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Summary

The blades of helicopters are heavily loaded and are critical components. Failure of any one
blade will lead to loss of the aircraft. Currently, the technical lifespan of helicopter blades is
calculated using a worst-case operation scenario. The consequence is that a blade that may
be suitable for, for example, ten thousand flight hours is discarded after only three thousand
hours. The costs associated with this practice are enormous. For heavily loaded military
aircraft this practice may be a reasonable approach. On the other hand, light duty aircraft
in civil aviation may only use the blades for half or one thirdof the total technical lifespan,
incurring unnecessarily high costs. Although the blade life could be extended through more
advanced materials, extensive inspection regimes and better design, the uncertainty concern-
ing the blade loads and fatigue issues remains. These options are all very costly.

Measuring systems are required within the blade in order to more accurately follow the
actual loads that it is subjected to. In this manner it is possible to monitor the loads, calculate
the actual fatigue within the blade and, finally, the end of life can be predicted far more
accurately. This will result in blades being used longer, reducing maintenance costs for the
operator and lowering the environmental impact of blade manufacturing.

The main challenge is supplying the sensors with electric power. Large rotorcraft have
slip rings within the rotor head, supplying power for de-icing systems on the leading edge of
the blade. This power is unsuitable for sensing and data processing because it is high voltage,
and is not a stable source of power. Additionally, slip ringsare maintenance intensive.

The idea proposed in this thesis is to generate the power needed for sensing within the
blade itself. Many generation methods are available varying from traditional electromagnetic
generators to solid state conversion mechanisms. In this work, piezoelectrics are considered
as a candidate to harvest power. Piezoelectric material is amaterial which develops an
electrical charge as it is mechanically stressed. It is shown in this thesis that a useful amount
of power can be recovered from the blade when combined with the right electric circuit.

Chapter 3 covers a few basic power harvesting circuits. Two passive circuits are analysed
first. Passive relates to the fact that these circuits do not manipulate the voltage of the patch
in any way. Then two active circuits are analysed. These do manipulate the voltage in order
to increase power output of the component. It is demonstrated that the choice of circuit does
not simply mean choosing the one that is the most efficient. Depending on the coupling of the
harvester under consideration a passive circuit may suffice, whereas the active variants may
suppress the motion so much that less power is harvested.

Two concepts are developed in this thesis. The first, discussed in chapter 4, involves
placing patches on the blade surface. Using data provided byAgusta Westland, the placement
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of these patches is optimised and an output is determined. Although this concept is possible
from a power harvesting point of view, it does not appear to besuitable when the dynamics
and requirements of the rotorcraft are taken into account. Further pursuit of this concept must
include a more detailed analysis of the dynamics of the blade.

The second concept involves modifying a viscous damper within the rotor (chapter 5).
This damper is intended to damp blade oscillations, preventing dangerous resonance modes.
By placing a piezoelectric stack in series with the damper, it is exposed to the loads generated
by the damper, recovering energy in the form of electricity in the process. The initial inves-
tigation indicates that this concept is an excellent candidate in providing electricity for blade
monitoring electronics. The concept is minimally intrusive and has a minimal influence on
the rotordynamics. The design also excels in simplicity, involving only a stack of material,
a spring and electronics. A number of design guidelines are also developed such that the
performance is maximised and the effects on the rotorcraft are minimal.

Experimental validation is necessary to confirm the accuracy of the developed models
(chapter 6). A setup is constructed with a small stack and a viscous damper. The various
electrical circuits (summarised in chapter 3) are tested. The piezoceramic material shows
some non-linear behaviour, complicating the study. Despite this, two of the three circuits
immediately show acceptable agreement with the developed models.

The third circuit which is tested is more complex. It actively modifies the electrical state
of the piezo element such that it increases the output over the other two passive circuits. Due
to the complexity of the circuit, a number of challenges are encountered and consequently
tackled. The circuit is extensively studied using a second electrical setup. Additional guide-
lines are formulated with respect to this circuit.

The developed damper concept shows great promise in providing sufficient power for a
blade monitoring system. Aside from the concept, this work also provides more insight into
the process of developing a power harvesting system.



Samenvatting

Helicopterbladen zijn critische componenten en worden zeer zwaar belast. Het falen van een
enkel blad zal onvermijdelijk het verlies van de helicoptertot gevolg hebben. Volgens de
huidige stand van de techniek wordt de levensduur van helicopterbladen bepaald aan de hand
van een zeer conservatieve berekening waarbij van zeer zwaar gebruik uit wordt gegaan. Het
gevolg van deze berekening is dat een blad geschikt is voor tienduizend vlieguren maar deze
na slechts drieduizend al wordt afgedankt. De hieraan gerelateerde kosten zijn gigantisch.
Voor zwaar belaste militaire helicopters is dit misschien een acceptabele benadering maar
voor licht belaste civiele helicopters impliceert dit dat de bladen misschien wel twee- of
driemaal langer mee kunnen. Dit vormt een hoge en vermijdbare kostenpost. De technische
levensduur van de bladen kan verlengd worden middels beterematerialen, uitgebreide in-
spectieprocedures en beter ontwerp, maar de onzekerheid betreffende de belastingen blijft.
Dit zijn allemaal nog altijd dure opties.

Daarom zijn binnen de bladen meetsystemen vereist, zodat debelastingen zeer nauwkeu-
rig in kaart gebracht kunnen worden. Op deze wijze is het mogelijk om de belastingen te
meten, de werkelijke vermoeiing van het materiaal te bepalen en uiteindelijk de technische
levensduur veel beter te voorspellen. Het resultaat zal zijn dat bladen langer gebruikt kunnen
worden waarna de onderhoudskosten zullen dalen en de milieu-effecten van het produceren
van deze bladen verminderd wordt.

De grootste uitdaging hierbij is hoe deze sensoren van electriciteit voorzien worden.
Grote helicopters gebruiken vaak sleepringen om anti-ijsafzettingssystemen van energie te
voorzien. Dit is echter onbruikbaar voor sensoren en data verwerking omdat dit vaak hogere
electrische spanningen zijn en dit ook geen stabiele bron van electriciteit is. Bovendien zijn
sleepringen zeer onderhoudsintensief.

In dit proefschrift wordt voorgesteld om de vereiste energie voor de sensoren ter plekke op
te wekken. Vele technieken zijn mogelijk, variërend van electromagnetische technieken tot
solid-state conversie principes. In dit werk wordt piezoelectriciteit voorgesteld als kandidaat
voor het opwekken van de energie. Piezoelectrisch materiaal is in staat om een stroom op te
wekken wanneer het mechanisch belast wordt. Wanneer dit gekoppeld wordt aan electronica
kan een bruikbaar hoeveelheid vermogen opgewekt worden.

Hoofdstuk 3 bespreekt een aantal electrische circuits die aan het piezoelectrisch materiaal
gekoppeld kunnen worden. Eerst worden twee zogenaamde passieve circuits besproken.
Deze circuits manipuleren op geen enkele wijze de spanning van het element. Vervolgens
worden twee actieve circuits behandeld die wel de spanning manipuleren om zo het vermogen
te vergroten. Er wordt gedemonstreerd dat het maximaliseren van de output niet zo eenvoudig
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is als het kiezen van het meest efficiente circuit. Afhankelijk van de mate van koppeling van
het mechanische deel van de harvester voldoet soms een passief circuit al, omdat een actieve
circuit de beweging zoveel onderdrukt dat er toch minder vermogen wordt opgewekt.

Twee concepten worden bestudeerd. De eerste, die besprokenwordt in hoofdstuk 4,
maakt gebruik van piezo electrische plaatjes die op de bladen geplakt worden. Met behulp
van data die is aangeleverd door Agusta Westland, wordt de plaatsing van deze plaatjes
geoptimaliseerd en kan een opgewekt vermogen berekend worden. Hoewel dit concept
bruikbaar is vanuit het oogpunt van het terugwinnen van energie, lijkt deze minder goed
toepasbaar wanneer de dynamica en randvoorwaarden van de helicopter in beshcouwing
worden genomen. Indien dit concept verder wordt ontwikkeldis een dynamische analyse
van het gedrag van het blad een vereiste.

Het tweede concept behelst het aanpassen van een viskeuze demper in de rotor (hoofdstuk
5). De taak van deze demper is het onderdrukken van bepaalde trillingen in de bladen
die tot destructieve resonanties kunnen leiden. Door een stuk piezoelectrisch materiaal in
serie met de demper te plaatsen wordt deze blootgesteld aan de opgewekte demperkrachten,
waarmee vervolgens energie opgewekt kan worden. Het initiële onderzoek suggereert dat
dit een uitstekende kandidaat is als energiebron voor een sensornetwerk. Het concept vereist
weinig aanpassing van de bestaande componenten en heeft slechts een minimale invloed op
de dynamica van het blad. Het concept blinkt ook uit in zijn eenvoud, er is slechts een stuk
piezoelectrisch materiaal, een veer en enige electronica nodig. Een aantal ontwerpregels
worden ook geformuleerd zodat de prestaties worden gemaximaliseerd en de invloed op de
rest van de helicopter geminimaliseerd wordt.

Tevens is experimentele validatie vereist om vast te stellen of de ontwikkelde modellen
nauwkeurig zijn, dit wordt gedaan in hoofdstuk 6. Er is een opstelling gebouwd bestaande uit
onder andere een kleine viskeuze demper en een stuk piezoelectrisch materiaal. Verschillende
electrische circuits (samengevat in hoofdstuk 3) worden getest. De validatie wordt enigszins
bemoeilijkt door niet-lineair gedrag van het materiaal. Desondanks laten twee van de drie
circuits een acceptabele overeenkomst zien met de ontwikkelde simulatiemodellen.

Het derde circuit is wat complexer van aard. Deze is in staat om de electrische toestand
van het piezomateriaal aan te passen, teneinde de opgewekteenergie flink te vergroten ten
opzichte van de twee eerder genoemde passieve varianten. Decomplexiteit van het circuit
stelt uitdagingen die succesvol worden aangepakt. Het circuit is uitgebreid bestudeerd aan de
hand van een tweede opstelling die alleen het electrische gedeelte omvat. Ook uit dit tweede
onderzoek volgen een aantal ontwerpregels.

Het ontwikkelde concept is een zeer geschikt ontwerp voor het opwekken van voldoende
vermogen voor een blad monitoringssysteem. Naast het ontwikkelen van dit concept biedt
dit werk ook veel inzicht in het proces van het ontwerpen van een dergelijk energie-terugwin-
systeem.
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1
Chapter 1

Introduction

1.1 Background

Over time technology advances such that devices become so small that they become portable.
Consider the changes from home stereos to portable music players, and from desktop
computers to laptops. In engineering, these advances in electronics have opened up new
possibilities with regards to sensing: independent and self-sufficient wireless sensor nodes.

The greatest limitation of all these devices is the power supply. Electrochemical batteries
must be used to provide energy, but then require regular recharging or replacement. One way
to extend the time between recharging sessions is by increasing battery life. Driven by these
advances in portable technology battery manufacturers have conducted an enormous amount
of research towards increasing battery life, perhaps the most known example being the lithium
ion battery, [1]. Another direction is decreasing the powerconsumption of electronics,
which can be signified by improvements in computer processors. The nearly one hundred
fold increase in CPU speed over the past 30 years would have been impossible without the
miniaturisation and increased efficiency of modern transistors [2].

Another possibility which is quickly maturing is generating the required electricity
locally. For demands in the order of kilowatts to a megawatt such methods have existed for
years: wind turbines, hydroelectric dams, solar farms, internal combustion engines connected
to a generator and so on. On a smaller scale, from microwatts to watts, one may consider
kinetic watches, for instance, where a pendulum is connected to a spring or even a miniature
generator.

A clear distinction exists between utilising fuel (generation) versus tapping into ambient
energy, e.g. wind, wave, solar and kinetic. Techniques thatutilise ambient energies are
grouped by the termenergy harvesting: they collect or harvest energy from the surrounding
environment. No explicit energetic input is required to generate electricity, as opposed to
traditional generating plants which are fuelled by coal, gas or nuclear fuel. Kinetic energy is
more complex. This can result from a structure being influenced by the environment or as a
side effect of human activity. Vehicles, rotating machinery, man-made structures excited by
the wind, and so on. There is a tremendous potential energy source within ambient vibrations.

Vibrations are usually considered a nuisance. They imply that mass is in motion about an
equilibrium point, which is typically not desired in structures. The most extreme technical

1
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example is perhaps the Tacoma Narrows Bridge (figure 1.1) that collapsed spectacularly
within months of completion due to undesired resonance conditions. In the Netherlands
there is the example of the Erasmus Bridge in Rotterdam whichshowed excessive vibrations
under specific wind conditions [3], requiring the retrofitment of dampers. The motion of the
Millennium Bridge in London was caused by crossing pedestrians and their natural tendency
to seek balance on the vibrating bridge, which required dampers to alleviate the problem.
From a design standpoint these vibrations must be avoided ordissipated. This is done
through damping, but it is also possible to recover this energy throughvibration based energy
harvesting(VBEH).

Figure 1.1: Tacoma Narrows Bridge undergoing excessive vibration.

For large scale motions, dampers may be converted to generators by forcing the fluid
through turbines, instead of a valve in the piston. Considerusing pyroelectric materials to
convert a temperature difference (resulting from damping) across the material to an electrical
charge, or the use of a linear generator [4]. Harvesting large amounts of energy from
these global structure borne vibrations always calls for some mechanical design that requires
maintenance.

On a smaller scale of milliwatts to watts, ambient energy maynot be so obvious. When
such small quantities of energy are desired, the aforementioned mechanical designs are
unsuitable. The complexity of and maintenance requirementfor a watt-scaled wind turbine or
fossil fuel powered generator, for instance, are prohibitive, despite the relatively high energy
density of electrical generator based designs. With such a small demand other forms of
generation or harvesting, with a lower energy density, are more feasible. This is only true
provided the design itself is less complex, cheaper or has few moving parts which require
maintenance. Small scale harvesting methods are the main field of operation for vibration
based energy harvesting.

It is not only the technical challenge itself which drives the development of VBEH. There
is also a pull from industry for independent sensor nodes with respect tohealth monitoring.
Nowadays companies strive to maximise the performance of their products. Part of improving
performance is predicting the performance and the end of life of components and products,



1

1.2. LITERATURE REVIEW 3

instead of providing maintenance based on a fixed schedule. This is especially important
for more modern materials such as composites where knowledge on fatigue and damage
mechanisms is far less developed than metals.

For end of life prediction consider aircraft or rotorcraft whose safe use is strictly limited
by phenomena such as material fatigue. This is the case for aircraft fuselages and helicopter
rotor blades. Helicopter blades are designed with a technical lifetime of, for example, ten
thousand hours [5]. However, they are replaced after only two to three thousand hours [6] to
rule out any possibility of failure and loss of the aircraft.Extensive ‘traditional’ testing on
blades in order to establish if they can still be used is not anoption. It requires expensive
techniques and many man-hours to establish the condition ofthe components. Costing in the
order of millions of euros for a set, doubling the useful liferepresents an enormous return on
investment for the end user when health monitoring systems are used.

This advantage also has an effect on the environment. The purpose of health monitoring
in conjunction with power harvesting is to extend the lifetime of components. This means
less demand for spare parts. For example, carbon composite parts incur a large cost in
production, require a great deal of energy to produce and also require hazardous chemicals
during manufacture.

In light of the aforementioned sensor nodes, small scale energy harvesting has the
potential to allow for autonomous sensors by utilising a seemingly endless supply of energy.
When, for instance, piezo electricity is used a fully maintenance-free unit can be devised due
to the absence of relative motion between surfaces or sliding contact (e.g. rolling or sliding
bearings). In combination with health monitoring techniques, it will greatly decrease the
amount of, or in some cases completely negate the need for, service. Existing unmonitored
structures can be equipped with self-powered sensors to establish their residual life. New
designs can incorporate sensors in locations which are impossible to reach without major
disassembly of the structure. For specific cases where the energy requirement is in the order
of microwatts to watts, vibration based energy harvesting may provide the answer.

1.2 Literature review

The current status of VBEH is that of a technology which is just finding its way to commercial
use. In the mid 90s one of the first analytic investigations towards power harvesting
[7] considered only a generic coupling mechanism for the sake of analysis. Proposed
coupling methods included electrostatics, electromagnetics and piezoelectrics. A number
of experiments were conducted [8–10], using simple mechanisms in order to investigate the
achievable power output in certain situations. Real understanding came around the early
2000s when more structured research was performed, aimed atlinking theory to experiment
for simple beam-structures [11–14]. The conclusion was also quickly reached that stacks are
more difficult to use than patches. Stacks appeared more suitable for low frequency high
force excitations [15].

From this point on research began to branch out into various fields. First is the
application of advanced circuits, which received an enormous amount of attention [16–
27]. The application of advanced circuits allows for more efficient use of the material and
greatly boosts power output for non-resonant conditions [19]. Another field is increasing
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the bandwidth of systems. This can be done by making a number of different resonators in
a single device [28, 29], although this can be considered as installing many harvesters on
a single vibration source. A more efficient alternative is a beam that can be tuned during
operation as in [30]. Another issue is that piezoelectric harvesters perform better at higher
frequency. Systems were devised to upscale the frequency [31, 32]. Another field is that of
geometry optimisation. Various geometries, such as beams or cymbals [33], are optimised
towards a maximum power per unit volume [34–37].

Power harvesting is also just becoming a commercial business. A number of companies
such as Midé and Microstrain are selling energy harvesting packages consisting of a resonant
beam, conditioning electronics and a storage medium. The beam is tunable within a certain
range to tailor the system to the ambient vibration. Piezoceramic manufacturers are also
selling power harvesting demo kits to interested customers, showing the potential of the
technique.

Power harvesting is clearly a technique which still needs tofind a use in commerce and
industry. The knowledge is present but it has not yet been used in a design in such a way that
it clearly benefits the overal system.

1.3 Vibration based energy harvesting

In [38] a brief summary is given of the energy density of various generation or energy storage
methods which may be used for sensor nodes. It shows that for short periods (months to a
year) fixed energy content methods such as batteries or fuel cells are sufficient. Fixed energy
methods possess a given amount such as a quantity of fuel or a battery without any charging
equipment. As the desired lifespan increases the constant output energy harvesting methods
become interesting. These are systems of which the output isa constant amount of power,
consider solar cells under constant illumination or windmills under constant wind conditions.
However, even when compared to solar energy under less than optimal conditions, vibratory
sources are an excellent alternative. The data is summarised in table 1.1.

Table 1.1: Volume normalised power output for various energy storage and harvesting
methods [38].

Technique
Power density
(1yr) [µW/cm3]

Power density
(10yr) [µW/cm3]

C
on

st
an

to
ut

pu
t Solar (outdoor) 150-15.000 150 - 15.000

Solar (indoor) 6 6
Vibration (piezoelectric) 250 250
Vibration (electrostatic) 50 50

Acoustic noise
.003 (75dB) .003 (75dB)
0.96 (100dB) 0.96 (100dB)

Thermal gradient 15 ( 10oC) 15 ( 10oC)

F
ix

ed
co

nt
en

t Non-rechargable lithium battery 45 3.5
Rechargeable lithium battery 7 0
Micro heat engine (hydrocarbon) 333 33
Methanol fuel cell 280 28
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As the name indicates, vibration based energy harvesting involves extracting energy from
ambient vibrations. An example of various everyday vibration sources with the dominant
frequency and acceleration amplitude is given in [39]. It takes little imagination to find
vibration sources: rotating machinery always contain an imbalance, bridges are excited by
the wind and traffic, and vehicles themselves require dampers to keep the vibrations at a
comfortable level. Anything that moves, rotates or is susceptible to air/fluid flow vibrates.
When this vibration is essentially undesired it becomes a potential energy source. Currently
all these vibrations are damped out. Consider dampers underan automobile, flexible mounts
for machinery and in high-rise buildings ‘tuned mass dampers’ are used to dampen the motion
of the top of the building (see figure 1.2).

(a) The tuned mass damper in the
Taipei-101 skyscraper.

(b) A section view of a hydraulic
engine mount.

Figure 1.2: Examples of vibration damping components.

Harvesting energy from these vibrations requires that a transducer, be it electromechani-
cal, electrostatic, piezoelectric or any other technique,be coupled to this vibration. For large
amplitude vibrations (> 1 cm) electromechanical methods such as linear generators may be
used. The two parts (stator and coil) are then connected to separate components which move
relative to each other. A good example of energy recovery using a linear motor/ generator is
the German (figure 1.3) and Japanese variants of the MagLev train. Although in perception
these are motors, they brake electromechanically when approaching a station, recovering a
large amount of the energy intitially required to accelerate the vehicle. This principle is also
used by hybrid electric vehicles under light braking.

A second mechanical solution concerns vehicles where the dampers in large trucks can
generate up to 1 kW per unit which is sufficient to do away with a traditional alternator for
electricity generation [40]. Traditionally damping is achieved by forcing oil through an orifice
in the piston. The energy harvesting damper instead runs theoil through a turbine connected
to a small generator. Under highway conditions this system could generate up to 1 kW per
wheel. Considering that a truck and trailer combination canhave up to 6 axles, this represents
12 kW of energy which can be recovered.
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Figure 1.3: The German MagLev, a big linear motor and generator.

For lower power levels the available methods typically relyon material behaviour and
the strain rate, converting mechanical energy into a voltage change or charge displacement.
Electrostatics utilises the variation in capacitance of anelectrical insulator under tension or
compression. Magnetostriction (figure 1.4(a)) works by compressing a material which then
generates a magnetic field. By wrapping this material in a coil an electric current is then
induced within the coil [41]. A third possibility is to use piezoelectricity (figure 1.4(b)). Here
a material is used which can convert mechanical strain directly into an electric current. A
number of methods are summarised in table 1.2.

Table 1.2: A number of transduction mechanisms suitable for power harvesting.

Technique Physical domains Working principle

Piezoelectricity Mechanical,
electrical

Charge generation resulting from deformation of a
polarised atomic structure

Magnetostriction Mechanical,
magnetic,
electrical

Change in magnetic field strength due to mechanical
load, electromagnetic induction generates a current in
the surrounding coil

Electrostriction Mechanical,
electrical

A change in capacitance with a given electrical charge,
resulting in a voltage change

Electromechanical Magnetic,
electrical,
mechanical

Electromagnetic induction of a coil passing through a
magnetic field

Pyroelectricity Thermal,
electrical

Temperature change causes a shift in the atomic struc-
ture, generating an electric charge

Of the various techniques of VBEH, piezoelectrics have garnered the majority of research.
Magnetostriction is still squarely within the experimental phase and moreover requires more
parts than piezoelectrics. Combined with patents on existing magnetostrictive materials [42]
and production, cost and availability are prohibitive as well. Electrostrictive techniques are
also well developed but simply lack the power density of piezoelectrics. Combined with the
knowledge present at the University of Twente with respect to piezoelectric materials it is
sensible to pursue piezoelectric based power harvesting.
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(a) Conceptual drawing of the main parts of
a magnetostrictive transducer (core, coil, and
magnetic enclosure).

(b) A piezoelectric patch encapsulated in epoxy
(source: PI Ceramic).

Figure 1.4: Two VBEH methods.

1.4 Piezoelectric energy harvesting

As explained in the previous section, power harvesting using piezoelectrics relies on ambient
vibration of structures. Piezoelectric material has the ability to convert mechanical strain
to an electrical charge (more exact: electrical displacement), and vice versa. When these
materials are affixed to a vibrating structure they will experience the same vibrations, thereby
generating an electric charge proportional to the mechanical strain input.

The concept is not as far-fetched as it may sound because low-tech devices have been in
use for decades. Consider lighters with an electronic sparkdevice: this is in fact a small block
of piezo material which the user depresses via a springloaded hammer. The same goes for gas
ovens. More subtle uses are in sensing. For example, properly designed piezoelectric strain
sensors generate many volts where resistive gauges rely on millivolt changes in the signal, the
signal-to-noise ratio is much better in the former case. Accelerometers use a plate of piezo
material sandwiched between a base and a seismic mass. The acceleration on the siesmic
mass generates a force on the piezo material according to Newton’s second law [43], resulting
in an electrical charge. The converse effect of converting voltage to a displacement is also
widely used. A few examples are nanopositioning systems, fuel injectors for combustion
engines, inkjet printers and ultrasonic cleaning baths. The advantages in these fields are
nanometer accuracy, high authority due to the large forces which can be generated and the
lack of moving parts. In more creative solutions these can beused as linear motors [44].

When used for sensing the piezo material is connected to a very high resistance which
prevents any significant current, meaning that the voltage is a direct measure for the strain of
the material. By reducing this resistance a current will flow, delivering power to a load; this is
the basis of power harvesting. In the mechanical domain the material is attached to a surface
which is strained in any fashion, be it harmonic, cyclical oreven random. The material
undergoes the strain as well, thereby generating the electrical current irrespective of the
voltage it must counteract. From basic electrical theory power equals voltage multiplied by
current, indicating that electrical power is being transferred out of the piezoelectric material.
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10

Host structure

Harvesting element

Electronics

Figure 1.5: Schematic representation of the components of a piezoelectric harvester.

This power can then be used for any number of applications. The scope of this thesis
dealswith the mechanical parts and the electronics directly concerned with maximising the
output of the system. Here a qualitative description is given of each of the components which
will be elaborated on in the modelling chapter.

1.4.1 System components

The difficulty of power harvesting is that different domains –mechanical and electrical–
are coupled and influence each other. When the circuitry usedalso imposes nonlinearities
the analysis becomes even more difficult. The components, however, are very distinct and
they will first be discussed separately in order to show the influence of each. Figure 1.5
schematically shows the components of a harvester.

Host structure

First is the mechanical structure or vibration source. For the sake of argument we will
generally consider a harmonic source. It is possible to use pulsed sources, random excitations
indirect sources such as wind [45, 46], and so on. It can be in the form of motors, structures
such as bridges or roads [47], rotating shafts, helicopter blades, etc. The host structure is
represented by the block on the upper left.

Piezoelectric element

The mechanical portion of the power harvester is affixed to this host structure. Two basic
methods can be distinguished and are demonstrated in figure 1.6. First is the direct method
where the vibrations from the source are fed directly to the material. In the case of a large
motor this would imply installing a stack of material in the base of the motor, bearing the full
weight and force of the vibration. This method is difficult to implement because it requires
large forces to generate an acceptable current. This methodis the most efficient only when
the ambient conditions are just right [15, 48].

The second method is indirect and is accomplished by attaching a tuned harvester beam
to the host. Its natural frequency is tuned to the dominant oroperating frequency of the host
structure causing the beam to resonate. The piezo material is attached as an additional layer
at the base of the beam and is stressed as the beam flexes. From traditional beam theory,
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Indirect method

Direct method

Figure 1.6: The direct and indirect methods demonstrated on an electricmotor, piezo
elements in grey.

it is known that the harvester beam can generate high stresses in the piezo material using a
modest external force or displacement. This makes the latter method more efficient for the
vast majority of applications.

Electronics

The next component of a harvester system is the electrical circuitry. In figure 1.5 this is
simply represented as a voltage meter. In chapter 3 a number of circuits will be explored,
here only a qualitative discussion is given.

Although it would suffice to simply use a resistor to dissipate energy, this is only done in
an experimental phase to characterise the harvester as thisrepresents the only possible linear
system. In the interest of optimising the harvested power, advanced electrical circuitry must
be used. Depending on the scale of the harvester, one may use passive circuits for microscale
systems. As the output increases to the order of milliwatts and beyond, there is enough
power available for active circuits that require some powerto function. The advantage of
active circuits is that they artificially increase the electromechanical coupling by modifying
the voltage of the piezo material. The goal of the circuitry is to maximise, or optimise, the
mechanical damping effect of the piezoelectric material on the rest of the structure. This issue
will be addressed and demonstrated in more detail in chapters 2 and 3.

All circuits have one aspect in common, which is a storage element which buffers an
amount of harvested energy. The electronics between the piezo element and this storage
capacitor are designed to optimise the power flow from the element to the capacitor. On
the other side, more electronics are used after this elementto condition the voltage for the
sensor node; however, this is beyond the scope of this research. In this thesis the conditioning
electronics are replaced by a resistor where the harvested energy is dissipated. This simplified
electrical load is the end point of this thesis. Figure 1.7 schematically shows the scope of this
work.
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Host structure and
harvester

Harvesting
electronics for
optimal output

Energy storage
electronics

Power
conditioning for

sensors and
further use

Figure 1.7: Schematic of power harvesting components and scope of this thesis.

1.4.2 Usage criteria

Piezoelectric power harvesting is a technique which in itself does not yield an amount of
energy which is useful for consumer use. The specific output –the power per unit weight or
unit volume– of these systems is quite low. It will not provide lighting, entertainment or the
power to drive machines. Typically, the indirect savings orthe increased sensing capability is
what makes these systems worthwhile. The following criteria sum up scenarios where power
harvesting is a viable option:

1. Crossing boundaries. Consider the presence of rotating joints such as axles in trains
and rotors in generators or aircraft where physical connections are difficult, sensitive
or expensive. Local generation and wireless transmission of data is a good alternative.

2. Difficult to reach spaces such as the internals of small equipment. Consider
components which require significant disassembly to reach.

3. Systems where other techniques are excessive. A windmillor solar cell scaled to
generate milliwatts is possible but inefficient, requires maintenance and may vary
significantly in output. Power harvesting is virtually maintenance free and an eternal
source in the case of large structures.

4. Environments where it may be possible to install wiring but which are sufficiently
remote to drive up the costs to make power harvesting an economical alternative.
Consider remote un-powered structures such as bridges, small dams in rural areas, etc.

5. Remote locations where a service call imposes significantcost in man-hours, fuel or
funds. Rural areas, the tops of bridge support towers, and soon.

Generally, a combination of these criteria may be possible.Note that some form of
sensing is always assumed, otherwise power harvesting would be useless. The following
section gives some examples and demonstrates the various criteria.
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1.4.3 Examples

The value of power harvesting can easily be demonstrated based on a few examples. One use
could be in bridges. Bridges are very flexible structures andare excited by the wind, water,
and traffic. Even the myth of soldiers having to break step while crossing bridges has some
technical basis. One need only look at the Millennium Bridgeand Tacoma Narrows Bridge
mentioned previously to understand this. These vibrationscan be used to generate electricity
to power sensors. One could imagine that it may be just as simple to install a power line on
the bridge to supply sensors with power. This may be true to some extent for new bridges but
in the Netherlands, for instance, many bridges are aging or are located in a rural area with
no immediate access to the electrical grid. Providing this connection is far more costly than
engineering a power harvesting solution. Relevant criteria are 3, 4 and 5.

A second example would be vehicle tyre pressure monitoring systems, or TPMS. In the
case of direct pressure sensing –as opposed to frequency or speed based deduction, which is
less reliable– a power source is required to power the pressure sensor within the wheel. It
is far too costly and/or unreliable to install a hard connection to the vehicle power supply,
making battery power the next best option. These batteries must be replaced occasionally,
which requires the tyre to be removed from the rim in order to access the sensor. The use of
a self-sufficient sensor will make for a more reliable system. The first production vehicle to
include a direct TPMS was the Porsche 959 in 1986, but today TPMS is being required by law
around the world in more and more countries. The cost disadvantage of a harvester solution
could, for the most part, be offset by a standardised and mass-produced system. Relevant
criteria are 1, 2 and 5.

For this thesis the most important example is that of helicopters. The rotor blades of
helicopters are critical components which cannot be permitted to fail. The current practice
is to replace these based on a very conservative lifetime calculation. As indicated previously
the blades are designed for, for example, 10,000 hours but they are replaced within only
two or three thousand hours of operation [5, 6]. Employing sensors to monitor the loads and
condition of the blades could greatly improve the lifetime prediction through fatigue analysis.
The cost savings over the lifespan of one helicopter can be significant for medium to large
craft. These may have the blades replaced a number of times intheir life at a cost of millions
of euros on each occasion. Similar to the tyre monitoring system, the prospect of a rotating
joint is an issue but larger helicopters do have slip rings totransmit power to the blades for de-
icing systems. However, this power is too unstable for sensing and to return the data, again,
some hard connection accommodating rotation is required. Only criteria 1 is truly relevant
here, in this case the cost savings are the benefit.

1.5 Industrial partners

The University of Twente is a partner of the JTI Clean Sky project, funded by the 7th

Framework Program. The goal of the project is to improve air transport through various
Integrated Technology Development (ITD) programs. The programs cover various fields such
as: more efficient design, advanced materials, fixed wing aircraft and rotorcraft. UTwente is
also involved in a number of ITDs, among others Green RotorCraft (GRC) and Ecodesign.
The power harvesting research falls within the GRC ITD program.
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JTI Clean Sky

ITD Green
RotorCraft

ITD
Ecodesign ITD...

GRC
1,2,3...

Figure 1.8: Clean Sky project structure.

The research presented in this thesis falls within GRC1. Theuniversity, in cooperation
with a number of companies and institutions from the Beneluxhave formed the IGOR
consortium to research various rotor blade systems. Power harvesting is one of the selected
techniques.

1.6 Research goals

The University of Twente, in the form of the Applied Mechanics group, also wishes to expand
its expertise to the field of piezo materials for sensing, actuation and power harvesting. Some
initial studies were performed in 2008 [49]. A position dedicated to power harvesting was
created and the group has subsequently participated in two projects in cooperation with other
parties.

