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Abstract

Piezoelectric energy harvesting is a promising technique for battery-less miniature electronic
devices. The object of this work is to evaluate simple and robust approaches to optimize the
extracted power.

First, a lightweight equivalent circuit derived from the Mason equivalent circuit is
proposed. It’s a comprehensive circuit, which is suitable for piezoelectric seismic energy
harvester investigation and power optimization. The optimal charge impedance for both the
resistive load and complex load are given and analyzed. When complex load type can be
implemented, the power output is constant at any excitation frequency with constant
acceleration excitation. This power output is exactly the maximum power that can be extracted
with matched resistive load without losses. However, this wide bandwidth optimization is not
practical due to the high sensitivity the reactive component mismatch.

Another approach to improve power extraction is the capability to implement a
network of piezoelectric generators harvesting on various frequency nodes and different
locations on a host structure. Simulations are conducted in the case of direct harvesting on a
planar structure excited by a force pulse. These distributed harvesters, equipped with nonlinear
technique SSHI (Synchronized Switching Harvesting on Inductor) devices, were connected in
parallel, series, independently and other complex forms. The comparison results showed that
the energy output didn’t depend on the storage capacitor connection method. However, only
one set of SSHI circuit for a whole distributed harvesters system degrades the energy
scavenging capability due to switching conflict.

Finally a novel non-linear approach is proposed to allow optimization of the extracted
energy while keeping simplicity and standalone capability. This circuit named S3H for
“Synchronized Serial Switch Harvesting” does not rely on any inductor and is constructed with
a simple switch. The power harvested is more than twice the conventional technique one on a
wide band of resistive load.

Keywords: Energy harvesting; Piezoelectricity; FEquivalent circuit modeling, Mason
equivalent circuit; Non-linear techniques,; Piezoelectric Harvester Network
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Résumé

La récupération d'énergie par élément piézoélectrique est une technique prometteuse pour les
futurs systémes électroniques nomades autoalimentés. L'objet de ce travail est d’analyser des
approches simples et agiles d’optimisation de la puissance produite par un générateur
piézoélectrique.

D'abord le probléme de I’optimisation de I’impédance de charge d’un générateur
piézoélectrique sismique est posé. Une analyse du schéma équivalent global de ce générateur a
été menée sur la base du schéma de Mason. Il est démontré que la puissance extraite avec une
charge complexe adaptée puisse étre constante quelle que soit la fréquence et que de plus elle
est égale a la puissance extraite avec la charge résistive adaptée du méme systéme sans pertes.
Il est montré toutefois que la sensibilité de cette adaptation a la valeur de la réactance de la
charge la rend difficilement réaliste pour une application pratique.

Une autre solution pour améliorer 1’énergie extraite est de considérer un réseau de
générateurs positionnés en différents endroits d’une structure. Des simulations sont proposées
dans une configuration de récupération d’énergie de type directe sur une plaque encastrée. Les
générateurs piézoélectriques, associés a la technique SSHI, ont été reliés selon différentes
configurations. Les résultats attestent que 1’énergie produite ne dépend pas de fagon critique de
la maniére dont sont connectés les éléments. Toutefois 1’utilisation d’un seul circuit SSHI pour
I’ensemble du réseau dégrade 1’énergie extraite du fait des interactions entre les trop
nombreuses commutations.

Enfin une nouvelle approche non-linéaire est étudiée qui permet 1’optimisation de
I’énergie extraite tout en gardant une grande simplicité et des possibilités d’auto alimentation.
Cette technique appelée S3H pour « Synchronized Serial Switch Harvesting » n’utilise pas
d’inductance et consiste en un simple interrupteur en série avec 1’élément piézoélectrique. La
puissance récupérée est le double de celle extraite par les méthodes conventionnelles et reste
totalement invariante sur une large gamme de résistances de charge.

Mots-clés: Récupération d'énergie,; Piézoélectricité; Schéma équivalent de Mason ;

Traitement non-linéaire ; Réseau de générateurs piézoélectrique
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NOTATIONS

Piezoelectric related parameters

T mechanical stre:

D electrical displaceme

S mechanical stra

E electrical fielc

d piezoelectric charge consti

g piezoelectri voltage constal

e piezoelectric consta

h piezoelectricstiffnessconstan

S piezoelectric elastic complian

B piezoelectric dielectric constal

C piezoelectric elastistiffness constan
k or K? piezoelectric coupling factor, i.ks3
f frequenc

w angular frequenc

wp (corresponding tdyc) open circuit angular frequen

we (corresponding tdc.) short circuit angular frequen

€0 absolute permittivit

e relative permittivity

Co blocked capacitance of piezoelectric elen

Electrical parameters

capacito
inductol
resisto
impedanc
reactanc
admittanc
conductanc
susceptanc
harvested pow:
turn ratic
energy
curren
voltage

O<XNDTWrrO

<TmMZzZUTwW
=
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Other modelling parameters

p density

K lumpedstiffnes:

C lumped viscous lo:
Qe electrical quality factc
Qum mechanical quality fact
tano the (mechanical) lo:
¢ system damping rat
K curvature

G shear modult

Y Young’s modulu

t thicknes:

morM the lumped ma:

U displacemer

to Or At switch on tims

Superscripts

T mechanical stre:is constar

D electrical displaceme is constar
S mechanical stra is constar

E electrical fielcis constar
Subscripts

S source

p,PorPZ piezoelectric eleme
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ABBREVIATIONS

General
loT

ICT
LCD
MPPT
PVDF
PZT
SHM
WSNs

Electrical related
AC

DC

RLC

RMS

Modelling related
BVD

KLM

KKT

MEC

SDOF

Energy harvesting circuits
STD

SSDI

SSDS

p-SSHI

s-SSHI

SECE
DSSH
OSECE
S3H

Internet of Thing

Internet Communication Technola
Liquid Crystal Displa

Maximum Power Point Trackir
Polyvinylidene fluoridt

Lead zirconate titana

Structure Health Monitorir
WirelessSensor Node

Alternating Currer

Direct Curren

Resistor, inductor and capaci
Root Mean Squa

Butterwortt-Van Dyke equivalent circtL
Krimholtz Leedom Matthai equivalent circu
Karust-Kuhn-Tucker conditiol

Mason Equivalent CircL

Single Degree of Freedc

Standard techniqt

Synchronized Switch Damping on Induc
Synchronized Switch Damping (Shor
Synchronized Switch Harvesting on Induc
(placed in parallel)
Synchronized Switch Harvesting on Induc
(placed in series)

Synchronous Electric Charge Extract
Double Synchronized Switch Harvest
OptimizedSECE

Synchronize Seria Switch Harvestin
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Introduction

The incredible development of lithography technique is pushing the boundary
of chip density. This achievement in the semiconductor industry brings to
reality the low-cost, compact, low-power, multi-function integrated chips
(ICs). It stimulates the development of miniature electronics devices, such as
portable mobile, compact tablet computer, handheld GPS, pressure sensor,
temperature sensor. Furthermore, specific applications such as Wireless
Sensor Nodes (WSNs), Structural Health Monitoring (SHM), Non-Destructive
Evaluation (NDE) and wearable computing benefited from it. For mobility and
practical considerations, they shall work independently without electrical
power grid. In other words, they need a standalone power supply which
nowadays consists essentially of a battery. Unfortunately, the development of
the battery industry is quite slow. For instance, the most popular Li-ion
batteries today, was introduced to the mass market nearly 30 years ago.
Moreover, the lifespan of battery steers the miniature electronics devices’
application and innovation. The solutions that are considered are increasing
the charging speed, restraining the power need, charging wirelessly or
developing battery-less products.

A Dbattery-less device, would extract the required energy from
ambient environment. Harvesting energy from ambient sources is a promising
way to provide continuous ubiquitous energy supply. The energy source could
be solar radiation, thermal gradient and mechanical motion. Many researches
focus on mechanical motion, especially vibration, on account of the widely
distributed vibration of objects. Piezoelectricity is one of the physical effects
allowing conversion of the mechanical energy to electrical energy.

When applying piezoelectricity to electric harvesting, the most
common way is connecting a vibrating or mechanically actuated piezoelectric
elements with the load or storage devices directly. Mostly, an AC-DC
converter is required to regulate the output voltage. The power output is
affected by vibration amplitude, vibration frequency, mechanical
configuration, harvesting circuit and the storage device. However, for a given
application case, the only way to improve the power efficiency is to optimize
the output voltage of the piezoelectric element by a specific electric circuit.

As mentioned before, the basic energy harvesting circuit is the so-
called standard circuit which connects the load directly. This type of energy
circuit has a low efficiency and must be tuned to match the maximum power
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output. In real application, the multi harvester could be applied to have the
distributed strain harvesting or multi-frequency harvesting, how to manage the
harvester power is one practical problem, the connection topology should be
considered. Moreover, a tuning-free harvesting circuit will be an ideal
replacement for the standard technique.

Another way to improve the available energy is the multiplication of
energy sources. It could be exploiting in the same time, radiation, temperature
and vibration. But if only vibration is considered, it could be exploiting a full
network of piezogenerators. Indeed in most of the development this last
decade, an energy harvesting system is an add-on localized device optimized
in terms of energy conversion. It is known as indirect energy harvesting or
seismic harvesting devices. Now the energy is usually spread everywhere
within a given structure, and therefore the structure itself could be entirely the
energy harvesting device. This is known as direct energy harvesting. This has
not been extensively studied due to the low useful piezoelectric coupling
available but mostly due to practical deployment consideration. But direct
distributed energy harvesting could be considered and a network of
piezoelectric harvester piezoelement could be integrated at the design stage of
a given mechanical part. In this case, the challenge is setting up and
controlling such a network exploiting only weakly coupled piezoelement to
harvest a large quantity of energy, with a robust and as simple as possible
electric circuit.

It is the object of this work to revisit this type of harvesting
architecture by considering simple tools to deal with the electric generator, by
considering the association of piezoelement spread on a given structure and
associated as a network, and finally, by considering the possible simplification
of the energy harvesting circuit while maintaining optimization of the
extracted power.

Firstly, the power transferring ability of the piezoelectric energy
harvester is investigated. With linear motion assumption, the harvester is
treated as a Single Degree of Freedom (SDOF) system. Such a SDOF
piezoelectric harvester is modelled by Mason equivalent circuit. By using
electrical mechanical analogies, an equivalent circuit of such a SDOF
harvester is derived. After complete circuit analysis, it is simplified to a
voltage source with inherent impedance in series or a current source with
inherent impedance in parallel. The voltage/current source is related to the
vibration frequency and amplitude. The parameters of this model are
comprehensively defined. Next, using impedance matching method, the
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optimal load for purely resistive case and complex case will be discussed. The
results will show the outline of piezoelectric energy harvesting optimization.
The feasibility of these matching impedances will also be discussed.

Next, the distributed energy harvester case is considered: 3
piezoelectric patches are bonded on a plate. There are plenty of ways to
connect them to charge a storage capacitor. The three piezoelectric patches
will be arranged in series, parallel or other complex form. The comparison
among these different network topologies will give simple guidelines for
application cases. The harvesting approach considered here, is the direct mode,
which means the piezoelectric patches are bonded directly on the plate. SSHI
technique is used in this network topology design to increase the power
extraction, especially for weak coupling conditions. For this direct mode
energy harvesting configuration, the effect of the bonding layer between the
structure and the piezo patches is considered in the power analysis because
corresponding parasitic capacitance could interfere with the correct operation
of the network.

It is worth emphasizing that there are two critical problems for
piezoelectric energy harvesting, the working frequency and the load.
Distributed harvester and direct energy harvesting provides a solution for
multi frequencies application. A simple way is expected to overcome the
matching load limitation to obtain a load-independent power optimization
method. Instead of using impedance matching method, a novel non-linear
harvesting technique, named as Synchronized Serial Switch Harvesting (S3H)
will be proposed to optimize the harvesting process. The power output of this
technique is load-independent when the load impedance is low. The analysis
of this technique is based on the electrical differential equations and first
harmonic analysis. For sake of comparison, the traditional standard circuit is
also considered. Both the constant displacement excitation and constant force
excitation cases will be discussed. Other key parameters consideration, such
as duty cycle and electromechanical coupling effect are also included. This
technique will be validated by experiment and compared to the SECE
technique, which is another load-independent energy harvesting circuit.
Experimental validations are given with mono-mode and multi-mode
sinusoidal force.

The manuscript is organized as follows:

Chapter 1 is a review of recent the energy harvesting research
progress. Vibration based piezoelectric energy harvester is considered.
Starting from basic linear piezoelectric equations, the modeling method for a
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general piezoelectric energy harvester will be exposed. The comparison with
published works will be showed to demonstrate their advantages and
limitations. This chapter is expected to illustrate the fundamental scope of
piezoelectric energy harvesting technique.

Chapter 2 starts from the Mason equivalent circuit, describes the
whole derivation process for a lightweight equivalent circuit for assessing the
piezoelectric generator and power optimization.

Chapter 3 investigates a distributed harvester. Such kind of harvester
is composed of multiple piezoelectric energy harvesters. The connection
method, or network topology, will be discussed in order to derive simple
implementation guidelines.

Chapter 4 introduces a novel load-independent power conditioning
circuit, named S3H. S3H only adds one simple switch on the standard
technique. Thanks to the well-designed switch strategy, the S3H power output
is dramatically different from standard technique. Both the constant
displacement and constant force cases will be discussed. The duty cycle,
referring to the switch on-time, and the coupling conditions will be used as
evaluation parameters to examine the performance of such technique. Both the
sinusoidal excitation and pulse excitation will be taken in consideration. This
chapter will provide fundamental information on the advantages and
limitations of this new technique.
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1.1 Motivation

The fast development of semiconducting industry dramatically improved the computing
capability and reduced the power consumption in the past decade. It stimulates the use of
electric devices not only for the multi-functionality mobile, portable video player but also for
Wireless Sensor Nodes (WSNSs), Structural Health Monitoring (SHM) and wearable computing.
Most of them should work independently, without electrical grid, which means that an energy
storage device such as a battery is required. Unfortunately the lifespan of a battery is limited.
The energy source or the battery capacity steers the product innovation: the battery should be
replaced/charged easily and periodically. In this way, the extension for tiny electrical devices is
limited. Besides, the large amount of discarded batteries leads to a chemical waste problem.

In recent years, another new concept “Internet of Things (IoT)” spread widely in
electronics, house construction, internet communication technology (ICT), automatic
controlling and logistics community. The loT actually is the cluster of modern technology
based on miniature electronics devices. In the world of I0T, each object has its unique identity
and the ability to transfer data. They are supposed to appear everywhere. As a conventional
power grid is impossible and the costly battery replacing/charging should be avoided to cut
down the cost, a ubiquitous energy source should be considered.

The concept of “ubiquitous energy” refers to the electrical energy harvested from
surrounding environment. The energy doesn’'t come from the conventional electrical grid or
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CHAPTER1 Piezoelectric energy harvesting

commercial batteries. Compared with the short-life battery, potential ambient energy is
inexhaustible energy. Ubiquitous energy expands the global capabilities of tiny devices.

All these advantages motivate the research on transferring ambient energy into
electrical form.

1.2 Energy harvesting techniques

The human beings depend largely on energy harvesting from the surrounding
environment. We harvest the energy constantly and ubiquitously. Specifically, the term
“Energy harvesting” here refers to the technique that scavenge ambient energy, such as solar,
temperature gradient and mechanical motion, to drive the target device (small scale electronic
device) synchronously (using right away) or asynchronously (storing in battery or
supercapacitor for future using). The surrounding enef@gple 1-) could be radiation form
like solar, be field difference like temperature, and be mechanical motion like biological
energy or vibration. Additional intermediate materials are required to transform these kinds of
energy source into electrical energy.

Although several authors have already well documented the energy harvesting
techniques [1-4], the state-of-art progress (laboratory progress and commercial products)
among them will be summarized here for a clear understanding and comparison.

1.2.1 Solar radiation

Solar is the source of all plants thanks to the photosynthesis. Human beings have benefit from
solar from their birth. It's a history of about 2000 years long, if we consider Archimedes
destroying enemy’s battleship with the reflection of solar rays by polished bronze mirror as the
human beings first intentionally technical use of solar radiation. But it isn’'t a long story since
we combine solar and electricity together. The first photovoltaic phenomenon was reported by
a French experimental physicist nhamed Edmond Becquerel in 1839 [5]. The so-called
photovoltaic effect can convert solar energy into electricity via materials such as
monocrystalline silicon, multicrystalline silicon and cadmimum telluride [6]. When sunlight is

Table 1-1. Summary of energy sources in residential and commercial buildings[1]

Calculated power

Harvester type Typical range of ambient energy levels Estimated electrical dc pow%r
ensity
Photovoltaic Light intensity: 100 to 3700 Ix 25 t0 1149 pw 9 to 399 pWeni
Thermal Thermal gradient: 10 to 40 °C 1to 10 mW 0.7 to 7.1 mWend
. Acceleration: 2.45 x 1dto 2.82 m¥ ,
Periodic kinetic 0.008 to 68.97 pW 0.05 to 459.8 pWci

Frequency: 43.1 to 162.3 Hz
1.69 x 10° to 57.37

EM wave EM wave strength: -74 to -29 dBm 0.028 to 944 nW 5
nwWecm
Airflow Airflow speed 1 to 10 mi$ 0.9 to 324 mW 1.7 x 10° to 6.0 mWecri?
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1.2 Energy harvesting techniques

absorbed by these materials, the solar energy knocks electrons loose from their atoms, allowing
the electrons to flow through the material to produce electricity [7]. The key parameter in
photovoltaic is the solar cell efficiency. In mass market, the value is around 17%, while it
could reach 44% in laboratoryigure 1-). Apart from the material research to increase the
efficiency, the strategy to extract energy from solar cell is also widely studied.

To have the maximum power transfer of photovoltaic cells, many different Maximum
Power Point Tracking (MPPT) methods are studied[9]. In general, the so-called MPPT
technique is to automatically find the output voltage or current at which a PV cell reaches its
maximum power point. The MPPT method could be Hill Climbing [10, 11], Incremental
Conductance [12], Neural Network [13]. Taking Hill Climbing method as an examplestQilu
[11] proposed an inductive boost convertor for photovoltaic energy harvesting. The MPPT
algorithm was divided into two sessionSgarch and Long-wait In search session, three
consecutive operation points &y No, Nmore) Were used to compare the output current. The
three output currents were used to charge the corresponding three capacitors. By using voltage
comparator, the optimal operation point was found and set as the new middle poifteN
process was repeated for several times. Then the final optimal ppivesNound. It is like hill
climbing to find the peak step by step. TBearchsession then ended and theng-wait
session started. In the later session, the harvesting circuit was working on the optimal point
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Figure 1-1. Research cell efficiency records of photovoltaic by NREL [8]
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CHAPTER1 Piezoelectric energy harvesting

obtained from Search session.

1.2.2 Thermal energy

Generally speaking, thermal energy can be converted to electricity by thermoelectric effect and
pyroelectric effect. The former relies on a thermal gradient while the latter one relies on the
temperature changes. The most common use of energy generation from thermal gradient is with
Seebeck effect type devices. The Seebeck effect consists of the generation of an electrical
potential difference with two conducting materials junctions, either metal or semiconductors,
which are subjected to different temperatures. The generated voltage and power consumption
are an increasing function of the temperature difference [14].

Samsonet al. [15] proposed an interesting application of thermoelectric generator
(TEG). In their study, the fuselage temperature varying between +20.4°C and -21.8°C of an
aircraft (i.e. from taking-off to climbing) is used to drive a TEG. The experiments showed that
with optimal load, the output energy is around 26.5J for a 3000 s operation time.

The application of thermal gradient energy harvester is not reality suitable for mass
market at present. For instance, a device based on BiTe/SbTe having a footprint of £0.3 mm
generates 130 mW at a temperature difference of 70 K, while the power will drop to only
1.5mW for a 10K temperature difference[16]. Now obtaining large thermal gradient from hot
surfaces usually relies on large and voluminous heat sinks, limiting the integrability of these
devices. To use such TEG for daily life, the challenge is to decrease the required temperature
difference. Luet al. [17] proposed a TEG prototype which could generate 150mW with a
temperature difference as low as 34°C with the cold side at room temperatureet kim
developed a wearable thermoelectric generator fabricated on a glass fabric [18]. This device is
about 500 pm thin, lightweight and flexible. The power density can reach 28'mwig a
50 °C temperature difference. For instance, placing this device on the human skin in a
surrounding temperature of 15 °C, a 3 mV voltage output is generated.

The main problem of the application in domestic application is that only limited
temperature difference can be exploited.

hot side

P-type material / N-type material
cold side

@3]
\%
Figure 1-2. The operation principle of a thermal energy generator using Seebeck effect
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1.2 Energy harvesting techniques

Figure 1-3. A werable energy harvseting demonstation.[18]

With pyroelectric materials, which are in form of thin-film, an energy harvesting
textile is possible. Pyroelecticity consists of the variation of the polarization of ferroelectric
materials with the temperature change. Elastic changes and electric field variations can be
exploited for energy harvesting from thermal variation cycles [19]. Actually, pyroelectricity
has been used for sensor application for a long time in thermal imaging cameras. @uadtlras
[20] investigated the possibility of pyroelectric type energy harvesting using screen-printed
PZT cell or commercial PVDF. With a 60 K temperature variation (from 300 K to 360 K), by
connecting two PZT cells in parallel, a 0.5 mJ available energy is obtained, which is enough to
power an autonomous sensor node. However, the energy harvested by PVDF is smaller. With
pyroelectricity, currents in the order of 0.1 mA and charges in the order of 10 uC have been
achieved.

Waste heat is the common end form of energy consuming. In fact, all power plants
and heavy industries, release tremendous thermal energy to ambient temperature. Very recently,
to harvest such wasted heat, leteal. [21] proposed a novel waste heat harness mechanism for
charging battery by applying thermogalvanic effect. The thermogalvanic effect means the
output voltage of battery increased as the temperature decreasé€sguis 1-4shows, the
charging process is divided into 4 steps: firstly, the battery is heated by waste thermal energy;
Then the hot battery is charged at low voltage; Once the charging operation finishes, the
battery is allowed to cool. At the end, at low temperature environment, the battery discharges
and outputs more electricity than the convention case. In their report, a copper
hexacyanoferrate cathode and a Cd/Gmode is used to convert heat into electricity. When
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Figure 1-4. The battery charging process with thermogalvanic effect[21]

such electrochemical system is cycled in a temperature gradient range between 274K and 333K,
a 5.7% energy conversion efficiency is reached.

