material used “solid45”
MP, DENS, 1, 7750 ! density of stainless steel

MP, NUXY, 1, 0.26 ! poissons ratio for stainless steel
MP, ex, 1, 180e9 ! youngs modulus for stainless steel

ldielectric — material 2 - glass dielectric pyrex

mat, 2 ! material number 2

ET, 2, 45 | type of material used “solid45”

MP, DENS, 2, 2230 ! density of glass dielectric pyrex

MP, NUXY, 2, 0.2 ! poissons ratio for glass dielectric pyrex

MP, ex, 2, 64e9 ! youngs modulus for glass dielectric pyrex

lelectriode — material 3 - gold

mat, 3 ! material number 3

ET, 3, 45 | type of material used “solid45”
MP, DENS, 3, 19280 ! density of gold

MP, NUXY, 3, 0.42 ! poissons ratio for gold
MP, ex, 3, 80e9 ! youngs modulus for gold
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'mass — material — NdFeB

mat, 5
ET, 5, 45

MP, DENS, 5, 130
MP, NUXY, 5, 0.24
MP, ex, 5, 6e9

mat, 6
ET, 6, 45

MP, DENS, 5, 130
MP, NUXY, 5, 0.35
MP, ex, 5, 2.9¢e9

!pzt — material - pzt

mat, 4
ET, 4, 5

MP, DENS, 4, 5440
MP, NUXY, 4, 0.3
IMP, DAMP, 4, 4.8e-6
'MP, ex, 4, 15e9

!

!

material number 5

type of material used “solid45”

density of N
poissons ratio for N

youngs modulus for N

material number 5

type of material used “solid45”
density of magnetic

poissons ratio for balsa wood

youngs modulus for balsa wood

material number 4

type of material used “solidb”

density of pzt

poissons ratio for pzt

! youngs modulus for pzt

! — Material properties for Pzt +

!

/com Stiffness

TB, ANEL, 4,
TBDATA, 1,
TBDATA, 7,
TBDATA, 12,
TBDATA, 16,
TBDATA, 19,
TBDATA, 21,

/com Piezo

1
1
1
1
2
2
2

)

, 0

2720E+11,  8.0212E+10,  8.4670E+10

2720E+11,  8.4670E+10
1744E+11
3496E+10
2989E+10
2989E+10
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TB, PIEZ, 4

TBDATA, 3, -. 5093
TBDATA, 6, -. 5093
TBDATA, 9, 2. 1445
TBDATA, 14, 1. 523
TBDATA, 16, 1. 523
/com Permittivity

EMUNIT, EPZRO, 8. 85E-12
MP, PERX, 4, 1000

MP, PERY, 4, 1000

MP, PERZ, 4, 950
tblist, all ! List input and converted material matrices

I selecting materials

vsel ,s,volu,, 1,2
vatt ,1,,1

vsel ,s,voluy,, 3,6
vatt ,2,,2

vsel ,s,volu,, 7,8
vatt ,5,,b

vsel , s, voluy,,9, 12
vatt ,3,,3

vsel , s, volu,, 13,14

vatt ,4,,4

vsel, all

! meshing

esize, be—4

vmesh, all

! merge coincidences

'nummrg, all

lwaves
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! DEFINE MASTER DEGREES OF FREEDOM
'total , 100, 1

! MERGE COINCIDENCES AND REDUCE WAVEFRONT

numm, all, le—8

waves
! CLAMPING

nsel , s, loc,y,-1c, 0 ! selects all nodes on the y=0 axis

nsel ,r, loc, x, wl/2-2e-3, wl/2+2e-3 ! selects all nodes on the x axis

nsel ,a, loc,y,—2e-3,0

d,all,UX,0 ! clamps selected nodes, sets degrees of freedom
d,all,UY,0

d,all,UZ,0

nsel ,all ! reselects all the nodes in the model
! FORCE

lasel,,,, 64

Insla,, 1

If,all, fz, force/16

lasel ,all

Insel ,all

! VIEW THE MODEL

/view ,1,1,1,1

/pbe ,all, 1

eplot

finish

I STATIC ANALYSIS

/solu

antype, static
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pstres, on
solve

fini

! MODAL ANALYSIS

/solu

antype , modal
modopt , LANB, 2
pstres , on
mxpand , 2
solve

*get, fr, mode, 1, freq

/com, Resonant frequency fr = %fr% Hz

fini

! Display deformed shape

/postl

set, first

pldisp , 2
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