The University of Twente is a partner within the GRC project,in conjuction withAgusta
Westlandand other companies. Given the expertise within UTwente, power harvesting was
considered as a viable method to generate power in AW’s helicopter rotor blades for health
monitoring equipment.

To this end the following research goals are established in this thesis:

• Develop a fundamental understanding of power harvesting. This is done through basic
analytical modelling, literature review and analysis of power harvesting circuitry.

• Explore the potential for power harvesting in the rotor of a helicopter. Establish the
most promising concept with respect to reliability, safetyand aerodynamic stability.

• Modelling, simulation and optimisation of a power harvesting device for use in a
helicopter rotor. See previous goal.

• Validation: Experimental validation of the proposed concept and performed simula-
tions.
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• Application development: design and realisation of an experimental setup for har-
vesting energy. Establish guidelines for the design of harvester systems. Explore the
potential for a basic rule of thumb to estimate power output of a concept.

1.7 Thesis outline

This thesis covers certain aspects of the topic of power harvesting and selected applications.
First, the concept of piezoelectricity and the mechanical background of power harvesting is
elucidated in chapter 2. Various actuation modes and material properties will be discussed
as well as the basic linear equations. Finally, a number of fundamental parameters such as
electromechanical coupling and normalised output will be introduced. This relates mostly to
research goal 1.

Due to the substantial content of electrical circuitry, a basic introduction is given in
chapter 3. The topics cover basic linear components, AC/ DC power and a functional
description of a few basic semiconductors. Following this introduction the relevant circuits
are addressed; basic functioning and the first design considerations towards implementing
these in real designs are discussed.

In chapter 4 the GRC project is properly introduced. Research is performed on the
main rotor blades of a helicopter. The application under investigation involves placing piezo
patches on the blade surface. Dynamic data from a rotor dynamic model is provided as an
input as opposed to performing a full coupled aerodynamic/structural/piezoelectric analysis.
This assumption is validated. The work is on a conceptual level and this concept was decided
not to pursue this concept further due to the aerodynamic properties and related stability
issues that the concept would interfere with. This chapter is relevant to the second research
goal.

Chapter 5 presents the second concept developed within the GRC project. The design
involves modifying a viscous damper which is present in mosthelicopters. The purpose of
this component is to suppress certain resonance modes whichare unavoidable in rotorcraft.
The damper is adapted to include a piezoelectric stack. A complete concept is presented,
spanning the mechanical and electrical domains, as well as considering the various electrical
circuits presented in chapter 3. The influence of the different parameters is investigated as
well as some potential non-linear variables pertaining to the piezo material. Equations and
design rules are formulated to maximise the output of the concept. This chapter relates to the
second and third research goals.

The extensive simulation of chapter 5 is validated with a laboratory scale setup, presented
in chapter 6. A setup is built consisting of a viscous damper,piezoelectric stack and a large
shaker providing the excitation. A number of circuits from chapter 3 are investigated and
compared with simulations of the setup. Two circuits are succesfully validated with this
setup and a third requires additional work with respect to the electronics. The circuit is
studied, modified and improved for use within the lag damper concept. Design guidelines are
formulated. This chapter relates to the second, third and fourth research goals.

Conclusions and recommendations are finally presented in chapter 7.
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Chapter 2

Power harvesting theory

2.1 The piezoelectric effect

The piezoelectric effect was discovered in 1880 by Pierre and Jacques Curie [50]. They
found that certain materials had the ability to convert mechanical stress to electrical charge.
The converse effect was predicted one year later and subsequently confirmed by the Curie
brothers. In 30 years the discovery was put into practice with the development of a
piezoelectric based sonar or hydrophone. The cause of this phenomenon was found to lie
in the atomic structure.

For ease of discussion only ceramic materials are considered, unless otherwise mentioned.
Ceramic materials are defined as ‘inorganic non-metallic solids prepared by heating and
subsequent cooling’. Ceramics exist as non-crystalline materials such as glass, crystalline and
polycrystalline materials. The mechanical properties typically include excellent compression
capabilities and an inability to handle tensile and shear stresses. Ceramics withstand strong
chemical corrosion and high temperatures. Although ceramics are typically associated with
cookery, it also has highly technical uses in tooling, thermal engineering and precision
mechanics. Components are produced by means of a forming process, followed by firing
at temperatures up to 1400◦C. Piezoceramics are classified as a composite ceramic. They
are usually formed by pressing the powdered consituent materials in a form, followed by
sintering. This process leads to a polycrystalline structure.

Modern ceramic piezoelectric materials are predominantlylead zirconate titanates, or
PZTs. The constituent atoms are ordered in aperovskitestructure. Figure 2.1 shows the basic
unit element at elevated temperature. This is a cubic structure with large metallic atoms on
the corners (in this case lead), face centred oxygen atoms and a zirconium or titanium atom
in the centre. In most PZTs both Zr and Ti are used simultaneously and the ratio can be used
to fine-tune the material for specific purposes.

Each element has a different electrical charge in the structure: lead takes a 2+ charge,
zirconium/titanium a 4+ charge, and each oxygen atom assumes a 2- charge. Positively
charged atoms are known as cations, and negatively charged elements are anions. This leads
to the following chemical designation: Pb(ZrxTi(1−x))O3, with x between 0 and 1. Note that
this ratio is not obvious from the figure, but for a real material structure consisting of countless
unit cells this is the case.

15
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Lead
Oxygen

Zirconium/ Titanium

Figure 2.1: Atomic structure forT > Tc (left) andT < Tc (right).

The piezoelectric effect arises due to asymmetry created by the central zirconium/titanium
atom. Above a certain temperature, known as theCurie temperature, the atom is in the
centre. This leads to a uniform distribution of the positiveand negative charges within the
structure. When the material is cooled to below the Curie temperature, the central atom moves
away randomly towards one of the oxygen anions because the central position is an unstable
position. Within one crystal all atoms move in the same direction. This has two effects.
First, it distorts the atomic structure resulting in the perovskite structure which is anisotropic.
Secondly, because the central atom is not located exactly inthe centre, the centres of positive
and negative charge no longer coincide, leading to a dipole moment. Due to the resulting
asymmetry a polarisation of the material occurs which is defined positive in the direction of
the displacement of the central atom.

In nature the crystal orientations within bulk material arerandom, nearly neutralising the
charge imbalances over the entire specimen. Figure 2.2 shows the grain structure (meso scale)
and domain structure (micro scale) of Barium Titanate, another type of piezo ceramic. The
larger structures in the figure represent the material grains and the smaller parallel structures
are the individual domains. Within each domain a uniform polarisation exists. The macro
scale polarisation, however, is zero.

Figure 2.2: Microscope image of the structure of Barium Titanate. [51]
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For a useful piezoelectric effect, all the crystal domains must be oriented in roughly the
same direction. To accomplish this, the material is typically put under a voltage at elevated
temperatures. The voltage is then maintained as the temperature is decreased to ambient
values. This locks the orientation of the piezoelectric domains in the direction of the applied
voltage. This random and oriented polarisation is demonstrated in figure 2.3.

Figure 2.3: Schematic representation of the crystalline structure andpolarisation
domains before (left) and after (right) polarisation.

This polarisation is not permanent regardless of the ambient conditions. The Curie
temperature immediately implies that, as the temperature is increased, the material has a less
profound piezoelectric effect. More specifically: it becomes less tolerant of voltageswhich
are applied in the opposite direction. If too high a voltage is applied the Ti/Zi atoms can be
displaced to another equilibrium state, changing the polarisation of the affected domain. The
negative voltage below which a spontaneous change in polarisation occurs is thecoercive
field strength. By applying a voltage lower than this voltage the polarisation is forcefully
reversed. This value reaches zero when the temperature approaches the Curie temperature.

The polarisation direction also implies that the effect is anisotropic. Toward this end a
standard local coordinate system is introduced in the material. The 3 axis is always positive in
the polarisation direction. The 1 and 2 axes can then be chosen arbitrarily, but perpendicular
to the 3 axis, assuming a right-handed coordinate system. For simplicity a block of material
is considered, making it useful to orient the 1 and 2 axes along the edges. The standard axis
notation is given in figure 2.4. Note that for clarity the deformed shape under a positively
applied voltage along the 3 direction is given.

1

2

3

Figure 2.4: Standard axis notation for piezoelectric material. Polarisation in 3
direction.
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In order to make use of the piezoelectric effect, a voltage must be applied along the
3 axis. This is done by applying electrodes on the surfaces perpendicular to the 3 axis.
An added effect is that of electrical capacitance. This is a property which results from two
parallel electrodes with adielectric in between. Capacitance is the electrical equivalent to
a mechanical compliance and is denoted in Farad [F]. The capacitance relates how much
current or charge is required to generate a desired voltage between the electrodes.

Piezo material can be used in 3 ways: the 33 mode, 31 mode and 15mode. The first digit
denotes the axis along which a voltage is applied, and the second digit signifies the resulting
strain. The first two modes are of interest in this research. In the 33 mode the voltage along
the polarisation axis leads to a deformation along that axis. This mode typically exhibits the
largest piezoelectric effect of the various operation modes. The maximum achievable strain
is typically in the order of one to two thousandths extension. The 31 mode utilises the lateral
contraction resulting from the strain along the third axis and the effect is appromately half as
strong for the same voltage field. Due to symmetry of the unit cell, the 32 mode is identical
to the 31 mode and is not explicitly mentioned or calculated.

The 15 mode also exists but, as the indices indicate, it requires the electrodes to be
perpendicular to the 1 axis. This mode utilises shear deformation in the 31 plane. The
shorthand notation is 15. As with the 31 mode of operation, symmetry conditions imply
that the 24 mode demonstrates similar behaviour. A voltage field along the 2-axis induces a
shear in the 23 plane. This mode is not addressed any further in this thesis.

Utilising these modes requires different types of geometries for the respective actuator.
The 31 mode is generally used in the form of a patch. The third axis is the thickness direction
and the other two dimensions are comparatively large. Electrodes are applied over the large
top and bottom surface. The patch is then bonded to a plate or beam structure. Applying a
voltage will then deform the material in between the electrodes.

The 33 mode could, for a long time, only be used by making stacks. Chips of material
are stacked, along the 3 axis, with electrodes in between which alternate polarity. The length,
along the 3 direction, is typically larger than the cross section of the stack. These two basic
geometries are shown in figure 2.5. Modern manufacturing techniques have allowed for
patches to be manufactured which utilise the 33 mode. These are, among others, known
under the terms AFC, MFC, and DuraAct.

Figure 2.5: Impression of a patch (left) and stack actuator (right).

With this basic knowledge of the phenomenon of piezoelectricity, a standard coordinate
system and actuation modes, equations can be derived in order to accurately describe the
behaviour of this material.
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2.2 Constitutive equations

Consider an infinitesimal piece of piezoelectric material such as in figure 2.4 with a given
uniform polarisation, quantified by the matrixe. The following constitutive equations –
converted from tensor to matrix notation– then define the force and charge equilibrium of
the element [52]:

σ =CEε − eTEv (2.1a)

D =eε + ǫεEv (2.1b)

Variablesσ, CE, ε, Ev D andǫε, represent the stress vector, elasticity matrix, strain vector,
voltage field vector [V/m], electric displacement field [C/m2] and permittivity matrix [F/m]
at constant mechanical strain. Refer to chapter 3 for a detailed discussion of the electrical
domain and its variables. There are three other variations of the piezoelectric equations,
these are summarised in appendix A. For the majority of this thesis, thee-formulation is
used, as presented here.

Upon close inspection, the first equation reveals Hooke’s law describing the mechanical
domain. The stress and strain vectors are therefore:
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(2.2)

The elasticity matrixCE is a 6 by 6 matrix. It contains the elasticity constants at a constant
electrical field. Due to symmetries present in the structureof the unit cell, this simplifies to
the following matrix with 6 independent elasticity values:

CE =
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11 CE

12 CE
13 0 0 0

CE
12 CE

11 CE
13 0 0 0

CE
13 CE

13 CE
33 0 0 0

0 0 0 CE
44 0 0

0 0 0 0 CE
44 0

0 0 0 0 0 CE
66



















































(2.3)

The second part of the first equation is the stress generated by the piezoelectric effect. It
is dependent on the voltage field within the material. Again,considering the atomic structure,
simplifications in the number of material parameters are already included. These matrices are
then defined as follows:

e=





















0 0 0 0 e15 0
0 0 0 e15 0 0

e13 e13 e33 0 0 0





















, Ev =
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(2.4)
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1

2

3

+

-

I (t)

V(t)

Figure 2.6: Model for the 1D piezoelectric element.

The identical performance ofe13 ande23 becomes clear when inspecting the unit cell of
figure 2.1, as there is no difference between the structure along the 1 and 2 axis. The same
goes fore15 ande24 which represent shear in the 31 and 23 plane.

The 3 values for the electrical field denote an electrical field oriented along the individual
axes of the local coordinate system of the material. From thee matrix it becomes clear that
it is also possible to impose a shear deformation in the material by applying a voltage along
the 1 or 2 axes. However, this aspect will not be addressed further in this work.

The second equation represents an electrical charge balance. In solid mechanics there
is a force equilibrium when statics are concerned. This equation represents the electrical
equivalent, withD and Ev the equivalencies to the strain and stress, respectively. The
electrical permittivity of the materialǫε is the electrical equivalent of mechanical elasticity.
When the material is compressed, the charge displaced by thepiezoelectric effect builds
up on the electrodes perpendicular to the 3 axis, resulting in an increase in the voltage.
The mechanical equivalent is compressing a spring which requires a force to maintain the
displacement. The electric flux density, permittivity and voltage field have no coupled terms
and are then defined as:

D =
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0 ǫ2 0
0 0 ǫ3





















(2.5)

These equations fully describe the behaviour of linear piezoelectric material. In the next
section more useful equations for actual applications willbe investigated.

2.3 Equations for piezo elements

A piezo element will have finite dimensions and only 2 electrodes, leading to a single
capacitance value. To make the equations of the previous section applicable to a patch or stack
actuator, the dimensions of the component must be taken intoaccount. The full derivation is
given for the 33 mode of operation assuming a monolithic element. The equation for 31 mode
operation can be derived in a similar fashion. The results for additional modes of operation
and stacks are listed in appendix B. The element under consideration is shown in figure 2.6.

The 1D stiffness is denoted using the Young’s modulusEE
33. Because of the application

of 2 electrodes perpendicular to the 3 axis, only one charge equilibrium equation is relevant:
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D3. The others are equal to zero. Additionally, shear does not lead to a charge displacement
along the 3 axis, so for the constitutive equations all shearterms can be neglected. With thee
matrix then only containing terms in the third row, only one electrical equation remains.

Instead of a voltage field, a voltageVp is applied. From electrostatics the voltage at a
point within a uniform electric field between parallel plates is given byEv = −Vd, with d
the distance from the grounded plate. Since the voltage across the entire material is desired,
d is substituted with the thickness of the materialtl . The dimensionless strain is replaced by
the deformation divided by the original length. Lastly, consider an element with a loaded
surface areaA perpendicular to the 3 axis and thicknesstl , along the 3 axis. With all these
substitutions the following equations are found:

F
A
=EE

33
∆tl
tl
+ e33

Vp

tl
(2.6a)

Q3

A
=e33
∆tl
tl
− ǫε

Vp

tl
(2.6b)

The variableQ3 represents the charge displacement and is defined asQ3 = D3A. The
elasticity termCE

33 is replaced by the 1D elasticityEE. In engineering applications, the
interesting parameters are the piezo displacement∆tl , force F, applied voltageVp and for
power harvesting purposes also the currentI . From electrical engineering it is known that
I = dQ/dt [53], requiring that the electrical equation be derived to the time. These are
chosen as the element variables resulting in:

F =
EE

33A

tl
∆tl +

e33A
tl

Vp (2.7a)

I =
e33A

tl
∆ṫl −

ǫε3A

tl
V̇p (2.7b)

Equations 2.7 reveal a number of physical quantities of the piezo element. First is the
mechanical stiffnesskp = EE

33A/tl of the element. Second is the capacitanceCp = ǫ
ε
3A/tl

of the element. The last parameter is the piezoelectric constant θ = e33A/tl , unit [N/V]. It
directly links the applied voltage to a piezoelectrically generated force. The following basic
equation can be written for a piezoelectric element:

F =kpu+ θVp (2.8a)

I =θu̇−CpV̇p (2.8b)

where the elongation∆tl is substituted by the displacementu. Based on these basic
equations it is now possible to investigate the various modes of operation.
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2.4 Modes of operation

In chapter 1 various uses of piezo material are mentioned, assensors, actuators or harvesters.
The consequences of each mode of operation on the constitutive equations are presented in
this section.

2.4.1 Actuators and sensors

When used as actuators the piezo element is driven by a set voltage. The electrical equation
of 2.8b becomes obsolete, leaving only the mechanical domain to be evaluated. The electrical
domain is, of course, still there but the driver supplies thenecessary current to achieve the set
voltage. Thus remains:

F = kpu+ θVp (2.9)

When used as a sensor a very high resistance is connected to the electrodes of the piezo
element. This resistance is sufficiently large such that the current flow is negligible, creating
what is called anopen circuitcondition. When the material is stressed mechanically the
resulting current cannot flow from the element. All displaced charge must be stored on the
electrodes of the material leading to a voltage increase across the electrodes. This leads to
the following equations:

F =kpu+ θVp (2.10a)

0 =θu−CpVp (2.10b)

Note that with the current being zero, it is possible to integrate the function describing the
electrical domain, rewriting it in terms of voltage and displacement. The electrical equation
is now written in terms of a charge balance.

2.4.2 Harvesting mode

From basic electronics, the electrical power is dissipatedin a resistor because there is current
through as well as voltage across it:P = VI. Just as in the mechanical domain, power is
transmitted only when a force as well as a velocity are present. To this end a resistor with
finite valueR, (unit Ohm, symbol [Ω]) is connected across the electrodes of the piezo element.
From Ohm’s law [54] this relation isV = IR. The piezo electric equations are then as follows:

F =kpu+ θVp (2.11a)

Vp/R=θu−CpVp (2.11b)

These last equations represent the most basic form of power harvesting using only a
resistor in alternating current (AC) mode. In the next two sections the concept of coupling
and its influence on harvested power in a 1D dynamic model are investigated.
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2.5 Electromechanical coupling

The constitutive equations 2.1 and element equations (2.8)of the previous sections show that
there is a two-way coupling between the mechanical and electrical domains. An applied
force will generate a voltage, and a voltage will result in a force. This effect can be minimal
or profound depending on the performance of the material andthe electrical operation, open
or closed circuit, or something in between using a finite resistance value.

First, this effect is quantified using a dimensionless parameter and assuming open circuit
operation, such as in equations 2.10b. Contrary to previousresearch at the University of
Twente [55], here a linear displacement field within the element is considered, instead of
solving the internal wave equation. To determine the coupling parameter the equations must
be condensed to a single one. A homogeneous bar of piezoelectric material under a 1D
loading along the 3 axis and 33 mode operation is presumed. First the electrical equation of
equations 2.8 is written as a function ofEv3:

Ev3 =
e33ε33

ǫε3
(2.12)

This is substituted back in to the mechanical domain resulting in:

σ33 = EE
33ε33 + e33

e33ε33

ǫε3
(2.13)

Recall that, this being a 1D equation, the equivalent elasticity EE is used. Rearranging
then yields:

σ33 = EE
33ε33













1+
e2

33

EE
33ǫ
ε
3













(2.14)

The dimensionless valuee2
33/

(

EEǫε3

)

is of special importance and is defined as the

electromechanical coupling. Here it can be substitued byk2
33, with the subscript again

indicating the mode of operation. The coupling is a measure for the influence of the electrical
domain. A high piezoelectric coefficient, low permittivity and elasticity lead to a pronounced
influence, ie. when applying a force to the material a larger portion of the reaction force is
due to the piezoelectric effect, when an open circuit is considered. In this case it leadsto an
apparent increase in material stiffness.

A similar derivation can be done for a lumped 1D model such as equation 2.8, leading to
the following description of electromechanical coupling for a lumped parameter model:

k2
e = θ

2/
(

kpCp

)

(2.15)

For lumped cases and experimental characterisation,k2
e is generally used to indicate the

electromechanical coupling. Although the operation mode may be known, the setup will
result in a value different than that resulting from the material parameters.

The equation of the electromechanical coupling can be reproduced using the definitions
for θ, kp andCp from section 2.3. This is only valid when the element under consideration
is homogeneous and fully active piezo material. With the definition of the dimensionless
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coupling in mind it is now possible to describe the behaviourof a simple 1D AC power
harvester.

2.6 Power harvested in AC mode

Consider a 1D mass-spring model incorporating a piezo element in parallel with a mechanical
stiffness, as in figure 2.7. A harmonic force excitation is assumed. The influence of the
electromechanical coupling on dynamic systems will be investigated using this model.

F(t) u(t)

M

+

V(t)
-

I (t)
ks cs

Figure 2.7: Ideal Physical Model of a 1D dynamic system with a piezo element.

The variablesks, cs and M represent the mechanical stiffness, viscous damping of the
system, and mass. The piezo element is on the right. Only the lumped piezoelectric parameter
θ is considered for this evaluation. Also a resistorR is immediately included across the
electrodes of the piezo element. The equations of motion forthis system are:

Mü+ csu̇+ kpu+ θVp = F(t) (2.16a)

θu̇−CpV̇p = Vp/R (2.16b)

First the second equation is written as to solve the voltageVp in terms ofu. A complex
harmonic excitation and response is substituted:

F(t) = F0eiωt, Vp(t) = Vp0eiωt, u(t) = u0e
iωt (2.17)

with F0, Vp0 andu0 being complex amplitudes in the form ofa+ ib. Substituting these
responses in the electrical domain and cancelling the exponential terms,Vp0 is then written
as:

Vp0 = u0

θωR
(

CpωR+ i
)

(

CpωR
)2
+ 1

(2.18)

The voltage is again substituted in the equation for the mechanical domain along with the
assumption for the displacement function and is rewritten to group the real and imaginary
terms:
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(
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(

CpωR
)2
+ 1





















=
F0

u0
(2.19)

In this format it is easy to recognise the mass, stiffness and damping terms. Note that
the real piezoelectric term is dependent on the frequency, so initially only 2 extremes for the
resistance will be investigated, namelyR= 0 andR= ∞. For the first, all coupling terms with
θ vanish leaving us with the well-known second order equationfor a mass-spring system. The
limit of R to infinity is taken for the open circuit equation. The damping term vanishes and
the stiffness term reduces toθ2/Cp. The short and open circuit conditions yield the following
natural frequencies:

ωn,sc =

√

ks

M
, ωn,oc =

√

ks +
θ2

Cp

M
(2.20)

Note that the subscriptsc is often omitted, in which case the short circuit resonance
frequency is implied. The effect of piezoelectric coupling on dynamic systems becomes
clear from these two equations. The change in stiffness found earlier also leads to a shift
in the natural frequency of a 1D system. This also implies that a change in all natural
frequencies can be expected for continuous systems. For this 1D system, the open circuit
natural frequency is normalised with the closed circuit (purely mechanical domain related)
frequency usingk2

33:

ωn,oc

ωn,sc
=

√

1+ k2
e (2.21)

In equation 2.16b however,R is used as a variable. Its influence as it varies between 0
and infinity is investigated next. First, to make the conclusions more general the following
substitutions are made [56]:

ωn =

√

ks

M
, ζ =

cs

2Mωn
, Ω =

ω

ωn
, r = CpωnR (2.22)

which represent the short circuit natural frequency, the dimensionless damping ratio,
the normalized excitation frequency and normalized resistance. This yields a normalized
equation of motion:

(

1− Ω2 +
k2

er2Ω2

(rΩ)2 + 1

)

+ iΩ

(

2ζ +
k2

er

(rΩ)2 + 1

)

=
F0

u0
(2.23)

First, only the real part is equated to zero to evaluate the undamped natural frequency.
To this end a fourth order equation inΩ with only even powers must be solved. In figure
2.8 the result is given against log10(r) andk2

e. The maximum coupling coefficient used here
is ke = 0.7, which is currently approximately the highest value knownfor 33-mode ceramic
operation. From it, the conclusions can be drawn that for increasing coupling the natural
frequency increases only when the resistance differs at most an order of magnitude from
r = 1. This is the normalized optimal resistance at short circuit resonance.
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Figure 2.8: Open circuit to short circuit natural frequency ratio for variousk2
e andr.

The second question is how the displacement, voltage and power develop for varying
excitation frequency, and high or low coupling. By combining equations 2.18 and 2.19
the voltage is found as a function of the excitation, and to calculate the power the voltage
is multiplied by the complex conjugate of the current, and integrated over time one cycle.
However, specifically for a sinusoidal voltage signal, the average delivered power dissipated
in a resistive load is the RMS of the voltage divided by the resistance. For the sinusoidal signal
this yieldsP = V0V̄0/ (2R). The overline indicates the complex conjugate of the respective
variable. The following equations are found for the normalized displacement, normalized
voltage and average normalized power:

u′0 =
u0

F0/ks
=

1
(

1−Ω2 +
k2

er2Ω2

(rΩ)2+1

)

+ iΩ
(

2ζ + k2
er

(rΩ)2+1

) (2.24a)

V′0 =
V0

F0/θ
=

k2
erΩ (rΩ + i)

(rΩ)2 + 1
u′0 (2.24b)

P′avg =
PavgMωsc

F2
0

=
1
k2

e

∣

∣

∣V′0
∣

∣

∣

2

2r
=

rΩ2k2
e

2
(

(rΩ)2 + 1
)

∣

∣

∣u′0
∣

∣

∣

2
(2.24c)

For low coupling, the influence of the coupling on the mechanical domain is negligible.
This implies two constraints: the harvested energy is only afraction of that dissipated by
all other forms of damping, and that the electromechanical coupling itself is lowk2

e < 0.01
[56]. The requirement for the coupling is somewhat arbitrary as it simply means that there
is no appreciable change in natural frequency. In figures 2.9it shows that the mechanical
behaviour is rather insensitive to the load resistance and shows a resonance peak atΩ = 1.
This is consistent with the low coupling presumption. Looking at the electrical domain the
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influence of the resistance becomes clear. For low resistance (r ≪ 1) no voltage is built
up. For a high resistance (r ≫ 1) a clear voltage peak atΩ = 1 is shown, similar to the
mechanical domain. Lastly, the power shows a single peak atΩ = 1 andr = 1. This can be
deduced by taking the derivative of the power function tor andΩ. This analysis is performed
in [56] and shows that for the low coupled case the optimal resistance is:

ropt =
1
Ω

Ropt =
1

Cpω
(2.25)
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Figure 2.9: Normalised response plots fork2
e = 0.01 andζ = 0.05.

A critical solution step can be derived from this consideration of low coupled systems.
Due to the negligible change in natural frequency and dynamic stiffness of the system,
such systems can be solved sequentially. First, the mechanical domain can be solved
in the traditional manner. One important consideration is that the viscous damping is
always significantly higher than the power harvested. This requirement can be quantified
as [56]: k2

e/ζ ≪ 1. For fully undamped systems a small amount of harvested power will
obviously greatly reduce the amplitude at resonance. The displacement which results from
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Figure 2.10: Normalised response plots fork2
e = 0.5 andζ = 0.05.

the mechanical analysis can then be plugged into the electrical domain to calculate the power
(equation 2.24). The relevant equation for the mechanical domain is presented here for
clarity:

u′0 =
u0

F0/ks
=

1
1−Ω2 + i2Ωζ

(2.26)

Second is the case of high coupling wherek2
e ≫ 0.01. The results are shown in figure

2.10. The displacement shows the purely mechanical response for r ≪ 1, but asr approaches
unity the coupling becomes significant. Asr further increases beyond unity the amplitude and
natural frequency shift noticeably. The voltage shows similar behaviour to the low coupling
case but the peak is shifted towards the open circuit naturalfrequency. Both the peak voltage
and power are significantly higher due to the high coupling. The power plot is most interesting
as the single peak has now split into two. This is a characteristic of impedance matching
circuits and the split is determined in [17] and addressed indetail in [20].



2.7. CONCLUSIONS 29

For the low coupling it is also relatively simple to calculate the maximum harvested power
in the case of a harmonic excitation force. With the mechanical domain insensitive to the
amount of induced electrical damping, the dimensionless harvested power is calculated by
taking the derivative of the power equation tor, assumingu′o constant. Equating to zero
yields the optimal resistancer = 1. Inserting this into the power equation then yields:

P′max=
k2

eΩ

4
u′20 (2.27)

2.7 Conclusions

In this chapter the groundwork has been laid for a basic understanding of power harvesting.
The consitutive equations for a piezoelectric element havebeen presented and discussed and
relevant simplifications for ceramic materials have been included.

Coupling the theory to practice, the equations for real elements have been derived. This
revealed a single parameter, the force coefficient, which determines the coupling of the
piezoelectric element. Normalising this variable with thestiffness and capacitance yields
the dimensionless electromechanical coupling. This is a critical value which is a measure
for the mutual influence of the electrical domain on the mechanical domain. It is the driving
factor behind the coupled behaviour of electromechanical systems.

Finally, the equations governing a 1 dimensional element directly coupled to a resistor
– known as Alternating Current Impedance Matching (ACIM) – have been explored.
Expanding on the implications of electromechanical coupling, first a low value situation was
presented. In this case solution methods can be performed sequentially: first solving only the
mechanical domain and then the electrical. For high coupling a coupled solution is necessary,
greatly complicating the analysis. More importantly, as will be shown towards the end of the
next chapter, these are all impossible to solve exactly, except for the ACIM circuit.
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Chapter 3

Electronics basics and circuits

The field of electronics cannot be ignored when power harvesting is considered. Although it is
possible to harvest power by simply attaching a resistor to the piezo element, as demonstrated
in section 2.6, this power is not suitable for electronics. Moreover, in some cases power output
can be increased significantly by utilisng advanced electronic circuits which manipulate the
piezo voltage.

This chapter addresses the electronics knowledge needed tofurther understand power
harvesting. First the familiar concepts of current and voltage will be addressed, followed by
directly related phenomena such as charge, linear components, etc. It will be shown that, as
far as linear electrical systems are concerned, there is little difference between mass-spring
systems in the mechanical domain: both are governed by second order differential equations.

The discussion of selected semiconductor components is more difficult. These have no
simple mechanical equivalent and will take place strictly on an electronic basis. Only the
aspects which are relevant to the operation of the circuits are discussed.

The chapter concludes with a study of three electrical circuits. The Direct Current
Impedance Matching is a passive circuit which only rectifiesthe power from the piezo
element. Second is the active Synchronous Electric Charge Extraction circuit which is
used in a numerical analysis of a rotor blade mounted harvester. Third is the Synchronized
Switch Harvesting on Inductor circuit, which is studied most extensively of all throughout
this research.

3.1 Fundamental concepts

In each and every domain, one can distinguish a ‘through’ and‘across’ variable. In the
mechanical domain these are the force and velocity of a body.Voltageis the driving force
across an electrical load, generating acurrent through it [39].

Current is the flow of electrons (charge carriers). Physically the electrons, being
negatively charged, flow from the negative to the positive side. However, in electrical
engineering the convention is to consider the direction of flow from higher to lower voltage,
which is more intuitive and has no consequences for calculations concerning circuitry. If
current is equivalent to velocity, then the integral of current is the amount of accumulated

31
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electrons,Q =
∫

Idt, known ascharge, unit [C], coulomb. In piezoelectrics it is, in fact, a
charge displacement which occurs within the material. Notethe fundamental equation 2.1b
where the electric displacement field is used. To calculate acurrent this must be multiplied
with the electrode area giving the amount of charge and then derived to time:I = DAdt. The
constitutive piezoelectric equation and the current equilibrium equation for a piezoelectric
element are repeated here for reference.

D = eε + ǫεEv (3.1a)

I = θu̇+CpV̇ (3.1b)

Two ‘types’ of current can be distinguished. First isdirect currentor DC. This implies
a flow of electrons in only one direction. DC is typical of battery powered circuits and
equipment. The analysis of DC circuits is much like finding a static solution to a mechanical
problem. The other isalternating current, AC. Here current alternately flows in opposite
directions. This is the case for electrical outlets, for example, and is characterized by an
amplitude, frequency and phase. Analysing such circuits issimilar to dynamic mechanical
systems and involves differential equations.

Returning to piezoelectric material, the constitutive equations 2.1 imply that applying a
static displacement will displace only a fixed amount of charge. To continuously generate
power it must therefore be cycled regularly, resulting in ACpower. This power must be
conditioned for further use as electronic circuits and measuring systems require DC power.
This is done through the use of some electronics that are discussed in the next two sections.

3.2 Basic equations

This section will describe the fundamental electronic components and equations. First the
components are discussed and described mathematically. Then one combination of these
components is presented which displays equivalence with a mass-spring system, in order to
emphasize the mathematical similarity between both domains. A number of conclusions are
drawn based on the developed equations.

In electronics two basic laws generally hold: the Kirchhoff circuit laws [57]. One is that
the sum of all currents through a node in a circuit equals zero; this is a conservation law.
Second is that the sum of all voltages around a closed networkequals zero, representing
equilibrium. This is demonstrated in figure 3.1. For the current this leads toI1 − I2 − I3 = 0.
Current towards the central node is positive. For the voltage a direction must be specified.
The voltage law dictates that, when going clockwise around the network of figure 3.1(b), the
voltage equation isV(t) − V1 + V2 − V3 = 0.