1.2.3 Mechanical motion

Most of the Kkinetic energy harvesters use electromagnetic, piezoelectric and
electrostatic principles to convert the mechanical (periodic or intermittent motion) energy into
electric form.

Enocean is the pioneer of the Smart House. They developed and deployed a complete
autonomous system for domestic applications. The basic idea is to develop an entirely
autonomous self-powered node to send information or communicate within a domestic wireless
network. The most commonly used power unit is the motion energy harvester ECO-200. It uses
electromagnetic conversion to transform a tiny push action of the finger into a wireless control
signal [22]. More recently, Enerbee a company from Grenoble developed a piezomagnetic
harvesting system combining the movement of a magnet (rotation movement) and a
piezomagnetic element to generate electrical energy [23]. The advantage of such a harvester is

Figure 1-5. EnOcean Motion Harvester[22]
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1.2 Energy harvesting techniques

its independence to the speed leading to potential use of this technique on slow motion systems
such as gas meter or the wireless light buttons.

Wang and Song proposed a piezogenerator based on ZnO nanowire [24] in 2006. This
generator is able to achieve an enhanced output voltage of 0.243 V with current density of 18
nA cm?[25]. This flexible nanowire piezoelectric material expands the potential usage of
piezoelectric generator. For instance, étual. [26] placed this nhanogenerator inside a tire as a
sensor element. A 1.5 V and 25 nA signal was generated during the deformation of the tire.
Moreover, LCD screen was lit directly by the power transferred from this nanogenerator. Later
on, this ZnO nanowire device was excited with sound pressure [27]. It generate a AC output
voltage of 50mV from a sound field with an intensity of approximately 100dB. Due to the
flexibility of nanowire, this piezoelectric generator is also feasible to harvest energy from
waving flag or to detect the winkling of a human face [Z8p(re 1-§. Other similar works
can be found in Refs[29-31].

In nanoscale, there are more opportunities for energy harvesting [32], even for the
biomedical engineering. Lest al. [33] proposed a virus-based piezoelectric energy generating
method. Considering that M13 aligned protein coat structure over phageué that infects
and replicates within the bactefidacks inversion symmetryF{gure 1-7.3 the phage is
expected to present intrinsic piezoelectric character. Then they fabricated a self-assembled thin
films of phage which can exhibit a piezoelectric strengths of up to 7.8 PmNeéxt, they
developed a phage-based piezoelectric generator with 6 nA of current made a 400 mV potential
voltage outputfigure 1-7., and claimed it can drive a liquid-crystal dis{dia4].

Biomechanical energy harvesting is the technique which transfers biological motional
energy to electrical energy with the mechanical movements of active materials. Potential
energy sources could be knee motion[35], foot pressure changes, blood pressure variations[36],
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Figure 1-6. The piezoelectric nanowire generator(a) and the voltage and curent(b) generated from the
movements of winkling [28].
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CHAPTER1 Piezoelectric energy harvesting

Load Current-voltage
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€ Primary structure of the engineered M13 phage major coat protein:
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Figure 1-7. Schematic of piezoelectric M13 phage structure (a) and schematic of piezoelectirc electrical
energy generation measurement set-up(b)[33]

nose breathing, even the cardiac motion [37].

Bionic Power’s product PowerWalk M-Series is mounted on the knee and can output
an average 12 W electric power with a comfortable speed walking [38]. The main principle is
illustrated inFigure 1-8 The Pavegen tile is a product designed for coimvgrénergy from
footsteps into electricity. By deploying the Pavegen tiles on a temporary footbridge connecting
one subway station to the Olympic park, 12 million footballs were received and an 21 kWh
energy were harvested in total [1]. All the energy was generated by the passengers walk.

Lefeuvre et al. [36, 39] used the blood pressure to achieve a piezoelectric based
energy harvester. Experimental results showed energy densities up to 3Qphilm their
target is to produce 10 pJ per heartbeat [39]. The group of John Rogers proposed a flexible
polymer Figure 1-9 based energy harvester scavenging the energy fhemmotion of the
heart, lung and diaphragm [37]. A prototype was tested a the mechanical bending stage then
placed on bovine and ovine hearts. During the heart expansion and relaxation at 80-120 beats
per min heart rates, the voltage output reached 4 V for a bovine and 2 V for an ovine heart.

On another scale, a helicopter blade is a key component, whose failure will no doubt
cause the aircraft accident. Therefore the lifespan of helicopter blades is calculated using a
worst-case operation scenario [40] , which means that a potential ten thousand hours life span
blade will be discarded after only a three thousand hours service. étriails [41] proposed
energy harvesting for wireless sensors for helicopter blade damage tracking. The main
challenge is making sure all the system can be powered by the energy harvesting unit. To
increase the power efficiency, de Joetgal. [42] proposed the piezoelectric energy harvester
with SECE enhanced energy harvesting circtliti¢ circuit will be discussed latgerWith the
simulation, de Jonet al. claimed that the output power can be larger than 5 W. However, this
power value is heavily depending on the helicopter operation condition and the deployment
guality of the harvester. In view of the complexity of such kind harvester modelling [43] and
the power output level of piezoelectric energy harvester, it is believed that the real power won't
exceed 1 W. In this sense, the challenge for structure health monitoring of helicopter blade is
the design of and the improvement of the energy harvesting device.
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Figure 1-9. The flexible MEH and the experiments comparison [37]
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CHAPTER1 Piezoelectric energy harvesting

Finally, apart from these implementation examples, energy harvesting could benefit
from coupled method to improve the global performance. Shape memory effect coupled with
direct piezoelectric effect [44], thermal/solar coupled with piezoelectric effect [45], magnetic
effect coupled with piezoelectric effect [46], and biochemical [47] appears to be the most
promising researches.

1.3 Fundamental of piezoelectric energy harvesting

1.3.1 Piezoelectric effect

Piezoelectric effect couples the mechanical movements and electrical energies within specific
materials. Once the piezoelectric material is applied with pressure, it produces electricity.
Conversely, when the piezoelectric material is applied with electric field, it changes shape
producing variation of stress/strainFigure 1-10. Starting from the first law of
thermodynamics, the piezoelectric constitutive equations for linear piezoelectricity is given as,

(M= J19-[4 &
[Pl=[d[9+[¢°] §.

All the other equivalent system of state equations with different boundary conditions
are expressed as follows [48, 49],

[s]=[ ][+ d[ &

(1.1)
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Figure 1-10. Piezoelectric effects
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1.3 Fundamental of piezoelectric energy harvesting

Depending on the specific boundary conditions one of these systems could be preferable for
sake of simplification. Variabled, D, S and E represent the mechanical stress, electrical
displacement, mechanical strain and electrical field, respectively. All the piezoelectric constant
matrices are interrelated as follows(derived from [48])

[d]=["J[a]=[d[ £].
[g] [/J; Jld]=[H[ ¢], (1.5)
I

[e=[* (M =[d[ <],

[n=[£°][d=[d[¢]

1.3.2 Piezoelectric energy harvester modeling

The core part for a piezoelectric energy harvester is the piezoelectric element (ceramic or
polymer). Considering a piezoelectric plate working on thickness nfeidaré 1-11.3

Q =charge of eletrode= D (A (1.6)
V =Voltage accross electrodeE [L (1.7)
F, =force over the areaT [A (1.8)

The strainS; is defined as,

U
S, =T (1.9)
It can be assumed that,

S=S=0 (1.10)

In this caseEquation(1.1)is used as,

AT, = ALE,S- Alg E
e e w11
ALD, = Alg, S+ A& E
Area A \‘ displacement U 3
] 2

-

' displacement U

1 Vprz
L
I N
3
7/‘_.2

(a) (b)

Figure 1-11. The piezoelectric element (a) plate in thickness mode (b) rod in 3-3 mode
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CHAPTER1 Piezoelectric energy harvesting

SubstitutingEquations (1.7)(1.9)nto (1.11) obtain,

AT = AEtfsg— AD§3!
LLJ \L/ (1.12)
AD=Alg,—+ AZEy,—
L L
Considering(1.6)(1.8) that is,
F,=KSU +aVv
PP (1.13)
Q=-aU+CV
DifferentiateQ with respect to tim¢, we have,
| =-aU +CV (1.14)
where,
S
a:—y, G, :83_3A, K :Q (1.15)
L L L
With the consideration of current direction, obtain,
F,=KSU +aV,
A . (1.16)
| =aU -C,V.

Moreover, if a rod shape piezoelectric element is considefegure 1-11.p, the
lateral stress is very small,

T =T,=0, (12.17)
therefore the lateral stress can be neglected. In these conditions usually known as longitudinal
3-3 mode, the previous Equation (1.2) is used. Following the same derivation process as above,
the Equation (1.16holds with another set of definitions,

2
azd—fé, CO=[£;3+d—§J£‘, Ko -1A (1.18)
su L Sw) L s L
Compared withEquations(1.15)(1.18)it is obvious that the piezoelectric equations ¢en
described by different piezoelectric constants depending on the boundary condition. In addition,
these simplified and approximate relationships are obtained,

d d; 1
%3:5’ 5353:£3Ta+§' %izg (1.19)

They are based on the ideal uniaxial assumption. These definitions will be uSédprer 2
for various piezoelectric constants derivation.

In Equation(1.16)the outgoing current of piezoelectric elemérbntains two items.
The former aU represents the mechanical movement and relates to the speed of mechanical
strain, the latter-C,V denotes the current of an equivalent capacitaBg¢echarged with
voltageV. The minus symbol in front of the equivalent capacitor points out that the current
directions of the two items are different. Therefore, tfeeguation o0f(1.16)is equivalent to a
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1.3 Fundamental of piezoelectric energy harvesting

J_ 7\ /\/
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Figure 1-12. The equivalent circuit for piezoelectric element(electrical view)

circuit, which contains one controlled current source and a capacitor in paFafjetd 1-13.
This capacitor is also known as the blocked capacit@yad piezoelement.

Note that, if damping effect by the load is neglected, this equivalent circuit is self-
sufficient to model the complete harvesteéguation (1.16)s the macro scale expression of the
linear piezoelectric equations. The next step is to integrate it into a piezoelectric energy
harvester, such as cantilever beam or seismic device. For simplification, single degree of
freedom (SDOF) is considered here. Near its resonance frequency, this electromechanical
system can be represented Bygure 1-13 This model is slightly different from the
conventional mechanical mass-spring-damper modeling approach. The piezoelectric coupling
effect is included in term of the additional piezoelectric force. In this way, the
electromechanical system based on mechanical mass-spring-damper system is governed by,

MU=F-K®U -av -CU (1.20)

It is worth to point out that, the global stiffness of syst€hlepends on the harvester
configuration. For a cantilever beam case, the global stiffness is equal to two springs in parallel,
leads to global stiffness expression as,

KE =K +K (1.21)
If the beam is very flexible, the global stiffness is determined by the piezoelectric element.
For a seismic piezoelectric energy harvester, the global stiffness is expressed as,
1 1 1
F_K—E+E (1.22)
If the structure is very stiff, then the global stiffness is determined by the piezoelectric element.

Once the governing equations are established, the harvester can be modelled using
state-space equationSt{apter 3, analytical approachChapter 4 or numerical approach [50].

Of course, it is not the only modeling method for piezoelectric energy harvester. A lightweight
equivalent circuit approach derived from Mason equivalent circuit will be discusseldainter
2.

Another consideration is the coupling coefficient. Toepling coefficient k% which
qualifies how effective is the mechanical to electrical energy conversion. In general, it is
defined as,
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CHAPTER1 Piezoelectric energy harvesting
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Figure 1-13. The 1-DOF modeling of piezoelectric energy harvester

K2 = storeq mechan.lcal ener| (1.23)
supplied electrical enerc
More precisely, it is defined as,
U 2
kK?=—m (1.24)
U

elas™ elec

whereUgas, Uelec and Uy, represents the elastic energy, electrostatic energy and mutual energy,
respectively.

Considering a mixed type of coupling coefficient, we can also have [51],

=X
1-k?

Within this alternative coupling factor, we can find the piezoelectric constant relationship in a
clear way Figure 1-13.

Dimensionless paramet&uality factor Q is used to measure the stored energy ratio

per radian, thus the mechanical quality fad@aris expressed as,
Energy Stored

B Energy Dissipate:
At low loss dampingQu is the ratio of the amplitude of resonance to the amplitude in static
mode, yielding,

(1.25)

(1.26)

M

1
= 1.27
Qu % (1.27)
Where,{ is the damping ratio defined as,
7=-"C (1.28)
2maw),

We should notice thaQQy here also denotes the resonance sharpness.
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1.3 Fundamental of piezoelectric energy harvesting
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Figure 1-14. Fundamental piezoelectric relation type and electromechanical coupling coefficient

corresponding to the choice of independent variable set (from [51] )

In piezo-mechanical coupled system,

the terkAQy expresses the global

electromechanical coupling ability or figure of merit. Therefore, it plays an important role in
harvested power. For instance, assuming the external force and velocity are in phase, for a
standard technique (connecting the piezoelectric element and the Rodiectly), the
maximum power output is determined Byuation (1.29Wwhenk’Qy <2, and only one optimal

resistance exists.

max (2+

__KQ, R

kQ,) €

(1.29)

However, this in phase analysis is not precise [52], a more general solution will be discussed in
Chapter 4 Moreover, an alternative global coupling coeffiti&’Q,, will be used as figure of
merit for an ideal seismic energy harvesterChapter 2 However, generally speaking, the

efficiency of the power is increasing with this global coupling coefficient.

Table 1-2. Direct electromechanical analogies for lumped translational systems[53]

Mechanical quantity

Electrical quantity

ForceF VoltageV

Velocity U Currenti= g
Displacement) Chargeq

Momentump Magnetic flux linkagel
Massm Inductance.
Compliance 1/K Capacitance
Viscous resistance C ResistariRe
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CHAPTER1 Piezoelectric energy harvesting

For such a piezoelectric energy transducer, the SDOF method is based on lumped
parameter considerations. The lumped parameter analysis method cast the target system as the
combination of mass, spring and/or dashpot. It is limited to the modelling of one or a few
independent modes. Thanks to the formal similarities of the integro-differential equations
governing the behavior of electric and mechanical systems, we can find the analogy
relationships between electric and mechanical phenomémlg 1-). Based on this
assumption, a series of equivalent circuits for piezoelectric resonator were proposed, such as
Mason equivalent circyi8], KLM(Krimholtz, Leedom, & Matthaei) equivalent cuit[54, 55]
BVD(Butterworth-Van Dyke) equivalent circlit5-57]. However, to simplify the analysis, the
piezoelectric energy harvester is usually modelled by a current source shunted with blocked
capacitor (for low damping consideration) or the series RLC circuit with a voltage source. Both
modeling method cannot show the details of a piezoelectric energy harvester. The mechanical
lumped model is better appropriate to emphasize mechanical motion while electrical lumped
models are better suited for electrical consideration such as load matching as it will be
discussed irChapter 2

Y et such popular SDOF method meets challengesirk and Inman [58¢laimed that,
for a cantilever beam, the classical resonator SDOF modelling method is only suitable for low
damping condition. They suggested that the rigid body motion of the beam was also the
contributor of inertia of the system, while SDOF only considered vibratory motion of the beam.
Based on this consideration, they corrected the SDOF model by a distributed parameter
modeling method[59]. This distributed parameter modeling method is Hase Euler-
Bernoulli beam assumptions. In a further discusgi&di, they claimed that the inaccuracy of
SDOF modeling method were, the inaccurate estimation of the harvester mass, the backward
coupling effect of piezoelectric energy harvesting in the mechanical domain was not
necessarily proportional to velocity only.

The SDOF modelling method was used widely in piezoelectric energy harvesting
research community. For the small displacement around resonance application, SDOF method
is simple and fully validated by numerous experiments [61-63]. In other words, SDOF method
is still a high fidelity model for linear motion applications.

1.3.3 Circuit topology for piezoelectric energy harvesting optimization

A energy harvesting electric or electronic circuit is usually implemented on the output of
piezoelectric element in order to optimize the electric output power. In circuit analysis, the load
can be represented by its input impedadcelowever, it is usually replaced by a resistive load
impedancer for simplification. Moreover, a battery charging or power management device can
be considered as equivalent to a resistive IRatith several interface circuits [64-66]. In this
subsection, the state of art circuit topologies for piezoelectric energy harvesting will be
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1.3 Fundamental of piezoelectric energy harvesting

compared. The advantage and drawback of these topologies will also be discussed and
compared.

The most elementary circuit topology is the Standard technique (STD-AC), which
connects the piezoelectric element with loRddirectly. A regulated output voltag¥. is
obtained in Standard technique DC mode (STD DC) by a full-wave diode bridge. The capacitor
C, is used to filter the output voltagk. Power output is related to the load impedaRcé&hus
impedance matching is used to optimize the output power. Otehah proposed a DC-DC
converter to optimize the power output of a piezoelectric harvesting device [64]. The use of a
step-down converter in discontinuous conduction mode optimizes the piezoelectric energy
harvesting [65], by tuning the optimal duty cycle, the power improvement can reach by
approximately 325%. Lefeuvret al. deployed a buck-boost converter to simulate the optimal
resistive load for piezoelectric energy harvester [66]. Their experimental results showed that, in
discontinuous conduction mode, this kind of converter can hit a 84% efficiency for input
voltages between 1.6 and 5.5 V. The working frequency of the vibration harvester may differ
from the resonance frequency. Therefore the impedance should match the harvester in different
frequency condition. Kongt al. [67] used the impedance matching method to optimize the
power output. They used a two-stage power conditioning circuit consisting of an AC-DC
converter followed by a DC-DC converter to simulate the resistive load. Similar to the previous
case, the optimal load is obtained by tuning the duty cycle of the power conditioning stage. The
experimental results showed that their technique can harvest 58% to 72% of the available
power around the fundamental resonance of the harvester. However, normally the
electromechanical model is built base the linear and near-resonance assumption. If multi-mode
vibration happens, the improved model is required [68, 69].

As a piezoelectric energy harvester is capacitive in most cases, perfect impedance
matching is impossible with a resistive load. Moreover, the inductance required for perfect
matching is usually unrealistic. To solve this problem, Guyoetal. proposed an innovative
non-linear circuit named as “Synchronized Switch Harvesting on Inductor’(SSHI) [61]. SSHI
is an extension of “Synchronized Switch Damping on Inductor” (SSDI) [70, 71]. The latter

(a) (b)

Figure 1-15. Stanard energy harvseting circuit
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CHAPTER1 Piezoelectric energy harvesting

technique is used to control the vibration using a piezoelectric damping element and by
inducing a phase shift between the voltage and the strain by a simple switching process
synchronized with the vibration. The process is very simple. It consists of inverting the voltage
each time it reaches an extremum. The inversion is obtained by a brief oscillation triggered by
an electronic switch. It can also be considered as a periodic change of the system'’s stiffness
due to a continuous change of the boundary conditions [72]. The vibration energy is converted
into electric energy stored on the piezoelectric element and dissipated into heat during each
switching. The energy stored on the piezoelectric element is used to power the switch device.
But it can be transfered to an external load, thus resulting in SSHI technique.

The so-called p-SSHI technique modifies the Standard technique (STD AC or STD
DC) by adding in parallel with the piezoelectric element a branch composing an intuator
series with a switchSW (Figure 1-1§. The switch operation will not occur until the
displacement of the harvester or the voltage of piezoelectric element reaches its extremum.
Once the voltage resulting from this switching process is in phase with the strain speed, the
optimizing principle is “pulling up” the piezoelectric voltage as high as possible to encourage
more energy to flow out from piezoelectric element. Analytical and experimental comparison
of standard technique and SSHI showed that, this “pulling up” design could lead to a 400%
power improvement. However, the harvested power gain is depending on the global coupling
factor. The electrical harvested power may be increased by more than 400% at low coupling
conditions.

A similar topology design is the s-SSHI [73, 74], which places the inductor in series
with piezoelectric element. A switch is also connected with the inductor in series following the
same control strategy as previous SSHI. It means that, most of the time, the circuit is in open
circuit state, and the piezoelectric voltage is determined by the displacement. Once the inverse
action occurs, the load is driven with the piezoelectric voltage.

The analytical and experimental results showed that both the p-SSHI and s-SSHI have
similar power output level however with different matching resistor. It is interesting to point
out that, the optimal resistor for s-SSHI is smaller than p-SSHI while standard technique is in
the middle rangeRigure 1-2). The high power transfer performance due to thedeanced

|
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Figure 1-16. p-SSHI energy harvsting circuit
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1.3 Fundamental of piezoelectric energy harvesting
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(a) (b)
Figure 1-17. s-SSHI energy harvesting circuit

circuits increase the power density of the whole harvester thus giving the opportunity to reduce
the piezoelectric element volume and material cost. It is however important to notice that these
adaptive techniques do require impedance matching to reach optimal power. It is noticeable
that these techniques and their derivations are the only techniques allowing optimization of the
energy harvesting in the case of low coupling and high damping harvesters, thus making them
essential for direct harvesting configurations.

Shuet al.[75] compared s-SSHI circuit, p-SSHI circuit and Standard circuit (STD DC)
in various operation frequency conditions. At middle coupling conditid@y=1), the optimal
resonance frequency for p-SSHI is around short-circuit frequency, the optimal resonance for s-
SSHI is around at open-circuit frequency. However, with the same configuration, the standard
AC circuit exhibits two maximums at short-circuit frequency and open-circuit frequency. It can
be explained as follows. Both the p-SSHI and s-SSHI increase the efficiency of power. At high
coupling condition, the inherent property of piezoelectric harvester is possessing two power
peaks in frequency domain. For s-SSHI, the piezoelement is nearly always in open circuit state
(Figure 1-17.b thus resulting in optimal frequency around the roparcuit frequency.
Inversely for p-SSHI circuit, the piezoelement circuit is flowing to the load for a much longer
time (Figure 1-16.p thus reaching its maximum power around the shiscud@ frequency.

In long-term operation, the harvester’'s property (i.e. the capacitance or the resonance
frequency) may be changed resulting from variation of temperature or humidity, which leads to
the degradation of the optimal impedance of frequency matching. A load-independent
processing circuit such as SECE can avoid these problems. SE@QHre 1-18 is the
abbreviation of “Synchronous Electric Charge Extraction”. It separates the extraction operation
and transfer operation [76]. It uses a DC-DC converter topology to scavenge the mechanical
energy via piezoelectric element, but with a particular duty cycle strategy. The MOSFET
switch closes synchronously with the displacement of harvester. In addition, the switch closes
at the maximum of displacement and opens again when the piezoelectric voltage vanishes and
the inductor current is maximunfrigure 1-18.). At this time, all the available energy is stored
in the inductor. Once the switch opens, the diodes switches on to ensure inductor current
continuity and therefore the energy stored in the inductor will be transferred to the load. In this
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CHAPTER1 Piezoelectric energy harvesting

T w o ACACA

(a) (b)
Figure 1-18. SECE energy harvsting circuit

way, the load (any value) will received all the available energy generated by the mechanical
vibration and accumulated on the piezoelement blocked capacitance during two switching
sequences. In general, the harvested power harvested with SECE is 4 times larger than
standard technique and is fully load independent. Considering the noise at low resistor
condition and circuit inherent oscillation in high resistor, the experimental power output is
load-independent exists in limited region.

The main problem of SECE is the switch on-time tuning for perfect voltage
cancellation. This time may change with the piezoelectric capacitance (temperature, stress or
stain amplitude). An optimized version of SECE, called OSEEBufe 1-19, was proposed
by Wu et al. [77]. The diode bridge is replaced by a flyback-transformer with two primary
windings connected to the piezoelement with two opposite unidirectional switching cells
triggered respectively on the maximum and minimum voltage. In this configuration, precise
time tuning is no longer required. Moreover, for high load impedance during the primary
energy transfer, a small amount of energy is restituted to the piezoelement resulting in higher
voltage and consequently better energy extraction. OSECE can therefore be seen as a hybrid
between SECE (for low load impedance) and SSHI (for high load impedance).

SSHI-like circuit can reach a 900% power efficiency improvement but with the need
of impedance matching; SECE-like circuit is not sensitive to the load but lack the huge power
improvement. Thus DSSH “Double Synchronized Switch Harvesting” was proposed [78] to
combine the advantages of both adaptive circuits. In DSSH, the energy is transferred to the first
storage capacitdC;,; as series-SSHI does. Then the second sv8iti2is closed to transfer the

D3

D1 D2 I
== I
Vrz | e L1 . L2 % (@ — R[] Ve
SWi | SW2 |
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Figure 1-19. The OSECE energy harvesting circuit
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1.3 Fundamental of piezoelectric energy harvesting

Figure 1-20. DSSH energy harvesting circuit

energy from the intermediate capacit@f,; to the inductance load. This second process is
similar to the SECE stage. In this whole process, the load is totally independent from the
energy extraction by piezoelectric element. The intermediate capaCitolis used as a
temporary energy storage. Therefore, DSSH can improve the power output level while ensuring
load-independent property. However, due to a more complex configuration, the energy loss is
larger than for s-SSHI.

Table 1-3summarizes the performances of these techniquegrinst of harvested
power, advantages and drawbacks [74, 78, F&jure 1-21lillustrates the power versus the
load impedance for a given piezoelectric energy harvester excited in forced displacement mode.
Both SSHI techniques have significant power harvesting ability. To harvest a given level power,
p-SSHI and s-SSHI have a wider load range compared with STD technique. The SECE and
DSSH techniques exhibit better harvesting ability with a load-independent behaviour. The
harvesting ability of DSSH is determined ly the intermediate inversion factor mainly
determined byCi,; andL,. The OSECE preserves the wide bandwidth property of SECE, but
with load sensitive SSHI performance for high load impedance operation. All of these non-
linear circuit topologies show improvement harvested power compared to STD technique. The
gain is around 800% percent for p-SSHI, 700%for s-SSHI, 600% for DSSH and 400% for
SECE. Many problems arise when deploying these non-linear energy harvesting topologies.
They rely on signal detection, switch operation, inductors, complex circuitry, and optimal load.
Even the load-independent DSSH and SECE have optimal load region due to the oscillation and
losses in circuitry. On one hand, the tradeoff between feasibility and high harvested power
should be considered. On the other hand, it is worthy to find an energy harvesting circuit with
simple topology and strong power harvesting capability.
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CHAPTER1 Piezoelectric energy harvesting

WA
[ X

/

STD

1 R

Figure 1-21. Comparison of harveted powkgt56.72Hz,a=0.0045 N/V,KF=10272Nm',M=0.0818g,
Cy=170nF,k2=0.0113,Qy=54. Q=5.6.7,=0.570=0.74 )

Table 1-3. Comparison of the principle energy harvesting circuits (the various constants are defined in

the text)
Harvested Power (with constant displacement) Advantage Drawback
4Ra* .
STD P= 2 wzusl simple load matching,
(ZRQ)aH iT) power output is low
2 load matching,
P= 4Ra’es u? high power output g
p-SSHI 720 27M ) inductor,
(RCOa)(l— e’ ) + iT) switch strategy ) )
switch device
2 +2Q \? load matching,
— 4Ra w2(1+ € ) 2 high power output | g
s-SSHI 723 . 29M itch strat inductor,
$772Q —a switch strate
(2RQ,w(1+ e )+ ﬂ(l e )) 9y switch device
_ a’w , inductor,
SECE P=2 UM load independents  switch device,
0 .
switch strategy
2 complex circuitry,
1+y) o w, , . P iy
DSSH P=y.—————U load independent  complex switch
1-y, C,4m
strategy
P 20w sin’(wt, ) e/ U2
- nC at/20 )2 M
0 (1+ Cos(cqtm)e ' ) wide bandwidth 3-port transformer,
OSECE ) o
27T switch strategy complex circuitry
awt, =arctan -m +7T
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1.3 Fundamental of piezoelectric energy harvesting

1.3.4 Wide bandwidth consideration

As a resonating device, the piezoelectric energy harvesting device heavily relies upon
its resonance frequency. For instance, considering the mechanical qualityQgctogasuring
the sharpness of resonance, a small excitation frequency shift will lead to a dramatically drop
of the power output of a higy harvester. There are several solutions to widen the harvester
working frequency range, such as bi-stable harvester, harvester array and active or adaptive
frequency-tuning method.

Through a snap-through action, bistable harvester transition from one stable state to
the other, appear to be effective across a broad-frequency bandwidth [80]. Such non-linear
harvesting devicé{igure 1-23 is believed to have power gain between 400% to% 00
compared to the standard oscillators [81]. leual. [82] proposed a buckled type bistable
harvester Figure 1-23. They found that this device is a high power densiarvester (0.33
mW cm®) which generated 16 mW for a 0.3 g chirp excitation. Then they combine such
bistable harvester with non-linear circuit OSECE [83]. The theoretical and experimental
investigations showed that, at highcondition, the OSECE circuit induced more damping on
such a bistable harvester than it improved energy extraction thus resulting in weaker harvesting
efficiency.

Harvester array consists of multiple converters with different frequency responses due
to different dimensions and mass. Feretrial. [84] designed a multi frequency converter array
(Figure 1-23 in order to increase the bandwidth of the harvestlevice. It contains multiple
resonators with different frequency responses, which are connected in paralledt Xug85]
proposed a wide bandwidth harvester with a piezoelectric bimorph array. In this case, the
bandwidth can be tailored by choosing both the array distribution and the connection topology
(Figure 1-25.

() (b)
Figure 1-22.Three different bistable harvester.(a) Magnetic repulsion type (b) Magnetic attraction
type(c) Buckled beam type [80]
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CHAPTER1 Piezoelectric energy harvesting
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Figure 1-23. A buckled-spring-mass bistable piezoeelctric enegy harvester [82]
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Figure 1-24. The structure of piezoelectric energy harvester array [84]
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Figure 1-25. Power response of harvseter array with different connection topology (a) parallel
connection (b) mixed connection [85]

Using equivalent impedance approadhen et al. [86]analyzed another harvester
array for broadband energy harvesting which contains multi piezoelectric patches but one set of
processing circuit. The processing circuits were standard technique, p-SSHI technique and s-
SSHI technique. They claimed that the p-SSHI technique exhibited more significant bandwidth
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1.4 Outline of the thesis

improvement than the other two circuits. The piezovoltage is complex when the harvester is
excited in wide bandwidth or comprises multi converters. In fact, the losses introduced by
switch action should be considered when non-linear energy harvesting technique (i.e. SSHI) is
used. Lallart et al. [87] proposed a closed-form model for piezoelectric hstee with a
switching interface that closes periodically at any chosen frequency. They claimed that for a
random force input, the optimal switch frequency should be slightly less than twice the first
resonance of the harvester. Consequentlyyu et al. [88] investigated the harvester's
performance with SSHI type switching interface. Their work provided a stochastic modeling
method in the frequency domain. Their approach can be used for wide bandwidth and random
excitation analysis for SSHI type harvesting circuit.

Adaptive frequency-tuning method can also be used for wide bandwidth. The basic
principle of electrical tuning method referred here is the impedance matching method. It is not
a new idea to widen the working range. When the piezoelectric was used to damp vibration, the
shuntLC circuit was deployed thanks to the capacitive property of a piezoelectric element [89,
90]. Since damping results from energy extraction and dissipation, the similar shunt circuit can
be used for harvesting. Wet al. [91] proposed &RC shunt circuit to tune the harvester. The
optimal capacitor load was chosen by a low-power microcontroller from a capacitor load array.
With this self-tuning technique, the output power increase reaches almost 30% under random
excitation. Renneaet al. [92] investigated such shunt circuit and claimed that wide bandwidth
piezoelectric energy harvesting power optimization was possible. Similar work can be found in
Ref [93].

1.4 Outline of the thesis

The widely distributed mechanical movements, especially the vibrations and the impacts, give
the piezoelectric energy harvesting a promising future. Power optimization and piezoelectric
generator have to be considered simultaneously when designing a piezoelectric energy
harvester. On the electrical side, the optimization could be impedance matching or power
conditioning circuit topology. The motivation of this thesis is therefore to cover the modeling
of the piezoelement and circuit topology consideration.

Chapter 2 focuses on the electromechanical modeling method for piezoelectric energy
harvesting and its optimization. An equivalent circuit derived from Mason Equivalent Circuit is
proposed. The piezoelectric energy harvesting optimization is considered following this
equivalent circuit. The guideline for optimization is proposed for resistive and complex loads
cases emphasizing the importance of the electrical side of a piezoelectric device such as a
piezoelectric generator.

Chapter 3 focuses on the piezoelectric energy harvesting network. The simulation of a
piezoelectric energy harvesting network operating in direct mode is proposed. Different circuit
topologies are considered, such as multi-piezoelectric patches in series, in parallel, with and
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CHAPTER1 Piezoelectric energy harvesting

without SSHI technique. The solutions give the guideline for choosing a topology in direct
energy harvesting. Ground problem is considered, in the case of a fully conductive host
structure.

Chapter 4 presents a simple and reliable novel conditioning circuit exhibiting load-
independent power output. This technique, named as Synchronous Series Switch, places a
switch in series between alternative current signal source and load. The switch will only close
for a short time at each extremum of source voltage.

Chapter 5 is the conclusion, and gives the roadmap of future work.
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CHAPTER?2 The power optimization by impedance matching
2.1 Introduction

2.2 Piezoelectric harvester equivalent circuit modelling
2.2.1 Derivation of the generator equivalent circuit using Mason approach
2.2.2 Piezoelectric generator equivalent circuit
2.3 Optimal impedance matching
2.3.1 Impedance matching theory
2.3.2 Case study: purely resistive load
(A) Power optimization
(B) Discussion on the viscous factor
2.3.3 Case study: complex load
2.3.4 Comparison with other power optimization approach
2.4 Experimental validation
2.4.1 Set-up
2.4.2 Equivalent circuit identification by LCR meter
2.4.3 Measurement process
(A) Purely resistance load
(B) Optimal impedance matching with a parallel L-R load
2.4.4 Results and discussion
(A) Purely resistance load
(B) Optimal impedance matching with a parallel L-R load

(C) High sensitivity of the impedance matching process to the
passive component dispersion

2.5 Conclusion and futurework

2.1 Introduction

The impedance of the device is a function of the frequency and without precaution the output
power is strongly varying with the frequency. In fact the impedance of the generator is either
capacitive or inductive, depending on the frequency relatively to the harvesting transducer
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CHAPTER2 The power optimization by impedance matching

resonance frequency. For a pure resistance load case, the classical solution is tuning the
impedance at the working frequency to obtain the maximum output power. In this chapter, a
global equivalent circuit method is proposed. It is used to find the optimal load for
piezoelectric energy harvester for various excitation frequencies. This chapter is organized in
three different parts. Iisection 2.2 the equivalent electrical generator circuit of esmic
piezoelectric energy harvester is introducedSéattion 2.3the optimal load and optimal power

are then derived and the results are compared to the results obtained and characterized
according to the proposed equivalent circuit. Matched load and optimal output power results
are given, showing that at constant acceleration, the output power can be constant with the
excitation frequency as long as the matched load is practically feasiblgion 2.4 is an
experimental validation of the proposed approach.

2.2 Piezoelectric harvester equivalent circuit modelling
The piezoelectric harvester considered here is a seismic resonant device. It is an
electromechanical transducer converting mechanical energy into electrical energy. In most of
the cases, for such a transducer working around resonance, the vibration wavelength is greater
than the dimensions of the system. Therefore a lumped-parameter modelling method is suitable
for system behavior analysis [53]. As usual, and for sake of simplicity, the analysis described
below is based on single degree of freedom (SDOF) mechanical system. For a lumped
parameter SDOF system with resonant property, an equivalent circuit modeling (ECM) is a
powerful analysis approach, such as Mason equivalent circuit [48] and Kd{iunlioltz,
Leedom, & Matthagicircuit. Here, the MEC (Mason equivalent circuit) is used to model the
piezoelectric harvester. However, readers can find the KLM method and its comparison with
MEC in [54, 55].

Mason equivalent circuit is fundamentally an electric circuit and is therefore very

F=mw?u
Rigid Mass
m
Proof mass M (@  Vpz ‘ R
Piezo mass mp
K Piezoelectric +
v C |L] KE . _I coupling
/ KP
/ (b)  Vpz ‘ Lp

/ v e °
Damper Vpz

Spring

Figure 2-1. Mass-spring-damper model of a seismic piezoelectric generator with (a)purely resistive load
or (b)inductive load
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2.2 Piezoelectric harvester equivalent circuit modelling

Table 2-1. Numerical data for seismic piezogenerator [92]

M 0.01kg

t, 0.01m

Ap 0.0001 m2

mp 0.0075kg

Permittivityess® 1.137%10% Fm*

Resonance frequenay 2.1520x10° rad/s*  *not given in reference[92]

practical to derive an electric equivalent circuit of any piezoelectric generator. The type or
generator considered here is a seismic generator, and for sake of comparison with an alternative
load optimization theory proposed by Reratoal. [92], the device considered here is perfectly
analogous to the seismic device described in [92]. The numerical data of this harvester is listed
in Table 2-1.This device consists of a ceramic disk (cross-sactreaA,, thicknesst, and
massm,) mounted between a rigid holder, vibrating at constant acceleration, and a proof mass
(seismic mas$/f). It can be modeled as the resonator showfigare 2-1
The whole harvester is usually modeled as a “Mass-Spring-Damper” characterized by
a springK related to the stiffness of the whole device, a damper with a viscous coeffitient
and a rigid massn taking into account the proof mabt and the piezoelement oma,. The
input impedances of the load considered here are (a) purely resistive type and (b) complex type
(i.e. resistor paralleled with inductor). Assuming a proof mass with high stiffness, the global
stiffnessK* is approximated by the piezoelement stiffni§s The other parameters of this
lumped model are usually defined as,
1 KE
m=M+—-m, C= nay, tano, W, = |—- (2.1)
2 m
where,w, is the short circuit resonance angular frequenagy is the system loss angle. For
simplification, viscous los€ is assumed as constant within the considered frequency band.

2.2.1 Derivation of the generator equivalent circuit using Mason approach

| — —-Co
—— |
vpz == Co
Electrical rCoupIing | Mechanical

Figure 2-2. Mason Equivalent Circuit for the piezoelectric disk
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CHAPTER2 The power optimization by impedance matching

With linear wave propagation assumption, the piezoelectric disk of the harvester device can be
represented by a three port equivalent circhig@re 2-3 proposed byason [48] C, is the
blocked capacitance (equivalent capacitance of piezoelectric elenméntgpresents the
electromechanical coupling, and the impedanags 4,,) stand for the mechanical properties.
The two ports in right portion of Mason equivalent circuit denote the mechanical ihpad
F.1 (respectivelyU,andF,) represent the vibration speed and the total mechanical force acting
on the upper face (respectively the lower face).

Assuming it works irthicknessmode, the various parameters are defined as:

Z . ol wit
a = 0 , Zm = JZO tanﬁ , CO ZI_E;:S(]'_ k:2-}3)!
jsin— b
i (2.2)
52 wt g wtd,, wtf &l %2
VP :(%)2, Z = pwiy’, — 933 :_ﬁz_[ﬁj .
b p 0 \43 I 553[;;—3 I st I s3E3 k33

On the mechanical sidéigure 2-3, considering-; as the proof masl inertia force
andU, its vibrating speed, the mass can therefore be represented by an indiMtatiaehed
to the upper face terminal. As the lower face speed is forced by the vibration speed of the base,
a current generatod is attached to the lower face terminal as shown Fogure 2-3.a
According to the relationships given lBquation (2.2) the mechanical side impedances of
Figure 2-3.aare defined bydee Appendix A for details

s | XK [ Ak
Za—tand{w} +[ J@W}

n n

(2.3)
t
Z, = J%a): Jﬂw
2 2
With tand, the mechanical loss angle of the piezoelectric material. Now, using Kirchhoff's
laws, the voltage on the secondary of the electromechanical transfdtimere 2-3.3uis:

Vl:Raia-'_ jaEa ia+jaLbia+V0 (24)
with,
a R Ca Lb
|
v vl
|

(a) (b)

Figure 2-3. Equivalent circuit on the mechanical side of the electromechanical transformer (a)Initial
Mason circuit - (b) Simplified electrical equivalent circuit
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2.2 Piezoelectric harvester equivalent circuit modelling

_tand, @’m c - (1—k323)

@ (1-kz) " @m (2.5)

m
Lb:7p+|\/|, VOZCLJZLbU

The equivalent generator voltad® is directly related to the vibrating base motion
RMS valueU, in other words, it represents the external exicitaforce RMS valug=. This
equation can therefore be represented by the simplified equivalent circuit represekigdren
2-3.h.

Note that these expressions are slightly different from the usual definitions. Indeed, in
order to be consistent with the incomplete parameter set and the assumptions given in reference
[92], lateral stresses and strains are not considered and only the longitudinal (poling axis 3)
state terms are considered here. With these assumptions corresponding to 33 mode used in Ref
[92], the following relationships can be established, with a good consistency with the
previously mentioned expressions.

2
— € T _ S §3 2 _ és_cgs E_ADE
Cgs_clsja__: 533_533"'_: k33_———: K =—40G;;. (2-6)
Ex Cs £ €3S T,

In Mason equivalent circuit, only the piezoelectric element part is considered. To
model the whole piezoelectric harvester, the harvester mechanical loss should also be included
in the analysis. Therefore an additional resistafge, which is much larger thamr, ,
representing the mechanical loss is added in the circuit. This resistance is related to the
harvester equivalent mass, resonance frequencg, and global damping coefficienf by
Equation (2.7)R; is then defined as.

R, = mw, tand = 2nw,{ (2.7)
In this way, the final expression of the output voltage of mechanicalMsidbecomes:
. T . .
\/:L:Rfla+ jaCa |a+Ja)Lb|a+V0 (28)

It should be pointed out that, the currénts an important parameter which represent the strain
velocity of the piezoelectric element. At the resonance it principally represent the velocity of

Piezogenerator

r—-———-—-—-- A r—————=—— |
| Ri C1 L1 L a | it VAl |
— N T YWY |

T J_ L — e — = d
\‘/pz -|-C° G’"VWOT 2 :TCO @VWOT:
: I
L — — — — — — — — J

(a) (b)

Figure 2-4. Piezogenerator equivalent circuit: (a) open-circuit and (b) withZpad
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CHAPTER2 The power optimization by impedance matching

the upper face and of the proof mass.

Next, using the transformer turn ratNy, this equivalent mechanical circuit can be
transposed to the primary of the transformer. Taking into account the negative capaCitance
on the electrical side, the original equivalent circHigre 2-3 finally reduces to the circuits
depicted onFigure 2-4with [see Appendix A.3.2 for deta]ts

Z,=R+ j[wtl—a%] (2.9)
_& _i —_ COCaN2
R—NZ, h—Nz, Q_E;?g@ (2.10)
G205 N=g [ K AT (2.12)
t, 1-ky t,

In order to be consistent with the notations usedefarence [92]Equation (2.9)is expressed

as follows:
1 1 1 1

= —a+] — 2.12
Z ©C. 0 J%%Qﬂ (2.12)
Where,
w K2 tand 27 Q*-1
Q=—, =38 =, =Q—, = . 2.13
o ST T e P @19

Q is the normalized frequency to simplify the expression’ is the alternative
electromechanical coupling factor of this piezoelectric harvester, this coupling factor was
explained inChapter 1 is thedamping ratiq representing the system’s viscous losses. We
should notice thaﬂ(/ke2 in a item is related to the global electromechanical coupling ability
(k;sQM) which will be discussed later. In addition, it is easy to find that, short circuit angular
frequencywe corresponds t@=1, open circuit angular frequenay, corresponds t@= k> +1.