The electrical and mechanical domain possess a number of similarities. A mechanical
force on a damper results in a certain velocity. In the electric domain, Ohm’s law [54] states
that a voltageV in volts and the currentI in amps across a resistor are linked byV = IR, with
R being theresistance[V /A] or [Ω], Ohms. Compared with the mechanical domain this is
analoguous to a viscous damper where force equals the damping multiplied by the velocity:
F = cv.
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Figure 3.1: Visualisation of the Kirchhoff current and voltage law.

There are two further equivalent components between these two domains. The first is
the inductorL in Henries, [H]. The physical appearance of an inductance isthat of a coil
of wire. A linear inductor is governed by the following equation: V = Lİ [41]. This is
equivalent to a mass in the mechanical domain: recall how Newton’s second law [43] was
initially formulated asF = mv̇ which further clarifies the equivalence.

Last is the capacitanceC in Farad [F]. This is governed by the equationV =
∫

Idt/C.
A capacitor is formed by two parallel plates separated by a non-conductive medium, or
dielectric. The capacitor accumulates charge as the voltage across it increases. The
mechanical equivalence is a compliance. The symbols for an inductor, resistor and capacitor
are shown in figure 3.2.

L R C

Figure 3.2: Symbols of an inductor, resistor, and capacitor.

This equivalence of the electrical and mechanical domains is summarised in table 3.1 and
is known as the force-voltage equivalency, or the impedanceanalogue. The other method
is the force-current equivalency, or mobility analogue, but the analogues with mechanical
phenomena are not as straightforward.

Table 3.1: Equivalent parameters in the mechanical and electrical domain.

Electrical quantity Mechanical equivalent

VoltageV ForceF
CurrentI Velocity u̇

ResistanceR Viscous dampingc
CapacitanceC Compliance 1/K
InductanceL MassM

Comparing a mass-spring system to a series RLC circuit will emphasise the similarity
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between both domains. In an RLC circuit a resistor, inductorand capacitor are joined in
series with a voltage source providing excitation, see figure 3.3. Applying the voltage law
implies summing the 3 voltages using their respective equations and equating them to the
source voltage. Because the components are connected in series, yielding a single closed
network, the current law indicates that all components are passing the same currentI (t). The
differential equations governing both systems are:

F = Mü+ cu̇+ ku V= Lİ + RI +
1
C

∫

Idt (3.2)

+
−V(t)

I (t)

C

R

L

(a)

k

M

c

F(t)

u(t)

(b)

Figure 3.3: A voltage driven RLC circuit and a 1DOF mass-spring system.

Both equations are second order differential equations and can be solved analytically
when a harmonic solution is assumed. In the mechanical domain this gives rise to a natural
frequency which is calculated asωm =

√
k/M. The same can be said for an electrical system.

The associated natural frequency of the RLC circuit isωel = 1/
√

CL.
Another case which will return a number of times is the RC circuit. Here a capacitor is

charged through a resistor, or a charged capacitor discharges through a resistor. The circuit is
shown in figure 3.4.

+
−V(t)

C

R

Figure 3.4: RC circuit layout.

The differential equation governing this circuit is:

CV̇c +
Vc

R
= V(t) (3.3)
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A step of the voltage source with amplitudeV0 is applied att = 0 s. Solving this
differential equation using an exponential function forVc yields the following asymptotic
response functions, left for charging (V(t) from 0 toV0 volts) and right for discharging (V(t)
from V0 to 0 volts):

Vc(t) = V0

(

1− e−t/(RC)
)

, Vc(t) = V0e−t/(RC) (3.4)

The quantityRC is a measure for how quickly the capacitor responds to a voltage change.
For example, when given a step input, att = RC the voltage has reached 63% of the applied
voltage, or has decreased 63% when it is discharging. This quantity is used regularly in this
thesis and is referred to as theRC timeof an RC loop. In the remainder of this thesis, the
subscripts will indicate which components are under consideration (e.g. in figure 3.10 it is
written asRCs).

With this knowledge it is possible to describe the electrical model of a piezo element.
Since equation 2.8b is written as a balance of currents, the piezo material is considered a
current source of which the generated current isθu̇. The internal capacitance must also be
accounted for by coupling a capacitance parallel to the current source. The resulting circuit
diagram is shown in figure 3.5. Here one closed network is present between the current
source and capacitance. A second one is implied between the capacitor and the open contacts
on the right. Additional circuitry can only be connected to these contacts and not between
the current source and the capacitance.

θu̇ Cp

Ip
+

−

Vp

Figure 3.5: Electrical representation of a piezoelectric element.

The currentIp is the outgoing piezo current and is referred to as such throughout this
thesis. Likewise, whenVp is used, it is the piezo voltage. To maintain compact equations the
postfix (t) is often omitted as these values are implied to vary in time.Because the currentIp

is shown here through the contacts of the piezo element, it isdependent on what is connected
to it. Connecting a resistor results inIp = Vp/R, similar to the AC calculation performed in
section 2.6. Other components or an entire network of circuitry can also be connected in order
to assist in optimizing the power output, complicating the equation forIp. Active circuitry
introduces switching behaviour which can no longer be analysed linearly. Therefore, these
active components must be understood prior to introducing these more complex circuits.

3.3 Semiconductor components

To complete the study of electronics required for power harvesting a number of semiconduc-
tor components must also be introduced. These behave differently than the linear components
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discussed previously, making analysis more difficult. These parts act as electronically
controlled switches and are useful to control and switch currents and to rectify the power
from AC to DC for use in measurement electronics.

For the DC impedance matching circuit (section 3.4) only diodes are necessary. For
the SECE circuit (section 3.5) and the SSHI circuit (section3.6) diodes are also required.
Switches are necessary as well, therefore two types of transistors (the BJT and FET) are
discussed.

3.3.1 Diodes and rectifiers

Diodesare components which only pass current in one direction. If the applied voltage bias
coincides with the ‘through’ direction of the diode it allows a nearly unimpeded passage of
current, save for a small drop in voltageVd. This means the diode will only conduct when the
voltage rises aboveVd. This is a result of the working principle of diodes and is unavoidable.
The voltage drop changes depending on the type and material of diodes, such as silicon (0.6
V), germanium (0.2-0.3 V) or Shottky type diodes (0.2 V).

When biased in the opposite direction the diode will block all current, effectively
behaving as an infinitely large resistor. Below a certain negative voltage a normal diode
will fail. Figure 3.6 shows the schematic symbol and the characteristicIV curve, assuming
the Schockley diode equation [53]. In the symbol the diode only conducts current in the
direction indicated from the positive to negative contact.

+ –
Vd

(a)
Forward voltage [V]

C
ur

re
nt

[A
]

− 0 Vd +

0

(b)

Figure 3.6: Diode symbol and typicalIV curve.

A combination of diodes allows for transforming AC to DC. This arrangement, called
a full bridge rectifier, along with a graph of the input and output voltage curves is shown
symbolically in figure 3.7. Note that there are now 2 diode losses between the AC and DC
signal:Vdc = |Vac| − 2Vd. The rectifier rectifies the AC voltage, incurs a 2Vd voltage loss and
cannot go below 0 V.

3.3.2 Bipolar junction transistor

For more advanced circuits,bipolar junction transistors(BJTs) are used to switch signals
and amplify power. It is a 3-port with contacts called the collector C, emitter E and base B.
There are also two different flavours of transistor: theNPN, andPNPversion. Both need to
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Figure 3.7: A diode rectifier schematic (left) and typical voltage curveincluding diode
losses (right).

be addressed to understand the operation of the advanced harvesting circuits. These types of
switches are capable of using a small control current to passa larger current. The ratio of
these currents is denotedhFE and is called thecommon-emitter current gain.

The difference between the types of BJT relates to the current direction. For an NPN type
a small current is passed from the base to the emitter allowing a larger current to pass from the
collector to the emitter. Aside from the current requirement a small voltage drop is incurred,
similar to a diode. The first is the base-emitter dropVBE and second the base-collector drop
VBC. The latter is not very relevant because there is typically no current from B to C. More
important is the collector emitter voltageVCE, since this is the main current. A simple diode
model, as shown in figure 3.8 (a) and (b), is sufficient to understand the basic functioning of
the NPN BJT [53].

B

E C
ICE

(a) NPN Diode model

B

C

EIBE

ICE

(b) NPN symbol and currents

C

B

E
ICE

(c) PNP Diode model

B

C

EIBE

ICE

(d) PNP symbol and currents

Figure 3.8: NPN and PNP transistor models and symbols [53].

The NPN transistor possesses a number of operating regions:cut-off, active, saturation
and reverse-active. The operating region depends on the values ofVBE andVCE. A current
IBE allows a certain current to pass from the collector to the emitter. Any attempt to pass a
higher collector emitter currentICE will be met by a strong increase in the collector emitter
voltage drop. The largerIBE, the largerICE can be.

Cut-off is the region where the transistor behaves like an open switch, i.e. IBE is so low
that there is no current can pass between the collector and emitter. The active region is where
ICE ≈ hFE IBE. Simply put, any attempt to increaseICE beyond this ratio will be met with a
strong increase in apparent resistance by the transistor. The saturation region is the one that is



3

38 CHAPTER 3. ELECTRONICS BASICS AND CIRCUITS

of interest for the active harvesting circuits. HereVBE > VCE and any current can pass from
the collector to the emitter, up tohFE IBE. The collector emitter shows only a very minimal
equivalent resistance. In this region the transistor behaves nearly as a short circuit, providing
that the current is limited by other components in the circuit or hFE, effectively going back
to the active region. In the saturation region, the ratio of currents is then determined by the
other components. The reverse-active region is where a current is going from the base to the
collector. This region is irrelevant to this discussion andis rarely used at all.

The PNP type functions very similarly to the NPN version. Thedifference is in the
direction of the currents. It requires a small emitter-basecurrent to pass a large emitter-
collector current. The currents are denoted the same as the NPN transistor but always have
a negative value. In essence it steals a small amount of a maincurrent, in order to allow the
majority of the main current to pass unimpeded. The PNP version has the same operation
regions: active, cut-off, saturation and reverse-active. The saturation region is the only one
that is of interest for the operation of the active circuits.In this caseVBE < VCE and the ratio
of currents isICE ≦ hFEIBE. The diode model and PNP symbol are given in figure 3.8 (c)
and (d).

3.3.3 Field Effect Transistor

A field effect transistor, or FET, is another three port like the BJT. The main difference is that
where a transistor is a switch which uses a current to controlthe switch, a FET uses a voltage
to control the switching characteristics. A voltage field inthe FET creates a conductive
channel and the larger the voltage the larger the conductivechannel. In a sense the channel
acts like a variable resistor of which the resistance is controlled by the control voltage.

In essence the FET has four ports of which two are typically permanently connected,
making a three-port. The drain (D), source (S), gate (G) and body (B). This is shown in
figure 3.9, the body is not marked but is the centre where the arrow points towards, and it
is connected to the source. The operating regions of the MOSFET are: off, sub-threshold,
linear and saturation. The off region is where the gate-source voltage is insufficient and there
is no channel from drain to source. The sub-threshold regionis where there is insufficient
VGS which permits only a leakage current (nA to mA when approaching VGS). The linear
region is where the current and gate-source and drain-source voltage are linearly proportional,
much like a controlled resistor. In the saturation region the maximum drain-source current is
limited, an increase in drain-source voltage will not lead to a higher current. For use in the
active circuits discussed in this thesis the linear region is of interest.

S

G

D

IDS

(a) Variable resistor model

D

S

G

(b) MOSFET symbol

Figure 3.9: MOSFET variable resistor model and symbol.
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There are many variants of the FET. These vary from the working principle (‘depletion’
and ‘enhancement’ mode) and polarity (positive or negativeVGS). Only one will be discussed
here: the n-channelMOSFET(Metal-Oxide Semiconductor FET). In this version, a positive
voltage from gate to source opens the channel between the drain and source, and the channel
is completely blocked whenVGS = 0 V. The fully open conduction mode must be achieved
as quickly as possible for efficient operation within the active circuits.

Using these semiconductors, the functioning of passive andactive harvesting circuits can
be discussed, which is the topic of the remainder of this chapter.

3.4 Direct Current Impedance Matching

The first circuit is the passiveDirect Current Impedance Matching(DCIM) circuit. Appendix
C gives a more detailed description of the circuit, operation, components, operating phases
and the various waveforms. Here the main points are addressed, being the circuit operation,
governing equations and the general performance.

3.4.1 Circuit design and operation

The circuit consists of a rectifier, storage capacitorCs and load resistorR, as shown in figure
3.10. The AC signal from the piezo is rectified and the energy is stored in the capacitorCs.
It is chosen sufficiently large as to maintain a nearly constant DC voltage. Inother words,
the storage circuit has a comparatively high RC time relative to the cycle time of the piezo
element. This is different from what is shown in figure 3.7 which shows the rectifiedvoltage
following the AC voltage. HereCs is acting as a buffer, smoothing the voltage ripple after the
recitifier.

θu̇ Cp

R

Ir

Cs Vdc

Vp

Figure 3.10: DC Impedance Matching circuit schematic.

Figure 3.11 provides an example of the voltage and current waveforms of the circuit at
the optimal resistance. The applied displacement is shown (a), currents (b) and voltages (c).
A sinusoidal displacement is applied, resulting in a sinusoidal current from the piezoelectric
effect, but with 90 degrees phase difference.

There are two phases of operation: one is where the AC voltagesignal of the piezo
element alternates between±V0. This can be seen in subfigure (c) where the piezo voltage
alternates between the extrema but also in (b) where the rectifier current is zero. The other
is when it conducts at near constant voltage when it has reached the threshold voltage of the
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Figure 3.11: DCIM waveforms at the optimal resistance. Displacement (a), currents
(b) and voltages (c).

rectifier. The threshold is determined by the DC voltage and the diode drop of the rectifier.
In figure 3.11(b) the conductive phase is active when the rectifier current is non-zero and in
(c) this is around the extrema ofVp. In (c) it can be seen that the DC voltage remains nearly
constant due to the large capacitorCs.

3.4.2 Governing equations

Due to the discontinuous conduction of the rectifier, an exact analytical solution is impossible.
Another way to state it is that –under the assumption of a constant DC voltage– the transition
from the non-conducting to the conducting recitifer implies an instantaneous change from
open to short circuit operation. This in turn changes the apparent stiffness of piezo element
within one cycle.

A detailed analysis of the circuit is given in [20, 56]. An approximate analytical solution
is found by considering one half cycle, while assuming a sinusoidal motion and using an
energy balance and current conservation approach. The mainfindings which are relevant
to understanding the circuit are given here. Using the same non-dimensional parameters
from equation 2.22 and neglecting the diode drop, the equations for displacement amplitude,
voltage and harvested power are:

u′0 =
u0

F0/ks
=

1
[

(

1−Ω2 +
k2

erΩ
rΩ+π/2

)2
+ Ω2

(

2ζ + 2k2
er

(rΩ+π/2)2

)2
]

1
2

(3.5a)

V′0 =
V0

F0/θ
=

rΩ
rΩ + π/2

k2
eu′0 (3.5b)

P′avg =
PavgMωsc

F2
0

=
1
k2

e

V′20

r
=

k2
eΩ

2r

(rΩ + π/2)2
u′20 (3.5c)

The calculation uses only the voltage and displacement att = 0 s andt = T/2 s, withT
being the period of excitation. The exact waveform of the voltage and displacement is not
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expected to influence the power output for low coupled systems. Small deviations from a
sinusoidal excitation should not strongly influence the output. This is investigated later in the
thesis.

Recall the non-dimensional substitutions of equation 2.22. Mathematically these solu-
tions differ only slightly from the ACIM results of equation 2.24. The difference is only a
few values in two quotients. First is the denominator in the piezoelectric stiffness term ofu′0
where 1 is replaced byπ/2. The same holds for the denominator in the piezoelectric damping
term. Consequently, processing this change throughout thecalculation of the voltage and
power leads to similar changes in both equations.

3.4.3 Low and high coupling

By evaluating the governing equations, plots for the normalised displacement, voltage and
power can be generated as shown in figure 3.12. First is the lowcoupling case with
identical coupling and damping parameters as the ACIM discussion of section 2.6. Restating
from section 2.5, low coupling implies that the piezo material and electrical portion do not
significantly influence the mechanical domain. When compared to figures 2.9 the differences
are mostly subtle. This is due to the fact that, for closed andopen circuit conditions, the
results are identical since no power is harvested.

The most striking point is again the presence of an optimal load. It is similar to the ACIM
case discussed in section 2.6, but with a different value for the normalised resistancer. For
low coupling the dimensional and non-dimensional optimal electrical loads are:

Ropt =
π

2Cpω
ropt =

π

2Ω
(3.6)

The difference is in the region which is useful for power harvesting,near the optimal
resistance and the natural frequency (Ω = 1), where the harvested power is maximised.
The displacement shows no discernible difference. The voltage is also very similar but is
marginally lower for all loads and frequencies. This has consequences for the power as well
since the maximum normalised power is lower for the same excitation when compared to
figure 2.9(c). The value for the optimal load is also different. The ACIM circuit maximises
output at a normalised resistance ofr = 1, and here the optimum is atr = π/2.

Second is the high coupling case, with the results shown in figure 3.13. The shift in natural
frequency can be seen in the displacement plot. As the normalised resistance increases, the
peak in the frequencyΩ shifts from 1 to

√

1+ k2
e. For the rest it appears very similar to the

ACIM case. The voltage plot (b) shows a high value for open circuit resonance and the power
(c) now shows two optimal points with equal magnitude. The optimal power is again lower
than the ACIM case.

For high coupling the optimal resistance becomes more complex, and there are also
numerous cases. The number of optimal loads and the magnitude thereof varies with coupling
and damping. Optimal loads can be calculated, but this is overly complex and moreover
superfluous to this discussion. These cases are not encountered in this thesis, although [20]
provides an overview.

In [20] a rule of thumb is also given to determine whether or not a system is highly
coupled. The ratiok2

e/ζ and the coupling coefficient k2
e itself are used. When both are far
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Figure 3.12: Normalised DCIM response plots for low coupling:k2
e = 0.01 andζ =

0.05.

smaller than unity, there is a negligible shift in natural frequency and most energy is still
damped through mechanical effects rather than through power harvesting. Calculation of the
optimal load is relatively straightforward as equation 3.6is a valid approximation. When the
first parameter increases beyond unity the two distinct optimum points arise. Ask2

e increases
these points separate more in optimal load and natural frequency.

3.4.4 Maximum harvested power

Lastly the maximum amount of power which can be harvested from a harmonic force
excitation is of interest. As with the optimal resistance there are many cases. They cover
a range of excitation frequencies, high and low coupling andshort or open resonance
conditions. For low coupling the maximum harvested power asa function of the normalised
excitation frequency is:
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Figure 3.13: Normalised DCIM response plots for high coupling:k2
e = 0.5 andζ =

0.05.

P′opt =
k2

eΩu′20
2π

=
k2

eΩ

2π
(

2ζΩ + k2
e/π

)2
(3.7)

This shows that for low ratio ofk2
e/ζ, increasing the coupling will increase power. This

can be understood in the sense that when coupling is insignificant the sequential solution
of the equations of motion is justified. A relatively small increase in coupling will still not
influence the global mechanical behaviour, yet more energy will be harvested per cycle.

For high coupling the maximum power, at the optimal resistive load and excitation
frequency, is found to be [20]:

P′max=
1

8+ 2
√

16+ π2

1
ζ

(3.8)
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This value is identical for the short circuit and open circuit resonance peak. The output for
the highly coupled situation shows that there is a limit to how much energy can be harvested
from a given force excitation. Consider that, if the electromechanical coupling is too strong,
the displacement will be supressed too much, limiting the energy input from the excitation.

3.5 Synchronous Electric Charge Extraction circuit

TheSynchronous Electric Charge Extractioncircuit (SECE) [17] is an active circuit for power
harvesting. This circuit will be only discussed conceptually because it was not built during
experimentation. An elaborate analytical discussion suchas with the DCIM [20] and SSHI
[22] is also not available.

It will be shown that this circuit possesses a certain analytical advantage because it has
no optimal electrical loadRand, when given a strain function in time, is very straightforward
in terms of calculating the power output of a system undergoing more complex –but still
cyclic– strain signals (chapter 4). More detailed information concerning the circuit is given
in appendix D.

3.5.1 Circuit design and operation

The SECE circuit schematic is given in figure 3.14. In comparison with the DCIM circuit,
a switch and coupled inductor is added. The dots indicate thepositive contacts of the coils,
here they indicate that the coils are connected in an opposing fashion. This is relevant to
ensure that the generated current flows in the desired direction.

The main phase is the open phase in which the piezo element is in an open circuit
condition. Only if the voltage is maximised does the circuitenter the next phase in which
the switch closes, allowing the element to conduct through the rectifier and primary inductor
winding. This is the primary discharge. When the current through the primary winding is
maximised the voltage on the piezo element is zero. Next, theswitch opens again and the
secondary discharge phase starts. The coupled inductor then has a maximum magnetic field
in the core. With the switch open the inductor must find an alternative to discharge its energy
to, and does this by generating a current in the secondary winding. This secondary current
passes through the diode, chargingCs. AgainCs is chosen sufficiently large as to maintain a
nearly constant voltage. Upon completion of the primary discharge phase the piezo element
again returns to the open phase and can begin charging.

Cp

I1

I2

R Vdc

Vp

Cs

Figure 3.14: SECE circuit schematic.
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Figure 3.15: SECE displacement input (a) voltage (b) and inductor current (c)
waveforms.

3.5.2 Maximum harvested power

With the circuit operating mostly in open circuit mode, it iseasy to calculate the power
available for low coupled systems by using the equation of the energy stored in a capacitor:

Ec =
1
2

CpV2
p,0 (3.9)

Assuming a harmonic displacement amplitudeu0, the maximum piezo voltageVp,0 results
from the open circuit equation of the piezoelectric equations 2.8 yielding:

Vp,0 =
2θu0

Cp
(3.10)

With two discharge events per oscillation the maximum normalised power becomes [19]:

P′max=
2k2

eΩu′20
π

(3.11)

This value is four times larger than equation 3.7, meaning the SECE circuit achieves four
times higher effective coupling than the DCIM. For low coupled systems the value for the
displacement amplitude can be inserted into this equation.For systems with high coupling
the value for the maximum normalised power is [17]:

P′max=
1

16ζ
(3.12)

This value is very similar to the result in equation 3.8, meaning that the maximum
harvested power is nearly the same for both circuits.

3.5.3 Additional remarks

Note that equation 3.11 does not contain any details of the storage circuit (Cs or R): the
displacementu0 is linked only to the piezo voltage through the open circuit piezoelectrical
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equations. Theoretically, the power harvested by this circuit is entirely independent of the
storage circuit. In practice, the parameters of the storagecircuit must be chosen such that
current and voltage remain within the bounds of other components. The DC voltage follows
from the choice of the loadR: Vdc =

√
PR. Note that the coupled inductor transmission

efficiencyηL is also not included but can be included simply by multiplying Pavg by it.
With the power being dependent only on the input strain, thiscircuit requires no

optimisation with respect to the storage circuit electronics. This makes it very simple to
calculate the power output of a low coupled system with a morecomplex strain history, where
there is no dominant frequency. The choice of inductance values requires more work and is
elaborated on in appendix D.

3.6 Synchronised Switch Harvesting on Inductor

The second active circuit is theSynchronised Switch Harvesting on Inductor(SSHI) circuit.
The SSHI circuit functions very similarly to the DCIM circuit but differs in the fact that,
where the DCIM circuit must change the piezo voltage throughmechanical deformation of
the patch, the SSHI circuit achieves this through electronic means.

3.6.1 Circuit design and operation

Switching the voltage of the piezoelectric element is achieved by a switched electrical
oscillator. As mentioned in section 3.2 this requires a capacitor and inductor. Therefore a
switched inductor is added on the AC side, in parallel with the piezo capacitance, as indicated
in figure 3.16. This process boosts the piezo voltage, increasing power output.

Cp

Ip

R

Ir

Cs

L1

Vdc

Vp

Figure 3.16: SSHI circuit schematic.

There are three phases to this circuit. Figure 3.17 shows theassociated voltage and current
waveforms. First is the conductive phase, similar to DCIM, where the rectifier passes current
from the piezo to the storage circuit, and the piezo voltage remains nearly unchanged at
a maximum value. When the piezo voltageVp starts to drop the next phase begins. The
switch detects the voltage drop and closes, connecting the inductor to the piezo element and
creating an oscillator. The piezo voltage transitions frompositive to negative or vice versa at
a frequency ofωel. It is stopped after only half a cycle due to the switch opening again. The
switching phase duration is determined by the choice of the inductor throughtinv = π

√

CpL1.
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It must be of relatively short duration compared to the mechanical excitation period. The
switching phase is represented by the brief current spikes and swift voltage changes in figures
3.17 (b) and (c). In the next phase the piezo element operatesin open circuit mode. The
voltage will be lower than before the inversion due to the finite resistance of the RLC loop,
due to the intrinsic resistanceRL of the coil. The piezo element must recover this voltage loss
after which the opposite conductive phase begins.

t

u(
t) 0

(a) Displacement
t

I(
t) 0

(b) θu̇ ( ) andIp ( )

V
(t

)

t

0

(c) Vdc ( ) andVp ( )

Figure 3.17: SSHI waveforms atRopt for a given displacement (a), current (b) and
voltage (c).

In the current plot the spikes from voltage inversion extendfar beyond the limits of the
plot. The sinusoidal portions occur during the conductive phase. The conduction current is
similar in form to those of the DCIM circuit (figure 3.11). Compared to the DCIM circuit
for a mechanically identical setup, either less time is lostalternatingVp between±Vdc, or a
higher DC voltage can be achieved at a lower resistance. Bothsituations increase output over
the standard DCIM method.

3.6.2 Governing equations

Similar to the DCIM circuit, an exact analytical solution isimpossible. Not only is the
rectifier non-linear but now the switching action of the circuit further complicates the
solution. The required circuitry for the switch itself is too complex to solve analytically.
However, ignoring the inner workings of the switch, a methodsimilar to solving the DCIM
circuit is applicable provided that terms concerning the voltage inversion are included as well.
The solution is presented in [22] and again considers an energy balance, current balance and
a half cycle of the motion.

The addition of the inductorL1 requires some attention. As shown in section 3.2 an
electrical oscillator has a natural frequencyωel = 1/

√

CpL1. The finite resistance of the coil
induces damping and leads to an exponential decay of the peakamplitude during oscillation,
just as viscous damping in a mechanical system. In the mechanical domain the damping value
ζ is used. In the electrical domain the convention is the quality factorQi , where a higher value
indicates less damping1. Assuming a constant coil resistanceRL, the voltage after inversion

1In the mechanical domain the dampingζ can also be related to a quality factor byQ = 1/(2ζ) [58].
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V− can be expressed as a function of the voltage prior to inversion. The quality factor and
final voltage are:

Qi = ωelL1/RL (3.13a)

V− = −V+e−π/(2Qi ) (3.13b)

Again, the normalised displacement, voltage and power equations are presented here
[22]. The exponential term of 3.13b is substituted with a more compact notation to improve
legibility.

qI = e−π/(2Qi ) (3.14a)

u′0 =
u0

F0/ks
=

1
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(3.14b)

V′0 =
V0

F0/θ
=

rΩ
1−qI

2 rΩ + π/2
k2

eu′0 (3.14c)

P′avg =
PavgMωsc

F2
0

=
1
k2

e

V′20

r
=

k2
eΩ

2r
(

1−qI

2 rΩ + π/2
)2

u′20 (3.14d)

The damping and stiffness terms are more complex when compared to the ACIM and
DCIM equations (2.24 and 3.5), but the changes remain withinthe electromechanical
damping and stiffness terms. The inclusion of the inductor variables makes itmore difficult
to explore the performance of the circuit and is beyond the scope of this study. In [22] an
infinite quality inductor is assumed for simplicity in the qualitative description. The infinite
inductor quality essentially makes the harvester highly coupled, regardless of how little piezo
material is used. The following is then found for the dimensionless optimal resistance in the
case of low coupling and an infinite quality factor:

ropt =
π2ζ

4k2
e

(3.15a)

3.6.3 Low and high coupling

Equations 3.14 can be used to plot the normalised displacement, voltage and power. The
results are calculated with an inductor qualityQi = 10. The low coupling case is given in
figure 3.18. The most striking difference for the displacement is the apparent absence of an
open circuit resonance peak atr ≫ 1 in the displacement plot. There is a maximum, but for
the ACIM and DCIM circuits it is of nearly equal magnitude as the closed circuit resonance.
When considering the functioning of the circuit the reason is easy to discover: although no
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Figure 3.18: Normalised SSHI response plots for low coupling:k2
e = 0.01 andζ = 0.05.

power is harvested, the circuit dissipates the energy internally in the form of resistive losses
in the inductor, supressing the motion of the mechanical domain.

The voltage plot shows a five-fold increase in open circuit voltage. Here a smooth
maximum is visible as well as with the displacement. Despitethe moderate displacement
magnitude, it is the switching circuit that boosts the voltage to the value attained here,
emphasising the advantage of the SSHI circuit. Due to the finite inductor quality, most of the
energy extracted from the piezo element is lost during voltage inversion when a resistance
r ≫ 1 is used. Combined with very high load resistance (recall the logarithmicr scale) only
a minimal amount of energy is harvested.

The power plot lastly shows one optimal operating point, at short circuit resonance. Its
location is in resonable agreement with the optimal resistance calculated from 3.15, which
was determined assuming an infiniteQi . As Qi increases towards infinity this agreement
improves. The power output is also significantly higher thanfor the low coupled DCIM case
of figure 3.12. The second optimum power point vanishes due tothe action of the circuit.
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As previously mentioned, efficient inversion will quickly lead to a high coupled system.
The optimal resistance for a truly low coupled system can be calculated in the case of a finite
inductor quality and is [18]:

ropt =
π

Ω
(

1− e−π/(2Qi )
) Ropt =

π

Cp
(

1− e−π/(2Qi )
) (3.16)

Second is the high coupling case, with the results in figure 3.19. The high coupling case
shows tremendous damping for allr ≫ 1, implying that nearly all energy is lost in the voltage
inversion. Also, the voltage amplitude is quite small compared to the open circuit DCIM case.
This is due to the lack of an open circuit resonance.

Interesting is the absence of a second power optimum, when compared to DCIM. This
can be accounted for by considering that for the DCIM case, the optimum with the lower
resistance shows a high current, and the high resistance optimum shows a high voltage.
The latter implies more losses for the SSHI circuit due to theswitching. The open circuit
resonance peak involves high voltage, which suffers losses during inversion. The associated
losses are so significant that this second peak vanishes completely.

3.6.4 Maximum harvested power

For low coupling the optimal resistance is inserted in equation 3.14 without substituting the
displacement. The maximum power for low coupled systems is then:

P′max=
k2

eΩu′20
(1− qI ) π

(3.17)

Compare this to the DCIM low coupled power equation 3.7. For an inductor quality
Qi of 10, the SSHI circuit achieves nearly seven times higher power output for the same
displacement input. When looking at the maximum power for varying Ω, the SSHI circuit
harvests much more power than, for example, DCIM when excited at a non-resonant
frequency. This is consistent with the conclusion of [19] that the SSHI circuit, when operated
in a displacement driven fashion, provides a significant increase in output over other circuits.

In [22] it is stated that an advanced circuit increases theeffective coupling. Equation
2.15 is the coupling which results from the mechanical design of the harvester, the effective
coupling can be many times higher. The effective coupling of the SSHI circuit is as follows:

k̄2
e =

2
1− qI

k2
e (3.18)

Because 0< qI < 1, this shows that even a poorly performing SSHI circuit improves
the output over the passive DCIM under displacement driven conditions. In the case of a
harvester which is only minimally coupled and which utilises a high quality inductor, the
effective coupling may become so great that the system as a wholecan be said to be highly
coupled.

In [22] only a value for the maximum power is given for an infinite quality factor. With
the previous equation in mind this means that even a mechanically low coupled system is
then effectively highly coupled. For a force driven system the maximum normalised power
at the optimal load and the optimal frequency is:
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Figure 3.19: Normalised response plots fork2
e = 0.5 andζ = 0.05.

P′max=
1

16ζ
(3.19)

This value bears close resemblance to the maximum power for ahigh coupled DCIM
circuit (equation 3.8), the difference being 12%.

3.6.5 Closing remarks

A few last remarks concerning the SSHI circuit. This circuitis active, it requires a small
amount of power to function. This power must be drawn from thepiezoelectric element.
Therefore, this circuit only functions well if it is designed correctly. This also implies that
this circuit is not always applicable: some applications may be too small to be able to provide
the energy needed to run the active circuit. In resonant cases this means that the power stated
in equation 3.19 cannot be achieved as some power is lost to the circuitry. The lower limit to
using this circuit is in the order of magnitude of milliwatts.
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Also, the switching action of the circuit may induce vibrations in the mechanical system.
This aspect is irrelevant for systems driven at resonance but may induce oscillations when
the system is driven below resonance and the coupling is sufficiently high. This will be
demonstrated in sections 5.2 and 6.5.

3.7 Discussion and conclusions

In this chapter some basic electronics have been discussed.This knowledge is essential in
developing a good power harvesting system because it helps to boost the power output and
utilise the material more efficiently.