2.2.2 Piezoelectric generator equivalent circuit

=

| |
| |

ZL : z7 C) |5' | v L : @ VS“
| |

(a) (b)

Figure 2-5. Piezoelectric harvester equivalent circuit (Piezoelectric generator with load)using Norton (a)
or Thevenin (b) representations
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2.2 Piezoelectric harvester equivalent circuit modelling

The energy conversion portion of a piezoelectric energy harvester is the piezoelectric
generator. Taking into account the blocked capacitalycehis equivalent circuitKigure 2-9
can also be represented using Norton/Thevenin notations as a currentigonrparallel with
the impedanceZs or by a voltage sourc®s in series with the impedancg;. They are
illustrated inFigure 2-5 and the corresponding components are given by:

1
Vszﬁ JCOw :ﬁ 1 :ﬁl_ﬂ_Ja (214)
N21+.1 N1+ jCwZ N 1+ A
IC,w
V,
S=—°i (2.15)
N Z,
1 1( «a A+ S . 2 2
Z.=Z7ZIC = - with A=g°+p3°-2 2.16
GACOCO%Q(1+A11+AJ B -28 (2.16)

In this way, the sophisticated Mason equation circuit of a piezoelectric generator
(Figure 2-2 is transformed into a lightweight circuit which Igrcontains one energy source
(voltage source/ current source) with its impedance. Both the mechanical and piezoelectric
characters are considered in this analytical model. The piezoelectric generator with load is
shown inFigure 2-5for different applications. All the parameters bistlightweight circuit are
derived from Mason equivalent circuit.

Using this circuit, it is possible to analysis the piezoelectric generator’'s impedance,
which is mainly determined by piezoelectric element in this system. A clear view of the
piezoelectric generator inherent property will help us to understand the generator’'s behavior
and find the proper way to optimize the power output. The admittance behavior of this
equivalent circuit is shown as a function of normalized frequendyjignre 2-6 The amplitude
and phase of admittance of piezoelectric generator is plotted against normalized frequency with
various viscous losses iRrigure 2-7 The amplitude of admittance increases with the
normalized frequency and turns direction around the short circuit frequency. Then a local
minimum is reached when the normalized frequency is around open circuit frequency (
JkZ+1=1.16,k.=0.6). The amplitude is higher at low losses condition (=0.02). Figure
2-7.b demonstrates that the piezoelectric generator iy tdpacitive as long as the viscous
losses are large enough (i&1). For low losses case, piezoelectric generator is inductive
between short circuit frequency and open circuit frequency. In fact, this watershed is
determined not only by the viscous lo§sbut also by the electromechanical coupling
coefficientk’, which will be discussed later. But the results can be listed here in advance:

The piezoelectric generator is fully capacitive when

¢34
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CHAPTER2 The power optimization by impedance matching

Figure 2-6. Admittance behaviour of the piezoelectric generator as a function of normalized frequency

(¢=0.04,k.=0.6).
x10°
- — —7=0.02
————— =0.04
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Figure 2-7. The amplitdue and phase of the impedance of piezoelectric gerkgrt6i)(

When the piezoelectric generator is connected with the load, the valtageer load

and currentl, through load can be easily obtained for any load impedZpand for any
equivalent circuit fronfFigure 2-5:

1
L SZI:1+Z-F1 ( )
1
=NVg—— 2.18
ez (2.1

And finally, the power dissipated in the load is obtained easily by using the power
definition in Equation (2.19)

P=Re{ ) (2.19)
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2.3 Optimal impedance matching

Since current, in mechanical side represents the piezoelectric load strain velocity (i.e.
the velocity of proof mass) as we mentionedSiection 2.2.1the displacemenX of the proof
mass can be obtained usiRgurier notation for harmonic motion:

i 1 1 .
X=—=2=—""(1, +jwQCV, 2.20
i jwﬂQN(L joQCV,) (2.20)
2.3 Optimal impedance matching

A piezoelectric energy harvester is composed of a piezoelectric generator and an equivalent
load. The task here isow to transfer the maximal power from piezoelectric side to load side

As a lightweight circuit Figure 2-5 has already been derived from Mason equivalerudir

we can find the optimal load and harvested power immediately and easily by impedance
matching method. The obtained results will be compared with the results of the global

optimizing technique based on the Karush-Kuhn-Tucker (KKT) approach that is described in

[92]. As previously mentioned, and for sake of comparison, the proposed development is

illustrated with the same piezoelectric generator data presented in [92].

2.3.1 Impedance matching theory

Firstly, revisit the so-calledmpedance matching theoras considered in the electrical
engineering community. Considering the circuit represented in Figure 2-5.b, the voltage source
is Vs, the corresponding impedanceZis= R, + jX;. To get the maximum power transfer from
the voltage sourc¥sto loadZ,, two cases of the load impedance are discussed: (a) Impedance
angle is constant and modulus is variable, and (b) Resistance and reactance are variable
independently.

For the first case, we can set the load impedance as,

Z, =|Z|0¢ =|Zcosp + || Z sinp (2.21)
Then the power received by the load is expressed as,
V2|Z|co
P = c| 4 cosp (2.22)

(Re +|Zcosp)" + i( X +|Z sing)’

Differentiate P_ with respect to |Z| and let the result equal to zero, to get the maximal power
output. We obtain the optimal value for load,

z|=R+ X2 (2.23)
Notice that when the load is purely resistiRe the optimal load for maximal power is the
modulus of impedance of generat®,, =/ R, + X3

Then for the second case, we can set the load impedance as,
Z =R+ X (2.24)

The power on the load is expressed as,
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CHAPTER2 The power optimization by impedance matching

Vi
2

(Re+R) +( %+ X)
To get the maximum power transferring, we shall have the relakprF—X; , then
differentiate P, with respect taR_ and let the result equal to zero to get the maximal power
output. We obtain the optimal value for load,

R=R (2.26)
Thus the optimal load i€, =R, — jX;, which is the conjugate of impedance of soufgeThe
corresponding optimal power is,

R (2.25)

V2
Pp=-C
4R,
It is obvious that the optimal power of load is only related to voltage source and generator’s
resistive impedance. They are represented by the excitation force and losses in the piezoelectric
generator.

(2.27)

2.3.2 Case study: purely resistive load

In this case, the load type which can be represented by resistance is &adiégppendix B.1

for detail] In fact, for the real applications, the load isrmgophisticated. However, it can be
treated as a resistive load using converter circuits, such as step-down converter[94] or Buck-
boost converter[66, 67].

(A) Power optimization
With the impedance matching theory, for a purely resistive load, the optimalRga the
modulus of impedance of generaify,

1 _1 a2 +[82

R"“_|ZG|_@1CO QV 1+A
Considering the Norton equivalent circuRigure 2-5.3, the voltage over loal, is obtained

from Equation (2.17)then the expression of current through Ibaid obtained,

VLzﬁ 1

G

| = L C"‘f", with, B=|9 8" (230
BT

(2.28)

(2.29)

Q

By substituting theEquations (2.29) (2.30into (2.19), the power harvested by optimal load
Ropt is then expressed as:
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2.3 Optimal impedance matching

2
P=V, I :Kﬁj Cotth (2.31)
"V (Eea) (G o
+1-8| + +a B
B B Q

This optimal resistive load is plotted as a function of the relative frequénand for
various loss coefficientg on Figure 2-8 It is clearly seen that the natural damping of the
harvester governs strongly the matched impedance. The optimal value is decreasing when the
frequency is increasing toward short circuit angular frequengyl]. Then optimal load
reaches its maximum around open circuit angular freque@sy.(L6). For the optimal value of
load, there is one order of magnitude difference between short circuit frequency spot and open
circuit spot. This difference is shrinking with the increase of damping fatioonly consider
the optimization of the harvester between short circuit frequency and open circuit frequency
region, the window for choosing optimal resistive load is very large.

The corresponding output pow@,; and proof mass amplitud&,,; are plotted on
Figure 2-9 Not the same as optimal load curve, at low lossdi@mn, the power has two
symmetric peaks value close to short circuit frequency and open circuit frequency, and one
valley point (local minimum) between therfigure 2-9.% However, with the increasing of
losses, the two peaks are decreasing, merging and vanishing while the valley point becomes the
only existing peak point (i.e{=0.084). Similar situation happens on proof mass displacement
case. Two local maximum values appear around both short circuit frequency and open circuit
frequency Figure 2-9.B. The displacement around short circuit frequeisclgrigher than open
circuit frequency corresponding the minimum value in optimal load. It can be explained that,
the damping effect around short circuit frequency is weak. The strong displacement around
short/open circuit frequency demonstrated that it is not possible to maintain the maximal power
transferring while minimizing the structure damping.

350
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Figure 2-8. Optimal loa®,,for pure resistive load matching with various damping coeffici¢nts

(ks=0.6).
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CHAPTER2 The power optimization by impedance matching
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Figure 2-9. Optimal ouptut power (a) and corresponding proof mass motion amplitude (b) as a function
of the normalized frequency obtained for the optimal load resistance depidtéglie 2-8 Calculation is done for
various loss coefficient, for k.=0.6 and for a 1g base acceleration.
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Figure 2-10. Circuit property with optimal load (a) voltage (b) currédgt0.6

The corresponding output voltayg,: and current, through optimal load are plotted
in Figure 2-10 As the voltage increases with frequency, a timnsient point appears around
the short circuit frequency, and then the voltage reaches its maximum value around open circuit
frequency Figure 2-10.a It is well known that, the voltage response isgmrtional to load
value. Moreover, the voltage response is strong around resonance frequency. The competition
between the two factors yields the tiny transient point around short circuit frequency. Similar
with optimal load plot Figure 2-§, the amplitude difference between the local minimu
(transient point) and the maximum is about one order of magnitude. Naturally, the current
curve is reversedr{gure 2-10.p. In piezoelectric energy harvesting applicatidre £nergy is

Yang LI
Ecole doctorale EEA de Lyon / 2014

Institut national des sciences appliquées de Lyon
46

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés



2.3 Optimal impedance matching

stored in supercapacitor/chargeable batteries for use-on-demand, or used to drive the load
directly. Charging operation prefers high current, while DC-DC converter prefers higher
voltage. Taking both the voltage and current plot as reference, we can find the trade-off
working frequency for different requirements.

In resistive load case, the amplitude differences (power, displacement, voltage, etc.)
between low losses (i.6=0.02) and high losses (i.8=0.084) conditions are huge. It denotes
that for a high losses, the power efficiency is quite low. Therefore, optimizing piezoelectric
energy harvester with only a resistive load is not a wise choice. However, this basic
optimization method provides a simple way to investigate harvester deeply, for instance, by
considering the viscous losses as an important parameter.

(B) Discussion on the viscous factor
In the previous discussion, it is known that the natural damping of the harvester governs very
strongly the optimal results. It is also clear that, the lower are the viscous losses the more
critical are the short circuit frequency and open circuit frequency on the optimal result. In this
section, we will give the critical value of frequency under different natural damping conditions
and the power harvested limitation for resistive load case.

In the case of small natural dampig~0), thea item is approaching zero, and then
the power function versus the resistive Igdd1)is simplified to,

P:(ﬁj — b (2.32)
N 2(8-98

Taking derivation of poweP with respect to relative frequendy, three stationary
points are found. These stationary points correspond to two identical maximum values and one
local minimum value appearing on the power vs. relative frequency pigtire 2-9.3. These
corresponding critical frequencies are defined as follows:

Qmaxlzl
Q,.,=/k*+1 (2.33)

1
Q. ==K +2+ki+16K’+ 16
Tk

Notice that hereQua.x and Qunaxe represent the short circuit and open circuit
frequencies, respectively. This results show that, at low loss condition, maximum power
transferring is operated by short circuit frequency and open circuit frequency which is
observable fronfigure 2-9.With the decreasing of loss, the maximal power ougmints are
shifting toward short circuit frequency and open circuit frequency separately.
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CHAPTER2 The power optimization by impedance matching

Since these two frequencies are in such import place, let's substitute the critical
frequency (Quua=1 or Q _,=+k>+1) from Equation (2.33)into the original power

max2 —

expression(2.31), then maximum power can be derived as:

2
P :(V_l\cl)j Cotth - (2.34)
2a(1+ V1+ a2)5
We can simplify the power expression to,
U, 1

= 2 0 - - (2.35)

, 27

1+, [1+ W

For very low damping coefficient and strong coupling condition, if it can be assumed
that Z<<k:, the power expressiaf2.34) can be simplified to:
2
R, = (aFU)y’ e ==
8J¢f 4AC
or p o= fm K
(U ) 8laf
With F,, the total force acting on the piezoelemeguation (2.36)shows that, for
ideal condition { = 0,{ << kj), the harvested power is only the function of the input force (or
acceleration) and of the viscous |&@3®f the harvester.
In addition, we should notice that the iteZa’/kj is the reciprocal of the usual term

(2.36)

(2.37)

léQm!
20 11 2~ L
=== - =(KQ (2.38)
kK QK (<)

Whatever it is at low loss conditiod & 0), or weak mechanical loss conditiq7n<<k§, they

all can be represented by coupling coefficient conditKﬁQM >1. In other words, the

conclusion on maximum power output is also suitable for K@@, condition. That is,

At strong coupling condition I(fQM >1), the piezoelectric harvester approaches
maximum power transfer at short circuit frequency and open circuit frequenay.

However, in most of the applications, the damping coefficient is not negligible. In this
case, fromEquation (2.31)the three stationary points of the power versesgdency plot are
obtained:
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2.3 Optimal impedance matching

1 2 2 2 2\? 2
QZ:E\/ke —ag 2+ (47K - 1€ (2.39)

1 2 2 2 2)2 2 2y
Q3:%\/ke—4z +2+\/(4( _ke) - 16" + 16( k7 )

Figure 2-9has illustrated these 3 points and shows that ftenal output power is a
decreasing function of the loss coefficig’nConsidering the 3 normalized frequencies given in
expression(2.39), it can be stated that whe(ldi2 —kj) -16/?< 0, the real roots foR, and
Q,don’t exist anymore. In this case the optimal power has only one extremum remaining at the
normalized frequencQs, which means the previous local minimum becomes the only existent
maximum value. Therefore, a critical damping rafioarises.

When ¢ < £, the maximum power output operatedt whend{ > . , the maximum
power transferring operated @t or 2, .The corresponding critical log% is expressed as:

Z. :%(M-l) (2.40)

That is,

With various excitation frequency, the harvester has two identical maximum

power points when,
J >%(,/1+ke2 —1)

It is interesting to note that these results sineply obtained from the expressi@a.28)
which is the trivial matched resistor for a generator such as defined by the equivalent circuit
shown onFigure 2-4 orFigure 2-5. It is remarkable that these results are iffguéragreement
with the optimal resistive load and harvested power derived from the KKT optimizing
algorithm described in [67, 92], here obtained using a much more physical and comprehensive
approach.

2.3.3 Case study: complex load

In practice, most of the loads of piezoelectric harvester aren’t the resistive type. They always
contain resistive and reactive components. As the previous purely resistive load optimization
shows, perfect electrical impedance matchingimpossible because the impedance of the
electrical generator is comple¥igure 2-6 Figure 2-7j. If the load was equal to a complex
load, for instance, made with an inductive (or a capacitive) load in parallel (or in series) with a
resistive load, perfect matching is achievable, and consequently optimal power can be extracted
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CHAPTER2 The power optimization by impedance matching

for any frequency. Only the significant results are listed here, for details, please refer to
Appendix B.2.

Firstly, let’s consider a general case. The optiftoall impedancé&,, is the conjugate
of the source impedanag;, which is defined as:

Z,,=2 = [ a_. jA+’8j (2.41)
C,wQ\1+A " 1+A

The corresponding matched impedance spectrums are illustrakegluire 2-11

In view of the equivalent circuit shown Figure 2-5.band Equation(2.18) the load
current and voltage can be derived. By substituting the resultsEigp@ation(2.19) the power
harvested by optimal load,, is obtained,

P = (U )?

Ke _ F2
8lay 4C
The optimal power is only the function of excitation forEg and viscous los<. In other
words, for a given structure, the power output is constant (in frequency domain) when optimal
complex load is applied. It should be pointed out that applying complex load to match the
piezoelectric harvester; we can transfer the same power as for the resistive load without any
damping (se€equation(2.36). This energy quantity is considered as the maxiniiunitation
power of the piezoelectric energy harvester. In fact, this power limitation is observed or
calculated by many researchers with different SDOF modeling method [61, 62, 67, 95, 96]. In
other words, the equivalent circuit derived from Mason equivalent circuit to model a SDOF
piezoelectric energy harvester appears as a very good approach. Here, it can be concluded that,

(2.42)

Maximum power transfer for a piezoelectric energy harvester is,

- : Ke _F*
Ff)pt_(a)zu) 8{&2 4C

Besides, it is interesting to notice that there is no link between harvested power and
working frequency, which means the same constant power can be observed at any given
frequency. Power harvested is plotted against normalized frequen€iglne 2-12.a Unlike
the as resistive load case, the short circuit frequency and open circuit frequency have no special
meaning with this type of load. Similar situation happens in proof mass displacement plot as
Figure 2-12.bshows. However, same as the purely resistive loa,cthe displacement is
decreasing with the increment of working frequency.

Although the power is totally the same at any given working frequency, the complex
load may still need different operation conditions. The corresponding output véiagend
currentl,y through optimal load,,; are plotted orfigure 2-13 which can be referred as the
load design guide. Voltage has the minimum value around short circuit frequency while current
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2.3 Optimal impedance matching

has the minimum value around open circuit frequency. For instance, if the harvester is used to
charge supercapacitor or battery, the working frequency should avoid open circuit frequency.

Next, the normal cases are considered. Such complex load can be represented by
inductor and resistor in series or in parallel combination. In this configuration, the rdistor
denotes the energy consuming part (harvesting energy), and indudemwotes the additional
circuit component to match the generator physical property.

1.5

x10° x10°

Resistance(Ohm)
Reactance(Ohm)

Q 0
(c) (d)

Figure 2-11. The impedance of complex load (a) modulous (b) phase (c) resistance (d) reactance
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CHAPTER2 The power optimization by impedance matching
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Figure 2-12. Optimal power harvested (a) and comadmg proof mass motion amplitude (b) as a
function of the relative frequency.
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Figure 2-13. Circuit parameter for complex load case. (a) Voltage (b) Current
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2.3 Optimal impedance matching

Iopt(PA)

(b)
Figure 2-14. Circuit property for RL parallel case. (a) Voltage (b) Current

10"

10°

Lopt(mH)
Ropt(MQ)

Figure 2-15. RL parallel case : optimal inductor and resistor with various of viscous loss

For Rop in parallel withLy, , this corresponds td,, =}/((R,pt)_l +( ja)LOpt)_l), yield,
1 1
= — —+a
e Q( a ]
_ 1 1a+p
*Cw?Q? A+p

Starting fromEquation (2.17)the voltage over resistor is found, and then tineent
through resistor can be found by :VL/RM .

(2.43)

For Ryt in series withl oy , this corresponds thopt = R)pt+ ja)LOpt, yields,
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CHAPTER2 The power optimization by impedance matching

1 1 a
R’p‘_Coa)an+A
(2.44)
1 1B+A

T Cw? QP 1+ A
Starting from Equation(2.18) the current through resistor is found, and thea th
voltage over resistor can be found\py=1 R, .

For resistor in parallel with inductor cadeidure 2-14 Figure 2-19, the current rises
to maximum close to the short circuit frequency. In this frequency region, the requirement for
inductance value and resistor value is minimal. It makes possible to select proper value for
inductance. Unfortunately, the voltage here is minimal. If a diode recfier circuit is needed, it
would be necessary to shift another proper working frequency. The problem for inductor is that,
between resonance and anti-resonance the required optimal inductance value is negative in low
loss conditions. If viscous loss is increased (£eQ.084), this inconsistency problem vanishes
due to the full capacitive character of the piezogenerator at this condifigur¢ 2-7.0.
Once negative inductance value is required, we have three options:
= Using passive component, a capacitor to fill the gap
= Using active component, a gyrator to simulate negative inductor to fill the gap
= Removing this reactance component, leave resistive component only
For the first option, according t&quation (2.43) (2.44)and jal :(ja)::)'l , the
optimal value for the replacement capacitor is obtained. For the second option, a gyrator or a
NIC (negative impedance converter) is possible to use to simulate a negative inéigtoe (
2-18). For the last option, it is the easiest soluti@mce the inductor value is not positive, use

the optimal resistor value obtained from resistive case to replade-fheombination Figure
2-16, Figure 2-1Y such as recommended by Reratal. [92].

Another problem is the unpractical value of inductor. It can be observed from
Equation(2.43)(2.44)that, the optimal inductor value is increasing withe resonance
frequency decrease. In fact, it is also affected by the competition between dampirigamadio
electromechancial coupling coefficielﬁ(seeEquation(Z.40)31ndFigure 2-15.

The case for resistor in series with inductor is similar. The corresponding results can
be found by Equation(2.44).

Figure 2-16 and Figure 2-17illustrate this process for the previously desadibe
seismic piezoelectric generatofigure 2-16shows the optimal resistance and inductance
defined byEquation (2.43) while Figure 2-17shows the optimal power and corresponding
proof mass motion as a function of the normalized frequency fgy lzate acceleration. In fact
this type of impedance matching is feasible as long as the transducer impedance is capacitive.
Between the short circuit frequency an open circuit frequency and for a weekly damped
transducer, the impedance becomes inductiigufe 2-7.p, therefore no L-R matched load
can be defined thus explaining the gap observedrignre 2-16.b As the optimal inductance
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2.3 Optimal impedance matching

cannot be defined, the optimal load is only defined by the optimal resistance and therefore the
extracted power is lower than the optimal value define&dpyation (2.42}hat can be obtained
uniformly elsewhere.

It is interesting to remark that the optimal power is the same as the pure resistance
case with low loss conditi¢®.36). Piezoelectric generator mechanical losses appedret
along with the coupling coefficient, the central parameter allowing the definition of the optimal
load as well as of the optimal power that can be extracted for a given excitation. Again the
agreement with the results obtained with a numerical optimization approach (KKT) is excellent.
Moreover, the proposed impedance matching method is simple, universal and very close to the
physics of the piezoelectric generator.

3.5

2.5

opt(MQ)

R

Q Q

(a) (b)

Figure 2-16. Optimal resistor (a) and optimal inductor (b) as a function of the normalized frequency for
optimal impedance matching with a resistance in parralel with an inductias@e6 and{=0.04)
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Figure 2-17. Optimal ouptut power (b) and corresponding proof mass motion amplitude (a) as a function
of the normalized frequency obtained for the optimal impedance defined in Figure 8. Calculation is done for
k.=0.6, for{=0.04 and for a 10 m/s2? base acceleration.
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Figure 2-18. The negative inductor by gyrator

2.3.4 Comparison with other power optimization approach

Renno et al. [92] proposed another approach to optimize the power output of a
piezoelectric vibration-based energy harvester. For a resistor parallel with inductor case, they
established the governing equation for such SDOF system firstly, then obtained the power

expression as,
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2.3 Optimal impedance matching

1 KaKKTIBEKTkeZQ4
o 4

n

P(@r s Buxr) =

(2.45)

where,

Ay =R G, B :aﬁl-co- (2.46)

2
Z = ((IBKKT + zaKKTZ)Q _:BKKT (1+ mKKTZ)QS)z + (aKKT - (zﬁKKTZ +0r (1+ 18_'_’8'(92))92 + aKKTﬁKKTQA)
(2.47)
The axkr andpfxkr are related to resistive load and inductive load, respectively. It is clear that,
the power is the function of quantitiesxr and fxkr. By using Karush-Kuhn-Tucker (KKT)
method[92, 97], they found the optimakgxr and pkxr for optimal load. Following their
expression, the optimal results are,

_Q*+(402-2)Q%+1
(aKKT )opt - ZZKEZQZ
_ Q'+(402-2)Q% +1
o Jon = Q*(Q* - (2+k? - 40 ?) Q2+ kP+1)
Substitutingequation (2.48)nto (2.46), the optimal load for R-L parallel case are obtdine
1 9'+(a7-2)Q*+1
R = C,, 27 K2Q?
L1 Q“+(402-2)Q% +1
" Coed 2(Qf (24 K2 - 477) Q7+ ki+1)

(2.48)

(2.49)

Compared with the optimal expression obtained by equivalent circuit method(2.43), the
similarity exists. In fact, the optimal results obtained by KKT method and by equivalent circuit
method are samd-{gure 2-19.

It is worth to note that, optimal purely resistive load can also be found when applying
KKT on Equation(2.45). Unfortunately, due to the complexity of optimal factor, obtaining the
precise expression for purely resistive load is impossible. Not as the previous expression
derived by equivalent circuit method(2.33)(2.39), using KKT method cannot find the analytical
solution for these critical frequencies. Moreover, another governing equations system can be
built for RL in series, and this complex process has to be repeated to optimize an RL series
load by the KKT approach.

Comparing with the KKT optimization method, it can be concluded that, the
equivalent circuit and the impedance matching method proposed in this chapter has strong
physical sense and much more simple expression. Naturally, both the two optimization method
are identically in terms of final optimal result.
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CHAPTER2 The power optimization by impedance matching

T
E

g
-

(a) (b)
Figure 2-19. The optimal load for LR parallel case obtained KKT method (a) Optimal inductor with
various losses (b) Optimal resistor with various losses
2.4 Experimental validation

In the previous sections, the optimal load of a piezoelectric generator has been fully derived
and justified on the basis of an electrical equivalent circuit derived from the Mason equivalent
circuit shown onFigure 2-4.a. The full impedance matching process and powerntipétion

have been implemented on an experimental seismic piezoelectric generator. In order to have a
tuning inductance that can be implemented with practical passive components and a device
easy to excite, a simple seismic harvester made with a vibrating buzzer is considered
experimentally.

Table 2-2. The comparison between KKT approach and equivalent circuit approach

Electromechanical equations Equivalent circuit
+ +

KKT method Impedance matching
Solving technique Mathematical Physical
Difficulty Complex Straightforward
Final expression Long and complicated Simple and clear
Optimal purely resistance Numerical solution Analytical solution
Optimal RL in parallel Analytical solution Analytical solution
Optimal RL in series* Analytical solution Analytical solution

* (need specific equation for each type
of load)
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2.4 Experimental validation

Figure 2-20. Piezoelectric generator equivalent impedance near its resonance.

A resonator such as a piezoelectric harvester can be represented by the Butterworth-
Van Dyke (BVD) equivalent circuit[56, 57] recommended by IEEE standard 1987[49]. This
BVD equivalent circuit is depicted ifrigure 2-20 It corresponds precisely to the circuit
derived from Mason Kigure 2-4), and can be identified easily with an impedamnalyzer.
Once the identification is done, the optimal load® aalculated and compared to the
experimental ones for both resistance and resistance in parallel with inductance loads. Finally,
the influence of the accuracy of the impedance on the extracted power will be discussed
showing that achieving practically such a power optimization process is totally unrealistic.

2.4.1 Set-up

The experimental seismic harvester structure is depicte#figmre 2-21 It is made with a
circular piezoelectric buzzer, whose dimensions are giveRigure 2-21.b clamped on its
external circular edge with an aluminum fringe. No proof mass is added in the center of the
buzzer in order to keep a rather high resonance frequency ensuring practical fairly low optimal
inductancesFigure 2-21.sshows the device mounted on a shaker (LDS V201) tseccite it

at a given acceleration in the 2 kHz to 5 kHz frequency range. The motion of the harvester is
monitored using a Laser Doppler Vibrometer (Polytech OFV 5000) aiming at the rigid
aluminum fringe, thus measuring the “base” vibration speed. The shaker is driven with an
audio amplifier. The whole measurement process is controlled with an HP4194A used as a
network analyzer, generating the drive signal and monitoring both the base speed and the
harvester voltage, in open circuit or with a given load. Harvested power is derived from the
measured voltage and the considered load.
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Figure 2-21. Experimental device: a) seismic piezoelectric-harvester mounted on the shaker. b) Cross-
section of the piezoelectric-harvester made with a commercial piezoelectric buzzer.
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Figure 2-22. Equivalent circuit identification process: a) Real and imaginary parts of the identified
piezoelectric harvester admittance. Central frequency is 2335Hz; b) open circuit voltage response comparison.

Experiments were operated around the resonance frequency of the harvester. For each
load, slow frequency sweeps (20 seconds long) are implemented to record the output voltage
response in the frequency domain.

2.4.2 Equivalent circuit identification by LCR meter

The impedance of the piezoelectric energy harvester device is simply measured with the
HP4194A used in impedance analyzer mode. The admittance spectrum is measured close to the
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2.4 Experimental validation

transducer resonance frequency, and the equivalent circuit showigore 2-20is identified
using the built-in equivalent circuit identification function (Usually it is circuit type E). In this
way, the harvester’s equivalent circuit can be obtained at any workable resonance frequency.
For instance according t&igure 2-22plot, around the considered resonance frequency at
2335Hz, the equivalent circuit parameters baye4.69H,C,=0.988nF R,=724Q, C;=64.6nF.

Figure 2-22.ashows a comparison of the experimental admittaie&¢jB) with the
admittance derived from the identified equivalent circhbigure 2-22.bshows a comparison of
the experimental open circuit voltage with the theoretical open-circuit voltage obtained using
the Figure 2-4.a equivalent circuit. Note that these plots are ndized and that this measure
allows, for a known base acceleration, to identify the electromechanical response according to
Equation (2.5)V, definition. These results prove that the equivalent circuit of any given
piezoelectric harvester can be easily represented and identified according to the circuit
considered irFigure 2-4.a andFigure 2-20 Note that, the proposed theory is essentiallydine
theory. Now depending on the excitation level, light non-liner behavior can be observed. This
explains the shift between the experimental and identified theoretical plots showiglwoe
2-22.

2.4.3 Measurement process

As mentioned before, two cases are considered here. Use the resistor to validate the resistive
load optimization, and use the resistor in parallel with inductor to validate one case of the
complex load optimization. For each load value, a sweep function is operated to record the
voltage response of harvester.

(A) Purely resistance load

A rheostat, ranging from 100 Ohm to 10K Ohm, is used to as the variable resistive
load. For a given target frequency, i.e., 2335Hz, sweep function will start at 2100 Hz and end
at 2600 Hz to record the voltage response over load. The experimental optimal load is
evaluated for each frequency by measuring the output power as a function of the load
resistance for a given base acceleration. By selecting the maximum power value and the
corresponding resistance load, the optimal power and load curve are obtained. Briefly, process
as follows,

1. Take the system identification value to plot the theoretical optimal load curve

(like Figure 2-8 as rheostat value choosing reference.
Extend the rheostat value range to 150% of theoretical prediction.
Start the sweep and record the voltage response sufweeach loadR.
Calculate the power output at each frequenC)PoyVZ/R
Pick up the maximum powd? at each frequency and record the corresponding
loadR by a Python program.

akrwbd
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CHAPTER2 The power optimization by impedance matching

6. Draw the optimal load curve.

(B) Optimal impedance matching with a parallel L-R load

For a resistor in parallel with an inductor load, the derivation of the optimal
conditions is slightly more complex. A rheostat and a series of fixed value inductor were used
in parallel L-R load case. To achieve a precise validation, the inductor was modelled as an
ideal inductor shunted by an ideal resistbrgire 2-23. We should notice that, although the
theoretical prediction will give the optimal value for resistor and inductor, the value don't
correspond to rheostat value and inductor value directly. The relationship is depiéigdria
2-23.

For each inductance, a set of resistance is considered (with logarithmic step) and for
each resistance the output power is plotted as a function of the frequency. The maximum power
obtained thus defines for which frequency and which resistance the considered inductance is
optimal. This procedure is conducted for a constant base acceleration. Nevertheless, the process
is similar as previous operation:

1. Take the system identification value to plot the theoretical optimal load curve
(like Figure 2-1% as rheostat value and inductor value choosingeafee.

2. Extend the range to 150% of theoretical prediction.

3. Measure each of the fixed value inductor to obtainRha&ndL;

4. Referring the theoretical prediction and the parasitic resistRnoéinductor,
choose a proper range for rheostat.

5. For each inductok, repeat the step3 in Purely resistance load case.

6. Calculate the power output at each frequency, &ahd each. by P=V2/R

7. Pick up the maximum powe® at each frequency and record the corresponding
loadL andR by a Python program.

8. Considering thd.; and parasitic resistané® to calculate the ided® value and
idealL value.

9. Draw the optimal load curve.

Resistor
/\‘ —Oﬂ:lﬂ)—

Inductor [; % R,-Ll] Rr LI] 4-/ L:Zﬂ R=Rr//Ri

Figure 2-23. The model for LR load
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2.4 Experimental validation

2.4.4 Results and discussion

(A) Purely resistance load

According to the process describedSaction 2.3.2the optimal resistance load can be derived
using Equation (2.28)as the modulus of the transducer impedance defixyeligure 2-4 and
identified previously. The optimal resistance and output power can finally be obté&igeide(
2-24).

The experimental results and theoretical prediction are comparefdigome 2-24
Experimental and theoretical optimal load and output power are in overall very good agreement.
Note that due to the high level of mechanical losses of the device (flexion mode), only one
peak is observable on the output power plot.

(B) Optimal impedance matching with a parallel L-R load

Following the process described $rection 2.3.3the optimal resistance and inductance load

can be derived usingquation (2.41) from the transducer impedance ZT* such as defimgd

Figure 2-4 and identified previously. From the optimal dpahe optimal power can finally be
derived. This result is shown oRigure 2-25 Note that again, due to the high level of
mechanical losses of the considered experimental device the harvester impedance is always

capacitive (showed ofrigure 2-22.% and thus the optimal inductandg, can always be
obtained.

2500
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Figure 2-24. Impedance matching of the experimental harvester structure with a pure resistive load. a)
Experimental and theoretical normalized out power, b) Theoretical and experimental optimal resistance.
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CHAPTER2 The power optimization by impedance matching

The results are plot ofrigure 2-25showing an overall good agreement with the
theoretical predictions. It is interesting to note that as expe€igdre 2-25.ashows that for

the optimal load, the output power appears to be constant as a function of the frequency for a
given acceleration. The experimental impedance matching was chosen to be entirely done with
passive components. However these components are not perfect and for example a strong
limitation was due to the fact that the inductances present a parasitic resistance. Hence the

frequency band of the experimental results presenteBlignre 2-25is limited to low Ry

resistors in order to avoid that the high parasitic resistance of the experimental inductors would

distort to much the effective load.
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Figure 2-25. Impedance matching of the experimental harvester structure with a R-L load. a)
Experimental and theoretical normalized out power, b) Theoretical and experimental optimal inductance, c)
Theoretical and experimental optimal resistance.
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2.4 Experimental validation

(C) High sensitivity of the impedance matching process to the passive component
dispersion
Passive impedance matching appears to be very difficult due to dispersion in the components
and to the large inaccuracy of these components due for example to the variations of the
apparent resistance or inductance with the frequency. This is particularly true for large
inductances wounded on a ferrite core. As expected parallel L-R matching is much sensitive
than pure resistance matching. Another situation is that the system parameters may varying
with temperature. If the parameters are changed, it seems however that no dramatic effects are
observed for pure resistive load.

In practice, it is impossible to make each of the value of load falls on the optimal
curve. The difference between real active value and the theoretical requiring value depends on
the circuit property, circuit limitation, available components for choosing, operation
temperature. Suppose the real value in circuit and the theoretical value has the difference
represents by a normal distribution, then we have,

X =N (u,0) (2.50)
Here X represents the real active value in circuit, 4 represents the theoretical valsésatne
standard deviation. The error ratio is used for standard deviation. For instance, the 30% error
between theoretical value and the real value will lead,
X =NV (u,30%L0L) (2.51)

Figure 2-26illustrates the sensitivity for resistance matchitigshows the normalized
output power as a function of the frequenEyg(re 2-26.h for a 30% standard deviation of the
optimal resistance load-{gure 2-26.3 Small variations are visible according to theenand

3.5
Theoretical 1 Theoretical
3 Estimated Estimated
2.5 o
g 3
g 2 N
5 ©
o 15 S
)
Z
1
0.5
0
0.95 1 1.05 1.1 0.95 1 1.05 1.1

0 0
(a) (b)

Figure 2-26. Sensitivity of the impedance matching to the optimal load for resistive optimal load: a)
30% standard deviation of the optimal resistance load, b) corresponding optimal output power.
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CHAPTER2 The power optimization by impedance matching
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Figure 2-27. Sensitivity of the impedance matching to the optimal load for parralel R-L load: a) 30%
standard deviation of the optimal resistance load, b) 10% standard deviation of the optimal inductance load, c)
corresponding output power dispersion and d) zoomed version of the plot shown in c)

0.2f

Theoretical |
Estimated

smooth curves obtained for this caseFogure 2-24

The low sensitivity to the resistance is still true in LR case, which means optimal load
(even with error of the resistance component) won't affect the power performance much.
However, the inductance does, even a small difference will cause obviously optimization
failure.

Figure 2-27illustrates this problem for LR optimal load. InighcaseFigure 2-27.c
andFigure 2-27.drepresent the output power variation with the fieopy for a 30% standard
deviation of the optimal resistance and only a 10% standard deviation of the inductance shown
on Figure 2-27.aand Figure 2-27.brespectively. The corresponding variations are huge
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2.5 Conclusion and future work
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Figure 2-28. Power sensitivity with 30% error of resistive load. (a) 5% error of inductor and (b)the
corresponding power output (c) 1% error of inductor and (d) the corresponding power output.

showing that the output power can be practically made constant only in a very narrow
frequency band.

Moreover, decreasing this error of inductor to 5Btg(ire 2-28 cannot improve the
power performance dramatically. Only when the deployed inductor is matched with the
theoretical prediction perfectly (i.e. 1% errorkigure 2-28, the harvested power can be held
for a limited wide bandwidth (0.95 to 1.05). The sensitivity of inductor (reactive component) is
the obstacle to achieve perfect power.

2.5 Conclusion and future work
A lumped parameter model for a SDOF piezoelectric energy harvester is derived from the
Mason equivalent circuit. This model is represented by an equivalent ciroglitré 2-20 same
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CHAPTER2 The power optimization by impedance matching

as BVD equivalent circuit, but all parameter are defined clearly. By using this model, the
impedance property of such electromechanical resonator can be assessed. Besides, the power
transferring process can be optimized by impedance matching theory. This power optimization
process is simple and easy to handle. The optimization results show that, short circuit
frequency and open circuit frequency play important role. For purely resistive load case, the
power can reach its maximum around the short circuit frequency and open circuit frequency.
When complex type load is used, the power transferring is only the function of input force and
viscous load. With the impedance matching analysis, the maximum power transferring is
obtained. The perfect impedance matching demonstrates that, for any kinds of energy
harvesting circuit, it cannot over the power limit achieved by optimal complex load. The
performance of the proposed approach was compared to a very sophisticated optimization
technique derived from the Karush-Kuhn-Tucker procedure.

The very good agreement with the results of this technique associated with the great
simplicity of the equivalent circuit approach makes the later an excellent choice for the power
optimization of any piezoelectric generator. This technique was then experimentally
implemented for a seismic harvester made with a piezoelectric buzzer. A simple technique of
identification of the equivalent circuit of the harvester was demonstrated. It was shown that
resistive optimal matching is very easy to implement with good precision and stability. Optimal
L-R impedance matching appeared to be much more difficult to implement. It was shown that
for the optimal load the output power can be made independent of the frequency for a given
input acceleration. Further investigation showed that the global performance is very sensitive
to the implemented load inductance.

Although applying complex optimal load to ensure the maximum and frequency-
independent power transferring is a tough task, it is still worthy to face this challenge due to its
promising power output level. One of the possible solutions is using the DC-DC converter to
equal the load to a resistor, meanwhile employing a self-tuned gyrator to simulate the required
reactance value (inductive or capacitive). Since the theoretical prediction by LCR system
identification is possible, a special circuit can be developed to predict the required optimal
value for such self-tuned gyrator. The difficulty is that such sophisticated technique need
power to be implemented and this power is usually lacking when consider energy harvesting.
These works have a long way to go. A similar tuning circuit based microcontroller has already
been proposed [91].

However, such difficulties in achieving optimization of the output power of any
piezoelectric generators justify therefore perfectly the development of alternative non-linear
techniques such as SSHI, S3H or SECE developed these last years that replace the needed
phase shift implemented by the inductance by a specific switching process of the harvester
voltage.
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CHAPTER3 Power optimization for SSHI network
31 Introduction

3.2 Piezoelectric harvester modeling
3.3 Network topology design
3.3.1 Circuit basic
3.3.2 Network topology design
(A) Standard
(B) Independent SSHI
(C) SSHIin parallel
(D) Mono SSHI
(E) SSHI in series
3.4 Power perfor mance comparison
3.4.1 Decay time (Energy harvesting process)
3.4.2 Power performance
3.4.3 Energy balance
3.4.4 Influence of the coupling coefficients
35 I mprovement for pulse operation
3.6 Bonding effect

3.7 Conclusion

3.1 Introduction

In general, piezoelectric energy harvester relies on the tuned excitation frequency. To extend
the bandwidth and increase the harvested power, the distributed piezoelectric energy harvester
is considered in this chapter. The distributed piezoelectric energy harvester is composed of
several independent harvesters who have their own resonance frequencies. The harvested
power is limited by the piezoelectric material’s size and the working frequency. By using such
distributed harvesters, each harvester unit can be placed in the regions of maximal strain of the
host structure. Moreover, the energy stored in different frequencies can be extracted due to the
multi-frequency character of distributed harvester. In this way, the global power harvesting
efficiency is augmented.
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CHAPTER3 Power optimization for SSHI network

Piezoelectric patch Piezoelectric patch
i

Vibration source @

Vibration source

. —Tuned structure
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Figure 3-1. The direct energy harvesting (a) and indirect energy harveting (b)

In terms of energy harvesting circuit, the critical task for distributed harvester is the connection
approach.How to connect these distributed units and the corresponding energy harvesting
circuits to achieve maximum power output?

Another problem considered in this chapter is the direct energy harvesting, which is
more suitable for distributed strain energy harvesting. Many of the piezoelectric energy
harvesters are indirect harvester, in the sense that the harvesting piezoelectric element is
bonded to an optimized resonator (usually a cantilever beam) that is attached on the vibrating
mechanical structure. The motion of the host structure then excites the resonator resulting in
energy harvesting. In direct energy harvesting, there is no additional resonator structure, the
piezoelectric element is directly attached to the host structure and is strained by and at the
structure vibration frequency [98]. A simple illustration of these two harvesting types is given
in Figure 3-1 On one hand, unlike indirect harvesting, theradsneed for resonator tuning or
adapted bandwidth requirement, since the energy is directly extracted at the structure vibration
frequency. On the other hand, it is difficult to get high piezoelectric coupling coefficients due
to size requirements and the natural damping of the structure is usually high. Therefore, in this
case, non-linear technique (such as SSHI) which has high power efficiency in weak coupling
condition is suitable for direct piezoelectric energy harvesting.

Therefore the SSHI network energy harvesting circuit is used to investigate the
distributed harvester. The distributed harvester will be placed on a multi modes structure. All
these research works are arranged as follo@sction 3.2will describe the state-space
modeling method for multi piezoelectric patches with multi modes:tion 3.3will discuss the
basic circuits used for such distributed harvester firstly. Then the design principle and
schematic for five different network energy harvesting topologies will be provided. With
Matlab/Simulink environment and Simscape toolbox, all the proposed circuit topologies will be
assessed thoroughly Bection 3.4 In the next section, a possible solution for wdstaergy in
pulse excitation will be proposed and discussedSéttion 3.6 the short circuit issue and
bonding layer parasitic capacitance, which exist uniquely in direct harvesting mode, will be
analyzed carefully. The recommend bonding layer thickness will also be provided. The
conclusion and outlook will be made in the firgaction 3.7
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3.2 Piezoelectric harvester modeling

3.2 Piezoelectric harvester modeling

The structure which has been used in this work as a matter of benchmark is a large steel plate,
60 cmwide, 40cm high and Immthick described in previous work [99] . This plate is clamped

on its four edges on a metallic frame. This plate is equipped with four piezoelectric elements
bonded along the clamped edges as depicted on Figure 3-2.