Although only three circuits are discussed, it is sufficient to demonstrate some basic
points. First is the subdivision between passive and activecircuits. Passive circuits contain
no electronics which manipulate the power flow via switching. Active circuits do do this
and are designed to optimise the flow of power from the piezo element. Depending on the
operating principle, different values of effective coupling can be achieved over the intrinsic
electromechanical coupling of the harvester.

Depending on the type of excitation the various circuits each have their merits. When a
system is force-driven at resonance, each circuit generates roughly the same maximum power,
equations 3.8, 3.12 and 3.19. This is a matter of an energy balance between force input and
harvested output as the mass and stiffness terms cancel out: attemping to harvest too much
energy will supress the displacement so much that less poweris put in to the system by the
excitation. The coupling parameter is a powerful parameterin this evaluation.

One word of caution is that the derivation of the DCIM power (eqn. 3.8) is done
using fewer assumptions than the SECE [17] and SSHI [22] equations. See [20] for the
DCIM analysis. Earlier papers [17] discussing the DCIM circuit state the same maximum
normalised power of 1/ (16ζ). It may be that a more detailed analysis of the SECE and SSHI
circuits may reveal the same, revised, power maximum.

Since the maximum potential harvested power is known from the outset, it is wise to
consider whether active circuits are the best choice for resonant systems. Their intrinsic
power consumption reduces the maximum achievable output. If the coupling is sufficiently
high through material use alone, active circuits have no benefit in resonant systems. If the
intrinsic coupling of the system is relatively low, the active circuits can boost the effective
coupling and consequently the resulting power.

For non-resonant conditions on the other hand, the active circuits present a remarkable
increase in performance. This is demonstrated through equations 3.7 for DCIM, equation
3.11 for SECE and equation 3.17 for SSHI. These can be either force-driven at a frequency
far below resonance, or displacement driven at any frequency. Here the effective coupling of
the active circuits greatly reduces the amount of material necessary, or increases the output
up to tenfold over DCIM for the same volume of material when the SSHI circuit is designed
properly [19].

Figure 3.20 visualises the performance advantage of the active circuits for a displacement
driven or low coupled system. It is a combination of the forceand voltage curves of each
circuit. The enclosed area is a measure for the harvested power. The diagonal lines are all
parallel, reflecting the open circuit force-voltage relation.
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Figure 3.20: Force - voltage paths for the DCIM ( ), SECE ( ) and SSHI
( ) circuits.

The discussion in this chapter is on a fundamental level. Depending on the application,
more issues may arise and this is especially true for the SSHIcircuit. These will be addressed
where necessary in the following chapters.
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Chapter 4

A helicopter rotor blade augmented with
piezoelectric patches

The work presented in this chapter is part of the GRC project and is summarised in [59]. The
main work is part of an internal GRC study [60].

4.1 Introduction

Currently, the technical lifespan of helicopter rotor blades is based on a very conservative
lifetime calculation. After reaching this amount of flight hours, they are discarded. Blades
may be produced with an intended life of around ten thousand hours [5], but are sometimes
already replaced after only three thousand flight hours [6] based on a lifetime calculation.
The calculation assumes an absolute worst-case usage scenario as failure of a rotor is
unacceptable. This results in blades being discarded whilethey are still capable of numerous
flight hours. Health monitoring systems within the blade canhelp to determine the lifespan
of the blades more accurately. However, this requires electrical power for these systems.

Currently, electrical devices in helicopter rotors generally only consist of de-icing systems
powered from the body of the aircraft via slip rings. Slip rings are maintenance intensive and
sensitive to damage. Small rotorcraft may not have any electrical systems in the rotor, and
due to the potential for a less stringent maintenance schedule for privately owned craft, the
possibility of blade failure is larger. Structural health monitoring in the blades and methods
of powering these systems are investigated within the European Clean Sky - Green Rotorcraft
(GRC) project. Power harvesting in the rotor is considered as a method to power the health
monitoring systems, negating the need for additional chassis-rotor electrical interfaces.

This chapter discusses one concept for powering in-blade equipment using power har-
vesting as a means to provide energy. Rotor blades are flexible components and exhibit large
strain variations. Affixing piezoelectric patches to the blades will generate energy from these
oscillations.

A few basics of helicopter dynamics must be discussed to provide sufficient background
information. The rotor of a helicopter consists of a number of components, shown in figure
4.1. Major structural components are the rotor hub, swashplate (for blade pitch control)

55
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and the blades. To allow for control of the craft, the controlsetting from the body of the
helicopter is transmitted through the non-rotating swashplate to the rotating swashplate. This
then transmits the control to the blades through pitch linksto the individual blades. In this
way the blade pitch can be changed once per revolution in a sinusoidal fashion. The blades
are hinged on the rotor and are free to rotate in the vertical and horizontal direction. Because
of this freedom two types of vibration modes arise. First is the lead/lag motion which is an
oscillation in the plane of the rotor. It leads or lags the rotation of the hub. Flapping is a
vertical motion of the blade, out of the rotor plane. The hinges which allow for this motion
are therefore called the lagging and flapping hinge.

Stationary swashplate

Rotating swashplate

Blade attachment point

Lagging hingeFlapping hinge

Lag damper

Blade pitch link

Pilot control input

Figure 4.1: Drawing of a rotor hub and major parts.

During forward flight a phenomenon called dissymmetry of lift arises. This results from
the fact that blades moving forward relative to the rotorcraft see a higher relative airspeed
compared to those moving backward. To ensure that the net lift is roughly above the centre of
gravity (CG) of the aircraft, the forward moving blades havea lower effective angle of attack
than the backward moving blades. This lower angle of attack as achieved by changing the
blade pitch, and is also a result of the flapping motion. The upward flapping motion occurs on
the advancing side, reducing the effective angle of attack. Along with a variation in lift, this
dissymmetry of lift also leads to a once per revolution variation in drag as well. The velocity
distribution over the blade is shown schematically in figure4.2.

A simple example of a linearly calculated lift distributionis shown in figure 4.3. Here,
blade flexibility and flapping and lagging motions are neglected as well as the complex
aerodynamics resulting from blade to blade interaction. Itis calculated using the lift and
drag tables for a blade profile from the GRC project [61] and a forward flight velocity of 130
knots (66.9 m/s). The lift per metre of blade span [62] and relative velocity are calculated as
follows:
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v = 0 m/s v≫ 0 m/s

Longitude

Latitude

φ

v

Figure 4.2: Helicopter nomenclature and the blade relative airspeedvrel distribution for
hovering (left) and forward flight (right).φ is the azimuthal angle relative to the tail of
the rotorcraft.

L′ =
1
2

clcρv
2
rel (4.1a)

vrel = vsinφ + ΩRrR (4.1b)

whereL′ is the lift per metre,cl the lift coefficient ,c the chord length (leading edge to
trailing edge distance),ρ the density of the medium,φ the azimuthal angle (see figure 4.2),r
the normalised spanwise position andR the rotor blade radius.1

The blade pitch that is used in the calculation is the result of a numerical simulation from
AW, the same data used in section 4.3. Although the net momentabout the centre of the blade
disc is not exactly zero due to the simplified approach, it is sufficient to demonstrate the large
variation in lift around the disc during forward flight. A similar picture holds for the drag
forces which are approximately one order of magnitude lowerand also unevenly distributed.

As will be explained in the next section, the large variationin forces leads to strong
vibrations in the rotor blade. By affixing piezoelectric patches to the blade the patch deforms
along with the blade, recovering energy in the form of electricity. This concept is developed
and discussed in the remainder of this chapter.

4.2 Blade dynamics

In [61] mass and stiffness data is given for a rotor blade with a radius ofR =8.15 m. These
data and relevant natural frequencies are also listed in appendix F. Further blade dynamic
data concerning forward flight was provided by Agusta Westland from which the deformed
shape can be calculated as a function of the azimuth angle. A global impression of the blade
and rotor properties is given in table 4.1.

1Typically R and r are used for the (normalised) electrical resistance. Due toconvention and the lack of any
potential conflict in this work, they are used here for the (normalised) rotor radius.
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Figure 4.3: Lift distribution per metre blade span for 130kts forward flight. Blade root
pitch setting:α = .1874− .091 sin(φ) − .1332 cos(φ).

Table 4.1: General blade properties.

Property Symbol Value Unit

Disc radius R 8.15 m
Aerofoil section from/to (0.2 . . .1.0)R -

Chord length c 0.65 m
Mass mblade 186.6 kg

Moment of inertia Jblade 2812 kgm2

Rotor frequency ΩR 26.26 rad/s

Using the mass and stiffness data the natural frequencies and mode shapesΦi(r) of the
blade are determined with ANSYS. A modal analysis, including geometric stiffening due to
the blade rotation, is performed. The resulting frequencies are listed in table 4.2, along with
the normalised frequency (usingΩR). The first flap and lag modes are rigid motions involving
blade rotation around the hinge, and are a result of the rotorspeedΩR.

Figure 4.4 gives the relevant nomenclature for the global and blade axes, which is taken
from [61]. Thex-axis is along the blade. The radial coordinate is written asrR. In the global
system, flapping can be considered as an oscillatory motion in thexzplane, and lead/lag is a
motion in thexy plane. Positive rotor rotation is fromx to y and the nominal angle (without
lead/lag) of the blade relative to the tail is the azimuth angleφ, see figure 4.2.

Moving to the localηζ coordinate system, this one is aligned to the geometry of theairfoil.
It makes an angleτ with theyzaxes of the global coordinate system. Theη axis intersects the
leading and trailing edge of the aerofoil. Theζ axis is perpendicular to theη axis and passes
through the quarter chord point of the aerofoil, i.e.: the leading edge is atη = 0.25c and the
trailing edge atη = −0.75c. This point is chosen because it coincides with the aerodynamic
centre of the aerofoil, and also the neutral axis of the mass and stiffness properties. This
only does not hold for the blade tip but, as will be shown in theresults, no material will be
placed here. Angleτ is the rotation of theηζ axis relative to thexy system. It is the sum of
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Table 4.2: Blade natural frequencies and normalised natural frequencies forΩR = 26.26
rad/s.

Mode Frequency Ω

Lag 1 7.76 0.3
Flap 1 27.37 1.04
Flap 2 70.44 2.68
Lag 2 119.6 4.56
Flap 3 140.4 5.35

Torsion 1 153.0 5.82
Flap 4 253.5 9.65
Lag 3 313.1 11.9

the geometrical twist of the blade at the relevant span-wiseposition (appendix F), the pitch
setting at the root, and any torsional deformation along theblade.

y

x

z

ΩR

η

ζ
z

y
τ

Figure 4.4: Global and local (blade) axes definition.

The dynamic data provided by Agusta Westland concerns the complete blade motion
during one revolution, resulting from a simulation including flexible blade dynamics and
aerodynamics. It is given in the form of coefficients an,i and bn,i of a Fourier series
fi(t), describing the blade tip displacement of each mode shapei. This data describes the
motion of the blade tip for each of the vibrations anda0,i indicates how much each mode
shape contributes to the overall motion. The blade shape is reconstructed through modal
superposition. Consider the general form of a Fourier series [63]:

fi(t) =
a0,i

2

∑

n

[

an,i cos(nit) + bn,i sin(ni t)
]

(4.2)

If Φi(r) are the mode shapes then the shape of the blade is given by scaling the mode
shape with the respective Fourier series divided by the tip response for that mode shape. The
deformed shape of the bladeu(r, t) is then found by summing the scaled mode shapes:

u(r, t) =
∑

i

(

Φi(r)
fi(t)
Φi(R)

)

(4.3)
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This calculation is then performed for a number of steps oft to 2π/ΩR, completing one
revolution of the blade.

From linear beam theory, the curvature is the derivative of the angular displacement to
the longitudinal coordinate:κ = dθ/dx. Due to the blade twist and torsional response of the
blade during flight, the global strain and curvature resulting from the Fourier series must be
transformed to the local coordinate system aligned with theaerofoil geometry. This is done
using the root pitch settingα(t), the geometrical twist of the bladeτG(r) and the torsional
responseθx(r, t) of the blade. For each span-wise positionr and time a transformation matrix
T(r, t) is generated with which the curvatures

[

κy, κz
]

are converted to the local coordinate
system:

T(r, t) =

[

cos(α(t) + τG(r) + θz(r, t)) sin(α(t) + τG(r) + θz(r, t))
− sin(α(t) + τG(r) + θz(r, t)) cos(α(t) + τG(r) + θz(r, t))

]

(4.4a)

κT(r, t) = Tκ(r, t) (4.4b)

Using only the curvature and the transformation matrix a newcurvatureκT(r, t) is
calculated. This is then used to calculate the strain in radial direction (ε11) around the
circumference of the aerofoil. The latter is written in coordinatesη(s) andζ(s), both as a
function of the curvilinear coordinates around the circumference of the aerofoil shape (see
figure 4.6).

ε(r, t, s) = κT,η(r, t)ζ(s) + κT,ζ(r, t)η(s) (4.5)

With this the mechanical domain and in particular the blade strains have been tackled. In
the following sections the analysis of the rotor blade harvester patches will be continued and
concluded with a discussion.

4.3 SECE output of the rotor blade

The SECE circuit described in section 3.5 is used to estimatethe power output of the
piezoelectric patches in the blade. It is chosen over the impedance matching circuits because
the SECE circuit requires no optimisation of the electricalload. Determining the strain history
of each patch is sufficient to calculate the SECE output. A number of steps are taken to
calculate the output of each patch. First, the global deformation of the neutral axis of the
blade and the axial strain around the circumference of the blade is approximated. Second, an
assumption of the stress state of the patch must be made. These two are then combined to
determine an output.

4.3.1 Mechanical and electrical constraints

A number of constraints are taken into consideration in the calculation of the power output
of the blade. The first relates to the mechanical strain that apatch is submitted to. For
ceramic material the maximum strain value is typically in the order of 10−3 , this value is
chosen as the limit. Ceramic materials cope well under compression but cannot handle any
appreciable tensile strains. Therefore, in this calculation only the minimum-to-maximum
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strain is compared to the material strain limit. In reality this implies applying the piezoelectric
patches under maximum compressive prestress during manufacture because ceramic cannot
handle tension. Although applying patches under prestressis difficult from a manufacturing
standpoint, patch elements are available which possess some level of prestress. In the
conceptual phase this is an acceptable choice.

The second constraint concerns the power output of each patch. Of the patches that remain
within the strain criterion, only those that develop enoughspecific energy (J/m3) are allowed.
This will yield only those locations that are comparativelyefficient.

The final constraint relates to aerodynamic properties of the rotor blade. Rotorcraft are
designed such that in case of engine failure the main rotor will autorotate. This means the
rotor will rotate simply due to the airflow through it, given aminimal forward velocity [64].
The imposed rotor rotation is sufficent to allow for a relatively safe unpowered landing and
is vital for helicopter safety. Autorotation requires certain dynamic requirements from the
blade, and one in particular relates to the CG along theη axis of figure 4.4. The CG must
be positioned forward of the aerodynamic centre to ensure favourable blade dynamics with
respect to autorotation. As the aerodynamic centre is typically located atc/4, patches behind
c/2 are not allowed. This value is chosen because a patch atc/2 can be balanced by one
located at the leading edge. However, two results will be presented, one with this requirement,
and one without.

Honeycomb core and
aerodynamic fairing

Leading edge
impact reinforcement

Load bearing D-Spar

Figure 4.5: Section of a NACA0012 rotor blade [65].

4.3.2 Deformation of the neutral axis and axial strains

The blade surface is subdivided into a mesh with radial and surface coordinatesr ands, as in
figure 4.6. Coordinates is zero at the leading edge, follows the upper surface to the trailing
edge (s=0.67 m) and along the bottom surface back to the leading edge (s=1.32 m).

In radial direction there arep elements and in surface directionq elements. Figure 4.7
shows two examples of the strain for one patchi, j for one revolution, resulting from equation
4.5. The patches show only positive strain due to the centrifugal loads on the blade. Strain
extrema are marked.
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r
s

Figure 4.6: Definition of radial and surface coordinatesr ands.

4.3.3 Strain approximations

Determining the entire strain vectorε on the patch is a complex task and is strongly dependent
on the substrate material. Calculating the strain requiresthe complete blade design, from
geometry to full elasticity matrices. Within the GRC project blade definition [61] the blade is
considered to be made up of composite material. This furthercomplicates the investigation
as the properties can be tailored to meet specific requirements, even locally. These are not
defined, making the possibilities nearly endless. Only the bulk blade properties are given in
the baseline definition.

Therefore, in order to generate an approximation of the output, assumptions must be
made concerning the stress/strain state of the patch. Confirmation of the assumptions is
only possible with the aforementioned complete blade design, however, sound judgement
can provide reasonable assumptions. The following discussion is in terms of the element axes
(figure 2.6), assuming the 1 axis being parallel to the blade axis, and the 3 axis perpendicular
to the surface of the blade. A 1D state can be used assumingε(r, s, t) = ε11 as the input for
the patch. This will overestimate the output as the stressesalong the 2 and 3 axis will be
constrained to zero. This is clearly an incorrect assumption as the blade and piezo element
will have a three-dimensional stress state with shear terms.

The stress along the 3 axis of the patch can be considered zerodue to the patch being
affixed to the profile: the opposite surface is always free. Second is the influence of shear
stresses, which introduce variations in the tensile stresses. In [66] it is stated that strain
variations along the 3-axis do not influence the developed voltage, provided that the strain
used in the piezoelectric equation is taken at mid-thickness of the patch. Also, with the
piezoelectric coupling coefficientse12 being zero, insensitivity of the charge generation of the
material due to the other shear terms is implied. Combined with the lack of shear-extension
coupling terms in the stiffness matrices of piezo ceramics this effect can be ignored.

Last is the transverse stressσ22. This is strongly dependent on the relative difference in
Poisson ratioν [67] of the piezoelectric and composite materials. For thin-walled beams this
stress is zero but this assumption may not hold for the blade which is comparatively thick-
walled, particularly toward the leading edge (see figure 4.5). The transverse stressσ22 is
simply taken to be zero.

The remaining strain components are calculated from the radial strain using theg
formulation (appendix A) of the piezoelectric equations, rewritten to acquireε as a function
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of the single input strainε11. In theg formulation the elasticity terms are of the open circuit
condition, negating the need for explicit calculation of the voltage field. For the strainε this
yields:

ε =
ε11

SD
11

SD
m,1 (4.6)

The strain state is then inserted into thee formulation of the piezoelectric equations and
rewritten to acquire the voltage fieldEv:

Ev = −βεeε (4.7)

The voltage field can then be used to calculate the energy of a single discharge of a patch
using the energy content of a capacitor. This is done in a later step.

4.3.4 Calculation method for SECE output

With respect to how the total energy output is calculated, consider figure 4.7 again. Figure (a)
is an example where an absolute maximum-minimum approach will yield the most energy.
The 2 discharges neart = 0 s reduce the energy which can be recovered by a factor of 2
compared to the patch discharging only at the global minimumand maximum. The energy
recovered by the extra discharge is negligible because of the minimal change in strain between
the first two extrema. Considering the fact that the energy ofone discharge depends on the
square of the accumulated voltage (and therefore strain), it is advantageous to forego a large
number of small discharges to achieve a few large ones. Figure 4.7(b), on the other hand, is
an example where it is advantageous to discharge at each strain peak.
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(a) More power using global extrema
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(b) More power using local extrema

Figure 4.7: The time history of the strain for one element in the blade. The horizontal
bars emphasise an extreme value.

The following steps are then taken to calculate the power forall patchesi, j and to select
only the most efficient sections. Equations describing the actions of each step are given in
appendix G.
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1 Each directional change is detected by finding zero crossing events of the derivative of the
strain. The strain at that point is stored yieldingk values forεpeak. For example, in figure
4.7,k = 4 for both cases.

2 The maximum to minimum strain variation is determined for each patch. If it is larger than
the allowed material strain it is excluded from the remainder of the calculation. It yields
the characteristic functionχεi, j for each patch which is unity if the strain remains within
bounds and zero if not.

3 The specific energyU′i, j generated by each patch during one revolution is calculated. This
is done in two ways: by summing the energies of each dischargeand by calculating the
energy if the patch would only discharge at the absolute maximum and minimum strain.
The higher value of the two is used.

4 The patch with the highest specific energyχεi, jU
′
i, j is determined and denotedU′max.

5 Only those patches which achieve at least a predefined minimal outputηp compared to the
patch of the previous step are considered. This yields a narrower characteristic function
χ
η

i, j which is unity if the patch meets the efficiency requirement and zero if not.

6 The total energy per revolution per patchχηi, jUi, j is calculated. The specific output is
multiplied by the dimensions of each patchl, w andt.

7 Total powerP is calculated by summing overi and j and dividing by the simulation time.

The end result is a single value for the power output of the rotor blade.

4.4 Power output and patch distribution

The results of the calculation method presented in the previous section are discussed here.
First are the results concerning the deformations within the blade. Figure 4.8 shows the blade
curvature in the localη andζ directions. These are used as the basis for determining the strain
at the circumference of the aerofoil.

Next, the maximum and minimum radial strain for each elementis calculated. Figure 4.9
shows these results. The trailing edge clearly shows the largest strains which are significantly
higher than the capability of ceramic material. Also noticethe sharp drop in strain atR≈ 7.4
m, this is due to balance weights in the blade at that location.

Following determination of the strain data, the material data of the piezoelectric material
is required. In this study two materials are used. One is a piezo ceramic from Physik
Instrumente: PIC255. The second material is polyvinylidene fluoride, or PVDF. This is a
piezo polymer which can be used in the areas, such as the majority of the trailing edge, where
the strain variation is too large for the ceramic. Although it exhibits a far weaker piezoelectric
coefficient, its larger strain capabilities make up for the loss when strains are in the percentage
range. The relevant material properties are given in table 4.3.

Note thate31 is not given for PVDF as this information was not available from the
manufacturer. The voltage is calculated using theg formulation of the piezoelectric equations
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Figure 4.8: Blade curvature given in the local aerofoil coordinates at various azimuth
angles, 0◦ ( ), 60◦ ( ), 120◦ ( ), 180◦ ( ), 240◦ ( ), 300◦ ( ).
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Figure 4.9: Absolute maximum and minimum strains over the blade during one
revolution.

[52, 55]. Therefore theg31 parameter and the equationV = g31Eεt is employed. Further
calculations remain the same.

Figure 4.10 shows the result of the sum of squared strain changes. This is indicative for
the amount of energy available and where most energy can be harvested. The trailing edge
shows the most potential and overall the upper surface (0< s< 0.67 m) is more suitable than
the bottom surface of the blade.

Last is the patch distribution across the blade, given in figure 4.11. It shows the ceramic
location as well as PVDF. The PVDF is concentrated at the trailing edge where strains are
the largest. The ceramic is located in a ring defined by the maximum strain variation. The
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Table 4.3: Piezoelectric material properties for the in-blade concept.

Material property Unit PIC255 PVDF

Modulus of elasticityE GPa 120 4
Piezoelectric coefficiente31 N/Vm -7.15 n.a.
Piezoelectric coefficientg31 Vm/N -0.013 0.26

Relative permittivityǫr - 1750 11.3
Layer thicknesstl mm 0.5 0.5

Densityρ kg/m3 7800 1850
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Figure 4.10: Energy density [J/(rev m3)] over the blade.

efficiencyηp is chosen as 0.5 here.
Table 4.4 finally shows the output of this system. Not only is the power important, but

being an aircraft the power to weight ratio is a critical factor. Clearly the PVDF is of no use
in this application, the strains in the blade are not large enough to capitalise on the high strain
capabilities of the material. Additionally, the significant output of the ceramic patches shows
that only a very limited number of patches is required. The ‘Full’ column represents the
performance when the autorotation requirements are not accounted for, and the ‘Balanced’
does consider this.

4.4.1 Stiffness modification

From the outset the presumption was made that the system coupling would be low. The
validity of the presumption is assessed by recalculating the blade stiffness properties with
the addition of the patches. The PVDF is not included in this evaluation due to the poor
performance of the material. The stiffness is recalculated by using the tensile stiffness of the
patch. For the radial value it is simply added to the originalvalue. For the bending stiffness in
η andζ direction the radial stiffness of the patch is multiplied with the distance to the original
neutral line of the blade.
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Figure 4.11: Piezoelectric material distribution within the blade. Optimal PIC255
( ) and PVDF ( ) areas shown. Central band between ( ) is forbidden
due to blade balancing requirements.

Table 4.4: Result summary of the in-blade power harvesting concept.

Unit
PIC255 PIC255

PVDF
Full Balanced

Power W 40.4 25.6 1.44
Number of patches 789 789 443

Efficient patches 161 104 190
Covered area m2 1.78 1.15 2.10

Weight kg 6.96 4.5 1.94
Power/ kg W/kg 5.8 5.7 0.74

Figure 4.12 shows the relative change in stiffness for two cases. It is calculated as, for
example:

δkrel =
EInew
ζ
− EIold

ζ

EIold
ζ

(4.8)

Case (a) is without inclusion of the autorotation requirements, all patches that meet the
efficiency requirement are used. Along the majority of the bladethe change is below 10%.
However, nearR= 7 m the bending stiffness of the blade inζ direction is more than doubled.
Reviewing figure 4.5 this is not surprising. At that radius the patches are concentrated near the
trailing edge. In the original blade, the D-spar provides structural strength. Patches located
at the trailing edge have a lever more than three times the leading edge of the D-spar. Using
the parallel axis theorem this creates significant leverageof the piezo element.

Figure 4.12(b) shows the relative change in stiffness of only those patches which are
located ahead of the mid-chord position. By removing the patches towards the trailing edge
the change is limited to approximately 10%.
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Figure 4.12: Change in blade stiffness forEA ( ), EIη ( ) andEIζ ( ).

4.5 Discussion and conclusions

This section discusses a number of aspects concerning the results of this chapter. It is
subdivided into three parts: one concerning the application of the in-blade power harvesting
system, the second covers the calculation scheme in generaland the last one discusses some
practical implications of the resulting design.

4.5.1 In-blade harvester discussion

From a power perspective, the in-blade concept appears to bea viable option. Significant
power levels can be attained with 10 W available for level flight with 1.4 kilograms of
piezoelectric material when the patches are positioned correctly.

This power level will, however, decrease when other flight conditions are considered.
Sharp manoeuvers such as banking, steep climbs, turning at speed, and so on will lead
to different shaped strain plots such as figure 4.9. Including more flight conditions in the
evaluation can only further limit the number of patches thatdo not exceed the maximum
defined strain limitation.

A major drawback of the concept relates to the flight characteristics and dynamics of the
rotor blade. First is the added outboard load and associatedcentrifugal forces. A number of
patches are positioned at 7 m radius and the associated acceleration is in the range of 500g.
This is a significant added load to an already critical component. One kilogram of material
placed in this position increases the centrifugal blade root load by 1%.

From figure 4.11 it is clear that the trailing edge contains some useful zones for patch
placement. These locations cannot be used due to the autorotation requirement. Patches
placed at the trailing edge require additional balancing weights in order to restore the desired
location of the CG. Additional balance weights further increase the total weight, decrease the
power to weight performance of the harvesting concept and further increase blade loads. The
‘balanced’ column of table 4.4 is therefore the most realistic configuration.
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Using the settings of this chapter also leads to a moderate change in blade stiffness, as
demonstrated in figures 4.12. The calculated increase in stiffness of 10% may be sufficient
to alter the blade properties in an unfavourable manner. However, this analysis is beyond the
scope of this research.

The concept proposed in this chapter, with the calculated patch distribution, is not very
suitable for application in rotorcraft. The added weight inthe blades is significant and
many restrictions apply. Assuming a very limited application of piezo material – implying a
total power of at most a few watts – the concept and calculation method is still applicable.
Compared to the output presented in this chapter, the power can be reduced by using thinner
material and/or fewer locations.

4.5.2 Calculation method

The calculation method proposed in this chapter could be used for any slender beam
undergoing cyclical deformation. Although coupling is notincluded in this case, it can be
done by including an iterative loop. Provided that the external loading is known, this loop
must recalculate the dynamics of the structure following a derived patch distribution. Using
the revised dynamics the optimal distribution may be recalculated and the loop repeated. If
not too fine a patch mesh is chosen it should quickly iterate toan optimal configuration.

An additional drawback is the absence of the full material matrices in this calculation.
Here, it was assumed that the Poisson ratios of the blade and piezo material are similar and
the material is free to expand and contract in the polarization direction. This allows for the use
of the 1D piezoelectric equations. A significant difference between the Poission ratio of the
materials under consideration will change the stress stateof both materials and consequently
the charge generated by the piezoelectric material. Also, considering the strong curvature of
the blade around the leading edge, out-of-plane deformation will lead to additional internal
stresses in the piezoelectric material located there.

4.5.3 Practical implications

The calculation showed that the majority of the patches function in a global peak-to-peak
fashion, instead of discharging at every reversal of the strain direction. In [20] an analysis
of the DCIM is done while taking only the global extrema of thestrain into account. This
implies that the DCIM circuit is relatively insensitive to the load path, as long as there is one
dominant frequency with the associated strain peaks. The SECE circuit used in this chapter
can therefore easily be replaced by an optimised DCIM circuit. Of course, this decreases the
power output by approximately a factor of four, but output isnot the only consideration. The
added electronic infrastructure of the SECE circuit must also be taken into account.

With the phase and amplitude differences between the patches, it is impossible to use
one circuit to control all patches in the blade. The SECE circuit requires a dedicated control
circuit for each patch. This includes the envelope detector, rectifier, coupled inductor and
diode in the DC portion of the circuit. Although typically each patch will also require its
own optimised load, most patches only operate with two discharges per rotor revolution. By
using patches of similar size, and therefore capacitance, asingle storage capacitor and load
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resistance could be used. For the DCIM circuit only the rectifier must be duplicated for each
patch.

The increase in electrical infrastructure associated withSECE quickly becomes unman-
ageable when multiple patches are employed. Either the chosen patch size must be larger
(decreasing the efficiency due to some charge cancellation [68]) or the number ofpatches
must be limited, imposing a practical limitation on the sizeand output of this concept.
Alternatively, the DCIM circuit can be used with larger patch coverage to achieve the same
output.

Lastly, the issue of autorotation limits the output associated with this concept. As
discussed, without this limitation many patches are placedtoward the trailing edge of the
blade. Due to the construction of the blade this also strongly influences the dynamic
properties. When taking the autorotation into account, patches toward the trailing edge are
not allowed. This greatly reduces the change in dynamic properties of the blade.

4.5.4 GRC decision

Within the GRC project, the in-blade concept is not pursued further. The decision is motivated
predominantly by the autorotation properties and the addedmass within the blade. The
concept presented in the next chapter possesses much more favourable properties with respect
to weight, location and output.
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Chapter 5

The power harvesting lag damper

The content of this chapter is based on an internal GRC study [69] and was subsequently
published as a paper in the Journal of Intelligent Material Structures and Systems [70]. The
JIMSS paper resulted from a presentation at IWPMA 2011 [71].

5.1 Introduction

A second concept that is developed within the GRC project concerns the lag damper. As
indicated in section 4.1, the blades are flexibly connected to the rotor hub so that they are
free to move in flap and lag direction. The flapping modes are damped sufficiently due to
the planform area of the blade (the surface area as seen from above) passing through the air,
generating significant drag in the vertical direction. On the other hand, the lagging modes
are minimally damped since only the frontal area of the bladeis passing through the airflow.
Excessive lagging motion can lead to unstable dynamic modes.

The unstable modes can be explained using figure 5.1, an exaggerated impression is
given of a coupled mode shape between blades. Rotor frequency ΩR, blade lead angleξ
and whirling frequencyω are shown. In certain cases the blades exhibit a lagging motion at
the first natural lagging frequency. As the blades deviate from the equilibrium position, the
global centre of gravity (CG) of the rotor system shifts awayfrom the axis of rotation. Due
to this, the CG also rotates around the rotor axis at frequency ω when viewed from the fixed
reference frame of the rotorcraft chassis. This behaviour of the rotor CG is known as whirling
[58]. In the fixed frame the CG rotates at frequencyΩR − ω. The heading of the airframe is
therefore of no importance and is not shown in the figure, as isthe azimuth angleφ.

This excentricity generates such a tremendous excentric load that it is destructive to the
aircraft. Consider a lagging amplitude of the GRC blade of 10degrees, the CG of the blade
then moves more than 0.5 m. These unstable dynamic modes are called air and ground
resonance. The first occurs in the air and the second on the ground. The latter is the
most dangerous and drives the lag damper design. Ground resonance is caused by coupling
between the aircraft and the stiffness of the landing gear, and the displacement constraint
imposed by the landing gear being in contact with the ground [72].

In order to suppress this lagging motion, a hydraulic or elastomeric damper is installed

71
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ΩR

ω

ξ

Figure 5.1: Exaggerated drawing of the rotor disc and composite centre of gravity
during an unstable air or ground resonance mode.

on each blade. This damper can be connected between the rotorhub and blade, or in between
blades. Within the GRC project a hub-to-blade mounted hydraulic damper is used. This
damper can be used to regenerate energy.

In road vehicles, utilising dampers to harvest energy is a technology which is under
development. Electromechanical [4] and hydraulic [73] damper prototypes have been built
which can decrease the fuel consumption of light-duty vehicles by up to 10% [4]. These
dampers recover hundreds to thousands of watts. For a healthmonitoring system, milliwatts
to watts are necessary, depending on the scale. The high mechanical complexity also makes
these systems more costly, maintenance intensive and heavy. The electromechanical damper
is unfeasible due to the low displacement of the lag damper which is in the order of a
few millimetres. A piezoelectric lag damper harvester is presented which requires the least
mechanical changes and best preserves the intended operation of the lag damper.

Figure 5.2 (a) shows the damper curve and (b) shows the dampervelocity for forward
flight at 130 knots (66.9 m/s). This result is generated using the same flight data as usedin
chapter 4. The precise damper profile is given in appendix F.

From the figure it can be seen that the rotor speed (4.18 Hz) is the dominant frequency.
Additionally, as can already be deduced from the specified damper curve, the force developed
by the damper is limited to approximately 9 kN. It can alreadybe understood from the
waveform –which clearly resembles a square wave– that this force is also generated for
those flight conditions where there is only a moderate forward velocity. The fact that the
damper develops this force very quickly, and then limits theforce, makes it quite suitable
as a candidate for a piezoelectric energy harvester. The stack can be strained close to its
limit during normal operation without the possibility of overloading it. More extreme motion
of the blade will lead to only a marginally higher damper force. A safe design is more
straightforward than the concept which is discussed in chapter 4. The patches in the blade are
directly subjected to larger strains than calculated in thecase of extreme manoeuvres, making
the in-blade concept more sensitive to unknown blade dynamics.
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Figure 5.2: Lag damper data from the GRC project.

In most applications the stack design is far too stiff to be of use for power harvesting
[39]. For small loads, even up to hundreds of Newtons, an amplifying device is necessary
[74]. However, the high force generated by the damper is well-suited for this mode of
actuation, making maximum use of the high coupling factor associated with the 33-mode. By
mounting a stack directly in series with the damper, all forces pass through it. Additionally,
the minimal displacement associated with the stack will minimise the influence it has on
the dynamic properties. Research [15] also shows that, contrary to harvesting beams with
patches, piezoelectric stacks exhibit a high electromechanical conversion efficiency at lower
frequencies instead of near resonance.

Converting the lag damper to a piezoelectric power harvester can be done very similarly
to how piezoelectric stacks are designed. A design concept is presented in figure 5.3. The
damper casing and piston are left unchanged. The rod of the piston is made hollow and a
stack is inserted. At the end of the rod the mounting lug is redesigned to allow for some
axial displacement, in order to accomodate the deformationof the stack. A few tenths of
a millimetre is already sufficient. The lug is then also inserted into the rod and a pack
of belleville springs is installed to apply a 9 kN prestress on the stack. These springs are
characterized by a very high stiffness, regressive characteristic and compact form factor.
However, the end of the rod may require a larger diameter to accommodate the spring pack.
The new mounting lug and prestress assembly are secured by a cap which is screwed into the
rod.

In section 5.2 an electromechanical model is developed in order to describe the dynamics
and piezoelectric state of this concept. Additionally, some predictions concerning the power
output are made based on a quasi-static approach of the piezostack and the applied load.
In section 5.3 a MATLAB/Simulink model is developed which is used to more accurately
predict the power output. TheSimscapeplug-in allows multiple domains within a single
model. The electrical circuits can therefore be modelled along with the mechanical domain.

The work presented in this chapter was done parallel to that of chapter 4 where the
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Figure 5.3: Conceptual drawing of the cross section of a piezoelectric lag damper.

switching circuitry was also ignored. Therefore, only the conceptual operation of the
switching circuitry is included in this chapter. More detailed switching circuitry such as
the SSHI active switch (appendix E) is not yet included. Thisis considered in chapter 6.
Finally, the feasibility of the lag damper concept is discussed in section 5.4.

5.2 Modelling

This section describes the simplifications made in the mechanical domain in order to develop
a basic model suitable for evaluating the concept. Additionally, the issue of coupling is
addressed; mainly electromechanical and aerodynamic coupling.

5.2.1 Mechanical model

Simplifications must be made in order to reduce the real bladeand lag damper system to a
manageable number of degrees of freedom. An additional challenge is the aerodynamic loads
which constitute the excitation of the rotor blade. Despitesignificantly simplifying these two
aspects, a satisfactory model is presented in this section.

The first simplification is to consider the blade as a rigid body. Although chapter
4 demontrates the contrary, it is a reasonable assumption when only the lag damper is
considered. Figure 5.2 supports this claim by showing that the damper excitation is dominated
by a once per rotor revolution (1/rev) excitation. The second lagging frequency is visible, but
its effect on the damper force is marginalised by the damper curve.

This first assumption already leads to the Ideal Physical Model (IPM) shown in figure
5.4. The blade is lumped into the rotational inertiaJ, an intermediate massM between the
damper and piezo stack, associated displacementu, an equivalent blade hinge stiffnesskeq,
blade lead angleξ and moment excitationM0. The first lagging frequency is a result of the
rotor speed and the associated dynamic stiffness. The equivalent stiffnesskeq is determined,
based on the first lag frequency and inertia of the blade.

The second simplification is that a sinusoidal once per revolution excitation is assumed.
The amplitude of the excitation can be determined in a numberof ways. The peak force
can be taken to be equal, the lag angle amplitude, or more interesting in this case: the
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Figure 5.4: Ideal Physical Model of the simplified blade, damper and stack.

power dissipation within the damper. Using a Simulink modelof the IPM of the mechanical
domain, a sinusoidal load of 10.7 kNm equals the dissipationof the model to the data from
Agusta Westland at 245 W. Figures 5.5 show the resulting damper velocity and damper
force waveforms for one revolution in comparison with the AWdata. Although the damper
velocity shows quite some deviation due to the simplification, the insensitivity of the damper
to velocities above 2 cm/s (see figure 5.2(a)) leads to excellent agreement of the damper force
between the two. It is the latter that forms the prime excitation for the piezoelectric stack,
justifying the aforementioned simplifications. The AW model also includes an aerodynamic
model and the effects of aerodynamics on the blade dynamics. From figure 5.5(a) it can be
concluded that neglecting this effect is acceptable. The resulting mechanical model data are
summarised in table 5.2 towards the end of this section.
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Figure 5.5: Damper force and velocity profile comparisons between simulation ( )
and AW data ( ) (AW data summarised in appendix F).

5.2.2 Piezoelectric stack

In order to maximise the output of the concept the proper piezoelectric material must be
chosen. As mentioned in chapter 2, the coupling factork33 of the material is the leading
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parameter in the selection process. First and foremost thisparameter must be maximised.

Second, piezoelectric materials are categorised into ‘hard’ and ‘soft’ materials, giving
an indication of the stiffness and durability of the material. Durability in this caseis in the
electrical sense. A hard material possesses a lower domain mobility and strongly resists
re/depolarisation (recall the coercive field strength in section 2.1). This aspect is particularly
important for the active circuits which, when designed correctly, can significantly boost the
voltage beyond the open circuit value leading to large negative electrical fields.

A third value which also relates to the electrical robustness is the Curie temperature
(section 2.1). The higher this value, the better. This and the second criterion both relate to
some extent to the coercive field strength of the material. Asa rule of thumb, depolarisation
begins at a negative voltage field strength of roughly half ofthe coercive field strength (private
communication withPI).

From the materials available fromPhysik Instrumente, the choice settles on PIC181
material. Although it does not have the highest coupling factor –some soft materials have
a slightly higherk33– the combination of coupling factor and voltage capabilities makes it
the best choice. The relevant material properties are summarised in table 5.1. The material
choice is not discussed in further detail as it is not relevant to the research goals in chapter 1.

Table 5.1: Relevant material properties for PIC181.

Property Symbol Value Unit

Relative permittivity ǫεr 1135 -
Piezoelectric voltage constant e33 14.7 N/Vm

Youngs modulus (plane stress) EE
33 70 GPa

Coupling factor k2
33 0.38 -

Coercive field strength 2 MV/m
Maximum safe compressive stress σmax 120 MPa

Additional considerations relate to the geometry of the stack. The rod of the lag damper
provides space for at most a 2 cm diameter stack. The maximum length is in the order of
25 cm (both resulting from private communication with AW). The last choice with respect to
stack geometry is the layer thickness. This aspect will be shown to be weakly dependent on
the choice of the electrical circuit, and will be addressed separately for each. The maximum
allowed dimensions of the stack are chosen to be a length 25 cmand an area of 3.14 cm2.

Following determination of the stack geometry the (undamped) natural frequencies can
be calculated. These are also listed in table 5.2. The first relates to the blade lagging motion,
with the stack degree of freedomu moving in phase with the blade. The second eigenmode
is that of the stack between the two masses,u andξ show a 180 degree difference in phase.
In reality this second frequency is heavily damped but its comparatively high value serves as
justification of the decoupled blade/stack approach which is used extensively in the remainder
of the chapter.
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5.2.3 Coupling considerations

Some investigation into the aeroelastic and electromechanical coupling are also necessary.
From a purely piezoelectric standpoint, the coupling of thestack is significant as it is equal
to k33. However, when considering the definition of electromechanical coupling by [20] the
mechanical damping also plays a role.

In [20] the ratiok2
e/ζ is used. This ratio is valid when the stack and damper act in parallel.

It indicates how much energy the stack dissipates relative to the other damping sources, in the
analytical case it is linear viscous damping. When the ratiois low, little power is dissipated
electrically and the influence of the harvester on the overall behaviour is minimal. When the
ratio approaches and increases beyond unity the harvester is the dominant source of damping
and the dynamics are dominated by it.

In this case, the viscous and electromechanical damping actin series and the displace-
ments are not identical. Therefore it is necessary to evaluate the energy dissipated by each.
The damper has already been determined to dissipate nearly 250 W, whereas the stack will
be shown to generate in the order of watts. The damper still dominates the system and low
coupling can be assumed for the lag damper harvester. Considering the orders of magnitude
difference between the dissipated energy of the damper and stack, it is reasonable to assume
that the overall dynamics will not be influenced by the additional damping introduced by the
power harvester. A fully coupled aerodynamic-structural-piezoelectricmodel is not necessary
during this step.

5.2.4 Parameters of the Ideal Physical Model

The mechanical and piezoelectric parameters of the ideal physical model are listed in table
5.2. Dimensionless parameters are listed as well. The natural frequencies are the undamped
and short-circuited values.

The stack diameter is calculated based on the maximum permissible stress and hence it
represents an absolute minimum value. Ceramic material does not tolerate tensile stresses,
so compression must be maintained even as the damper itself generates the maximum
negative force. A total compressive stress of 18 kN is therefore used to determine the
minimally required cross section. This is combined with a maximum material stress of 120
MPa (PI specification). The stack layer thickness is not listed but does not influence the
electromechanical coupling.

5.3 Simulations

With the mechanical model established, it is possible to simulate various circuits to investi-
gate the results. This section is subdivided into parts pertaining to each circuit. The geometry
of the stack is determined separately for each circuit as thelimitations and possibilities of
each circuit may lead to a different cross section.

The simulations are solved using the MATLABode15ssolver [75]. This is a numerical
solver for ordinary differential equations which utilises numerical differentiation formulas.
Although less accurate than other solvers available withinSimulink, this solver is the only
one availble that is capable of handling rapidly changing system parameters. Consider the
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Table 5.2: Mechanical parameters lag damper IPM.

Property Symbol Value Unit
In

p
u

t
Equivalent hinge stiffness keq 143 kNm/rad

Blade inertia (relative to hinge) J 2387 kgm2

Excitation moment M0 10.7 kNm
Lag damper piston mass m 1 kg

Stack area A 1.5 cm2

Stack length Ls 25 cm
Rotor frequency ΩR 26.26 rad/s

M
o

d
el

p
ar

am
et

er
s Stack stiffness kp 42 MN/m

Stack weight ms 0.293 kg
First lag frequency ωm1 8.1 rad/s

Second natural frequency (stack) ωm2 6527 rad/s
Damper force amplitude F0 8819 N

Normalised excitation frequency Ω 0.0040 -
Stack coupling parameter k2

e 0.38 -

switching of active circuits or the on-off characteristics of diodes. It is also capable of
handling order of magnitude differences in frequencies. Compare the excitation frequency
with the stack frequency and the electrical natural frequency in the case of the SSHI circuit
of section 3.6. This is also one of the few available solvers which is able to converge to the
exact time at which these changes in parameters may occur, preventing instablities associated
with other solvers that do not have this capability.

The maximum allowed time step used in these simulations is one twentieth of the period
of the highest eigenfrequency which is present in the system. For the DCIM circuit this
is one twentieth of the rotor period and for the active circuits this is one twentieth of
the oscillation period associated with the capacitor-inductor resonance frequency. This is
determined through trial and represents a balance between stability and computation time.

The desired result is the power delivered at the electrical load. To accomplish this, the DC
voltage across the load and storage capacitor must first stabilise, requiring the simulation to
be run between ten and fifty oscillations of the blade, depending on various parameters. The
power resulting from each simulation is calculated by integrating the instantaneous output
over the last cycle of the simulation, once the DC voltage hasstabilised:

Pavg =
1
T

∫

T

Vdc(t)2

R
dt (5.1)

5.3.1 DCIM

In this case the limitation of the stack geometry is the mechanical stress. Using a quasi-static
approximation of equation 3.5 the following is found for thepower at the optimal resistance
(equation 3.6):
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P =
F2

0

mωm2

k2
eΩ

π
(

2+ k2
e
) (5.2)

By inserting the non-dimensional values and the physical values for mass, force and
natural frequency from table 5.2, the power is found to be 2.5W.

So far the layer thickness has not been specified. In this casevalues are chosen in the
range of what is commercially available: 100µm and up. Based on this the stack capacitance
can be calculated and consequently the optimal resistance.Lastly, the storage capacitanceCs

is calculated by rewriting equation 3.4 to solve forCs as a function ofV/Vc. Additionally, the
force coefficientθ is calculated. These values are redetermined for each new layer thickness.

The implementation of the circuit in theSimscapemodel is straightforward since all
components are readily available. Only the piezoelectric element must be modelled with
a number of components to ensure it functions using thee33 value. For each stack geometry
the simulation is run until the DC voltage stabilises towards an asymptotic value.

The results of the simulations are shown in figure 5.6. It compares the simulation results,
with equation 3.5 in which only a stack is subected to a sinusoidal load with an amplitude
identical to the peak damper load. The normalised results ofthe latter are rewritten to physical
values. The agreement is excellent, demonstrating that theclaim in section 3.4 is true.
The output of the DCIM circuit is insensitive to the load pathprovided that one dominant
frequency with associated amplitude is present.
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Figure 5.6: DCIM results fortl = 0.1 mm ( ), tl = 0.2 mm ( ) and tl = 0.5
mm ( ). Simulation in black and equation 3.5 in grey.

5.3.2 SECE

The SECE circuit (section 3.5) operates predominantly in open circuit mode, the maximum
voltage must be calculated in order to ensure that the maximum reverse bias of the piezo is
not exceeded. The lag damper harvester operates quasi-statically, therefore the maximum
voltage is calculated using the static piezoelectric equations 2.8 in an open circuit condition.
In accordance with [17] the following is found for the maximum voltage and subsequently
the minimal cross sectionA:
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Vmax=
2θ
Cp

u0 =
2θ
Cp

F0

kp + θ2/Cp
(5.3a)

A =
2e33F0

Ev3

(

EE
33ǫ
ε + e2

33

) (5.3b)

The minimal cross section is 3.3 cm2 for PIC181, significantly larger than the stress-
limited value of the DCIM circuit. Moreover, this value exceeds that which is specified by
AW as what can fit within the damper. For the sake of analysis the circuit is investigated
nonetheless as other methods can be devised in order to reduce the voltage. Consider, for
example, coupling an additional capacitor in parallel withthe stack.

A first approximation of the power is found using the open circuit voltage equation 3.10
and the analytical power equation for the SECE circuit (equation 3.11). The capacitance and
voltage are written out in their constituent variables yielding:

P =
1
2

CpV2
max=

1
2
ǫεVE2

v3
ω

π
(5.4)

The volume of the piezo stack is represented byV. The displacement is present in this
equation through the minimal surface areaA, which in turn is driven by the maximum allowed
voltage. It indicates 2.85 W of power from the SECE circuit.

The circuit is simulated for various layer thicknessestl and load resistancesR. The
relevant calculations for the various component parameters are given in appendix D. The
electrical natural frequency is chosen to be 5 times the rotor frequencyΩR. This appears
low, but the discharge duration is only a quarter cycle of theelectrical period, leading to a
discharge time of one twentieth of the mechanical period. The stack discharge duration must
also be sufficiently long such that the stack does not excite the mechanical domain. This
effect is twice as strong for the SSHI circuit, so the main discussion of this aspect can be
found in section 5.3.3. The discharge time must at least be inthe order of milliseconds to
prevent large impulse loads in the damper.

On top of the induced mechanical loads in the case of too rapida discharge, the SECE
circuit has another peculiar result. After the first discharge the mechanical damper must settle
to a new equilibrium. In doing so, the stack is deformed further and voltage is again built up
from zero. An example of the voltage and resulting primary and secondary currents is shown
in figure 5.7. The overlap of currents, although unclear if itis detrimental to performance, can
be avoided through careful design. This is far more complex than using a slow discharge and
in the end the simulations indicate no power benefit. Note that for the slow case the current
associated with these additional discharges is already generated during the discharge phase
as the stack is being compressed or stretched further.

The resulting circuit parameter ranges are given in table 5.3. Note that while, for example,
the layer thickness is shown in increasing order, other parameters are shown in decreasing
order. This coincides with the lower and higher boundary forthe layer thickness. The same
holds for the storage capacitance and load resistance through the desired minimumRCs time.

In order to determine the required simulation time, simulations are first run for the
extreme values of the thickness and load resistance for 100 cycles, and then again for 25
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Figure 5.7: The multiple discharge effect demonstrated around one force maximum.
Stack voltage ( ), primary current ( ) and secondary current ( ).

Table 5.3: SECE circuit parameters.

Parameter Symbol Value Unit

In
p

u
t

Stack area A 3.3 cm2

Layer thickness tl 25-500 µm
Capacitance Cp 1100-2.17 µF

Electrical natural frequency ωel 1313 rad/s
Primary inductance L1 0.055-21.9 H

M
o

d
el

p
ar

am
et

er
s Secondary inductance L2 0.042-4.2 H

RC time storage circuit RCs 2.3 s
Discharge timeL2 to f f 10 ms

Load resistance R 0.1-10 kΩ
Storage capacitance Cs 23-0.23 µF

cycles. The latter all settled to within 1% of the power valueresulting from the longer
simulation of the same initial settings. Due to the high damping, the mechanical domain
settles into a cyclic motion within 1 second. Therefore, theremainder of the transient
simulations are run for 25 cycles, for the whole range of thicknesses and load resistances,
yielding the result of figure 5.8. The power begins to decrease for the small layer thickness;
this is due to the limited peak voltage which can be attained in combination with voltage
drops in the diodes.

The power from the SECE circuit exceeds the value predicted from the analytical
approach. The cause may be found in the higher coupling. In [17] low coupling is assumed
so the additional displacement following a discharge of thepiezo element is neglected. In
this case the stack is compressed further (k2

e times the displacement amplitude) as it is being
discharged. The additional current is immediately transferred to the inductor. The higher
output can be accounted for in this manner.

Moving to more detail, a few limitations arise. Rewriting equation D.8 in terms of the
piezo material volume and material parameters, the following is found for the currents and
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Figure 5.8: Power versus layer thickness and load resistance for the SECE circuit.

inductance values:

L1 =
t2l

ω2
elVǫ

ε
3

I1 =
ǫε3VωelEv3

tl
L2 =

ΩRt2o f fR

2π
I2 =

√

Vǫε32π

ΩRR
to f f Ev3 (5.5)

Note that the equations are written as a function of the volume (V) of the stack since
this parameter is held constant for the simulations under investigation. Moreover, the power
harvested is linearly dependent on the piezo volume, due to the presumption that the material
achieves the maximum permissible voltage field. The layer thickness is the only variable that
can be used to tune the balance between currents and inductance values. Table 5.3 shows
the extreme values found for the inductances. An air-core inductor of more than 100 mH is
physically large (a volume of hundreds of cubic centimetres) and the values forL1 quickly
attain unfeasible levels. The same considerations hold forthe secondary inductor value.

The SECE circuit can be used in conjunction with the lag damper harvester. However,
it brings prohibitive limitations concerning the component parameters. First and foremost is
the required stack cross section. This is larger due to the open circuit operation of the stack.
A smaller stack area is possible by using an additional capacitor in parallel with the stack,
but this will reduce electromechanical coupling. Considering equation 3.11, the power will
not change significantly.

Appendix H provides a number of additional plots showing more detailed simulation
results concerning currents and inductance values. The layer thickness is limited to tens of
micrometres. More than approximately 50µm will lead to an unrealistically largeL1. For
the secondary inductanceL2, the load resistance is the driving factor with an upper limit
of approximately 300Ω. The resulting currents are not yet excessive. From figure 5.8 the
maximum power is 3.0 W using these values fortl andR.

The SECE circuit is limited by the voltage in the stack which drives the geometry.
Alternatively, a stack of the same dimensions as the DCIM canbe used, with an additional
capacitor coupled in parallel. Both options are less than optimal and limit the advantage of
the SECE circuit over DCIM.
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5.3.3 SSHI

As discussed in section 3.6, the SSHI circuit boosts the voltage above that which can be
achieved with the DCIM circuit. The voltage developed in thestack is a function of the
inversion efficiency of the circuit, and may be increased beyond the maximum reverse bias
when a sufficiently large load resistanceR is used. To prevent this event an equation for the
maximum allowed load resistance is derived first. Using thisvalue the circuit is then analysed
further. Next more practical aspects are discussed. Questions relating to how quickly the
voltage is inverted and what effects can be expected are answered. Finally, optimal circuit
parameters are chosen and simulations are performed.

Analytical output

Taking the information in appendix E into consideration, itcan be seen that the force or
stress, geometry and load resistance influence the voltage field in the piezo material. Starting
with the normalized voltage equation from equation 3.14 andagain assuming a quasi-static
mechanical domain, the following can be derived for the maximum load resistance:

rmax=
V′maxπ

Ω
(

2k2
33− V′max

(

1− e−π/(2Qi )
)

(

1+ k2
33

)) (5.6)

Rewriting in terms of the physical variables gives:

R=
Ev,maxtlθπ

Cpω
(

2F0k2
33− Ev,maxtl

(

1− e−π/(2Qi )
)

(

1+ k2
33

)) (5.7)

These equations are then inserted into the power equation ofthe SSHI circuit (equation
3.14), giving the maximum amount of power as a function of maximum voltage field and
(implicitly) the maximum allowed load resistance. The quasi-static approach gives the
following for the power:

P′ =
4k2

33Ω
2r

π2
P =

4CpRk2
33

m

(

F0ω

ωnπ

)2

(5.8)

To establish an upper bound for the power output, perfect voltage inversion (Qi = ∞) is
assumed. The exponente−π/(2Qi ) becomes unity, and the associated terms of equations 5.6
and 5.7 are zero, nullifying the term associated with the exponent. Substituting the resulting
equations forr andR in the power equations 3.14, the normalised and absolute power output
become:

P′ =
2ΩV′

π
P =

2F0ωEv,maxe33Ls

EE
33π

(5.9)

The above equations are only valid for excitation frequencies far below resonance of the
piezoelectric stack. Additionally, they are only of use when the optimal resistance of the SSHI
circuit (equation 3.16) actually leads to too high a voltagefield in the piezo material. If this is
not the case, equation 3.16 holds. The most peculiar fact is that the maximum available power
is independent of the volume of piezoelectric material, butis only dependent on the length of
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the stack. This is a result of the perfect inversion assumption which is unrealistic. In reality,
a large cross section would lead to a larger accumulated charge for a given layer thickness
and voltage, and larger currents and associated losses during voltage inversion. There is no
strong dependence on the layer thickness, which is consistent with the other circuits.

A maximum power of 7.8 W is found for this concept when using the material data from
PIC181, 25 cm stack length and the lag damper data. This valuedoes not take the power
consumption of the SSHI circuit itself into account.

Circuit parameter considerations

Being an active circuit, the SSHI circuit may induce rapid voltage changes in the stack. Due to
the electromechanical coupling the force equilibrium in the stack changes. Although the stack
is in series with the damper this change in equilibrium can occur sufficiently quickly such that
large momentary velocities occur following the voltage inversion. Large force variations in
the rotor can be generated since the damper force is dependent on the velocity. Minimising
these induced impulses means minimising the associated natural frequency, thereby slowing
the deformation of the stack during inversion.

In appendix E, the electrical natural frequencyωel associated with the voltage inversion
is calculated assuming low coupling. It is therefore independent of the mechanical domain.
Due to the high stack coupling this is no longer the case and a coupled approach is needed,
in particular when the mechanical and electrical eigenfrequencies are of a similar order of
magnitude. During voltage inversion the stack voltage is lower than the DC voltage, meaning
the rectifier is blocked. The following system of equations then holds for the coupled stack -
SSHI system:

[

M 0
0 Cp

]

q̈+

[

cs θ

−θ RL

]

q̇+

[

kp 0
0 1

L1

]

q = 0, q̇ =

(

u̇
V

)

(5.10)

Note that the blade degree of freedom is neglected here; it isassumed constant. As
indicated in section 5.2 this is justified due to the rigid blade model and the low frequency
associated with the blade motion. Inversion occurs at the moment that the force is maximised,
implying a high damper velocity. This equation is thereforevalid as long as the absolute
damper velocity remains above 0.02 m/s (see figure 5.2(a)), preventing variations in the
damping coefficient cs. This approach is valid since minimal disturbance of the damper
operation is the goal. It can be concluded that the electrical natural frequency must be
lower than the stack frequency, in order to prevent excitation of the eigenmode of the stack.
Equation 5.10 is solved in order to determine the inversion time associated with a given setup,
which is then used in the simulation to control the switch.

An additional consequence of too rapid a voltage inversion is in the form of energetic
losses in the system due to piezoelectrically induced motion of the damper. Figure 5.9 shows
the normalised voltage during inversion for two cases. The horizontal axis is normalised with
the inversion time of the respective inversion case, which gives unity when the inversion is
completed. For the slow inversion, the process is stopped atthe optimum point and then
remains stable. The fast inversion case initially progresses nearly identically to the slow case.
However, upon completion of inversion, the mechanical domain is in a configuration far from
equilibrium. Therefore, following inversion the mechanical domain begins to oscillate. Only
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Figure 5.9: Normalised piezo voltage during and after inversion forωinv = 12500 rad/s
( ) andωinv = 450 rad/s ( ).

the onset of the vibration is shown in figure 5.9. The voltage oscillates around approximately
Vp = −0.45 V and is damped out within a few cycles. This effect will be addressed again
along with the results.

Ideally, the inversion should take as long as possible to minimise losses. Considering
the damper force - time graph of figure 5.5, the maximum inversion time can be in the order
of milliseconds. In combination with the large stack the required inductance may become
prohibitively large, representing a constraint on the design parameters.

Another consequence of the induced forces due to voltage change is that it may influence
helicopter comfort and stability, leading to more vibration and associated fatigue issues. All
discussed aspects require as slow an inversion process as possible.

Simulation results for the ideal circuit model

The results presented in this section are from a model that does not include the self-powered
switching circuit, but does perform the switching operation. The duration that the switch is
closed is determined using equation 5.10. The input data is given in table 5.4. Note that
the layer thickness as well as the inversion time is varied, yielding a large range for the
inductance.

Figure 5.10 shows the output for varying inversion time and layer thickness. A number
of conclusions can be drawn from this result. First, the insensitivity of the output to the layer
thickness is clear from the figure. Secondly, the hypothesisof too small an inversion time
leading to a lower output is also confirmed. Not shown in the figure is that fortinv < 0.1 ms
the output asymptotically approaches ~4.8 W. Lastly, the surface plot approaches a maximum
output near the 7.8 W predicted by the analytical approach. For a Qi of 103 the simulation
gives 7.45 W as the output. The surface plot is not complete for larger layer thicknesses and
inversion times. This is done to demonstrate the influence ofthe inductance value. Similar to
the SECE investigation, a limit of 100 mH is imposed on the inductance.

Figure 5.11 shows the resulting waveforms for the piezo and DC voltage for a layer
thickness of 50µm. The piezo voltage in the simulation converges towards approximately
50 V which is the limit given the layer thickness, demonstrating the validity of equation 5.7.
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Table 5.4: SSHI circuit parameters.

Parameter Symbol Value Unit
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Stack area A 1.5 cm2

Layer thickness tl 50-200 µm
Inductance L1 0.012-480 mH

Inductor quality Qi 100 -
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Inductor resistance RL 3.2-158 mΩ
Inversion time tinv 0.12-7 ms

Load resistance R 329-5264 Ω

Storage capacitance Cs 7.1-0.44 mF
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Figure 5.10: SSHI output for varying inversion time and layer thickness.

If the chosenRCs time of the storage circuit is too small, the sawtooth-like shape of the DC
voltage increases in amplitude around the limit voltage, potentially leading to too high a stack
voltage.

The resulting damper force for varying inversion time is given in figure 5.12, only the
time around the inversion is shown. It shows the large force impulse generated by the lag
damper in case of quick inversion. The necessity for as long an inversion duration as possible
is again emphasized. The force variation associated withtinv = 7 ms is 2.5% of the damper
force at the onset of inversion.

A final consideration concerns the inductor used in the circuit. Analysis and simulation
reveal that a large inductance in the order of 10-100 mH is necessary to maximise the output
and to minimise force variations in the damper. Such an inductor typically utilises a ferrite
core to maintain a packaging of a few cubic centimetres. Sucha core may suffer from core
losses due to eddy currents and electrical or mechanical hysteresis of the material. A ferrite
core may therefore not ideal in terms of circuit operation.

The inductance of a coil is dependent on the shape, number of windings and the magnetic
permeability of the core material. The relative permeability is defined relative to the
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Figure 5.11: Piezo voltage ( ) and DC voltage ( ) for tl = 50µm, Qi = 100
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Figure 5.12: Damper force during voltage inversion fortinv = 0.011 ms ( ), 0.50
ms ( ), 1.6 ms ( ), 3.1 ms ( ) and 7.0 ms ( ).

absolute permeability of vacuum. The relative permeability of air is close to unity and the
aforementioned ferrite cores have a relative permeabilityin the hundreds or thousands. A
ferrite core inductor of 100 mH can be as small as a cubic centimetre. An air core inductor
with the same inductance and dimensions possess a poor quality factor. An air core with
similar inductance and a high quality factor will have a major dimension in the order of 10
centimetres and contain hundreds of grams of wire. Core design presents the main limitation
for the lag damper with an SSHI circuit.

Considering the challenge presented by the inductor parameters, additional simulations
are run with different values forQi . Table 5.5 shows the results for aQi down to 3, which can
be considered an exceptionally poor inductor. The optimal load resistanceR is recalculated
for each simulation to ensure that the piezo material is usedto its full extent. The results
show that even for a very poor inductor the SSHI circuit stillgenerates a reasonable amount
of power compared to the case with an exceptionally high quality factor.
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Table 5.5: Power output for varyingQi .

Qi [-] Inversion efficiency [-] Power [W]

100 0.98 7.3
20 0.92 7.0
10 0.85 6.7
5 0.73 6.2
3 0.59 5.7

5.4 Discussion

The viability of the lag damper harvester concept is discussed in this section. Each circuit
will be addressed as each has its own points of interest and research goals in order to improve
overall system performance. Additional work from the literature is also introduced. Lastly,
the overall concept of the lag damper harvester is discussed.

5.4.1 DCIM

The DCIM circuit is feasible. It is not the best performing circuit, but it is an application of
technologies that all exist and have been researched sufficiently. There are no fundamental
question marks in the development chain.

There are also no strict requirements with respect to the stack geometry other than that
the cross section should be chosen as small as possible, while taking the maximum stress
into account. The only serious consideration is the layer thickness which determines the
capacitance, optimal load resistance, and optimal operating voltage of the circuit. The choice
of the layer thickness can best be made in conjunction with the requirements of the electronics
connected to the harvester.

With a maximum expected output of around 2 W, the DCIM versioncan already supply
more than enough energy to power a health monitoring system within medium scale blades.
This also implies that it is sufficient for larger blades than the 8.15 m one which is assessed in
the simulation stage. Additional research on smaller blades will aid in assessing the viability
for smaller rotorcraft.

5.4.2 SECE

The SECE circuit provides improved output over the DCIM circuit, generating approximately
3 W of power. The main advantage is the absence of an optimal resistance. The result is that
the piezo element will always generate the maximum amount ofenergy, regardless of the
electrical load and DC voltage. This makes the circuit more robust with respect to load
variations such as intermittent wireless transmission which is a significant power consumer.

An important aspect to consider is that the control electronics for discharging were not
modelled. In [17] this additional circuitry consumed 30% ofthe energy flowing from the
piezo element. The details of the used circuitry are not disclosed fully in [17], it is unclear
whether this loss is a fixed percentage of the output or if scaling provides any benefit. The
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SECE circuit provides only a marginal power benefit over DCIMin the case of a fixed
percantage loss.

In [19] the SECE circuit appears to outperform the DCIM circuit by a factor of 4. This
result is found using a harvesting beam and 31-mode operation of the piezo. The important
fact is that there were no issues with the voltage reaching critical levels. In this research the
stack is dimensioned to maximise voltage and power output using 33-mode operation. The
high coupling associated with this mode leads to much highervoltages for the same strain,
and the voltage limitation is therefore detrimental to the relative performance. The resulting
stack area is also too large to fit within the damper rod and other techniques are required to
limit the voltage.