The structure motion will be considered in the low frequency band corresponding
essentially to flexure modes. These flexure modes are reasonably coupled with the four
piezoelectric elements. The piezoelectric elements arqi&0hick, made with a Navy Il PZT
(P189 from Saint-Gobain Quartz). The overall size of each patch ésniizr 4cm. As such a
large area is difficult to make in only one piece, it is segmented into 8 pieces, eatloryg
and 2cmwide.

A multimodal 'Mass-Spring-Damper’ model, based on the SDOF model proposed in
Chapter 1 is used to describe the whole structurég(re 3-3.0nly the first four modes are
considered. These modes have been selected because of their high coupling coefficient.
Considering airm mode system witm piezoelectric patches, the mechanical equations can be
written for each mode.

The governing equation af” mode anch™ piezoelectric patch are given Eguations
(3.1)(3.2) In this modelun, is the structure modal displacement of the modal rvaswhich is
motioned by the external excitation forée C,, and an are the viscous coefficient and the
short circuit stiffness of the structure respectively, is the force factor for piezoelectric patch
n on modem. The S, term is related to the location of the application of fofcdf applied in
the center of the plate, this term equals unity for each mode. The piezoelectric efement
generates an outgoing currdptand a voltag®/, across its blocked capacitanCe.

PZ2
P73 Piezoelectric generators
PZ1

PZ4: not used in this study

Figure 3-2. The metallic plate structure equipped with piezoelectric generators used in this study
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CHAPTER3 Power optimization for SSHI network
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Figure 3-3. Multimodal mass-spring-damper model of the smart structurenwitzoelectric elements

Ml + Col* KLU == a v+ B .F (3.1)
j=1
In:z:alknuk_COn\./n (32)
k=1

Using the governing equation above, building the system dynamic equilibrium
equation is possible. Considering a 4 modes structure with 4 piezoelectric pd&ghason
(3.3) gives the dynamic equations of this system.

M-

M1U1+Clul+ K1EU1:_ a']‘.\{+,31|:

J

1
N

™-

M., + C,u, + K§u2=— aa\{"'ﬂz':

1l
N

J

(3.3)

MU, + Gyl + KSu,==> ay, V + B, F

1= 71

M,d, + C,0, + KE u,=- a4j\{ +pB, F

]

State-space method is introduced to solve the above equations. Considering it is a

linear 4th order system in continuous time, an input variable (one force and four voltages) and

a state variable (four modal displacements and four modal velocities) are chosen. The output

variable consists of the modal displacements and velocities. The state-space system

summarized by¥quation (3.4) describes the whole structure vibration,
dX=A X+ BU
{ Y=C., X+ DU

I,
oy

(3.4)
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3.2 Piezoelectric harvester modeling

Where,

_ |4 04y4 O4y4 |4 B _ |4 04,4 04,4 04,4
As= 0,, inv(M) EE—KE —C} *10,, inv(M) EEﬁ —0}

C. = |8’ DSS=O&5.

ss

(3.5)

. . . . T
X=u b, b u yuu'y, ECFYYYY,
_ . . . LT
Y=[u u 4w u Yy y yy
M, C, andKE are the positive diagonal 4x4 matricek, andlg are the 4x4 and 8x8 identity
matrix respectively0, , andQOg s are zero matrices with a 4x4 and 8x5 size respectively.

Table 3-1lists the various parameters used in the simulatiohhey have been
identified by a proper set of measurements on the structure[99]. The dynamic mass is taken as
unity. The short-circuit stiffnes® is derived from the measurement of the short-circuit
resonance frequencies. The viscous coefficient is derived from the mechanical quality factor
Qu of each resonance obtained with the 3 dB method. The piezoelectric force dggctme
related to the electromechanical coupling coefficid@saccording toEquation (3.6) In this
equation that has to be considered for each mides the modal open circuit stiffness of the
structure. The coupling coefficiektis also related to the mechanical resonance frequencies in
short circuitwe and in open-circuitop respectively.

DG Tl . Sl S (3.6)
ot KP K°C,

Equation (3.6) is considered for each mode and each piezoeleslgiment. The mode
m short circuit resonance frequen@y¥n,is obtained when all the elements are short-circuited;
the corresponding open circuit resonance frequengy,is measured with all the elements in
short-circuit except tha™ piezoelectric element. The blocked capacita@ggis measured with
a network analyzer, out of resonance, usually in high frequency (@. 10KHz)

In the simulation only the first three piezoelectric elements will be considered as part
of the network. The fourth one will be used for voltage monitoring and is always considered in
open-circuit condition. The simulations considered in this work are done with a pulse type
excitation. The input force used is a 2§ 0.88mJ pulse signal which applied in the geometric
center of the plate.

The simulations are made in the Matlab/Simulink environment. The piezoelements,
the network and SSHI interfaces are modelled by the Simscape toolbo&seerdix C & D
for detail). With the Simscape toolbox, a piezodlecpatch is modeled by a controlled current
source in parallel with the blocked capacitafizgéas discussed i@hapter ).
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CHAPTER3

Table 3-1. Smart structure numerical data used in the simulation

Power optimization for SSHI network

Mode 1 Mode 2 Mode 3 Mode 4
Frequency(Hz) 96 175 204 228
Dynamic mass(kg) 1 1 1 1
stiffness K= (10°N/m)  0.3609 1.1832 1.6075 2.0257
Force factomom, 011=0.0079 021=0 031=0.0314 041=0.0079
01,=0.0101 02,=0 03,=0.0292 04,=0.0079
015=0 075=0.0372 035=0 045=0.0079
014=0 024=0.0276 034=0 04,=0.0079
Mechanical qualityfactor
90 90 170 250
Qm
Electromechanical k1,=6.43 k»1=0 ks1=11.96 k41=7.64
coupling coefficientk(%) k;,=6.29 k,,=0 k;,=8.54 k42=3.82
ki5=0 ko=11.42 kss=0 k,5=6.38
ki4=0 ko4=9.1 ks4=0 ks4=3.95
Viscous coefficient,, 6.7021 12.2173 7.5398 5.7303
(N s/m)
PZ1 Pz 2 Pz 3 PZ 4
Blocked capacitance
42 71 88 76

Con(nNF)
According toEquation (3.2) the current source intensity, is related to the modal
velocities by,

lsnzzakrpk (37)
k=1

3.3 Network topology design
The network contains multiple harvesting interfaces. These basic harvesting interfaces will be
explained firstly. The network topology designing principle will be illustrated subsequently.

3.3.1 Circuit basic

The basic interface circuits used here are Standard circuit and SSHI chviguite 3-4. Both

of them are built by a full-wave diode bridge. The rectified voltage is used to charge the
storage capacitoCr directly. The standard circuit here is used for the comparison baseline. In
SSHI circuit interface, the piezoelectric element is shunted with a switchable inductor. By
operating the series switch on each piezoelectric voltage extremum, the inductor will be
connected to circuit for a short tim#t, results in an oscillation discharge of the blocked
capacitance of the piezoelectric element which leads to a brief inversion of the capacitance
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3.3 Network topology design

(b)

Figure 3-4. Basic energy harvesting circuit (a) Standard circuit (b) SSHI circuit

voltage. Repetition of this process will obtain a magnified voltage in phase with vibration
speed thus generating improved electromechanical conversion and energy harvesting power
efficiency.
The "SSHI Technique” used in this work is actually the p-SSHI consisting in adding a
switching network in parallel with the piezoelectric element and comprisingé hductance
in series with an ideal switch. The switch is driven in such a way to be switched-on at each
voltage extremum. This initiates an oscillating discharge of the blocked capacitance in the
inverting inductor. The switch on-timAt corresponds exactly to half an oscillation period
(At:ﬂm), thus resulting in an inversion of the voltage. This can be obtained by either
controlling precisely this inversion time, or more practically by adding a diode in series with
the switch in order to stop the oscillation when the current changes sign. In this case, two
switching networks in parallel are necessary, one for positive voltage, the other for negative
voltage. Finally the voltage inversion is not perfect since there are losses in the inverting
network. These losses are modelled by a non-perfect voltage inversion defined by a coefficient
y set in our case to 0.75.
The secret of high electromechanical conversion ratio is the inversion process. In fact,
SSHI circuit is a RLC oscillation circuit when the switch closes. To give insight of SSHI
circuit, especially the voltage respon¥e in inversion process, several simplification and
hypothesis are given. The piezoelectric element is modelled as a controlled currentlsource
shunted with the blocked capacit@s. The successor circuit is modelled as the purely resistive
load Rc. The switchable inductor here is modelled as an ideal switch, an inductmd a
purely resistiveRi (represents the losses of inductor) in series. Assume that the current source
is de-coupled with load (ak&onstant Displacement Based on this preparation work, the
target SSHI circuit is illustrated iRigure 3-5
Assuming the displacemebiltis given as,
U =U  cosmt (3.8)
Then the current sourde s,
I =aU =-aU @ sinwt (3.9)
With Kirchhoff's circuit laws, when the switch is closed, we have,
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Figure 3-5. The SSHI circuit topology in detail

dav. .. . %
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a ° R (3.10)
= %+R
¢~ h gt L
Obtain,
s o dVe_ L _ _R
Vo=l gt LG e T e T RL-RG Y- Y (3.11)
That is,
dVe (L Ry 9
LG +[R:+Rco]d\é+[l+RC]\é- o+ R (3.12)

Equation (3.12) is a classical second order linear nonhomogeneous differential equation; the
solution is given as,

m

4 1 .
V, = e[ZPCC‘J T(“-Jt (C,cosBt+C, sinBt)

(3.13)
al,, a, .
+(—ﬁj[(%p$— R-A)cosayt+(w, ;A + RZ)sinay ]

Where,
2
4C, L, [1+R]-['ﬂ+ c, R]
e R) \R
aco Ly ’
— Li
ﬂ_[€+C°ij°’ (3.14)
%= 5 +1-G, lﬂwcz)
Re
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3.3 Network topology design

C, and C; are the constant determined by boundary conditiég@shere is the RLC circuit
electrical quality factor. As we discussed Ginapter] quality factorQ is the ratio of stored
energy (represented by induclg) to dissipated energy (represented by resiRfpr

ST 3.15
Qe “r (3.15)

FromEquation (3.13)we can find that, the voltage response has thriéerdint states.
2
=  When 4C,L (1+%]<(%+CORJ , the voltageVc cannot oscillate. It's
called nonoscillatory motion state.
2
= When4C,L [l+%J:[%+CORj , the voltageVc just cannot oscillate. It's
called critically damped motion state.
2
= When 4COL{1+%J>(%+CORJ , the voltageVc can oscillate. It's called

oscillatory motion state.

It is obvious that, the SSHI circuit should satisfy the oscillatory motion state. For a
given SSHI circuit, the state is only determinedRxy Generally speaking, thec should be
large enough to avoid the nonoscillatory region. On the other hand, the optimal load for SSHI
is always larger than 1eOhm which makes it in oscillatory motion state. Nevertheless, we
should notice that SSHI circuit cannot work with Id®c case due to its inversion failure
(Figure 3-6.

o S

time time

(a) (b)
Figure 3-6. The inperfect switch and perfect switch in SSHIR@JLe* Ohm. (b)Re=1€ Ohm
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CHAPTER3 Power optimization for SSHI network

Equation (3.14) denotes the oscillation angular frequency is,

R)_(L 2
1C,L | 1+ — |-| =+ C
_ °“(+ch [Rf °R]

w= 3.16
ac?? (3.16)
WhenRcis large enough, it is simplified to,
2
— 4C0Li Z(SOR) (3_]_7)
4G, L
Considering block capacitance is in nF sca€,L, > (C,R)’ thus,
1
w= (3.18)
Coly

Therefore, the switch on-time is half period,

At = 1C, L, (3.19)

From Equation (3.13), we can find the inversion fagtawhich represents the ratio of
voltage after inversion to voltage before inversion(half period),

_ ’(zéqﬁ%}% - 7[@1&%]
y=e =e (3.20)
It could be simplified to,
y= 1) (3.21)
It is worth to note that, the switch on-time calculation Equation (3.19) is only suitable

for largeRc case. In other cases, the switch on-time calculation should follow Equation (3.16)
to avoid inversion failureHigure 3-6.

3.3.2 Network topology design

Five different circuit topologies for multiple piezoelectric patches are presented in this
subsection. All of them are based either on the Standard Technique (Figuag \8hich
includes a rectifier bridge and a storage capacitor, or on the SSHI Technique (Figbye 3-4

(A) Standard

The baseline used for comparisonStendard Network (topology A, Figure 3-7.3 which is

based on standard technique. In this configuration, three harvesters are organized in parallel
with a common storage capacitor. The three piezoelectric elements will charge the common
storage capacitor simultaneously.
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Figure 3-7. Different network topologies for distribtued piezoelectric energy harvester: (a) A. Standard
Network (b) B. Independent SSHI Network (c) C. SSHI in Parallel Network (d) D. Mono-SSHI Network (e) E.
SSHI in Series Network.

(B) Independent SSHI

The so-called Independent SSHI Network (topology B, Figure 3-7.h is the most
straightforward one. It is not really a network since 3 independent harvesters optimized with
SSHI circuit are considered. They are totally independent sources. The drawback of this
configuration is that the sources are separate. It is the objective of this work to verify that if
these independent harvesters can be connected together on a unique harvesting capacitance or
load without affecting too much the harvested energy.

(C) SSHI in parallel
An enhanced version of Standard Network is 88Hl Network in Parallel (topology C,
Figure 3-7.3, with 3 additional non-linear circuits before eadionde bridges. Similar to the
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CHAPTER3 Power optimization for SSHI network

Standard Network, the voltage generated by the bridge cannot cBamjeectly. There is a
competition among the three generation patches. The storage capacitor is charged by the
harvesters producing an instantaneous output voltage higher Whanotherwise the
corresponding bridge is blocked. In other wordg,is mainly determined by the most powerful
harvester.

(D) Mono SSHI

Only one SSHI circuit is used in tiono-SSHI Network (topology D,Figure 3-7.9. In this
network configuration, all the piezoelectric patches are wired in parallel. This structure is
simplified by the using of only one SSHI circuit. However the piezoelectric voltage waveform
is more complex due to all the patches and vibration modes contributions.

(E) SSHI in series

Instead of adding the generated currents such as in topology C, it could be interesting to sum
up the output voltages in order to generate a higher output voltageSSHhle Network in

Series (topology E,Figure 3-7.% is designed by connecting the output capacitaméete 3
harvesters in series. Each piezoelement energy extraction is optimized with a parallel SSHI
network. The total output voltage capacitor consists of the series association of the 3 output
capacitances. This topology has the independent character of Topology B, but results in a
unigue high output voltage source. Moreover, in order to respect the equality of charge of the 3
output capacitances, charge redistribution takes place within the output arrangement resulting
in a slight output voltages increase of the less powerful harvesting unit.

3.4 Power performance comparison

3.4.1 Decay time (Energy harvesting process)

In the case of pulse excitation mode, the amplitude of the structure displacement is
continuously decreasing due to damping and energy extraction. The typical waveforms of the 4
modal displacements are shown Bigure 3-8.alt is clearly that the kinetic energy stored in
mode 1 is slower (frequency) than higher order mode. For each case, the initial maximum
amplitudes of the 4 modes are around 0.0d 0.018 mm 0.0016 mm and 0.0014mm
respectively. If the displacement decay is quick, a larger part of the initial mechanical energy
can be transformed into electrical energy via the piezoelectric harvesters. The reference decay
time is defined as the time needed to decrease the displacement down to 10% of the initial
amplitude. As the mechanical damping coefficient is the same in all the cases, a comparison of
these decay times shown Bfgure 3-8.his a good image of the harvesting capabilitiesalh

be observed globally that, the mode 1 decay time is the longest while the mode 4 one is shortest,
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Figure 3-8. Damping of the structure: (a) The 4 modal displacement waveforms for topology C (b)
Decay time comparison.

except in topology A. This is mainly a consequence of the SSHI device. Due to the complex

nature of the voltage waveform and as the switch is triggered on each voltage extremum, SSHI
firstly improves harvesting on the highest frequency modes, then when the amplitude of these
modes have decreased significantly, extraction and the corresponding damping affect the lower
one. All the SSHI based topologies (B, C, D and E) present better harvesting capabilities with

much quicker decay times than the standard based topology A.

A significant difference can also be observed Figure 3-9 It represents for the
various topologies the 3 harvesting piezoelement voltage waveforms, as well as the output
voltageV, (dashed line) as a function of the time. The complexity of the multimodal waveform
is clearly seen for the topology A. In the other cases, switching is visible, initially triggered
principally on the higher modes extremum, then on the lower modes at the end of the pulse.
When a current flows from the bridges, the piezoelectric element voltages are flattened by the
voltage V.. imposed by the output capacitance. Due to the diodes threshold (2 x 0.6V), the
voltage appears to be a little lower than the piezoelectric voltages. It is clear frdfigtine
3-9 switching patterns that in topologies B, C and &, ¢mergy is extracted from all the modes
and particularly also from mode 1. It is coherent with the decay times showiyore 3-8.b

In the case of topology D, all the patches are cotatetogether, thus resulting in a
global voltage common to the 3 piezoelectric elements. This voltage is built with the
contributions of the 1,, terms given onTable 3-1and of the four considered vibration
modes. The consequence is a lot of local extreme and a resulting complex switching pattern
that degrades the benefit of the SSHI network on the global extracted energy. In fact, when
only one piezoelement is considered, the voltage generated is an image of its own strain.
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Figure 3-9. Voltage waveform of the 3 harvesting piezoelectric elements. Solid line represents the
piezovoltage, dashed line represents the harvested voltage on storage the capacitor
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Figure 3-10. Harvested energy versus the capacit@nck. Standard Network. B. Independent SSHI
Network. C. SSHI Network in Parallel. D. Mono-SSHI Network. E. SSHI Network in Series.

Therefore, as the switching is synchronized with its own generated voltage, it is properly
synchronous with the strain and it results in higher extracted energy. This natural
correspondence is lost in the last case. Switching on the highest modes appears to be effective
but the system is unable to extract energy on mode 1 as it is visillgomre 3-8.b

In the case of topology E, in addition to tfig voltage waveform plot on the lowest
graph, dotted line curves materialize the voltages on the 3 output capacitances that are
connected in parallel.

3.4.2 Power performance

The simulations are made essentially in pulse mode. The input energy of the pulse is nearly
constant for all the considered and is equal to m88For each topology, the structure modal
displacements, piezoelement voltages and output capacitance voltages are calculated. The
various topologies are compared in terms of total extracted energy which is the energy on the
output capacitance when all the energy in the structure vanished. No load is connected on the
output capacitance during this process. It is known that in this mode[50] the output energy is
dependent on the output capacitance. Therefore for each topology, this optimal capacitance is
defined as shown oRigure 3-10showing the variation of the final harvested energysusC,.
The results presented and discussed in the next sections are obtained exclusively with the
optimal capacitance.

The various topologies will also be compared in terms of damping (modal
displacement decay). Due to the inherent viscous losses that degrade the initial mechanical
energy within the structure, the energy extraction process has to be as quick and efficient as

Yang LI
Ecole doctorale EEA de Lyon / 2014
Institut national des sciences appliquées de Lyon

83

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés



CHAPTER3 Power optimization for SSHI network

possible in order to avoid losing the finite initial mechanical energy during the structure
ringing.

3.4.3 Energy balance

The total energy in the structugz comprises kinetic energy, elastic potential energy and
electrostatic energy stored in piezoelectric element blocked capacitances. These energies can
be calculated according to the modal model of the structure as,

N P B
Ex==) Kfu +>) MIF+>> G, ¥ (3.22)
2j:l 2]':1 2k:1

A part of this energy is lost as viscous losses in the structure and the last part is
extracted via the energy harvesting process and contributes to the energy stored in the output
capacitanceC,. Note that a part of the energy is also lost in the inverting SSHI network
according to the inversion coefficient mentioned previously. For topologies A, C and D, the
harvested energlyy is given by:

r 'cc

E, :%C V2 (3.23)

In the case of topology B, as there are multiple output capacitaBges C;, = C.3),
the harvested energy is expressed as:
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Figure 3-11. Mechanical and harvested energy variations during the pulse (the values are normalized
according to the initial pulse energy: 0.88 (a) Standard Network (b) SSHI based networks.
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T ccj

3
E, :%2(: 2 (3.24)
j=1

In the case of topology E, due to the series connection of 3 identical capacitances (
= C;; = Ci3 = C), the harvested enerdy, is calculated by,

0 =5(C0Ga Gl e = GV (3.25)

Figure 3-1lillustrates the energy decay in the structure ame torresponding
harvested energy increase for the various considered cases. The energies are normalized
according to the pulse energy which is initially converted only into mechanical energy. Due to
the competition with the mechanical losses, which represents the difference between the
harvested energy upward slope and the mechanical energy downward one, the more effective is
the energy extraction performance, the shorter would be the harvesting energy process and the
higher would be the total harvested energy. According to this representation, the C and E
harvester networks extract the same energy as the 3 harvesters of topology B, while the D
configuration extracted energy is 30% lower. The best total energy conversion efficiency is
approximately 40%. These results show the feasibility of associating a network of harvester
either in series or in parallel while using p-SSHI. Moreover, it shows that it is necessary to
have one SSHI network per piezoelectric element.

3.4.4 Influence of the coupling coefficients
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Figure 3-12. Total harvested electrical energy versus the square of the coupling multiplication factor.