As demonstrated, in dimensioning the stack and circuit a trade-off exists between the
required inductance values and currents, presenting some design rules for this circuit. As
the coupling and stack length decrease, the discussion concerning the discharge duration
becomes less relevant. The piezo material then does not deform as much during a discharge,
and will not induce such high force variations.

Although not explored in this work, the voltage issue can also be mitigated by using the
smaller stack based on the peak stress, and coupling it to a capacitor which is sufficiently
large to limit the voltage build-up. This effectively means lowering the coupling coefficient
k2

e. By doing so, the advantage of the narrower stack is immediately and almost completely
lost to the reduction in coupling. This option does, however, create more flexibility by tuning
the additional capacitance to the mechanical load, in orderto maintain the maximum possible
output.

Another fail-safe option consists of using aZener diodeto limit the voltage in the stack.
This diode functions similarly to a normal one, with the added functionality of being able to
pass current unimpeded in the opposite direction upon reaching a specific voltage: the Zener
voltage. Where normal diodes fail with too large a reverse voltage, the Zener diode is used
exactly for this functionality. This functionality shouldonly be used as a fail-safe because it
dissipates energy.

Considering the difficulties associated with the SECE circuit, and the marginal power
advantage it offers over the DCIM circuit in this case, it does not appear to bea practical
circuit for the lag damper.

5.4.3 SSHI

Similar to the SECE circuit, the SSHI circuit is limited by the maximum voltage field within
the material. Since it is still continuously coupled to a rectifier and large capacitor, the voltage
can be limited through use of the load resistance, and a Zenerdiode as a fail-safe.

The output which is achieved in the simulations is significantly higher than the DCIM and
SECE circuits. Assuming all linear components, approximately 7.5 W per damper appears
possible, which is sufficient for health monitoring systems. The SSHI circuit may also extend
the concept of power harvesting in the rotor to rotorcraft that are smaller than what is still
sensible in the case of the DCIM circuit.

As with the SECE circuit, the SSHI circuit is voltage limited. This leads to interesting
effects when compared to section 3.7 and the literature [19]. The active circuits generate
significantly more power than the DCIM circuit for non-resonant conditions. Here, the
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maximum attained voltage presents a limitation which is detrimental to the power output.
Although there is still a factor 3 increase of the SSHI circuit over DCIM, more is not possible.
Had the voltage not presented a limitation, the output couldincrease up to tenfold over DCIM
[19].

It has been extensively demonstrated that the voltage inversion process, that is inherent to
the SSHI circuit, must take as long as possible. The reasons are twofold: this will minimise
load variations in the mechanical domain and also improves the output of the harvester. As
with the SECE circuit, the physical dimensions of the inductor once again present a limitation.
With fewer parameters to determine, the implementation of the SSHI circuit is simpler than
the SECE variant.

Note that the issue of the duration of the voltage inversion or discharge process is
irrelevant in the case of low coupled systems. The induced vibrations will be very minimal.
It is also not an issue for resonant systems, where large vibrations at the relevant natural
frequency are desired. The effects are only relevent for high coupled non-resonant systems.

All the required theory and circuit design which is necessary to build an SSHI harvester
damper is available in this chapter and in the literature [25, 56, 76]. The study shows a
significant increase over the DCIM voltage output, generating over 7 W of power in the case
of linear components. Compared to the SECE circuit, the SSHIperforms better and is easier
to implement. Challenges associated with the circuit are the inductor size and the influence
of the voltage inversion on the helicopter.

5.4.4 Non-linear and temperature effects

The results obtained in this chapter are calculated using fixed component values for, for
example, the maximum reverse bias and the permittivity of the piezo material. In [70]
additional simulations are presented using varying input parameters.

Research [77] shows that the permittivity of piezo ceramicsmay vary significantly with
changing operating conditions such as mechanical stress and voltage field. A generic capaci-
tance model is used in [70] in order to explore the effects on the various circuits. Summarising
the results for the DCIM circuit, the output decreases for increasing permittivity. This is
expected, considering the influence of the coupling in equation 3.7. If only the permittivity
increases, the coupling coefficientk2

e decreases. The SECE circuit benefits from an increasing
capacitance because the stack geometry is voltage limited.With increasing capacitance the
cross section can decrease, and more charge is displaced fora given force. The SSHI circuit
is comparatively insensitive to changes in capacitance, provided the components can handle
the higher current. The load resistance can be re-tuned to meet that requirement.

The coercive field strength and maximum reverse bias both reduce with increasing
temperature (section 2.1). In [70] the temperature is increased to 70 degrees Celsius,
which reduces the coercive field strength by approximately 30%. The DCIM circuit is not
influenced, because the developed voltage field at the optimal load resistance is only 50% of
the maximum reverse bias at room temperature. The SECE circuit, being voltage limited,
shows a reduction in power of more than 30%. The SSHI circuit can again be re-tuned to
minimise the effects of the increased temperature. However, being voltage limited as well,
the maximum output is still influenced significantly. A reduction in output of approximately
25% is reported.
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The SSHI circuit again proves to be the best performing circuit when non-linear behaviour
is included. The ability to re-tune the circuit through electronic means is a significant
advantage over the SECE circuit. The latter circuit impliesthat the stack must be designed for
a worst-case scenario that reduces the output during normaloperation, or extensive electrical
safeguards are required to prevent excessive voltage in extreme situations.

5.4.5 Total concept feasibility

It can be concluded from the studies in this chapter that the power harvesting lag damper
concept is viable. It adds minimal extra weight to the rotorcraft and, most importantly, it
is located inboard. A DCIM version can be implemented without additional research. The
SSHI circuit may require additional investigation in to theinversion process and, in particular,
the influence on the rotor dynamics, but the results lead to the expectation that this effect is
minimal. The SSHI circuit so far does not appear to pose any critical problems.

The most significant aspect is that the power is generated in acentralised location, while
the ideal concept of power harvesting is to provide on-the-spot power. While centralised
power may not be ideal for most power harvesting systems, in ahelicopter blade however, it
is not a clear disadvantage. For blade health monitoring devices, centralised power generation
will require wiring within the blade in order to power the sensors. It can be debated whether
or not the additional outboard weight of a localised harvester (as investigated in chapter 4)
gains preference over a limited number of wires per sensor. An independent node not only
requires a power source: a self-sufficient node within the blade without external wiring would
also require a wireless transmitter, power electronics andstorage. The idea of a plug-and-play
blade with numerous independent nodes, although technically possible, may very well add
too much weight to be sensible. Therefore, centralised generation resulting from the lag
damper is an excellent alternative. Most importantly, the initial target of circumventing the
necessity for slip rings has been met.

Further strengthening the advantage of centralised power generation is integrated fibre
optic sensing in blades. Fibre optic strain sensing is a technology under development [78,
79]. With this technology most of the electronics will be mounted in the rotor hub with
the lag dampers close by. Only the optical fibres are mounted in the blade. This would
completely negate the need for a power source within the blade. Power consumption of
such systems is currently beyond the generating capacity ofthe lag damper harvester. In the
future the power consumption of fibre optic systems may possibly be within range of the
generating capability of the medium sized rotorcraft underconsideration in this chapter, so
that a complete harvesting and sensing system can be realised.
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Chapter 6

Validation of the lag damper simulations

The work presented in this chapter has been presented at and published by the European
Rotorcraft Forum 2012 [80].

6.1 Introduction

In order to assess the validity of the simulations of chapter5, experiments are conducted on
a lab-scale setup. Simulations similar to those of the lag damper concept are run for the test
setup, and the results are compared to experimental data.

Section 6.2 describes the setup used. Non-linear components are characterised in
section 6.3. The damper is characterised beforehand. The stack capacitance is measured
as well following initial results, revealing some non-linearity of the stack. This reflects
upon the agreement between simulation and experimentation. Results of the complete
electromechanical setup are discussed in section 6.4 for the ACIM, DCIM and SSHI circuit.

An additional electrical setup, discussed in section 6.5, is built following the complete
lag damper setup experimentation. It only relates to the SSHI measurements as this circuit
performed significantly poorer than expected in the full setup. Losses in the circuit are
determined allowing for more accurate simulation of the SSHI circuit. Lastly, the conclusions
are listed in section 6.6.

6.2 Experimental setup

The experimental setup is shown schematically in figure 6.1.Starting from the left, the setup
consists of

• a viscous damper by ACE Stossdämpfer, model HBS-28-50, witha 50 mm stroke. It is
selected due to its ability to damp in both directions with a negligible free stroke upon
reversal. The damper is modified by adding a large aluminium heat sink, manufactured
locally, to increase heat dissipation to the surrounding environment;

• the piezo element: a PiezoMechanik PSt150/3.5×3.5/20 stack in an upgraded housing
with 400 N preload;

93



6

94 CHAPTER 6. VALIDATION OF THE LAG DAMPER SIMULATIONS

• a Bruël & Kjær 8001 impedance head for load measurement;

• a rod flexure to mitigate alignment errors;

• and a large Bruël & Kjær shaker equipped with a 4819 shaker head for excitation. The
moving core has massM.

Other relevant data are given in table 6.1.

Damper

Stack Impedance head

Rod flexure

Shaker

F(t)

−Vp+
Ip u(t)

M

Figure 6.1: Schematic of experimental setup, left to right: damper, piezo stack, force
sensor and shaker.

Table 6.1: Mechanical properties of the experimental setup.

Symbol Value Unit

Stack capacitance Cp 0.96 [µF]
Stack stiffness kp 25·106 [N/m]

Force coefficient of stack θ 1.006 [N/V]
Maximum reverse voltage V− -30 [V]

Mass shaker core M 0.9 [kg]
Rod flexure axial stiffness kr 13 ·106 [N/m]

Excitation frequency ω 3 Hz

Axial natural frequency ωn 3062 [rad/s]
Electromechanical coupling k2

e 0.042 [-]
Normalised excitation frequency Ω .0062 [-]

Not shown in figure 6.1 is the thermocouple which is used to monitor the damper
temperature. As the damper is cycled, heat is generated. Thedamper will increase in
temperature, affecting the viscosity of the damper fluid. The damping coefficient will
decrease as the fluid warms up. To mitigate temperature effects all experiments are conducted
at a similar temperature. After setting the excitation of the shaker the setup is allowed to warm
up until the temperature is stable, typically around 33 degrees Celsius. All measurements with
the damper have been performed in a single setting.

The shaker head velocity is measured using a PolyTec laser vibrometer. Data acquisition
is done using a SigLab model 20-42 acquisition system connected to a computer. Force, stack
voltage, DC voltage (where relevant) and shaker head velocity are measured. The circuit
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voltages are sensed directly using the SigLab unit, although a voltage divider is used to bring
the voltages within range of the acquisition box specifications.

The resistance of the measuring branch, totalling 2.8 MΩ, is large enough to be neglected
in the measurements regarding any influence on the piezo element (AC) itself. The 1 MΩ
internal impedance of the acquisition system implies that the measurement range for the
voltages is±28 V. The resistance of the DC voltage branches can be upwardsof 100 kΩ,
approaching even 1 MΩ for the SSHI circuit. In order to correctly calculate the electrical
load of the DC branch of the circuit, the resistance of the measuring circuit is accounted for.
This is also required in order to correctly calculate the dissipated power.

6.3 Component characterisation

In order to simulate the setup as accurately as possible, thecomponents are first investigated
separately. The damper curve is determined and fitted with a polynomial for use in the
simulations. A number of stack properties are also measured. Initially scalar values are
determined for the capacitance and force coefficientθ.

Following the measurements more detailed measurements of the stack were done (section
6.3.3), revealing a significant variation of the capacitance for varying force and voltage.
The data is only used in the ensuing discussion. The detailedstack data is not used in the
simulations due to the added complexity in the simulation. This would also require detailing
the force coefficient under different applied force and voltage for the stack, which is beyond
the scope of the research goals. Consider figure 3.20, showing that a broad spectrum of force
and voltage must be applied in order to determine the force coefficient for the stack.

6.3.1 Damper properties

The damper curve is determined using the same setup without the piezo stack. The result is
shown in figure 6.2, along with a curve fit of the data. A third order polynomial through the
origin is fitted to the data in order to acquire a function for use in simulations. The jog in the
experimental data (indicated by the arrows) just above and below zero velocity is attributed to
the onset of reversal of the damper displacement, leading tostick-slip of the internal seals. For
smaller amplitudes this jog maintains a magnitude of 20 N. Smaller force amplitudes are not
used since it is unnecessarily difficult to simulate this behaviour. Lastly, the damper appears
to function somewhat asymmetrically, note the datapoints given in figure 6.2 which are the
highest and lowest points of the measured data. This requires all simulations to be performed
using a velocity or position input. This leads to accurate reproduction of the mechanical
load extrema, and prevents drift in the damper displacementin case of a symmetrical force
excitation.

The excitation frequency is 3 Hz. This makes maximum use of the damper without
exceeding the limits of the load cell and piezo stack. It allows for a quasi-static approach
of the mechanical system –as with the full scale lag damper– and also maximises efficiency
of the stack [15]. From an electrical standpoint, at this frequency the dynamic impedance of
the stack is equal to 54 kΩ, significantly smaller than the resistance of the measuringsystem.

Similar to the full scale damper concept of chapter 5, using apiezoelectric stack could
imply that the system possesses high electromechanical coupling. Considering the definition



6

96 CHAPTER 6. VALIDATION OF THE LAG DAMPER SIMULATIONS

Damper velocity [m/s]

F
or

ce
[N

]

(0.329; 262)

(-0.323; -286)
−0.4 −0.2 0 0.2 0.4

−300

−200

−100

0

100

200

300

Figure 6.2: Experimental ( ) and fitted ( ) damper curve.

in [56] once again, the ratio between viscous and piezoelectric damping must be investigated.
Stepping ahead to the results, the damper dissipates around37 W, compared to the mW
order of magnitude output of the piezoelectric element the system can be considered to be
minimally coupled.

6.3.2 Determination of the force coefficient

The stack is characterised in an open circuit condition in order to determine the piezoelectric
force coefficient θ. Figure 6.3 shows the measured waveforms. Then the piezoelectric
equations 2.7 are solved forθ yielding a quadratic equation:

Vpθ
2 + Fθ + kpCpVp = 0 (6.1)
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Figure 6.3: Open circuit stack experiment results, force ( ) and voltage ( )
waveforms.

Figure 6.4 shows the solution of interest over time during one cycle. Equation 6.1 yields
two solutions. The solution near unity in this case is the correct solution because it is closest
to the material specification. The other solution is around 25 N/V which, given the geometry
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of the stack, results ine33 = 183 Vm/N. The peaks extending beyond the limits of theθ axis
are due to the measured voltage approaching zero and therefore have no physical meaning.
Equation 6.1 is solved again using the RMS values of the forceand voltage, yieldingθ =
1.006 N/V ande33 = 7.4 Vm/N, which is used in the simulations.
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Figure 6.4: Piezoelectric force coefficientθ calculated using constant parameters.

One note concerning the piezoelectric voltage coefficient that is determined from this
measurement, is that it appears to be significantly lower than the Piezomechanik specification.
The specification gives only a few material parameters and although there is no direct
specification fore33 its approximate value can be deduced from other similar materials. It
should be in the range of 10 to 14 Vm/N, the value found from experiment is rather low.

6.3.3 Determination of the capacitance

Front-running the results of section 6.4, the stack capacitance is investigated following intitial
results which show some difference with the simulations. The mechanical part of the setup
consists of a lever via which a static load is applied to the stack. The electrical portion is a
Keithley 4200 Semiconductor Characterization System (SCS). This device can apply a wide
range of voltages, frequencies and currents independentlyfrom each other. By monitoring
the change of one parameter through the variation of another(e.g. voltage as a function of
current) the properties of the attached element can be determined using predefined electrical
models.

The SCS applies a constant DC voltage, and superimposes a small AC voltage of 0.1 V.
By monitoring the required current, the capacitance at a given DC voltage can be measured.
A capacitance in series with a resistor is used as a model of the component. This experiment
is repeated for a range of mechanical loads and DC voltages, resulting in figure 6.5. The series
resistance is in the order of mW, making it negligible for theremainder of the investigation.

6.4 Lag damper experimentation

The experimental results for the lag damper setup are presented here. Aside from the
experimental results, simulation data and a quasi-static analytical approximation for the
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Figure 6.5: Stack capacitance for varying static force (positive valueindicates com-
pression) and DC voltage bias (400N pre-load).

setup are presented as well. The force coefficient is taken as a constant 1.006 N/V and the
capacitance is also taken constant at 0.96µF. Three circuits are tested: the ACIM from section
2.6, DCIM from section 3.4 and SSHI from section 3.6. The SECEcircuit (section 3.5) is not
tested due to a lack of information concerning switch designand also because of the relatively
poor results from chapter 5.

Although the previous section shows that the stack capacitance varies, the force coef-
ficient is calculated using a constant capacitance. Moreover, because it is known that the
capacitance varies with changing force and voltage, so may the value forθ vary. A similar
characterisation of the stack should take place for the force coefficient as has been done for
the capacitance in order to maintain excellent accuracy. The associated complexity is too
great considering that the scope of this research is to develop a functioning power harvesting
concept. This detailed step is therefore left aside.

6.4.1 AC Impedance matching

A low frequency approximation of equations 2.24 is used to give an expected output of the
experimental setup. Due to the asymmetrical force on the damper (section 6.3) the mean
of the extrema in figure 6.3 is used: 265 N. Using the input dataof table 6.1, a maximum
output of 0.54 mW is anticipated with an optimal resistance of 53 kΩ. These values are only
indicative, because a harmonic load is assumed which is not the case due to the non-linearity
of the damper. For the experimental and simulation power output, the value is calculated by
averaging the instantaneous power overn cycles with periodT:

P =
1

nT

∫

nT

V2
p(t)

R
dt (6.2)

Figure 6.6 shows the ACIM results for varying load. Note the logarithmicR axis. Table
6.2 summarises the results for a few different approaches:
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Figure 6.6: Power comparison for the ACIM damper experiment. Analytical ( ),
Simulation 1 ( ), simulation 2 ( ) and experiment ( ).

• The analytical model uses equations 2.24. This implies a sinusoidal excitation and only
the stack is considered.

• The experimental results are from the experimental setup.

• ‘Sim 1’ gives the results of the simulation using the polynomial approximation for the
damper curve (figure 6.2).

• ‘Sim 2’ is a simulation of only the stack, upon which the experimentally measured
force waveform is applied.

Table 6.2: ACIM results.

Parameter Analytical Experiment Sim 1 Sim 2

Damper force profile Harmonic Real Model Real
RMS of force [N] 187 171 163 171

Min force [N] -265 -256 -258 -256
Max force [N] 265 274 273 274

Optimal loadR [kΩ] 53 40 50.1 50.4
PowerPavg [mW] 0.54 0.55 0.42 0.49

Max. Vp at Ropt [V] 7.6 6.3 7.1 6.5
Min. Vp at Ropt [V] -7.6 -6.9 -7.3 -7.1

The explanation that the analytical power is significantly higher than that of simulation 1
lies in the RMS value of the force. The higher the RMS of the force, the higher the RMS of
the voltage and the more power is dissipated. For simulation1 the value is lower, clarifying
the relatively low output. This also clarifies why simulation 1 shows poorer results than
simulation 2.
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Simulation 2 shows reasonable agreement with the experiment. The output is 10% lower,
although the optimal load is still different. This may in part be attributed to the changing
capacitance of the stack, see figure 6.5. Over most of the operating range, the capacitance in
the figure is lower than the constant value used in simulation. With the optimal load inversely
proportional to the capacitance, a higher optimal load is anticipated. This is reflected in the
result of simulation 2 but a 20% increase in optimal load would imply a similar decrease in
the capacitance (equation 2.25). The variation in stack capacitance is not so significant. A
varying force coefficientθ may also cause deviations of these results, but this hypothesis has
not been investigated.

One possibility that is specific to the ACIM case is the mannerin which the mechanical
load varies over time. In a way this is already included in theRMS value of the force,
but an extreme case provides additional clarification. Consider an excitation approaching a
square wave, where the force goes from minimum to maximum in avery short timet1. Also
consider that theRCp time of the circuit is much smaller than half the period of theexcitation
RCp ≪ 0.5T. In this case the piezo element discharges completely priorto a change in
force. Also, ifRCp ≫ t1, the element behaves as an open circuit during the voltage change,
generating a much higher voltage. It can be deduced that the power output would be similar
to equation 3.11 of the SECE circuit. Since the ACIM circuit has no real applicability for
powering electronics, this investigation is not continued.

6.4.2 DC Impedance matching

As with ACIM, a number of different simulations are run and compared to the analytical and
experimental results. An analytical approach to the outputof the DCIM circuit (section 3.4)
is done using a low frequency approximation of equation 3.5.This yields a maximum power
of 0.37 mW at an optimal resistance of 82.9 kΩ. This resistance does not adhere to equation
3.6 for the ideal resistance which results in 86 kΩ. This is due to the high coupling of the
stack.

Figure 6.7 shows the results for simulation 1 and from the experiment for the DC case.
The experiment uses a rectifier model B500R [81], with an average diode drop of 0.55 V
per diode. Table 6.3 shows a summary of the most important data. Again, a number of
simulations have been run:

• ‘Analytical’ represents equation 3.5. A harmonic force is applied to the stack.

• ‘Experiment’ is the result from the experiment. This includes diode drops and the real
damper curve.

• ‘Sim 1’ is a simulation with the polynomial approach to the damper curve (figure 6.2).
It includes a diode drop similar to that of the B500R rectifier.

• ‘Sim 2’ is a simulation using the experimentally determinedforce waveform. It is
applied to the stack only. The diode drop is accounted for. Itreproduces the loads on
the stack and the operation of the circuit most accurately.

• ‘Sim 3’ is the same as ‘Sim 2’ but with almost zero diode drop.
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Table 6.3: DCIM results.

Analytical Experiment Sim 1 Sim 2 Sim 3

Diode drop 0 0.55 0.55 0.55 0.01
Damper force profile Harmonic Real Model Real Real

Optimal load [kΩ] 82 66 80 81 81
DC voltage atRopt 5.44 4.85 4.88 4.90 5.43

Power atRopt 0.34 0.35 0.27 0.28 0.35

The results are summarised in table 6.3. The optimal resistance is equal for all simulations
and the analytical approach, to within a small margin of error. This again proves the claim
that the DCIM circuit is insensitive to the exact load path (section 3.4). Simulations 1 and 2
match well across all aspects. To demonstrate the equality of the simulation and the analytical
approach, simulation 3 is run with a diode drop of nearly zerovolts. The insensitivity to the
load path is again demonstrated by using the experimentallydetermined force curve.

log10(R) [-]

P
[W

]

4.4 4.6 4.8 5 5.2 5.4
2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6×10−4

Figure 6.7: Power comparison for the DCIM damper experiment. Analytical ( ),
simulation 1, ( )simulation 2, ( )simulation 3 ( ) and experiment ( ).

As with ACIM, the experiment outperforms the simulation. The lower optimal resistance
again imples an increase in capacitance as the two are inversely proportional (equation 3.6).
The characterisation of the stack capacitance contradictsthis, as the measured value at zero
load and voltage is typically higher than most of figure 6.5.

Comparing the ACIM results with the DCIM results, the same ratio of the analytical and
experimental optimal resistance arises. Due to the insensitivity of the DCIM circuit to the
load path this further strengthens the idea that the piezo material itself is at fault for the
change in optimal resistance: the passive operation and simplicity of both circuits exclude
any unforeseen operation. Second, the maximum power figure matches quite well but is
unexpected: the analytical approximation does not includethe diode drop associated with the
rectifier.
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6.4.3 SSHI circuit

The SSHI circuit requires additional detailing before executing the experiment. The circuit
must be tuned and components must be selected, see section 3.6 and appendix E for details
on circuit operation. The SSHI circuit is tested twice, using two versions of the self-powered
switching circuit. One uses a Bipolar Junction Transistor (BJT) as the switching component
and the other uses a Field Effect Transistor (FET) (section 3.3); both will be discussed.

The maximum allowed load resistance, as indicated by equation 5.7, is derived based
on the conceptual operation of the circuit. Considering thecomplexity of the real switching
process it is prohibitively difficult to recalculate the maximum allowed resistance. There
are non-linearities in the transistor voltage drops and various diodes. Trial and error in the
simulation indicates that the maximum resistance for the real setup is a factor of 1.3 larger
than the result of equation 5.7. Jumping ahead, this could not be confirmed in the experiments
due to unexpectedly poor performance: the SSHI circuit was unable to build up voltage as
high as the reverse bias. This means that the circuit can operate at the optimum resistance as
calculated from equation 3.15.

NPN transistor switch

The choice of the components in the transistor switch is determined by the currents in
the circuit. The maximum current through the inductor is given byV0

√

Cp/L. Given the
Piezomechanik stack and a 100 mH inductor, this leads to 94 mA. At this collector current,
the current gain of a BD139 NPN transistor [82] is 97, requiring a base current of just under 1
mA. Following the same reasoning for the PNP transistor, a BC560C [83] is a suitable choice
with a current gain in the order of hundreds.

Following the selection of the transistors, the method explained in appendix E is
employed to determine the values of the resistors and the envelope capacitor. An envelope
capacitorCe of at least 55 nF and a discharge resistorRD of 11.2 kΩ is required (see figure
E.5 for the definition of the symbols). The discharge resistor Rd is chosen as 1.8 MΩ, thereby
limiting the current gain of the transistor. The achieved current gain is still sufficiently large
such that the base current in the PNP transistor can be neglected in calculations.

Table 6.4: SSHI BJT parameters.

Symbol Value Unit

Inductance L1 100 [mH]
Electrical natural frequency ωel 3.16 [krad/s]

Inductor resistance RL 62 [Ω]
Inductor quality atωel Qi 4.94 [-]
Envelope capacitance Ce 82 [nF]

Charge resistor Rc 27 [kΩ]
PNP base discharge resistor Rd 1.8 [MΩ]
NPN base discharge resistor RD 12 [kΩ]

NPN current ratioImax hFE 93 [-]
PNP current ratio (R limited) hFE 150 [-]
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Table 6.4 summarises the settings for the BJT based switching circuit. The capacitance
and resistances listed are calculated for a current gain of 80, implying a significant margin of
safety for the NPN transistor.

Only introductory experiments were conducted with the BJT due to poor performance.
This was caused by the combination of the BJT and the inductor. As the voltage amplitude
increased the inversion waveforms became distorted, indicating a non-linearity in the coil
(which is confirmed in section 6.5). This led to larger currents than expected, putting the
transistor in the on-state while saturation is desired. A measurement of the voltage during the
inversion process is shown in figure 6.8, showing the irregular inversion waveform. A sine
wave is expected.

The non-linear behaviour of the core can be due to eddy currents in the core or hysteretic
losses due to geometrical expansion and contraction of the core under influence of the
magnetic field [84]. As already anticipated in section 5.3, the cored inductors indeed cause
excessive losses.
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Figure 6.8: The piezo voltage during inversion forL =100 mH.

The circuit can also be designed with a 1 mH air core coil, but this leads to a significant
increase in energy consumption by the switch. This is related directly to the transistor current
gain ratio and the envelope capacitor size that is subsequently required. The stored energy
in a capacitor equalsCV2/2. The higher the switched current capability of a transistor, the
lower the current gain. Small signal transistors such as theBC560C [83] used here possess a
current ratiohFE in the hundreds and switch in the order of ten milliamps. The BD139 [82]
switches up to an Ampère but the gain reduces to 50 at that current.

A switched current of 1 A therefore leads to a required envelope capacitance of 10-20
% of the piezo capacitance. Failure to do so will lead to blockage of the transistor as the
switched current increases. Diode drops and various transistor effects marginally increase the
envelope capacitance further, penalising the net power output of the harvester.

MOSFET based switch

A second variation of the self-powered switch involves the use of a MOSFET instead of the
NPN transistor. As discussed in section 3.3, the MOSFET is a switch which uses a voltage
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to control the switching action. In the absence of any current the power consumption ideally
is zero, but in reality there is still a finite but large gate-source resistance (7-8 orders of
magnitude) [53]. The penalty associated with the FET based circuit is that the switch does
not begin to close until a certain voltage is built up at the gate. This is typically a few volts,
whereas a transistor will go into conduction as soon as the diode drop is overcome.

In the FET circuit, once the PNP transistor goes into conduction, voltage builds up at the
gate of the FET. Because of the gate-source capacitance and the threshold voltageVGS(on), the
circuit must be tuned to expediate this process. There are also parasitic capacitances which
must all be charged, delaying the build-up of the gate voltage. The gate-source resistor of the
circuit is now chosen in the same order of magnitude as the PNPbase resistor, so that this
process occurs as quickly as possible.

Using the nomenclature of figure E.9, table 6.5 gives the circuit parameters. The stated
quality factor includes the on resistance of the MOSFET. Also note that the discharge resistors
are now identical. Considering that the combinedRCe time of the circuit is already much
higher than that of the NPN based switch, the lower PNP base resistance is not a critical
issue.

The MOSFET being used is a model 2N7000 [85]. This type has a comparatively
low threshold voltage and sufficient current handling capability for the circuit. Most
circuit parameters have been tested using simulations and component datasheets prior to
experimenting. The stated inductor quality includes the resistance penalty incurred through
the FET. It is a physically larger cored inductor but with a lower inductance value and
significantly lower resistance.

Table 6.5: SSHI FET parameters.

Symbol Value Unit

Inductance L1 10 [mH]
Electrical natural frequency ωel 10 [krad/s]

Inductor resistance RL 0.4 [Ω]
FET Drain source resistanceRDS(on) 1.5 Ω

Inductor quality atωel Qi 53 [-]
Envelope capacitance Ce 22 [nF]

Charge resistor Rc 27 [kΩ]
PNP base discharge resistor Rd 470 [kΩ]
FET gate discharge resistor RD 470 [kΩ]
FET gate threshold voltage VGS(th) 2.0 [V]

PNP current ratio (R limited) hFE 1 [-]

Four different sets of results are presented:

• The ‘Analytical’ results are from equation 3.14, using the component values given in
table 6.5.

• ‘Experiment’ gives the results from experiment.

• ‘Sim 1’ is from the simulation using the values from table 6.5.
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• ‘Sim 2’ is from simulation. It uses the same values as simulation 1, except that the coil
resistance is increased so that the quality of the coilQi = 1.6.

Figure 6.9 shows the power as a function of load resistance. It shows both Simulink
results, one is voltage limited as it enters the cross-hatched region (which represents too
high a stack voltage) and the other is operating at the optimal resistance. The analytical
result extends beyond the bounds of the plot, and is voltage limited as indicated in table 6.6.
Contrary to the ACIM and DCIM circuits, the SSHI performs significantly poorer than the
ideal simulation (sim 1).
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Figure 6.9: Power comparison for the SSHI damper experiment. Analytical result
( ), experimental ( ), simulation 1 ( ) and simulation 2 ( ). The cross-
hatched region indicates the where the stack voltage exceeds the maximum allowed
reverse field. The analytical data is only shown partially tomaintain resolution of lesser
results, see table 6.6.

The poor performance appears to be, for a large part, due to the coil (this will be confirmed
in section 6.5). Figure 6.10 shows the inversion efficiency from experiment for an inversion
event for each load resistance value. The inversion qualityis based purely on the inversion
process itself when the FET is conducting. Due to the poor inductor quality a second result
is shown in 6.9, which is acquired usingQi = 1.6. This yields an inversion efficiency
which is similar to that determined from experiment at the optimal resistance, despite the
real component exhibiting non-linear effects.

The main findings are summarised in table 6.6. The difference between the analytical
approach (Qi = 53) and simulation 1, which uses the same inductor quality, is due to the
analytical approach neglecting the switching circuitry. Consider, for example, the voltage
loss from the maximum prior to inversion and the diode in the oscillator loop. However, the
difference is too large to explain using linear components. Simulation 1 is also limited by
the maximum voltage of the stack. Simulation 2, surprisingly, shows the same trends as the
ACIM and DCIM results. The optimal resistance is nearly 20% lower, and the optimal power
is nearly one quarter higher than simulation. Due to the use of the rectifier the SSHI output
is also independent of the load path, provided it is cyclic with no local extrema that could
trigger the envelope detectors.
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Figure 6.10: Inversion efficiency for the lag damper experiment. Experimental data
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Table 6.6: SSHI results.

Analytical Experiment Sim 1 Sim 2

Coil resistanceRL [Ω] 1.9 - 1.9 64
Quality factorQi 53 1.6 53 1.6

Optimal load [kΩ] 234 278 416 213
Power atRopt [mW] 3.2 0.78 2.2 0.6

DC voltage atRopt [V] 30 11.5 30 11.3

6.4.4 Discussion

Considering the modelling assumptions of a constant capacitanceCp and force coefficientθ
the simulations for the ACIM and DCIM circuits show consistent results. Since the circuitry
is passive (aside from the diodes) there is little room for uncertainty in the simulations. Given
that the force applied to the stack is measured as well, the only cause of the mismatch
of results can lie within the stack. The change in capacitance for varying electrical and
mechanical loads has been measured, but the observed variation is not sufficient to account for
the difference between simulation and experiment. Characterisingthe complete piezoelectric
performance of the stack is far more elaborate and beyond thescope of the research
objectives.

The Piezomechanik stack which is used is poorly documented in terms of electrome-
chanical properties and only a few material properties are available. This is circumvented
by characterising the stack as a whole, but the stack performance was significantly less than
what could be expected from the available material properties and when compared to other
similar piezo ceramics. However, the lack of documentationmeans that pinpointing the cause
becomes impossible without performing a full characterisation of all the properties.

Also, the issue of the poor coupling of the stack remains. This was only realised after
the measurements, when calculating the stack properties. The cause is unclear. The stack
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was first repolarised using a DC voltage of 150 V to maximise the piezoelectric coupling.
The ACIM and DCIM circuits were tested first and are incapableof generating an excessive
negative voltage. This excludes the possibility of accidental overload were the SSHI circuit
tested first.

Aside from the uncertainty between material data and stack performance, it has already
been concluded that the ACIM and DCIM simulation results show reasonable agreement with
the experimental results, showing that the simulations area step in the right direction towards
developing a lag damper harvester. With the models validated, improvement must be made
in the implementation of the advanced circuitry and better materials.

The SSHI circuit setup did not perform as well as anticipated. The probable cause is
the non-linearity of the inductors which were used. The important conclusion here is that
air core inductors are a necessity. Given that the SSHI circuit is considered the best choice
for a lag damper harvester (section 5.4), more investigation is required towards developing a
functioning SSHI circuit in combination with this stack, which is done in the remainder of
this chapter.

6.5 Additional SSHI circuit investigation

Using only the electrical portion of the lag damper setup, the circuit was investigated in
more detail. The circuits are mostly built up on abreadboard, a panel with interconnected
sockets into which the components can be inserted. The stackis still connected electrically,
but only functions as a capacitor. A current source is used togenerate the current which
normally results from straining the piezo material. Various settings and inductance values
are investigated in order to assess the linearity of the inductors. Data is acquired using a
Tektronix TDS2004B oscilloscope with USB support.

The schematic and associated waveforms of this circuit are shown in figure 6.11. The
current source is constructed using a voltage source, a transformer which increases the voltage
by a factor of approximately 10 and a resistorRT which is relatively high compared to the
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Figure 6.11: Schematic and waveforms of the SSHI testing circuit.
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dynamic impedance of the stack. The resistorRT , combined with the high voltage generated
in the transformer, generates a nearly sinusoidal current throughRT . This current is virtually
unaffected by what is happening in theLCp loop.

Four coils are tested of which the data is summarised in table6.7 and an image is provided
in figure 6.12. The 100 mH coil is the same as what was used in thefull setup with the BJT
(section 6.4). The 10 mH coil is the same as what was used for the FET circuit in the setup
with the damper. The 1 mH coil is a coil around a plastic core. This is very similar to an air
core. Recall that the lag damper harvester requires as high an inductance as possible (section
5.3). The 1 mH coil is therefore not suitable for the experimental setup, but being an air core,
it is more linear and may prove the claim that the ferrite coreinductors are detrimental to the
inversion performance. The last inductor, which is only tested with the MOSFET setup, is a
large one which is manufactured locally. It is a circular multilayer air core with a diameter of
12 cm and 0.6 kilograms of 1 millimetre diameter wire. It represents an attempt to make the
best possible applicable core for the lag damper setup. The circuit construction row indicates
whether the circuit was tested using only breadboard construction, or if the oscillator loop
is fully soldered. The latter is expected to yield better performance due to the addition of
parasitic resistance in the breadboard.

Table 6.7: Coil data for the coils investigated in the electrical setup(exact permittivities
unknown).

Inductance [mH] 1 6.7 10 100

Core Plastic Air Ferrite Ferrite
Relative permittivity order of magnitude 1 1 1000 1000

Circuit construction
BB and
soldered

soldered BB BB

Natural frequency withCp [krad/s] 31.6 12.2 10 3.16
Coil resistanceRL [Ω] 1.7 1.3 0.4 64
Inductor quality atωn 21 63 250 4.94

Figure 6.12: The coils used in the experment. From left to right: 6.7 mH, 10mH, 1
mH and 100 mH.

The stated quality factor is that of the coil alone. In the circuit, additional diode drops and
the finite resistance of, for example, the FET will decrease this value. The maximum piezo
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voltage attained is in the range of 10-15 V, depending on the particulars of the circuit under
investigation.

In assessing the cause of why the SSHI experiment performs poorer than simulation, the
inversion process must be analysed in more detail. The switching delay, inductor quality and
the diode drop must be included in the whole of the calculation. Lastly, following inversion,
the envelope capacitor of the opposite switch is charged. With its RcCe time being much
smaller than the period of the excitation an additional voltage drop of the stack will occur, as
will be shown in the results.

Figure 6.13 shows the voltage inversion process in detail. The peak voltage is denoted
V0. Three more voltage values are indicated. These are defined and calculated as follows:

1. The switching delay following the maximum voltage manifests itself due to the diode
drops of the circuit. The stack voltage must decrease in value identical to the sum of
the PNP diode drop, and the discharge diode drop. With the components used in the
circuit this threshold voltageVth is approximately 0.9 V. The voltage at the onset of the
actual inversion is thus:V1 = V0 − Vth.

2. The starting voltage of the inversion process isV1. The voltage after inversion and the
inductor quality have been addressed in detail in section 3.6. Equation 3.13b must me
modified to include the effect of the diode in the switching circuit.

The diode dropVd in the capacitor-inductor loop is analogous to the effect ofCoulomb
friction on a mass-spring system in the mechanical domain [58]. Recall the analogues
given in section 3.2. The mechanical analog to this system isa mass, spring, viscous
damper and coulomb friction. Solving the differential equation of the electrical domain
and evaluating it after half an oscillation yields:

V2 = − (V1 − Vd) e−π/(2Qi ) + Vd (6.3)

3. Assuming the worst-case scenario, the envelope capacitor of the inactive switch must
be charged from the starting voltageV0 − Vd prior to inversion (note that there is a
diode in the charging circuit). The charge is taken from the stack after inversion. The
final voltage is calculated based on charge conservation between the two capacitors. In
reality, and in particular when theRcCe time is short compared to the inversion time,
this process will occur simultaneously to inversion. The result from step 3 is therefore
not exact. The final voltage after charging the opposite envelope capacitor isV3.

V3 =
CpV2 +Ce (−V0 + Vd)

Cp +Ce
(6.4)

With the stack outside of the lag damper setup the influence ofthe mechanical domain
can be ignored under normal operation: the mechanical eigenfrequency is 30 kHz (Piezo-
mechanik specification) and the electrical eigenfrequencyis 5 kHz for the 1 mH inductor.
The larger inductances lead to lower electrical natural frequencies.
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Figure 6.13: Voltage inversion details.

6.5.1 BJT based switch

The BJT switch requires recalculation for each inductance value as the current ratio deter-
mines the operation of the transistors. This is done according to the calculation of appendix
E. The circuit parameters are given in table 6.8. Figure 6.14shows the results for the positive
to negative inversion.

Table 6.8: BJT circuit parameters.

Inductance [mH] 1 10 100

Charge resistorRc [kΩ] 22
Envelope capacitorCe [nF] 62
Discharge resistorRD [kΩ] 1 3.3 10
PNP base resistorRd [MΩ] 0.15 0.39 1.5

The efficiencies are presented in table 6.9. Valueη is the efficiency for various situations.
Superscripteqnrefers to the analytical equations, andexp indicates the experimental value.
Two efficiences are given: subscriptinv is the efficiency of only the inversion process (V2/V1)
andtot gives the total efficiency of the entire process: (V3/V0). The results from the analytical
approach are evaluated using the value of the maximum voltage column, which is measured
from the experiment. ColumnRbb is an added parasitic resistance which will be elaborated
on with the respective result.

The experimental data for the 1 mH coil is acquired using onlya breadboard circuit, a
soldered circuit has not been built. The exact parasitic resistance from the breadboard is not
known. This coil performs the best, although the transistoris used close to its operating
limit. This is signified by an increase in the collector-emitter voltage as the inductor current
approaches the maximum value. At 0.5 A the BD139 transistor current gain is 80, which was
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Figure 6.14: BJT circuit results for the positive to negative inversionVp ( ), Ve

( ) andVCE ( ).

Table 6.9: Inversion performance for the BJT switch.

Inductance [mH] V0 Rbb η
eqn
inv η

exp
inv η

eqn
tot η

exp
tot

1 13.8
0 0.85

0.68
0.63

0.52
1.8 0.71 0.55

10 10.4 0 0.89 - 0.65 0.25
100 12.2 0 0.66 0.46 0.50 0.39

used in dimensioning the resistors and envelope capacitor.Considering the lower operating
voltage in this setup, compared to the damper test, this circuit would not operate correctly
with the higher piezo voltage and resulting current in the damper setup. The experimental
result closely resembles a sine wave, indicating good linearity of the components.

The second set of analytical results for the 1 mH inductor relate to the use of the
breadboard. A breadboard can induce a parasitic resistance(Rbb) of up to a tenth of an Ohm
for each connection. In this setup 18 connections are used intheLCp loop, implying a total
added resistance of up to 1.8Ω. This value must be compared to the 1.7Ω resistance of the
1 mH coil, and an equivalent resistance of the NPN transistorof approximately 1.5Ω (which
is derived from the experimental data). The equivalent resistance of the NPN transistor was
not reproduced in the simulation due to the simplified modelsusing Simscape. The parasitic
resistanceRbb is clearly significant compared against the others within the loop. In reality,
the total resistance of the oscillator loop can be anywhere between 3 to 5Ω. Using the
upper bound, the calculated inversion efficiencies closely match those from the experiment,
although no experiment of a soldered circuit has been performed for the BJT switch.

The 10 mH coil performs the poorest as the circuit cannot function properly. The
nonlinearity of the core material is so significant that it leads to a number of unexpected
effects. First is blockage of the transistor. The result shows apeak current high enough to
bring the NPN transistor out of saturation. The increase in the NPN base-emitter voltage,
combined with the coil trying to maintain the current, progressively blocks the transistor.
This is signified by the spike in the collector-emitter voltage. Interestingly, the current from
the coil then goes to the envelope capacitor, charging it again. The envelope capacitor can
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then again provide sufficient current to allow the NPN transistor to conduct a secondtime.
In figure 6.14(b), att=-25 µs the transistor nearly goes out of saturation again. A second
effect is a delay in conduction through the inductor, once the switch has closed. Note how at
t ≈ −0.15 ms the collector-emitter voltage goes to zero, indicating that the switch is closed.
The piezo voltage remains around 10 volts for a brief moment before changing. Compare this
to the case of 1 mH where the inversion commences almost immediately.

The 100 mH coil performs in between both. Although the inversion process is completed
without blockage of the transistors, the voltage curve is not purely sinusoidal. This indicates
a mild non-linear effect of the ferrite core. In the damper experiments this effect was more
profound (see figure 6.8) due to the higher stack voltage and the resulting inversion current.
The performance is much less than expected.

Only one set of analytical results showed reasonable agreement with experiment. The
reason for the cored inductors has been explained. For the 1 mH inductor the varying current
gain ratio and the variation of the diode drop (1N5819 diode), which cannot be modelled in
Simulink, are contributing factors. The use of a breadboardleads to uncertainty concerning
the resistance of the oscillator loop. However, it has been demonstrated that the experimental
results can be reproduced with realistic input values.

6.5.2 FET based switch

The FET switch does not require recalculation of the parameters for each coil. It is calculated
once for the highest inductance value since this has the longest duration requirement for the
gate-source voltage of the FET. The envelope capacitor is 22nF, the charge resistorRc is 68
kΩ, and the discharge resistorsRD andRd are 4.7 MΩ and 470 kΩ, respectively. The main
results are shown in figure 6.15 and the resulting efficiencies are listed in table 6.10.

Table 6.10: Inversion performance for the FET switch.

Inductance V0 Rbb η
eqn
inv η

exp
inv η

eqn
tot η

exp
tot

1
14.6 1.8 0.72 0.68 0.64 0.53
13.8 0 0.78 0.68 0.70 0.55

6.7 15.8 0.88 0.75 0.79 0.65
10 11.4 0.88 0.40 0.77 0.33
100 12.4 0.65 0.45 0.57 0.4

Contrary to the BJT case, the FET has no difficulty passing the 0.5 A current associated
with the 1 mH coil. This is evidenced by the drain-source voltage increasing to only 0.4 V for
the FET (starting from 14.6 V) and the BJTVCE increasing to 0.6 V, with a starting voltage
of 13.8 V for the breadboarded circuit. The performance again falls short of what is expected
analytically.

Two cases are presented for the 1 mH inductor. Contrary to theBJT circuit, both
a soldered and breadboarded circuit are tested with the FET.The first row contains the
breadboarded circuit data. The results fall short of the expected performance. Due to the low
resistance of the coil and the high currents involved, a second soldered circuit is produced and
tested. These results make up the second row of the 1 mH results. The lowerV0 is attributed
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Figure 6.15: MOSFET circuit results for the positive to negative inversion. Vp ( ),
VGS ( ) andVDS ( ).

to a different setting of the transformer used to increase the signalgenerator voltage. The
inversion itself shows a nearly identical performance, ruling out any significant breadboard
losses in the experimental setup.

The overall performance of the soldered circuit is marginally better. It must be taken into
account that, considering the resolution of the oscilloscope at the required voltage range (0.2
V), the efficiency can be calculated to within approximately 1.3%. Although this resolution
is relatively poor, it is sufficient to establish whether or not the upper bound of the assumed
parasitic resistance of 1.8Ω is realistic. This does not seem to be the case. The experiment
shows a more significant decrease in voltage following inversion than the analytical case
implies. This can not be attributed to the envelope capacitor as the decrease is too large. The
cause is unclear.

The locally made 6.7 mH coil functions the best and the results are acquired using a
soldered circuit. It also does not achieve the performance predicted by equations 6.3 and 6.4.
It also supports the requirement for an air core. Not shown inthe figures is an oscillation of
the oppositeVGS following inversion, the respective frequency is 111 kHz. With the switch
being open, this is attributed to the self-resonant frequency of the coil, caused by the self-
capacitance of the coil. Based on the measurements, the self-capacitance of the inductor is
approximately 300 pF. This effect may cause some losses but these have not been quantified.

The 10 mH coil again performs the poorest. Contrary to the BJTswitch, there are no
problems with the FET passing the high current resulting from the non-linear behaviour of
the coil. The current can be calculated from the slope of the voltage curve of the stack in figure



6

114 CHAPTER 6. VALIDATION OF THE LAG DAMPER SIMULATIONS

6.15(b), in this case it is over one Ampère. Recall the fundamental capacitor equation from
section 3.2. In the linear case the current is 0.12 A, assuming the same voltage at the onset
of inversion. The voltage change occurs so quickly that the mechanical natural frequency of
the stack is excited, signified by the 30 kHz oscillation following voltage inversion. The non-
linearity of the core is also evident at the start of the inversion process. The voltage remains
relatively unchanged for 50µs after the gate voltage is brought up to the full on-state, whereas
the air cores starts immediately.

The 100 mH inductor performs less than is expected based on simulations. Upon close
inspection of the waveforms, the piezo voltage does not accurately describe a sine wave. The
non-linearity of the inductor is detrimental to the performance.

6.5.3 Discussion

Summarising the results, a number of difficulties have been identified. First is the use of
cored inductors. Any non-linearity introduced by the core material is detrimental to inversion
performance. The use of air-core inductors is a necessity.

Second is the choice of the BJT or FET based circuit. Considering the peak currents
associated with the piezoelectric stack, the BJT is out of the question. Higher current
requirements lead to a lower current-gain and in turn to a larger envelope capacitor. The use
of a FET is necessary in order to build an efficient SSHI circuit for the lag damper concept.
The low envelope capacitance required in the FET based circuit increases output over the BJT
and the circuit also does not require as much fine-tuning as the BJT variant.

The third issue relates to the construction of the circuits.A breadboard was used, which is
a platform with interconnected contacts. A circuit is builtsimply by inserting the components
into the contacts. These contacts introduce parasitic resistances up to a tenth of an Ohm per
connection. It should be noted that it is difficult to measure the parasitic resistance of the
breadboard because it may change from contact to contact, and even shifting the components
may influence this resistance. A simulation including an assumed parasitic resistance showed
good agreement with the experimental results. However, in the FET experiments, comparing
a soldered and breadboarded circuit, the improvement was not so significant as anticipated.

Both variations of the switching circuit possess a number ofresistors which are all in
the kΩ range or more, so that the parasitic resistance does not interfere with the switch. For
the capacitor-inductor loop, the total resistance must be minimised. Non-linear effects set
aside, the 100 mH coil does not suffer significantly due to its internal resistance of 62Ω.
The 10 mH and 1 mH inductors have a resistance in the order of 1Ω, here the parasitic
resistances accumulate and can represent 30-40% of the loop’s total resistance. For proper
experimentation this loop must be soldered and high qualityBNC connectors should be used
to connect the stack. This will limit the resistance of the loop to that of the internal resistance
of the constituent components.

Using a linear inductor and inclusion of the parasitic resistance in the simulation,
reasonable agreement was found between experiments and thesimulation. However, a
mismatch remains of which the cause is unclear. Consideringthe efforts which were
undertaken to reduce the error (a large inductance air core and a soldered circuit), it is
concluded that the causes are beyond the scope of this thesisand reside strictly within the
electromechanical or material mechanics field.
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6.6 Conclusions

This chapter presents comparisons between experiments andsimulations which have been
performed in order to validate the numerical models of chapter 5. A setup using a damper is
designed and built. Two passive circuits (ACIM, DCIM) and one active circuit (SSHI) have
been tested.

The non-linearity of the stack caused significant difficulties. The capacitance has been
measured for a range of voltages and mechanical loads, and shows a variation of up to 15%
when compared to the 0 V/ 0 N situation. It is therefore conceivable that the piezoelectric
force coefficient θ also varies. With the wide range of mechanical and electrical loads, a
complex characterisation would be necessary in order to accurately match simulation and
experiment. This characterisation has not been done. It is beyond the scope of this research.

The passive circuits (ACIM and DCIM) show reasonable agreement with simulation and
analytical approximations. Despite the linear approximation of the stack, the differences in
characteristic values remained within 20%, with the experiment typically outperforming the
simulation. The optimal load of the circuits is smaller thanwhat can be anticipated from the
capacitance of the stack. This is the opposite of can be expected based on the characterisation
of the stack capacitance, which is typically smaller than the unloaded capacitance. The
observed difference could not be clarified fully. Despite these differences, the same trends
are noticed, generating confidence in the models.

The active SSHI circuit validation was only partially successful. The experimental output
was less than half of the output indicated by the simulation.One cause was the use of cored
inductors where non-linear effects decrease the inversion quality. Rerunning the simulation,
using the inversion quality from experiment, revealed similar trends as observed with the two
impedance matching circuits. The experimental output is higher and the optimal resistance is
lower.

Further investigation of the circuit was performed outsideof the lag damper setup. The
first conclusion here is that the cored inductors indeed proved non-linear. Second, the
use of a breadboard in the setup introduced an extra parasitic resistance of a few Ohms
in the capacitor-inductor loop. For the air core and one of the ferrite core inductors this
added resistance presented a significant additional penalty. Assuming a realistic value for
the total parasitic resistance and with an air core inductorin the setup, the results for the
circuit simulation are in good agreement with the experimental results in this chapter. This
generates confidence that the simulation can be used to modelthe setup, provided that linear
components are used.

The SSHI circuit functioned correctly, but an efficient implementation (achieving 70%
voltage inversion) has not been presented in this thesis. The causes have been identified and
sufficient improvement is possible to achieve this value. Using the electrical setup, a custom
air core inductor and proper circuit construction techniques led to better performance. With
this result, it can be concluded that the simulation models for the SSHI circuit are reliable
and are a good representation of reality.
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Chapter 7

Conclusions and recommendations

7.1 Conclusions

The conclusions are discussed based on the list of research goals presented in chapter 1.

Develop a fundamental understanding of power harvesting. Chapters 1, 2 and 3 provide
a comprehensive overview of the basics of power harvesting.While these basics are not new,
more detailed modelling and consideration of the electromechanical coupling effects has led
to more knowledge concerning effects which may occur due to high coupling.

By addressing the mechanical and electrical domain simultaneously, a number of effects
of the high coupling have been explored. Most interesting isthe effects that active circuits
may have on the mechanical domain (sections 5.3 and 6.4). In low coupled systems such
as harvester beams, there are few limitations with respect to how quickly the circuit may
influence the voltage of the piezo element. Due to the low coupling this will not lead to
undesired behaviour in the mechanical domain. On the other hand, the work presented in this
thesis demonstrates that highly coupled systems will experience significant vibrations and
loss of output if these processes are executed too quickly.

In line with the previous point and more fundamental is the combined approach of both
domains. Often the literature starts with a harvesting system to finally only focus on the
mechanical or electrical aspects, trying to optimise either of the two. It is to some extent
understandable as mechanical and electrical engineering are separate fields, but considering
both is necessary to develop an application. A one-sided approach excludes the discovery
of combined effects, addressing multiple domains becomes more crucial in developing and
optimising harvesting systems as the coupling increases.

Explore the potential for power harvesting in the rotor of a helicopter. In this thesis
two concepts have been developed. The first concept is the placement of patches within a
rotor blade (chapter 4). A tool has been developed which optimises patch placement within a
slender low coupled beam-like structure.

Although not included in this work, the tool can be developedfurther to include highly
coupled structures, executing an iterative calculation inorder to converge to an optimum patch
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distribution. The complete in-blade patch concept developed in chapter 4 is too complex
a system to simulate due to the structural dynamics and aerodynamics and the aeroelastic
coupling. However, simpler systems can be modelled in theirentirety. For highly coupled
structures, with the aid of an iterative calculation scheme, an optimum location can then be
found based on the actual excitation.

From the power harvesting point of view this concept is applicable. The blade is a flexible
structure and undergoes large strains during flight. Power can be harvested within centimetres
of a location where power is required for sensing, making it adistributed concept.

The drawbacks mainly involve the mechanical implications.First is the addition of weight
in a rotor blade. This leads to increased centrifugal forces, blade loads and modifies the
dynamics of the blade. The second concerns the aeromechanical properties of the rotorcraft
and in particular a phenomenon known as autorotation. Powercan be safely harvested in the
blade, but the potential is decreased due to the autorotation requirements. This requires that
the centre of mass of the aerofoil is located ahead of the aerodynamic centre. Realistically,
this means piezo material can only be added when it is locatedcloser to the leading edge
than the trailing edge. The patches that are located betweenthe quarter and half chord points
can be balanced by the patches ahead of the quarter chord point, maintaining the required
balance.

The complexity associated with optimising each patch, analysing many flight profiles
and dynamic considerations, makes this concept difficult to develop further. Analysing
additional flight profiles also decreases the expected output because the number of feasible
patch locations will decrease.

The second concept consists of modifying the lag damper to accommodate a stack of
piezo material. This makes it a centralised concept: power is generated in only one location
but in a larger quantity. The unique aspect of this idea is theapplication of a stack which is
typically not suited for power harvesting. Combined with the simplicity of a single reliable
excitation from the damper, this concept can be investigated using basic analytical equations.
This concept is explained further in light of the next research goal.

Modelling, simulation and optimisation of a power harvesting device for use in a
helicopter rotor. The lag damper concept was chosen to be developed in more detail. A
simplified model was developed for simulation purposes (section 5.2). Despite neglecting
seemingly significant aspects such as aerodynamics and blade flexibility, the behaviour of the
damper was mostly preserved.

Various electrical circuits were simulated (chapter 3 and section 5.3). These simulations
provided further insight into the behaviour and output of such a system. For each circuit
a power output was established and important design choiceswere identified. The active
circuits led to a number of difficulties such as introducing undesired vibrations back into
the mechanical domain and imposed strict requirements on the properties of the electrical
components. Through careful design all of these aspects canbe addressed.

Upon optimising the mechanical and electrical design for each circuit the output,
flexibility and technological readiness of each could be established. The passive Direct
Current Impedance Matching circuit can be implemented without any further research as
all the aspects have been researched either in this thesis orin the literature. Of the active
circuits the Synchronous Electric Charge Extraction (SECE) can be used which offers 50%
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more power, but at the cost of extensive electrical infrastructure in order to actually achieve
this higher output.

The Synchronised Switch Harvesting on Inductor (SSHI) circuit is by far the most
promising circuit. As with the SECE circuit it achieves higher output by switching the voltage
of the stack. By modelling this process in more detail designrules are formulated which will
help prevent undesired vibrations and will minimise losses. Using the lag damper defined in
the Green RotorCraft project a figure of 5-7 Watts of power canbe harvested per damper with
the SSHI circuit, depending on the ambient conditions.

Experimental validation of the proposed concept and performed simulations. A labo-
ratory scale setup is built and used to validate the simulation models developed previously.
The linearity of the piezo material used in the setup caused difficulty in matching the
simulation with the setup. With the simplicity of the passive circuits in mind, the stack
represented the only uncertain factor. A capacitance measurement of the stack revealed
significant variation for varying force and voltage, demonstrating that excellent agreement
would not be achieved. A similar characterisation of the piezoelectric force factor was not
performed since detailed material characterisation is beyond the main scope of this reserach.

The two passive circuits were validated first. Despite the variation in the piezo material
properties, similar trends are discovered for both circuits. This further affirms that the stack
is the uncertain factor because the simplicity of the circuits cause no uncertainties. The
predicted output of the circuits was exceeded by approximately 20% in the experiments.
The optimal resistance associated with both circuits also shows a consistent error with the
experiment being around 25% more than simulation. This difference is significant as it is
contrary to what could be expected from the variation in piezo capacitance.

The SSHI circuit is also tested, but in the complete setup validation is initially unsuc-
cesful. Using a separate electrical setup the circuit is investigated further. The design of
the switching circuit of the SSHI circuit is modified in orderto cope with the high currents
associated with switching the voltage of the stack. The modification is tested succesfully and
can cope with currents up to a number of Ampères. Various inductors are also investigated.
The prediction that ferrite-core coils could present problems was confirmed. Air coils show
far superior performance at the cost of a physically larger and heavier component.

Combining the results of the simulations, the mechanical setup and the electrical setup, all
necessary steps have been taken to design a working concept.The resulting design guidelines
and insights can be used in subsequent projects to quickly and efficiently develop harvester
concepts.

Application development. The final research goal is partially met. Concerning the lag
damper, a great deal of research has been done towards a full-scale lag damper harvester
(chapters 5 and 6). Design guidelines have been established, models have been developed
and experimental work has been performed which generates confidence in the work. What
remains prior to a full-scale implementation is a final experiment which combines the best
components, from stack to circuitry and mechanical integration of a stack in to the lag damper.

Within the University of Twente other projects [46, 47] havebeen undertaken as well
in cooperation with the engineering firm Tauw. An important conclusion that can be drawn
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from these projects is that accurately predicting the output of a harvesting system requires,
first and foremost, detailed knowledge of the excitation andall damping sources. For low
coupled systems, knowledge of the displacement or deformation of the source is sufficient.
For highly coupled systems knowledge of the excitation, thestructure under consideration
and the geometry and dynamics of the harvesting component are necessary.

7.2 Recommendations

Significant steps have been taken towards the development and realisation of a power
harvesting system intended for use in the rotor of a helicopter. A number of follow-up
research options are presented here.

• Research into material which demonstrates more predictable behaviour. The material
used in the experimental work (chapter 6) displayed significant non-linear effects,
thereby reducing the accuracy of the conducted simulations. For the lag damper
simulations the best performing material from PICeramic was selected. Testing a
sample of this material under the intended stresses and voltage fields will help in further
establishing the accuracy of the full-scale simulations.

• Following the investigation into more linear material, theexperiments presented in
chapter 6 should be repeated with a stack of the chosen ceramic. Combined with
the knowledge of a full characterisation of the material under consideration better
agreement should be found between simulation and experiment.

• Full-scale realisation of a power harvesting lag damper is the final step in developing a
prototype lag damper harvester. The stack must be integrated in the damper and tested.

• Development of a design tool which translates a given base excitation to a power
figure. Examples [46, 47] show that good engineering judgement is insufficient in
developing a power harvesting system. Such a tool should encompass the dynamic data
of the vibration source and also a means to quantify the powerwhich can be harvested
from it. Since a power figure is fully dependent on the size of the intended harvester,
dimensioning of the beam is required.

For large structures, of which it is clear that the harvesterwill be uncoupled, the
calculation is straightforward. Measuring the base excitation and modelling a beam or
harvester element will suffice. For potentially high coupled systems the system must be
analysed as a whole. The dynamics of the structure must be considered in combination
with the harvester itself, optimising the combination for maximum output.



Nomenclature

Latin symbols

A Area [m2]
C Capacitance [F]
CD,CE Piezoelectric compliance matrix at constant electrical displacement or

voltage field [N/m2]
Ce Envelope capacitance in SSHI switch [F]
Cp Piezo element capacitance [F]
c Blade chord length [m]
c, cs Damping coefficient (of the structure) [Ns/m]
D Electric charge density [C/m2]
d Piezoelectric charge constant [m/V]
E,E33 Bulk Young’s modulus [N/m2]
Ec Charge energy [J]
Ev Voltage field [V/m]
Ev,max Maximum allowed voltage field [V/m]
e Piezoelectric force coefficient [N/Vm]
F Force [N]
F0 Force amplitude [N]
g Piezoelectric voltage constant [Vm/N]
h Piezoelectric constant [V/m]
hFE Transistor current gain ratio [-]
I Current [A]
Ip Piezo current [A]
Ir Rectifier current [A]
i Imaginary number
J Mass moment of inertia [kg/m2]
L1, L2 Inductance (Primary and secondary) [H]
Ls Stack length [m]
ke Electromechanial coupling coefficient
ki j Electromechanical coupling coefficient of a piezo element (operation mode

specified)
k Stiffness [N/m]
kp Piezo element stiffness [N/m]
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ks Structure stiffness (excluding piezo material) [N/m]
l Length [m]
M Mass [kg]
M0 Moment excitation amplitude [Nm]
n Number of layers [-]
P Power [W]
Pavg Time averaged power output [W]
Pmax Maximum power output [W]
P′avg Normalised time averaged power output [W]
Q Electric charge [C]
Qi Inductor quality factor [-]
qI Inverion efficiency,e−π/(2Qi )

R Resistance [Ω]
RD,Rd,Re High current and low current discharge resistor, envelope charging resistor

[Ω]
R Blade radius (chapter 4 only) [m]
RL Intrinsic resistance of an inductor [Ω]
Rmax Maximum resistance [Ω]
Ropt Optimal resistance [Ω]
r Normalised resistance [-]
r Normalised span-wise rotor coordinate, from 0 to 1 [-] (chapter 4 only)
rmax Normalised maximum resistance [-]
ropt Optimal normalised resistance [-]
SD,SE Piezoelectric stiffness matrix at constant electrical displacement or voltage

field [N/m2]
s Surface coordinate along blade circumference inηζ plane[m]
T Transformation matrix
T Oscillation period [s]
t Time [s]
tinv Inversion time [s]
tl Layer thickness [m]
u Mechanical displacement [m]
u0 Mechanical displacement amplitude[m]
u′0 Normalised mechanical displacement amplitude [m]
V0 Voltage amplitude [V]
V′0 Normalised voltage amplitude [V]
Vd Diode drop [V]
Vac AC voltage [V]
Vdc Voltage in the DC part of an electrical circuit [V]
Vp Piezo voltage [V]
V Volume [m3]
w Width [m]
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Greek symbols

βε Inverse permittivity matrix at constant stain [m/F]
ǫ Permittivity [F/m]
ǫr Relative permittivity [-]
ǫε, ǫσ Electric permittivity matrix at constant strain/ stress [F/m]
εi j , ε Strain component, vector [-]
ζ Normalised mechanical damping coefficient [-]
ζ Local blade axis (ηζ frame)
η Local blade axis (ηζ frame)
η Efficiency [-]
θ Piezoelectric force coefficient [N/V]
κ Curvature of neutral line [1/m]
ρ Density [kg/m3]
σi j ,σ Stress component, vector [Pa]
τ Angle between the rotorxy coordinate system and the bladeηζ system [-]
Φ Mode shape [-]
φ Azimuth angle [rad]
ξ Blade lead angle [rad]
χ Characteristic function [-]
Ω Normalised frequency [-]
ΩR Rotor frequency [rad/s]
ω Frequency [rad/s]
ωinv Inversion frequency [rad/s]
ωn, ωm, ωel Natural frequency, mechanical natural frequency, electrical natural

frequency [rad/s]
ωsc, ωoc Short circuit and open circuit mechanical natural frequency [rad/s]

Abbreviations

ACIM Alternating Current Impedance Matching
AW Agusta Westland
BJT Bipolar Junction transistor
CG Centre of Gravity
DCIM Direct Current Impedance Matching
FET Field Effect Transistor
GRC Green Rotor Craft
IPM Ideal Physical Model
MOSFET Metal-Oxide Semiconductor Field Effect Transistor
PVDF PolyVinyliDene Fluoride
PZT Lead Zirconate Titanate
SECE Synchronous Electric Charge Extraction
SSHI Synchronised Switch Harvesting on Inductor
VBEH Vibration Based Energy Harvesting





Appendices

125





Appendix A

Alternative formulations of the
piezoelectric equations

The piezoelectric equations can be formulated using 4 different sets of equations and
associated variables. These are referred to as thed, e, g andh formulations. The variables are
linked using additional sets of equations.
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MatricesC and S represent the compliance and stiffness, respectively. The electrical
field E and charge displacementD also function as superscripts. For instance,SE indicates
the stiffness matrix for a constant electrical field. Variablesd, e, g andh are the various
piezoelectric coefficients. Lastly, the permittivity and its inverse are denoted usingǫ andβ.
All the variables are linked using the following equations.