Each simulations are obtained with the optimal output capacitance A. Standard Network. B. Independent SSHI

Network. C. SSHI Network in Parallel. D. Mono-SSHI Network. E. SSHI Network in Series: (a) Harvested energy
(b) Normalized harvested energy.
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CHAPTER3 Power optimization for SSHI network

The globally low harvesting efficiency obtained is a consequence of the low piezoelectric
coupling coefficients of the total structure. Note that, as direct energy harvesting is considered,
the efficiency is calculated according to the global vibration energy of the structure. Now, it is
known that the total harvested energy and the corresponding global efficiency is directly a
function of thek’Qy figure of merit, it is therefore interesting to visualize the influence of the
coupling coefficients for the various networks considered here. Since a multi-modal vibration
model with many piezoelectric elements is considered, the variation of particular coupling
coefficients is not trivial. It is therefore chosen to artificially change the entire coefficients
simultaneously according to a unique multiplication factolying between 0.3 and 1.4. Then

the modified coupling factor is expressed as,

Keodiiea = 07K (3.26)

The corresponding extracted energy simulations are showirigme 3-12as a
function of #°. Figure 3-12.ashows the extracted energy whilégure 3-12.bshows the
energies normalized according to the energy extracted by the baseline topology A.

It is shown that especially for weak coupling conditions, the B, C and E topologies,
benefiting from the p-SSHI network, are especially advantageous. For a unique piezoelectric
element with parallel SSHI, the extracted energy ratio with the standard case is given for very
low coupling coefficient as a function of the inversion coefficiebty[62]:

R (3.27)

Considering thay=0.75 in the present studPssy is around 8 times larger thdy o
It is interesting to note that, at weak coupling condition, the SSHI based network topologies
could also reach 6.5 to 9 times the energy harvested by topoldgguké 3-12.

Pssni =

3.5 Improvement for pulse operation

During one pulse operation, the energy stored in higher modes is harvested firstly, and then the
energy stored in lower modes is scavenged from the vibration plate. The capacitor will only be
charged when the charging voltage is higher than the capacitor voltage. Due to this capacitor
charging limitation, once the storage capacitor is charged strongly by the high vibration modes,
most of the energy stored in lower modes is waskegu¢e 3-9. Although the energy stored in

lower modes are scavenged by SSHI technique, the energy transferring is blocked by the full-
wave bridge. The charging process is aborted until the energy in storage capacitor is decreased.
This are two way to decrease the energy of storage capacitor, driving other devices and use
another capacitor as replacement. Here, the latter solution is chosen and the object of this part
is to discuss the harvested energy.
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3.5 Improvement for pulse operation

The block action of the bridge will be cancelled when the second empty capacitor is
switched. Thus we replace the storage capacitor with a capacitor charging group. This capacitor
charging group consists of two capacitors in parallel and one switch. The switch connects with
one capacitor firstly, and then after a delay time t, the switch is set to connect with another
capacitor. Therefore, once the first capaci®y is charged fully, the second capacit®s is
available for continuous charging. The switch command is driven by a delay unit. The delay
unit will be triggered as long as the pulse vibration occurs.

With this new strategy Higure 3-13, the harvested voltage in storage capacitor
increased allowing the increment of harvested energy. This storage capacitor array could be
used to enhance these network topologies. For instance, set the delay time as 0.1S, storage
capacitor as 10 uF for both; andC,,, the harvested energy of enhanced topology C is around
0.45mJ while it is only 0.30 mJ for normal topology C with 10 uF storage capacitor. In other
words, this storage capacitor array can improve the harvested energy byrEife 3-14
provides a global comparison of such storage capaaitray to mono storage capacitor used in
normal approach. On the optimal storage capacitor, with the improvement of storage capacitor
portion, the enhanced topology C can store 46% more energy than normal topology C dose.
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Figure 3-13. The enhanced storage capacitor for pulse operation (a) the circuit (b) the harvested voltage
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Figure 3-14. Harvested eenrgy compasition of enhanced storage capacitor and normal storage capacitor.
Topolocy C is used, pulse excitaiton. The value of capacitors in enhanced version are identical

3.6 Bonding effect

If the considered host structure is made with an insulating material such as GFRP(Glass Fiber
Reinforced Polymer) or glass, it is clear that the piezoelectric electrode potentials are totally
floating, therefore the various piezoelectric harvesters can be wired without trouble according
to the various topologies ofigure 3-7.Inversely, if the structure is made with steel or
aluminum as it is often the case, precautions have to be taken.

Indeed, a contact between the piezoelectric element electrodes and the structure would
short circuit part of the harvesting rectifier bridges and would modify the global topology of
the network resulting in degraded energy harvesting. In this case, it is therefore compulsory to
insulate the bottom electrode of each piezoelectric element. This insulation is simply obtained
with a thick enough bonding layer usually obtained with epoxy material used for bonding the
piezoelectric element to the structure.

piezoelectric patch

bonding layer |

g Load Z
PZT
— Cb(bonding layer)
= GND (plate)
(a) (b)

Figure 3-15. Definition of the insulating bonding layer: (a) schematic of,ttteak bonding layer; (b)
Corresponding electric capacitancg C
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Figure 3-16. Parasitic capacitance effect on thevast harvesting performance with perfect coupling:
(a) Location of the bonding parasitic capacitances within the E network. (b) Harvested voltage as a fu@tion of

In order to study the effect of this insulating layer, the parasitic capacit@pnce
resulting from the insulating bonding layer between the bottom electrode of the piezoelectric
element and the surface of the host structure is considered as illustraféguom 3-15 As a
general capacitance parameter definition, this paraSijtis given by,

c, = £8P (3.28)
tb
where t, is the bonding layer thicknes#\ is the electrode areap and ¢, are the vacuum
permittivity and relative permittivity, respectively.

Figure 3-16.dllustrates how this capacitance has to be takeacgount in the electric
network. Whert, is low, the capacitancg, appears to be very high, thus approaching to short
circuit condition, and therefore all the piezoelectric elements bottom electrodes are connected
to the metallic structure common ground. Inversely whgrns large, this capacitanc€,
decreases, establishing floating potentials for all the piezoelectric elements. In the case of
topology E, the performance of the energy harvesting network has been simulated versus the
value of the parasitic capacitan€g. The simulation results are summarizedrogure 3-16.b.

For low value ofC,, corresponding to floating ground conditions, the harvested energy is
similar to what has been presented in previous sections. For high valGg tiie short-
circuited diodes bridges do not work adequately and there is a drastic decrease of the harvested
energy. The threshold is approximately 2B, corresponding to a 1dm bonding thickness in

the case of a classical epoxy (physical parameters listddibie 3-7.

From these results, it appears that the higher is the bonding layer thickness, the better
the harvesting network performs. Now it is known that a too thick and soft bonding layer would
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CHAPTER3 Power optimization for SSHI network

Piezo Piezo

Bonding Layer Bonding Layer

(a) (b)
Figure 3-17. The thickness affects the bending efpelectric element (a) ideal bending (b) bonding
layer is too thick
also result in the degradation of the piezoelectric bendiigu(e 3-17. Consequently, there
should be an optimat,. It would result from a trade-off between a layer thick enough to ensure
floating ground conditions and the validity of the considered network topology, and thin
enough to do not degrade the fundamental piezoelectric coupling.

In order to approach this trade-off the variation of the coupling with the bonding layer
thickness has been considered. As defined previously in the case of a bimorph actuator, when a
finite stiffness bonding layer with shear modulug @d thicknessy, is included between the
structure and actuator, there is imperfect actuation due to shear lag in the bonding layer and the
ideal curvatureg, that would be obtained for perfect bonding decreases and becomes a function
of the bonding layer characteristics[100, 101]. According to reference[101], the curxatire
related to the shear lag parametes follows:

szo(l—%tan( )j (3.29)

Whererl" is a function of the piezoelectric actuator Young modiy<hicknessg, and

| rzl%p)(%j(dﬂl/j
(t%) Y

Table 3-2. Direct piezoelectric harvester deploying parameters

(3.30)

Material Parameter Symbol(Unit) Numerical value
) Thickness tm(mm) 1.0
Metallic plate(steel)
Young modulus Em(GPa) 210
Thickness tp(mm) 0.6
Piezoelectric Young modulus Ep 80
layer(PZT P189) Relative permittivity €p 1250
Length [((mm) 20
i Shear modulus GPa) 2.4
Bonding layer . o
Relative permittivity € 3.5
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3.7 Conclusion

The geometric constant is set to 6 for bending[101}s is the relative stiffness
parameter, it is defined as a function of the piezoelectric layer stiffness and thickness as well as

a function of the metallic structure stiffnelSg and thickness,, as:
w =% (3.31)
pp

Finally the piezoelectric force coefficiemt,, which are proportional to the flexure
induced strain are proportional to the curvature, hence they vary accordfigu® 3-18.a
showing the variation of the normalized curvatukgxf) as the function of the bonding layer
thicknesst,. The data indicates that weakly depends oty whent, is smaller than 10@um
These calculations have been made according to the data gathérenddr3-2 The considered
bonding layer material is epoxy. The length of the piezoelectric actuator ismi20
corresponding to the smallest length of the segmented configuration describection 3.2

Exploiting the piezoelectric force coefficient variation shown Kigure 3-18.aand
considering that the overall harvested voltage is proportional to the voltage coefficients, it is
possible to derive the output harvester network voltage as a function of the bonding layer
thickness. This is done dfigure 3-18.baccording to the definition of the parasitic capacce
given by Equation(3.28) This last figure shows the variation of the hatedsvoltage as a
function of the bonding layer thickness. This shows that the aforementioned trade-off can be
reached for a perfectly feasible and controllable bonding layer thickness leading to a maximal
piezoelectric harvesting network output voltage. It shows that for a thickness between 0.001
mm~ 1 mm the harvested voltage drop is still moderate. The optimal bonding ranges between
10 to 40um level where a small enough capacitance allows an isolation sufficient for the
network and without any strong degradation of the piezoelectric coupling coefficients.

3.7 Conclusion

This chapter investigates the feasibility of the association of distributed piezoelectric energy
harvesters in order to form a unique source of energy in the case of a planar structure excited in
pulse mode. It is the direct energy harvesting harvester which the piezoelectric elements are
bonded directly on the vibration source. The considered harvesting circuits are standard
technique and SSHI technique. Then they are arranged with multi piezoelectric elements in
various forms to develop five different network topologies. These network topologies are
standard network, independent SSHI network, SSHI in parallel network, Mono-SSHI network
and SSHI in series network.

Firstly, all the five topologies have been compared in terms of structure damping,
harvested voltage and energy. It is shown that associating in parallel or in series different
harvesting units, each comprising a piezoelectric element, a parallel SSHI network and a
rectifier diode bridge, do not change significantly the harvested power in comparison with
usual separate harvesters. It is however compulsory, in the case of a complex vibration pattern,
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Figure 3-18. Bonding Layer thickness influence on the harvester performance: (a) The piezoelectric
force coefficient vs. the bonding layer thickness (normalized) (b) Overall harvested voltage.

to add as many SSHI network as piezoelectric elements used. Considering the practical
applications, when higher output voltage is required, SSHI in series network is a good
candidate. If higher current is preferred, SSHI in parallel network is preferable. Despite its
simplicity, using a unique SSHI network in parallel with an association of piezoelectric
elements will degrade the harvesting capability. Indeed, it is similar to the random vibration
case. Low frequency switch operation cannot extract sufficient energy while higher frequency
switch operation will degrade the efficiency due to the losses in the switch components (switch
and inductor). In this case, the tradeoff of frequency of switch for such non-linear technique
should be considered [102].

Then, a storage capacitor array mechanism is proposed to decrease the waste of
extracted energy. It's a common issue that the extracted energy will be discarded when the
capacitor is charged fully, in pulse excitation case. A storage capacitor array, consisting of two
or more capacitors and delayed switch is used to increase the energy harvesting efficiency.
Once the first capacitor is fully charged, it will disconnect from the harvesting circuit. At the
same time, the second capacitor will be placed in the circuit to have continuously harvesting.
The delay time is related to the pulse excitation amplitude and the character of energy harvester.
Referring the voltage waveform in this chapter, the delay time could be 0.1 for SSHI network
in parallel topology.

Then the problem of the electric insulation of the elements of the network in the case
of a metallic conductive structure has been considered, and especially the influence of the
thickness of the insulating bonding layer between the planar piezoelectric element and the
structure. This layer is compulsory to ensure a proper energy harvesting, but in the same time,
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3.7 Conclusion

it degrades the piezoelectric element coupling coefficient. A very realistic 10 fomd@ick
bonding layer is shown as a good trade-off ensuring both electrical integrity of the network and
high energy extraction level.

All results demonstrate the possibility to build direct piezoelectric energy harvesting
networks useful in the case of large bodies or shells where the harvesting piezoelectric
elements are distributed all over the structure in the regions of maximum strain. Moreover,
such distributed energy harvesters can also be used for multi-frequencies energy harvesting.

The discussion of topology design provides the reference for energy harvesting toward wide
bandwidth.
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CHAPTER4 Synchronized Serial switch for piezoelectric energy
harvesting
4.1 Motivation

4.2 Energy harvesting modelling
4.2.1 Piezogenerator electro-mechanical model
4.2.2 Analytical model development: Constant displacement
(A) Standard circuit
(B) S3H circuit
4.2.3 Analytical model development: Constant force
(A) Standard circuit
(B) S3H circuit
4.3 Circuit performance discussion
4.3.1 Duty cycle
(A) Constant displacement
(B) Constant Force
4.3.2 Electromechanical coupling effect
4.4 Experimental validation
4.4.1 Set-up
4.4.2 Mono-mode case study
4.4.3 Multi-mode case study
4.5 S3H working in pulsed mode

4.6 Combination with Buck-boost circuit
4.7 Conclusion
4.1 Motivation

The operation condition for a piezoelectric energy harvester is dynamic and complex. The
convention of energy harvesting circuit relies on load matching as it was discusSledpirer 2

The coupling coefficient of such electromechanical system can be improved by fine structure
design or adaptive energy harvesting circuit (i.e. SSHI circuit). However, the system sensitivity
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Figure 4-2. Two energy harvsting circuits (a) Standard circuit (b) S3H circuit

to the load is also increased with the increasing of the energy harvesting ability. For any
matched load driven system, the load shifting degrades strongly the harvested émngugy (
4-1).

The advanced circuit (i.e. SSHI) is strongly dependent on the load impedance. In
order to improve the load bandwidth (as well as the extraction frequency bandwidth) and to
obtain independence to the load, an alternative technique called SECE has been developed. The
corresponding topology is very similar to the well-known buck boost chopper as show on
Figure 4-3 Following this process, the switch is triggeredeath time the voltage reaches an
extremum. According to the voltage imposed by the rectifier, the diode is blocked and the
electrostatic energy initially within the blocked capacitance of the piezogenerator is transferred
to the inductance by an increase of the ongoing current. When this current is max and that the
piezoelectric element is completely discharged, the switch is opened and therefore, in order to
ensure continuity of the inductance current, the diode switches on and the magnetic energy in
the inductor is finally transferred to the load. Due to a characteristic transfer time much smaller
than the vibration period, the resulting voltage on the piezoelement is very similar to the SSDS
damping technique voltage. It is amplified and time shifted compared to the standard technique
resulting in improved energy extraction. However, the 200% improvement achieved is much
smaller than the SSHI performance. The main advantage results from a total independence of
the extracted power to the load due to the pulsed character of the oscillating charge peyiod (LC
circuit). Now best performance relies on a precise time of the switch on-time to exactly one
guarter of the oscillation period. Moreover, as this oscillation frequency is dependent on the

Yang LI
Ecole doctorale EEA de Lyon / 2014
Institut national des sciences appliquées de Lyon

96

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés



4.2 Energy harvesting modelling

[ S—
Rigid Mass o s Standard _[>|_ Load
1™ gl

SSHI g ™ Load
1 c o Piezoelctric + < \ I]
' S ling
oI UTE
Ot

|
17 = SECE = Load
Damper \ oa
Sprin / Vpz
o—1

L = o

N

Figure 4-3 The MDS modeling method

piezoelement capacitance which could present variations with the temperature or the stress,
adjustable tuning has to be implemented.

The objective of the technique proposed here is to develop a circuit interface with the
same power extraction capability as SECE with a comparable independence to the load, but
without any need for fine tuning of the switch on-time. The proposed topology schematically
depicted onFigure 4-2.bis called Synchronized Serial Switch HarvestingH¥B®ecause it is
simply implemented with a simple switch in series between the bridge rectifier and the load.
This switch is triggered-on at each voltage extremum (or displacement extremum) and remains
closed for an imposed and arbitrary on-titgpeno larger than half the oscillation period. As for
SECE, the extracted power is pulsed and therefore independent to the vibration frequency and
consequently to the load.

This chapter is organized as follows. The analytical development based on electrical
differential equations will be given ifiection 4.2 Based on this analytical model obtained in
previous section, the circuit property will be investigated and compared with STD technique in
Section 4.3 Section 4.4will validate the analysis by a precise set of ekpents. Both the
mono-mode and multi-mode sinusoidal excitations will be considéredtion 4.5will validate
the feasibility of direct charging capacitor by S3H. A short investigation of buck-boost
combination will be discussed Bection 4.6 The conclusion will be made Bection 4.7

4.2 Energy harvesting modelling

4.2.1 Piezogenerator electro-mechanical model

The considered piezogenerator is a simple vibrating structure, such as a plate of a cantilever
beam, equipped with a piezoelectric plate bonded usually close to the attachment. This
structure can be either a resonator designed to be excited by the vibration of the host structure
(such as indirect harvesting with seismic harvester) or directly the structure equipped with a
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting

harvesting piezoelement (direct harvesting). In the case considered here the piezogenerator is
excited by a mono-modal sinusoidal excitation foFg€t) with a frequency close to its natural
frequency. For low amplitude displacement, for which the motion is assumed to be linear and
close to the considered resonance mode, the structures behavior can be reliably and simply
modelled as the Spring-mass-damper system illustratédgame 4-3 With this assumptionM

is the equivalent mass of structurnét the stiffness in short-circuit an@ the damping
coefficient of the considered mode. represents the motion (displacement) of the structure.
These parameters can be easily identified from the real structure as described in Literature[61].

This structure previously described using electric equivalent circuit is represented
here byEquations(4.1)(4.2)Equation (4.1)s usually referred as the mechanical equation since
it represents the dynamic mechanical equilibridbguation (4.2) is the electrical equation
representing the relation between the volt&ge and the outgoing curremtflowing from the
piezoelement. In these equatiorns,is the external force exerted on the structurds the
piezoelectric force factor representing the electromechanical couplingCaisl the blocked
capacitance of the piezoelement.

MU =F -K®U -aV,, -CU (4.1)
| =aU -C\V,, (4.2)

In the following, the analytical development of the proposed energy harvesting circuit
is given. First, constant displacement excitation case is discussed. Then by relating the
damping of the harvesting structure to the first-harmonic component frequency of the voltage,
the response under constant force excitation is also derived.

4.2.2 Analytical model development: Constant displacement

Firstly, we consider a special case, the various loads don’'t damp the harvester. This case results
from out of resonance operation, low coupling or high natural damping. In the viewpoint of
harvester, the displacement is constant. If the harvester is excited by sinusoidal signal, the
displacement) of structure can be expressed as,
U =U, cosat (4.3)

Un is the harvester vibration amplitude atdis the corresponding angular frequency. As we
discussed irChapter 1the piezoelement can be schematically represesdeal current source
Is in parallel with the capacitanc€, as shown onFigure 4-4.a The current sources is
controlledby the velocity of harvester,

l,=aU =-aU, wsina (4.4)

In this way, the basic circuit model of the piezoelectric element is built. Starting from
this basic equivalent circuit assumption, analytical models for standard circuit (STD) and
synchronized series switch harvesting circuit (S3H) are derived respectively in the following
subsections. For sake of having full analytical solution and simplification, only the AC mode is
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4.2 Energy harvesting modelling

considered in the following sections. Practically, the piezoelectric energy harvester is
connected with an AC-DC converter (a 4-diode full-wave bridge, typically) to drive the
secondary circuit (storage capacitor or electric load). However, the analysis results based on
AC mode is nearly the same with DC mode. Only slight differences (power degradation) results
from the AC-DC converter.

(A) Standard circuit
The standard technique (STD) discussed here is the most straightforward energy harvesting
implementation. Same as the purely resistive case we investigatedhapter 2 the
piezoelectric element is connected with the Idadirectly (Figure 4-3. A resistive loadR is
placed here to simplify the analysis. In reality, |ddds theinput impedancef the secondary
circuit, for instance, LED bulb, Buck-boost converter, energy management circuit, etc. In this
configuration, the displacemeblt and piezoelectric outgoing voltay®; are in phase, they are
plotted in Figure 4-4.b.Moreover, the harvested voltagk is the same as the piezoelectric
voltageVp:.

With Kirchhoff's circuit laws, the quantity of current sourkeis the sum of the
current passing through blocked capacifgrand the current passing through the resistive load
R, yielding,

dv. V,
Pz Pz — 4.5
°Tgt | R 's (4.5)
The solution is,
_ e _au, RGw | aU, RGw ~ :
Vo, (t)=e (VPZ(O) C. 1+RCw + C 1+ R G cosud RGw siut | (4.6)

Vpz(0) is the boundary conditionEquation(4.6) gives the full response of the piezoelectric
voltage under the imposed displacemé&ht This equation can be also used to describe the
voltage over loadR.

The piezovoltage is entering steady state when transient response becomes null. And
therefore the steady state solution is derived as:

(74 — Vpz

| —
| |
e I ]
g :@Is T < : R
| |
| T
(a) (b)

Figure 4-4. Standard circuit. (a) Circuit principle (b) Piezoelectric voltggeand displacemenrit
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting

22,2

Ve, (1) = ago'“ 15;) a;wz
Since the voltage over lod®lis same as piezovoltage, witquation (4.7)the average power
dissipated in the load resistarniRés calculated as,

P=%I P(t)dt=%j%dt= ”ZZUHZW“’( RGw 2] (4.8)

G |1+ RGw

It is clear that, for a given harvester, the dissipated power is the function of imposed
displacement,, and loadR. Besides, harvested power is proportionaUt,(’g.