CESE=I C D=CE + eTh e=dCE

CDSD=I SD=SE − dTg d=εσCE

ǫεβε=I ǫσ=ǫε + deT g=βσd
ǫσβσ=I βσ=βε − ghT h=gCD
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Appendix B

Element equations for various actuation
modes

Following the derivation given in section 2.3 it is possibleto derive similar element equations
for different actuation modes. Consider first a patch operating in 31mode under a plane stress
assumption. The dimensions along the 1, 2 and 3 axes are,l, w, andt respectively. A lumped
Young’s modulusE11 is assumed. The length change of interest is that along axis 1. Also
note that the relevant variables are the elasticity and piezoelectric constant along the 1 axis.
Starting from the constitutive equations 2.1 and using the same assumptions the following
can be written:

F
wt
=EE

11
∆l
l
+ e31

Vp

t
(B.1a)

Q3

lw
=e31
∆l
l
− ǫε

Vp

t
(B.1b)

Note that here the mechanically loaded surface is the 13 surface with respective areawt,
and the capacitance is created by the 12 surface with arealw. Multiplying each equation by
the relevant surface area, deriving the second equation with respect to time and rearranging:

F =
EE

11wt

l
∆l +

e31wt
t

Vp (B.2a)

Q3 =
e31lw

l
∆̇l − ǫ

εlw
t

V̇p (B.2b)

The following parameters are then recognised for the 31 actuation mode:

kp =
EE

11wt

l
, θ = e31w, Cp =

ǫεlw
t

(B.3)

Note that the capacitance remains unchanged. Secondly the stiffness is, as expected, that
of the element along the loaded axis. Thirdly, the piezoelectric coupling coeffecient is now
dependent on only the width of the element. The thicknesst cancels out.
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Consider next a stack of piezoelectric plates operating in the 33 mode, with alternating
positive and negative electrodes. All the individual capacitances are then coupled in parallel.
Let n be the number of layers,tl the layer thickness,A the cross-sectional area perpendicular
to the 3 axis andLs the stack length (withLs = nt). Considering 33 mode operation the
constitutive equations are rewritten as:

F
A
=EE

33
n∆t
ntl
+ e33

Vp

tl
(B.4a)

Q3

nA
=e33

n∆t
ntl
− ǫε

Vp

tl
(B.4b)

A few remarks concerning these equations: the loaded cross section is simplywl. The
elongation can be written in terms ofLs or nt. The choice fornt becomes clear in the next
step. The voltage field is dependent only ont, notnt. This is because the layers are electrically
coupled in parallel: each layer experiences the same voltage relative to ground. In the case
of series coupling the voltage field would beV/Ls. Note that due to the parallel electrical
coupling the relevant surface area is the total area of all electrodes, hencenA. Therefore, in
the second equation the generated charge is divided bynA. For electrical series coupling,n
would be omitted.

Rewriting and again deriving the second equation yields:

F =
EE

33A

Ls
∆Ls +

e33A
tl

Vp (B.5a)

Q3 =
e33A

tl
˙∆Ls −

ǫεnA
tl

V̇p (B.5b)

For the multilayer stack the following parameters arise:

kp =
EE

33A

Ls
, θ =

e33A
tl
, Cp =

ǫεnA
tl

(B.6)

The stiffness value is again expected, as is the capacitance. The piezoelectric coupling
coefficient is now dependent on the geometry of a single layer, not the total length of the
stack.



Appendix C

DC Impedance matching operation

C.1 Conceptual circuit operation

The DCIM circuit [20, 56] has 3 modes of operation. The positive and negative rectifier con-
duction phases and the alternating phase where the piezo voltage changes with displacement.
The positive conduction phase is shown in figure C.1. Here thecurrent is positive upward
through the current source. For the negative conduction phase the current flows opposite the
arrow and the other diode pair becomes active. Simultaneously energy is dissipated in the
resistor.

In figure C.2 the alternating phase is shown. The AC voltage ofthe piezo element is
going from positive to negative or vice versa and the storagecapacitor is discharging energy
through the resistor. The rectifier is fully blocked.

C.2 Circuit waveforms

Figure C.3 show the resulting waveforms for various settings of the load resistance. All
figures have the same normalised scale to demonstrate the differences in magnitude. For a
resistance below the optimal resistance (subfigures (b) and(c)) the voltage is relatively low
and the conduction phase is longer than the alternating phase. For a load of 0Ω the conduction
phase would be the only phase but the zero voltage implies no harvested power.

Cpθu̇

R

Ir

Cs Vdc

Vp

Figure C.1: DCIM circuit conduction phase.
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Ir

θu̇ Cp

RCs Vdc

Vp

Figure C.2: DCIM alternating phase.

As the resistance increases to the optimal value (subfigures(d) and (e)) voltage increases
significantly and the duration of the conduction phase decreases to a duty of 50%. Here there
is voltage as well as current, implying a transfer of power.

Further increasing the load resistance above the optimal value (subfigures (f) and (g))
shows a less profound increase in the voltage and the duration of the conduction phase
decreases further. For the limit value of an infinite resistance the voltage would be maximised
to the open circuit value but the duty of the conductive phasewould be zero, again leading to
no transfer of power from the piezo element to the DC part of the circuit.

C.3 Determination of parameters

The ideal load resistance (real and normalised) for low coupled systems is

Ropt =
π

2Cpω
ropt =

π

2Ω
(C.1)

The determination of the capacitanceCs is based on the desiredRCs time tRC of the DC
branch of the circuit:

Cs =
tRC

R
(C.2)

To ensure a fairly constant DC voltage,tRC must satisfy the following inequality with the
period of excitation:tRC≫ T.
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Figure C.3: DCIM waveforms for varying resistance values. Currents shown areθu̇
( ) andIr ( ). Voltages shown areVdc ( ) andVp ( ).





Appendix D

SECE Circuit

The Synchronous Electric Charge Extraction (SECE) circuit[17] is an active circuit that
operates mainly in the open circuit mode. Only when the accumulated charge has reached
a maximum is the piezo element quickly discharged through a single or coupled inductor.
The inductor then passes its energy on to the storage capacitor. The conceptual operation is
first elaborated on, followed by the derivation of equationswhich drive the parameters of the
individual components. Physical implementation is not discussed due to the lack of literature
concerning the switch which must control the discharging process.

D.1 Conceptual circuit operation

The SECE circuit has three phases of operation. First is the charging phase, figure D.1. The
piezo element is in open circuit mode and accumulates chargeacross its electrodes. Due to
the open circuit operation the final voltage is easy to calculate using the open circuit variation
of equation 2.8:

Vmax=
2θu0

Cp
(D.1)

Upon reaching the maximum voltage the primary discharge phase starts. A switch is
closed, allowing the element to discharge through an inductor, figure D.2. The current source
is greyed out to signify that the discharging takes place much more rapidly than the change in
the piezoelectric charge displacement. The switch must open again precisely when the piezo
voltage has been reduced to zero. By doing to, the magnetic field in the core of the inductor
is maximised and the secondary discharge phase starts. Depending on the implementation,
a continued current is generated through the single inductor, or a new current is generated
in the secondary coil of the coupled inductor, shown in figureD.3. This current charges the
storage capacitor and the piezo element begins to charge again.

As with the other circuits, the capacitorCs is chosen sufficiently large such that the DC
voltage remains nearly constant. Because there is no directlink between the piezo element
and the storage capacitor, there is also no optimal load resistance, as discussed in section 3.5.
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I1
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Figure D.1: SECE charging phase.

I2Vp Cp
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RCs Vdc

Figure D.2: SECE primary discharging phase.

Vp Cp

I1

RCs

I2

Vdc

Figure D.3: SECE secondary discharging phase.

D.2 Circuit waveforms

The associated waveforms are presented in figure D.4. The current plot (b) and voltage plot
(d) cover only one discharge event. CurrentI1 is above zero only during the primary discharge
phase. CurrentI2 is only above zero for the secondary discharge phase. The sharp decrease
in voltageVp occurs only during the primary discharge phase.

D.3 Determination of parameters

With the addition of a coupled inductor comes the determination of the desired inductance
values. Starting with the primary coil the following holds for the natural frequency of the LC
circuit, and the duration of the primary discharge phase:
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Figure D.4: SECE circuit waveforms.

ωel =
1

√

CpL1
tdis =

1
2
π
√

L1Cp (D.2)

Depending on the choice of the designer, either the discharge durationtdis or the choice of
the primary inductanceL1 can be leading. For the secondary circuit coil, a similar approach is
taken but with different results. Due to the assumption that the DC voltage remains constant,
the current discharging from the secondary winding decreases linearly with time, as shown
in figure D.5. The standard inductor equation then leads to the following:

to f f =
I2L2

Vdc
(D.3)

The secondary peak currentI2 follows from an energy balance of the inductor. The
energy within an inductor isLI2/2. Writing an energy balance from the piezo element to
the secondary inductor coil yields:

1
2

CpV2
p,0 =

1
2

L2I2
2 (D.4)

From 3.11 the normalised power is:

P′max=
2k2

eΩu′20
π

(D.5)
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Figure D.5: Schematic representation of the SECE secondary discharge current.

Rewriting in physcial quantities and recognising thatP = V2
dc/R, the following equation

is found for the DC voltage:

Vdc = Vp,0

√

ΩCpR

2π
(D.6)

Combining equations D.3, D.4 and D.6 yields:

L2 =
ΩRt2o f f

2π
(D.7)

This equation gives the relation between the choice of the inductanceL2 and the time it
takes to discharge the current into the storage capacitor. The following summarises the results
for the currents in the circuit:

I1 = Vp,0

√

Cp

L1
I2 = Vp,0

√

Cp

L2
(D.8)

These final equations emphasise the choice that must be made,either minimising the
current or the inductance value. For small stacks this is notan issue, but as the size increases
this becomes more of a challenge.



Appendix E

SSHI circuit

The SSHI circuit functions very similarly to the DCIM circuit. The difference is the addition
of a switched inductor on the AC side as indicated in figures 3.16 and E.1. As shown in
section 3.2, a capacitor and inductor form an electrical oscillator. The purpose of this inductor
is to switch the voltage electronically from positive to negative and vice versa. Its natural
frequency must therefore be much higher than the dominant frequency of the mechanical
system.

First, the conceptual operation will be discussed to develop understanding of the advan-
tages of the circuit and second, the physical implementation will be addressed and the relevant
additional circuitry introduced. The last section will cover the analytical determination of
critical parameters within the circuit.

E.1 Conceptual circuit operation

There are 3 phases in the circuit operation. Starting with the conduction phase, the piezo
voltage has reached the threshold voltage of the rectifier (

∣

∣

∣Vp

∣

∣

∣ ≥ Vdc) and is conducting
through the rectifier to the DC side of the circuit as in figure E.1. When the piezo voltage
begins to drop the switching phase starts, figure E.2. The switch closes, allowing the electrical
oscillator to work at the electrical natural frequency formed by the piezo capacitance and
inductance:ωel = 1/

√

CpL1. When half an oscillation is complete the switch opens, leaving
the piezo voltage at the maximum opposite value when compared to the start of the switching
phase. With the switch open no current passes through the inductor and the recovery phase
starts, figure E.3. The switching process incurs a voltage loss, which depends on the quality
of the inductor, which must be recovered by the piezo element.

The piezo voltage then again reaches
∣

∣

∣Vp

∣

∣

∣ ≥ Vdc starting the opposite conduction phase. A
second switch is used to switch the voltage in the opposite direction. Note that in the circuit
diagram of figure E.2 two switches are shown which are connected with opposite polarity.
This is due to the physical design of the switch which can onlyoperate in one direction (see
figure E.5).
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Cp

L1

Ip

R

Ir

Cs

Vp

Vdc

Figure E.1: SSHI conduction phase.
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Figure E.2: SSHI switching phase.
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Figure E.3: SSHI recovery phase.

E.2 Circuit waveforms

Indicative waveforms for a displacement driven harvester are shown in figure E.4. The input
(a) is sinusoidal. The inversion frequency is chosen as 25 times larger than the excitation
frequency with a quality factorQi of only 5. The storage capacitanceCs is again chosen
sufficiently large to prevent any appreciable decrease inVdc in between two consecutive
conduction phases. Note, however, that due to the much higher ideal load resistance this
capacitance is much smaller than the DCIM case. The result here is a storage capacitance
that is only 10 times the piezo capacitance.
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In (b) the piezoelectrically generated current and the current at the piezo contacts is shown
for the optimal load resistance. The generated current (θu̇) is sinusoidal, with 90 degrees
phase difference to the displacement. The piezo current peaks exceeding beyond the bounds
are the currents associated with inverting the voltage and are half sine-waves. The peak
inductor current isVp,0

√

Cp/L. The visible extrema show the rectifying currents. Note that
the piezo current is somewhat lower than the generated current. This is due to the smaller
storage capacitance. Lastly, the trend of the piezo currentfor increasing load resistance is the
same as for the DCIM case. As the resistance increases the duty cycle decreases to zero for
an infinite load resistance.

Figures E.4(c), (d) and (e) show the voltage levels for a loadresistance that is less than
optimal, optimal and more than optimal, respectively. Comparing these to figure 3.11 the
DC voltage of figure E.4(c) can already exceed that of the optimal case for DCIM, for an
identical mechanical setup. A similar trend holds here as for the DCIM case: as the load
resistance increases, the conduction phase becomes shorter, and the peak voltage increases.
Differing from DCIM, although the piezo voltage is shown to increase with higher resistance,
the resulting voltage for an infinite resistance is many times higher. The value for the SSHI
circuit far exceeds the open circuit voltage of the piezo element alone, due to the inversion
operation. Caution is required to prevent an excessive reverse field in the material.
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Figure E.4: SSHI waveforms for varying resistance values. Currents shown areθu̇
( ) andIp ( ). Voltages shown areVdc ( ) andVp ( ).
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E.3 Physical implementation

The challenge with the SSHI circuit is the electronics within the switch. It must be self-
powered, efficient, and capable of the action described previously. The switching circuit used
here is shown in figure E.5 [25]. It consists of a capacitor, diodes, resistors, an NPN and a
PNP transistor. The capacitorCe functions as a voltage envelope detector. It follows the piezo
voltage with a slight delay as it is charged throughRc, creating anRcCe circuit as shown in
figure E.6(a).

+

Rc

Ce

Rd

RD

-
Ve

Figure E.5: SSHI switching circuit diagram.

When the piezo voltage drops below the envelope voltageVe, the switch becomes active,
see figure E.6(b). As the piezo voltage drops, the PNP transistor begins to conduct a current
Id through resistorRd. This allows a larger currentID to flow throughRD as well. Both
are discharge resistors withRD sinking most of the current. Recall the current ratio of the
PNP transistor (section 3.3), ideallyRD is chosen as nearly a factorhFE smaller thanRd.
This currentID then passes through the NPN transistor, allowing a collector-emitter current
which is the inductor currentIL. The following inequality holds for the various currents:
IL ≫ ID ≫ Id. The diode connected to the collector of the NPN transistor prevents any
reverse current, closing the switch precisely when the inductor current reaches zero.

E.4 Determination of parameters

Determining the switch parameters requires a number of basic electrical calculations. Due to
the use of transistors this calculation is based on the required currents. Therefore all values
must be back-calculated based on the voltage of the piezo element at the onset of switching,
Vp,0. Transient switching effects surrounding the transistor-turn-on are ignored to simplify the
approach, as these typically require in the order of nanoseconds to complete and minimally
influence the actual voltage and current levels.

First the maximum switching currentIp,0 must be determined. Assuming an undamped
second order system (LC circuit) the energy present in the capacitor att = 0 must equal the
energy in the inductor after one quarter of the vibration period. At this time all energy in
the capacitor has been transferred to the inductor, which then has maximum current passing
through it. The maximum switching current is therefore:
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Figure E.6: Switching circuit charge and discharge phases.
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CpV2
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Ip,0 =Vp,0

√

Cp

L1
(E.1b)

For the NPN transistor the inequalityhFEIBE ≥ ICE holds; this is required to remain in
the saturation region of the transistor. The collector current ICE is the same as the inductor
currentIL and is a sinusoidal signal.IBE is equal toID, resulting from the discharging of the
envelope capacitorCe through resistorRD. The current throughRd is ignored here because
hFE is typically in the order of 100 or more (recall the current gain of the transistor). This
leads to the following inequality forRD andCe:

Vp,0

RD
e
−t

RDCe ≥ Vp,0

√

Cp

L1
sin















t
√

CpL1















(E.2)

In reality, a number of diode drops are also present in the circuit, one for currentIL and
two for ID. For largeV0 these become negligible. However, even when ignoring the diodes
this equation has no closed form solution. This equation must be solved numerically, allowing
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for simple inclusion of the diode drops. Figure E.7 shows an example for a current ratio of
88 for the NPNBJT1. The axes in the figure are all normalised, showing the capacitance ratio
Ce/Cp, theRDCe time of the envelope capacitor normalised with the oscillation period of the
inductor, and the vertical axis the minimal normalised current margin(ID − IL) /Ip,0. This
must be positive for the switch to operate. In order to minimize the power consumption of
the switch, a minimal value of the envelope capacitanceCe must be chosen.
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Figure E.7: The current ratio margin for the self-powered switch,hFE = 88.

With Ce andRD set,Rd can be chosen up tohPNP
FE RD. This resistor value quickly exceeds

107 Ω because thehFE of small signal transistors can be 500 or more. For the investigations
of chapter 6,RD is in the order of 10 kΩ. A resistor in the MΩ range is therefore sufficient.

The charge resistorRc is not very critical. It is used to tune how sensitive the envelope
detector is. If it is too low the envelope capacitor charges quickly and the switch may respond
to high frequency oscillations. If it is too low the envelopecapacitor does not accurately
follow the envelope of the excitation frequency. A decent first choice for theRcCe time is in
the order oftinv.

With all quantities determined it is possible to turn to results. An example of the operation
of the SSHI circuit around one voltage inversion is shown in figure E.8. First the absolute
piezo voltage drops below the absolute envelope voltage. Once the difference is large enough
to overcome the diode drop from the diode and PNP transistor,the envelope capacitor begins
to discharge. In the figure this occurs att = 1.1 ms. The collector current from the PNP passes
through the NPN as well. The latter transistor switches intosaturation due toVCE dropping to
nearly zero. With the NPN allowing a collector-emitter current,Vp inverts whileVe decreases
exponentially. When the peak reverse amplitude has been reached the diode prevents reverse
conduction. The slight decrease inVp following the completion of the inversion is due to
the coupling (k2

e = 0.013) in this example. The sharp change in voltage alters the balance
of forces in the mechanical domain. Initial charging of the opposite envelope capacitor also
decreases the stack voltage.

The associated currents are shown in the figure as well. The PNP base current is not
shown because it is a factor of 150 smaller than the NPN base current. The end of the

1This is exemplary for a BD139 transistor switching a 1µF capacitor charged to 30 volts, over a 1mH inductor,
as in sections 6.4 and 6.5.
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previous conduction phase can just be seen adjacent to they-axis as well as the start of the
next conduction phase aftert = 2.5 ms. The small voltage drop following the inversion phase
seen in the previous figure can be seen here as well as the piezocurrent drops below zero. The
inductor current is mostly identical to the piezo current, but does not go negative following
inversion. This is due to the opposite envelope capacitor acquiring some of the charge.

Time [ms]

Vo
lta

ge
[V

]

0 0.5 1 1.5 2 2.5

−8

−6

−4

−2

0

2

4

6

8

(a) Voltage Vp ( ), Ve ( ) and VNPN
CE

( )

Time [ms]

C
ur

re
nt

[A
]

0 0.5 1 1.5 2 2.5
-1

0

1

2

3

4

5

6

7×10−3

(b) CurrentIp ( ), IL ( ) andINPN
B ( )

Figure E.8: An example of the voltages and currents during an inversion event.

E.5 FET based switch

It is also possible to alter the circuit to use a MOSFET as the switching element. This requires
a far smaller envelope capacitorCe sinceIe is no longer required to be a ratio ofIL: the FET
is voltage controlled. The layout is shown in figure E.9. The added diode is to prevent reverse
operation of the PNP transistor2.

Considering the minimally required voltageVGS,on to open the FET completely the
envelope capacitor must now maintain aVGS of at least that value until timetinv from the onset
of switching. The combined resistance ofRd andRD (R′) must be considered in combination
with Ce to provide anR′Ce time that is sufficient to achieve this requirement. Using the
discharging variant of equation 3.4, the inversion time of the LC circuit fort, and a voltage
ratio ofVGS(on)/V0 the following relation is found forR′Ce:

VGS(on) = V0e
−2π
√

L1Cp
R′Ce →

−π
√

L1Cp

ln VGS,on

V0

= R′Ce (E.3)

Note that if the piezo voltage amplitudeV0 does not reachVGS,on then the switch will
not function optimally, if at all. With the value ofR′Ce known,Ce must be chosen as small
as possible to maximise efficiency of the switch. The trade-off is an unrealistically high

2Consider the diode model of the NPNBJT. In the NPN transistorbased circuit, the diode action of the NPN
transistor itself provides this safety.
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Rc
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Ce

-

Rd

RD

Ve

Figure E.9: Self-powered circuit layout, MOSFET variant.

resistance where 1 MΩ is already quite high, limiting how lowCe can go. There are also
transient effects within the circuit and parasitic capacitances in all semiconductor components
as well as diode losses. A margin must be maintained forCe so that these effects remain
minor. A value of a few percent ofCp combined with the associated resistor for the desired
RC time is a good rule of thumb, after whichRd andRD can be determined.



Appendix F

GRC Rotor blade data

The dynamic data used to calculate the power output of the in-blade power harvesting concept
of chapter 4 is listed here. The geometrical properties, mass and stiffness properties, natural
frequencies, and the Fourier series of the tip displacementare all given here.

F.1 General properties

The rotor blade consists of two profiles, the NACA23012 fromr = 0.2 to r = 0.75 and the
OA209 fromr = 0.9 to the tip. The region in between is a transition zone from one to the
other. For the power calculation in chapter 4 only the NACA profile is considered, without
the taper at the tip of the blade.

Table F.1: General properties.

Parameter Value Unit

Blade radius 8.15 m
Chord length 0.65 m
Rotor speed 26.26 rad/s

The geometrical twist gives the rotation of the aerofoil cross-section relative to a reference
position. This position is the global pitch setting of the blade. In calculating the strains
within the blade the local geometry must be known, the globalstrains and rotations must be
multiplied with the distance from the neutral bending line.

F.2 Mass and stiffness data

The mass and stiffness data used to calculate the mode shapes are given in tables F.3 and F.4.
Dynamic stiffening due to the rotor speed is included in the analysis. The mode shapes are
calculated without damping. The mass increase at 90% is due to the inclusion of balance
masses.
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Table F.2: Geometrical twist.

r/R Value [deg]

0.2 4.401
0.75 -1.099
0.9 -0.927
1 -1.927

Table F.3: Mass data.

R Mass ζCG ηCG Iζ Iη
[%] [m] [kg /m] [m] [m] [kgm] [kgm]

5.00 0.407 70.00 0.00 0.000 1.0264 1.0264
15.00 1.222 70.00 0.00 0.000 1.0264 1.0264
20.00 1.630 21.99 0.00 0.000 0.0173 0.4944
90.00 7.335 12.37 0.00 0.000 0.0097 0.2781
90.00 7.335 51.71 0.00 0.000 0.0199 0.3747
91.67 7.471 51.48 0.00 0.000 0.0198 0.3731
91.67 7.471 12.14 0.00 0.000 0.0096 0.2729
94.70 7.718 11.73 0.00 0.000 0.0092 0.2636
96.40 7.857 9.88 0.00 0.036 0.0067 0.1997
98.20 8.003 5.53 0.00 0.146 0.0021 0.0816
100.00 8.150 1.22 0.00 0.325 0.0001 0.0132

Table F.4: Stiffness data.

R EIζ EIη EA GJ ζNA ηNA

[%] [m] [N /m2] [N /m2] [N] [N /m2] [m] [m]

5.0 0.407 3.897· 106 3.897· 106 5.939· 108 2.887· 106 0.0 0.0
15.0 1.222 3.897· 106 3.897· 106 5.939· 108 2.887· 106 0.0 0.0
20.0 1.630 2.837· 105 3.534· 106 4.871· 108 2.184· 105 0.0 0.0
94.7 7.718 1.513· 105 1.884· 106 2.597· 108 1.165· 105 0.0 0.0
96.4 7.857 1.095· 105 1.364· 106 2.187· 108 8.431· 104 0.0 0.0
98.2 8.003 3.510· 104 4.373· 105 1.225· 108 2.703· 104 0.0 0.0
100.0 8.150 1.756· 103 2.187· 104 2.709· 107 1.352· 103 0.0 0.0

F.3 Fourier series data

The tip displacement of the blade during one revolution is described by a Fourier series [63]:

fi(t) =
a0,i

2

∑

n

[

an,i cos(nit) + bn,i sin(ni t)
]

(F.1)

with i representing the mode number. The coefficientsa andb are given in table F.5
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L1 F1 F2 L2 F3 T1 F4 L3

a0 −6.28·10−1 4.54·10−1 −4.40·10−4 −8.39·10−4 −3.28·10−3 −1.65·10−3 −4.02·10−4 −6.51·10−6

a1 −3.13·10−2 2.58·10−1 −1.30·10−2 1.28·10−3 −7.82·10−4 −1.12·10−3 −1.09·10−4 −4.20·10−5

a2 1.63·10−3 7.36·10−2 −1.96·10−2 2.34·10−4 1.92·10−3 6.98·10−5 4.98·10−5 −4.97·10−6

a3 1.24·10−3 3.81·10−4 9.94·10−4 4.82·10−4 −1.89·10−4 1.39·10−5 4.43·10−5 3.16·10−6

a4 1.64·10−4 3.54·10−4 1.69·10−3 5.04·10−4 −1.61·10−4 −2.17·10−4 −9.37·10−5 −8.56·10−6

a5 4.99·10−5 −5.95·10−5 3.10·10−5 4.97·10−4 7.74·10−5 −5.59·10−5 3.50·10−5 2.18·10−6

a6 −2.98·10−6 −1.35·10−4 −2.34·10−4 −5.22·10−5 −3.55·10−4 −1.43·10−4 −1.43·10−6 5.97·10−7

a7 −4.30·10−6 −2.58·10−5 7.77·10−7 −6.01·10−5 −1.70·10−4 −7.40·10−5 −9.45·10−6 2.24·10−7

a8 −1.17·10−6 4.83·10−5 5.78·10−5 −7.40·10−6 2.09·10−5 7.46·10−6 −1.43·10−5 5.67·10−7

b1 3.65·10−2 3.55·10−1 4.78·10−2 1.28·10−3 1.82·10−3 1.33·10−3 4.40·10−5 −8.23·10−6

b2 4.97·10−3 1.35·10−2 −1.24·10−2 1.79·10−4 7.25·10−4 −4.55·10−4 −3.99·10−5 −1.80·10−5

b3 −1.25·10−3 8.15·10−3 −5.13·10−3 −7.35·10−4 7.86·10−4 1.85·10−4 1.59·10−4 9.70·10−6

b4 −9.29·10−5 1.87·10−4 2.34·10−4 −6.59·10−5 −2.21·10−4 −1.17·10−4 −5.21·10−5 −2.89·10−6

b5 −1.09·10−5 8.64·10−5 1.65·10−4 −1.23·10−4 −6.89·10−4 −1.16·10−4 −4.54·10−5 −4.10·10−6

b6 −3.38·10−6 −1.07·10−4 −1.06·10−4 1.40·10−5 1.88·10−4 1.26·10−4 4.65·10−5 2.25·10−8

b7 −2.34·10−7 −4.76·10−5 −9.78·10−5 2.13·10−5 −1.65·10−4 −6.01·10−6 6.01·10−5 −9.13·10−7

b8 3.03·10−6 −2.58·10−5 7.07·10−6 1.04·10−5 −6.88·10−5 −1.16·10−5 6.60·10−5 −9.62·10−7



150 APPENDIX F. GRC ROTOR BLADE DATA

F.4 Lag damper properties

The detailed lag damper curve is given here. The damper velocity data used in section 5.2
is derived from the motion analysis of the blade. The lag hinge angle multiplied by the
mounting distance is used as the velocity input of the damper.

Table F.6: Lag damper data.

Velocity [m/s] Force [N]

0.0 0.0
0.002 162.3
0.003 365.2
0.0051 1014.5
0.0076 2282.6
0.0102 4058.0
0.0127 6340.6
0.014 7672.2
0.0241 8608.8
1.016 18237.5
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Figure F.1: Lag damper curve.



Appendix G

Power calculation for the rotor blade
concept

In section 4.3 it is explained how the power is calculated foreach patch within the rotor blade.
The underlying equations are given here using the same numbering as the steps mentioned in
section 4.3. The subscripti, j is omitted for ease of reading but is implied for most variables.

1. All times tk are found for which the time derivative of the strain is zero:

dε
dt
= 0 (G.1)

The associated strainsεk are stored.

2. The maximum strain variation isεmax − εmin. The maximum allowed strain for the
material isεmat. A characteristic functionχε is formulated as follows:

εmax− εmin > εmat→ χε = 0 (G.2a)

εmax− εmin < εmat→ χε = 1 (G.2b)

3. The energy density of each discharge is calculated. Firstthe strain input from the
previous step is used to determine the strain field by rewriting theg approximation, as
stated section 4.3.

ε =
ε1

SD
1,1

SD
m,1 (G.3)

Next the voltage field in the material is:

E = −βεeε (G.4)

Note thatβε = (ǫε)−1. The energy is calculated in two ways. EnergyUloc is calculated
assuming each local extreme value triggers the SECE circuit. EnergyUglo is calculated
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using the global extremaεmaxandεmin, multiplied by 2 as one cycle yields 2 discharges.
If the energy stored in a capacitor isCpV2/2, then substituting the capacitance equation
and voltage fieldE3 in the equation yields the following energies:

Uloc =
∑

k

1
2
ǫε3wltE2

3,k (G.5a)

Uglo = ǫ
ε
3wltE2

3 (G.5b)

U = max
(

Uloc,Uglo

)

(G.5c)

The energy densityU′ per patch is found by dividingU by the volumeV = wlt.

4. The best performing patch passing the strain requirementis found

U′max= max
(

χεU′
)

(G.6)

5. The minimal desired patch efficiency isηp. A second characteristic functionχη denotes
the subset that passes the efficiency criterion and is defined as follows:

χεU′ > ηpU′max→ χη = 1 (G.7a)

χεU′ < ηpU′max→ χη = 0 (G.7b)

6. Finally the power is calculated by summing the energy fromeach individual patch and
dividing by the simulation time (which represents one revolution of the blade):

P =
∑

i

∑

j

χηUi, j

tmax
(G.8)



Appendix H

Lag damper results with SECE circuit

The graphs of figure H.1 supplement the results of section 5.3.2. They visualise the variation
of currents and inductances for varying input parameters.
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Figure H.1: Variation of inductances and currents for the coupled inductor in the SECE
circuit.
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Note the reverse axes in some cases. The realistic cases are those for which the inductance
values are below approximately 100 mH when an air core is considered. InductanceL1

presents the strictest limitation with a layer thickness ofat most 50µm. The maximum load
resistance is then 300Ω. The resulting currents are thenI1 = 2 A andI2 =1 A.
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En dan nog de verplichte maar betekenisvolle alinea met namen die toch op de een of
andere manier de tijd hebben gevonden mij te helpen met kleinigheidjes, of mijn tijd hier
aangenamer hebben gemaakt. De EL-ers Jeroen Korterik, Henny Kuipers, Bram Verhoef
en Tom van Hemert. De laatste ook als huisgenoot natuurlijk bedankt! Ik heb vast veel te
veel geprofiteerd van jouw netheid en hopelijk reken je me datniet teveel aan. Bjorn, Juan
Carlos, Giovani, Juan, bRAXIS en iedereen die ik vergeet expliciet te melden. Bedankt voor
de biertjes, gezelligheid, films, kerstdiners en al dat andere. Tim, succes nog met jouw laatste
promotie-loodjes, hou je taai!

Mijn beste vrienden mogen uiteraad niet ontbreken: Toby, Lars en Dagmar. Jullie hebben
een hoop van mijn frustraties aan mogen horen op alle gebieden van het leven maar we hebben
ook mooie tijden beleefd. Onze vakanties waren briljant! Het eerste ‘lustrum’ is geweest en
was een mooi weekend relaxen alvorens ik begon met de laatstepush voor het proefschrift.
Ik zeg op naar de tiende (lustrum welteverstaan, niet proefschrift). Tot we met rollators nog
de wereld over reizen!

And of course the parental units, bro and sissy, for being here (I can’t be sure now, let’s
hope the Eyjafjallajökull doesn’t almost screw this one up...) and around. Mom for keeping
me decent, and dad for screwing it up again.

Dat is het, tijd voor vakantie! Whoohoo!