Cw

(coswt - sirm] 4.7)

P=_/(U..R) (4.9)
By tuning the load resistor according to,
0 _
= (U..R)=0, (4.10)
the optimal load resistor is found,
1
=_— 4.11
Ro = (4.11)
The corresponding optimal harvested power is,
1oV }iw
Poro =Z c. (4.12)

(B) S3H circuit

By adding a controlled switch in the STD circuit, the energy harvesting circuit is transposed to
series synchronized switch harvesting (S3H) circlitjire 4-5.3.The switch is triggered-on at

each voltage extreme and held in on-state for a fixed tgnéehén released back to off-state.
The voltages on each side of the switch are showédlgimre 4-5.b The switch on-timey is no

larger than the structure mechanical vibration half-period T/2. In S3H technique, the harvested
current flows only when the switch is closed during interttal Most of the time, the
piezoelement is simply in open circuit state.

to __ Vpz

QEEEEE =
o, =t ) wﬁ\w r

Stagell

__________

Stagel  Stagel

(a) (b)
Figure 4-5. S3H circuit. (a) Circuit principle (b) Piezovoltage and load voltage
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4.2 Energy harvesting modelling

In other words, the whole process is divided into two stages.

. Stage |: Off-state, the switch is open, the current through the load and
the load voltage are both null.

. Stage Il: On-state, the piezoelement is connected to the load and the
discharge occurs.

For stage Il, the solution of piezovoltage is a first order exponential discharge forced
by the current source resulting from the vibration of the structure. It is a simple exponential
discharge ifty is small compared t®/2. Note that whe,=T/2, only Stage Il exists. In this case,

S3H is equal to standard technique (STD).

Figure 4-6shows the piezovoltage waveform and load voltageefam in steady-
state regime. It is clear that the piezovoltage is built with both stages | and Il while the load
voltage is only defined by stage Il. The piezovoltage and load voltage are the same during stage
II. In the following the piezovoltage solution will be derived analytically following these two
stage arrangement and for sake of clarity the piezoelectric voltage will be Vigteduring
off-state operation and (t) during on-state operation.

On-state (0<tty): It starts when the voltage or strain reach an extremum (time orighigome
4-6, point a). At that time, the initial value of the paelectric voltage i%,,(0) . As the switch
is closed, the circuit is STD-likgrigure 4-4.3. Therefore the voltage is governed bguation
(4.5), whose general solution is given guation (4.6) Therefore at the end of this stage
(point b), when the switch re-opens at time the voltage on the piezoelement\ig(ty) ,
defined by:

v — Stagel
— Stagelll

Figure 4-6. Piezoelectric element voltage for S3H — The thin line (b to c) represents the voltage during
the off-state position of the switch (Stage 1) and the thick line (a to b) the voltage during the on-state (Stage I1).
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting

Yy (k)= "\ 0+ =2 AL (4.13)
Where,
Alt,) =%(coswto - Ré — sit, - e‘R&]J (4.14)

Off state (§<t<T/2). In this state the switch is open and therefore the piezoelement voltage is
governed by the open circuit differential equation,

dv,
C, dtpz =g (4.15)
Yields,
t
V(1) =V, (0)+[agm cosax} (4.16)
0 t
Due to the boundary condition(0)=V,(to), we have,
Vi (9=V, (4) + = (cosat - cosit,) (4.17)

0
Consequently, at the end of the semi peritdl{2), the voltage reaches the minimum value
(pointc in Figure 4-6:
alJm

T
Vl (%) :Vu ('b) - (1+ COSﬂIO) (4.18)
2 G,
Now in steady state regime, the piezoelement voltage is periodic, therefore,
T
Vi)=Y () (4.19)
Which allows to derive the initial valué, (0) solution as :
au
Vv, (0)=_0; ™ (1+ cosut, = A€, ) (4.20)
e /?CJ +1 CO
In this way, we can find the full expression for voltage in stage | & Il, they are,
ayu au
vl(t):_t; ™ (1+ cosut, — A, ) +—=( cosdt — cost,) (4.21)
e %Q) +1 CO CO
-t
Vi (=6 ——Dn(1+ cosut, - A, ) + I AQ) (4.22)
%?% Co Co
e +1

Due to the sinusoidal and periodical nature of the problem, symmetric behaviour
occurs during the following semi-period leading to a completely defined solution for the
piezoelectric voltage. The piezovoltage is given as,
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4.2 Energy harvesting modelling

V() 0<tsi
V(1) , t0<tsg
V(t) = (4.23)
R Vi (t_I) ) I<'[SI"'to
2 2 2
T T
_Vl(t_E) , E+t0<tST
The voltage over loaR is given as,
V() . 0<tsy
0o , to<tsI
2
V(t) = (4.24)
R Vi (t_I) ) I<'[SI"'to
2 2 2
o , %+to<tsT

Consequently, witfEquation (4.8)and Equation(4.24) the average powemn loadR
can be derived from the RMS voltage on the load calculated for example on a semi-period of
the strain $ee Appendix F.1 for detdil

>y 1 2
e 41 1+7°0f

1{coswto t1AL) J (1)
2

T 2 2112
p:EJ/Zp(t)dtzvRMS _1aVw + rc;) —1(r2a)2—1)sin2axo—m)sirfa,t0+ﬂ(r2w2+l)
TJo R m G 1+7°a?| 4 2
_to — 2
26 rc;) cosa)tol+1 Ab)_ TC:Z sina,
1+ %0 % 41 1+ e/
(4.25)

By Equation (4.25)the power can be expressed as the function of $expalisplacement,, ,
circuit time constant (=RG,) and switch on tim,
P=gU,T11%) (4.26)

Similar as STD case, harvested power is proportional to the square of the displé.d:émléot
a given displacement excitation, the power versus various load R and various switch tn time
is able plottedKigure 4-7 by Equation(4.25).

From Figure 4-7,it is obvious that harvested power becomes maximuransMoadR
and switch on time is small enough. Mathematically, if the switch on time is small ertgagh (
0) and the loadR is chosen a relative low value<k ty), the optimal (maximum) powes¢e
detail in Appendix F.lis found as:

Yang LI
Ecole doctorale EEA de Lyon / 2014
Institut national des sciences appliquées de Lyon
103

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés



CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting

20°U°w
p. =%£2"m 4.27
S3H T CO ( )
which is approximately more than twice of maximum power extracted by the standard
techniqueEquation (4.12)

Pss% :§z2_55 (4.28)
st T

4.2.3 Analytical model development: Constant force

In constant force case, the damping effect due to the energy dissipated in to the load is
considered. The vibration amplitudig,is not independent to the load R. Since the power is a
function of the displacement,, (4.9)(4.26) at constant displacement case, the power is
possible to be obtained as long as thgor a given load R is known. The analysis of constant
force is based on the analysis results of constant displacement and processed as following
steps:

The analysis method for constant force
= Solving the corresponding,, for a given loacR at given
excitation forceF,.
= OnceU,andR are known, calculating the power by (4]9)
and (4.25) for STD and S3H, respectively.

For constant amplitude, sinusoidal force excitation, the vibration amplitiyges
variable and depends on the damping resulting from the harvesting process. For harmonic
excitation at the angular frequengythe displacemenrit can be expressed in time domain or in
complex notation as :

U (t)=U, cosat
{ u=u, (4.29)

Observing fromEquation(4.1) the desired displacement can be solved as lortheas
periodic voltageV is sinusoidal-like signal.

Now the voltage resulting from the switching process showrrignre 4-5.bis not
sinusoidal. However, only the fundamental item which is synchronous with the speed can
generate damping. The voltage is therefore writtelRduarier series[103]as:

v :Zé“’*%jvu) el df (4.30)
1
According to the previous statement, only the fundamental frequency is considered,

Qzé“%jWbéde (4.31)
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4.2 Energy harvesting modelling

Since displacemend,is sinusoidal,
U=u, Be“ (4.32)
Then we can find that,
V. =BU (4.33)
The complex factoB is therefore derived fronkEquations(4.31)(4.32)(4.33konsideringUy,
as unity in the evaluation of(t).

B:%fV(t)e'j“‘ dt (4.34)

The damping is related to the frequency term of the voltage synchronous with the
vibration therefore, only the fundamental frequency of the voltage is responsible for damping
and will be considered in the mechani&ajuation(4.1) For harmonic excitation condition, this
equation can be re-written in complex form as:

-«MU =F -K.U -aV, - jaCU (4.35)
Which, considerindgequation(4.33)leads to:
E
KE+aB-Ma + jaC

For an imposed force amplitudg,, the displacement amplitudg,, can be obtained
and the voltage and harvested power can be finally calculated. This procedure will be applied
in the following to both the STD and the S3H techniques. The calculation details are listed in
Appendix Efor STD case andppendix F.2for S3H case.

U= = 7(F,B) (4.36)

(A) Standard circuit
Replacing the voltage expressivft) in Equation (4.34with (4.7) (U=1) leads to:
- _a RCu& o1
B= 1+ 4.37
C, 1+ RGuw’ : RGw (4.37)
The displacement amplitudé,, can be obtained usirgguations (4.36§4.37):
1
2 22,2 2 2 2172
U, =F,|[kE+Z RO vz ] vl wc+d RGY (4.38)
C, 1+ RCGuw C, 1+ RCGw
Substitutingequation (4.38)nto (4.8), the power can be derived as:
RGw
a’w 1+ R*CGlar
=F 2C y 2 R2(2R (\5 2 2 (4.39)
° (ke @ RGW izl +|ac+ @ Re@
C, 1+ RCGu/ G 1+ R Gt

The object here is to find the optimal power output. As discussed in Chapter 2, the
piezoelectric energy harvester reaches its maximum power output around short circuit
frequencyw: and open circuit frequencgs. Therefore it is necessary to excite this harvester
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting

1/2
around its open circuit frequenay= ab with &) =(KD/M) )to have the maximum power
output. Note that,

K® -KE =a?/C, (4.40)
ThereforeEquation (4.39)s simplified to
C
F2 %TzCORQn“’d

(4.41)

D
%CCo W Q)
R +1
(S re C
At low loss condition ("DCC%Z <« 1), the harvested power reaches its maximum,
2
Pmax F
8C

Considering the RMS value of sinusoidal force is defined as,

F =%Fm, (4.43)
the maximum harvested power can also expressed as,
2
P ax B (4.44)
4c
In the resistive load case discussionGifapter 2 the proposed maximum harvested

power is P = F2/4C. The power limit of a piezoelectric energy harvester is confirmed.

(4.42)

(B) S3H circuit

According to the development &fection 4.2.2(B)for a sinusoidal displacement with a given
amplitude U,, the piezoelement voltag¥(t) represented byrigure 4-6is defined as a
piecewise function constructed with the two stages | &djifation (4.23) This periodic
voltage can be decomposed inté-eurier series With Equation (4.34)the fundamental term
can therefore be derived for a unity amplitude leading to:

B= T{AI( 2°+ sm2wtoj B Sirf at, + sz[ea.‘to (wsinwt, +a, coswy)-a J}

w +

CAA L, fak, 1. | Tt . _
_J?{A_S"‘] mo+%(7—_sm2moj+%[e (a',,smax0 a)cosmo)+wJ} (4.45)

2w 4 ay +
o{z)
A 0
. C . . .
JAA 2 ) g, 2at, |- —Lsinad, - Ji “A i o, +&( I+ cosd,)
T w 2 4 w T| 2w w
Where,
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4.3 Circuit performance discussion

a a cosut, + 1-A ¢, )
=—, =—|1- Ot ,
A G © { e_% +1 ]
_a RG« __a 1 RG«&
AT RGBT TG Rew I REW (4.46)
_a|cosut,+1-Af) RCG& _ 1
C == t - J (I .
Co e‘% +1 1+ chéwoz RG,

According to the previously described methodology, substituting the expressi®n of
defined byEquation (4.45)into Equation(4.36) allows the calculation ob,, for a constant
force amplitudeF,,. FromU,, the maximum harvested power is finally obtained ugiggation
(4.26) at the resonance frequency. The final expressionotslisted here on account of its
complex form.

4.3 Circuit performance discussion

This section is the discussion based on the analytical model proposexsttion 4.2.2 Power
output level will be investigated by duty cycle and coupling factor. The wide bandwidth
property of S3H circuit will also be discussed.

4.3.1 Duty cycle

For sake of simplicity the switch on time will be considered relatively to the vibration pEriod
The duty cyclety/T will be used in the following discussion. Note that when this duty cycle is
equal to 0.5, the switch is always closed thus corresponding to the standard (STD) technique.

(A) Constant displacement

Figure 4-7shows the power output comparison between STD tgaknand S3H technique at
various duty cycldy/T for constant displacement condition. The standard circuit optimal load
Ropt Which is given inEquation (4.12)is used as the load reference. The simulation data

used which corresponds to the experimental set-up is descrilfgelction 4.4 The considered
amplitude displacement ig,= 77um. At very low duty cycle, the output power is higher than

two times the maximum power extracted with the standard technique. Moreover for nearly two
decades on the low resistance side, this power is constant, and corresponds approximately to
the performance of the SECE technique. In this case the on-time is fixed and arbitrarily defined.
It is clear that even if there are frequency shifts due to environmental changes or variations in
the piezoelement capacitance due to non-linearity or stress, the effect on the harvested power is
totally negligible due to the wide impedance range on which the harvested power is constant,
making S3H a very robust harvesting technique. Notice that like SECE the independence of the
extracted power to the load (i.e. to the vibration frequency) is related to its pulsed nature.
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting
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Figure 4-7. The harvested power dependence with the load resistance and duty cycle at constant
displacement condition. a) Power variation for duty-cycle varying from 0 to 0.5 — b) harvested power for various
duty-cycle and comparison to standard technique — c) 3D plot varifte®.72Hz,0=0.0039 N/V,KF=9317Nm-
1,M=74.19,C,=170nF k’=0.0094,Q,=61.1207.)

Consequently, as the duty cycle increases, this independence is less and less clear as shown in
Figure 4-7 As the duty cycle increases and approaches 0.5 ctimracteristic curve
progressively merges with the standard technique one definEdlgtion(4.8)

From the 3D plot showed ifrigure 4-7.¢ a trough point exists on the power curve.
This valley zone means that the power extracted by S3H is not decreasing monotonously down
to Standard technique. In some region the total performance is worse than standard technique.
Although at the point where the maximum power output is less than Standard technique, the
load bandwidth is still larger than it. (i.e. 0.3 caséigure 4-7.D.
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4.3 Circuit performance discussion

The energy cycle plots can be used to visualize the harvesting ability of piezoelectric
energy harvester circuit. The area within the cycle ind¥fieversusU plain in a whole period
represents the converted energy (from mechanical to electrical)[50]. The energy cycle of STD
case Figure 4-8.3 is an ellipse and the curve is smooth. For a shoatl resistanceR/R,
<10?), the energy cycle of S3H is similar to a parallelogram at small duty cycle condition. For
S3H (igure 4-8.h, with the increasing of duty cycle, the area isr@asing firstly then
shrinking to its minimum (duty cycle is 0.5). The global comparison of these two circuit
techniques is given iRigure 4-9

' aV ' ' 3 ' ' aV ' '
1 L ‘- . - . . . > - 4
R/Ropt=1 /_\ 2 - - - ol
o5F o 1 R/Ropt=0.1- /- o T
U - = U
0 ; : : 0 —n .__/,‘;_4_4____1—‘:7‘
05 F/Ropt=0.01 -1 (// i ot
.- 0.01
_1 .
' -3
-1 -0.5 0 05 1 -1 -05 0 05 1
(a) (b)

Figure 4-8. Energy Cycle (a)STD circuit with various loads (b) S3H circuit with various duty cycle with
load case R/R=0.1

aV

-1 -0.5 0 0.5 1

Figure 4-9. Energy Cycle comparison. STD and S3H (with various duty cycle). STD load caseR/R
S3H load case R/B=0.1.
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting

Power(uWw)
Power(uWw)

10*

Power(uW)

RRyt  10° O Duty cycle

(c)

Figure 4-10. The harvested power dependence with the load resistance and duty cycle at constant force
condition. a) power variation for duty-cycle varying from 0 to 0.5 — b) harvested power for various duty-cycle and
comparison to standard technique — ¢) 3D plot variatifags%6.72Hz,a=0.0045 N/V ,KF=10272Nm!,M=0.0818g,

Co=170nF k?=0.0113,Qy=54.)

(B) Constant Force

Figure 4-10shows the output power comparison with constantefogxcitation between the
standard and the S3H techniques as a function of the load resistance and for various duty cycle
to/ T ranging between 0 and 0.5. The simulation data set used corresponds to the experimental
set-up described iSection 4.4 The considered amplitude fordg,= 0.0127N. Like in the
previous case, and for low impedance and low cycle the extracted power is nearly independent
to the load. However the damping effect due to the energy harvesting limits the power gain.
This damping is directly related to th&Qy figure of merit of the piezogenerator. As this figure
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4.3 Circuit performance discussion

of merit increases, the maximum power amplitude tends to be equal between the two
techniques. However the S3H technique conserves the independence to theidoesl.4-10
illustrates that as the duty cycles approaches 0.5, both curves representing S3H and standard
techniques merge.

Same as constant displacement case, a trough point exists on the powerEgtfexe
4-10.c. With various duty cyclay/T, the power has the comparable trending both on constant
displacement case and constant force case. The maximum power gain is achieved on constant
displacement case. The advantage of S3H technique in constant force case is limited by the
coupling coefficient&2Qy. This point is discussed in the next subsection.

4.3.2 Electromechanical coupling effect

It is known that, electromechanical coupling coefficightis the main parameter allowing to
qualify the piezoelement energy conversion capability between electrical and mechanical form.
It is usually related to the other relevant termsHnyuation(4.47) Besides, for a piezoelectric
device, the mechanical quality factQ, is used to qualify the natural mechanical losses of the
device. It is related to the damping coefficientExyuation(4.48)

2
K? = KC’C (4.47)
D ™0
ma
Qu="g (4.48)

In the analytical development of Standard techniqu8eatiion 4.2.2(A) it should be
pointed out that the maximum harvested power is given Hxjuation (4.42) when

wdcc%z < 1. Now, rewriting this condition considering andQy, leads to,

%cc/ _¢gCGm_KG C _1 1 _ 1 <1

dom @ am K Q KQ (4.49)

= k*Q, >1
Equation (4.49demonstrates a universal law that when the effyyegombination term (figure
of merit) k2Qy increases, the power is reaching its maximum. At strong coupling condition, the
harvester power is only the function of input force and the viscous losses(4.42). It is worthy to
mention that this conclusion has been validated in Chapter 2.
Due to the variable duty cycle, the coupling coefficient effect on S3H performance is

a little more complexFigure 4-11shows the coupling effect on S3H technique withialae
duty cycle. Standard technique is also considered because it corresponds to S3H with 0.5 the
duty cycle. As usual, smak?Qy, (Figure 4-11.xis similar to the constant displacement case.
It is clear that power of S3H depends on the load R and the duty cycle. As we discussed in
Chapter 2, two peaks appears in Standard technique \WH@p increases. At highk2Qy
condition, the S3H’s power and Standard technique power are in same level, but S3H still
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Figure 4-11. Power with variou€Qy, (a) k*Qu= 0.61 (b)k’Qyu= 6.1 (c)k*Qyu= 61

keeps the advantage of large bandwidth in the low impedance region. It can be observed from
Figure 4-11that on optimal duty cycle exists and this optimalue is increasing witk2Qy.

The main advantage of S3H circuit is to be load-independent in low load impedance
region. In the following discussion, such wide bandwidth property will be discussed with
various loads and coupling factor k2QM.

Firstly, the comparison is performed for low load impedarRés chosen such as
R/R,ptzle"‘, where Ry refers to the optimal load for STD circuiEigure 4-12gives the
comparison between S3H and STD. It shows the variation of the extracted power versus the
k2Qu figure of merit for low (0.01) and high (0.3) duty cycle. The power is compared with STD
case with corresponding2Qy in Figure 4-12.aand normalized to the maximum extracted
power (high k2Qy) in Figure 4-12.b It is interesting to point out that S3H has 2 téme
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4.3 Circuit performance discussion

advantage wheR2Qy is weak. However, with the increasing kAQy the power is decreasing

for duty cycle 0.01. WheR2Qy is larger than 1, the advantage doesn’t exist anymore, But the
duty cycle can be tuned to maintain the advantage of S3H until S3H and STD reach at the same
level at highk2Qy condition.(choose duty cycle 0.3 for example). These results show that to
maintain a constant extracted power; the tuning of the duty cycle is required in constant load
condition.

Next, only the maximum power harvested is concerned. In other words, the load is
supposed variable and able to match the optimal power oufpgtre 4-13 gives S3H
maximum power output compared with STD technique. The power is compared with STD case
with correspondingk2Qy in Figure 4-13.aand normalized to the maximum extracted power

25 1.2

1

[a) 0.8
o
o

e o 06
(323
n

o 0.4

0.2

0 ' ' ' ' ' 0 ' ' ' ' '
0 1 2 3 4 5 6 0 1 2 3 4 5 6
k?Qy, K2Qy
(a) (b)

Figure 4-12. Maximum power with variok8Qy The load of S3H iR/&pt=1é4. The load of STD is
R/R,,=1.(a) Relative view (b)Global view
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Figure 4-13. Maximum power with variokéQy,

Yang LI
Ecole doctorale EEA de Lyon / 2014
Institut national des sciences appliquées de Lyon
113

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés



CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting
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Figure 4-14. 'I'(r?()e optimal duty cycle for bandwidth. (a) The difinitiorgbgf idnex and bandwidth (b) The
optimal duty cycle with various indexes.

(high k2Qy) in Figure 4-13.b Both the low (0.01) and high (0.3) duty cycles aomsidered.
The power curve represents the maximum power at &@Qh condition with different duty
cycle. When coupling coefficient is weak2Qy <2), a shorter duty cycle means higher power
ratio. The maximum power improvement is more than 2 times like the previous case. When
coupling coefficient becomes strong2Qy >2), the S3H and STD reach at the same power
output level. In this case, even the duty cycle 0.01 can maintain high power output at strong
coupling condition. However, load-independent property is lost in this configuration, because
the optimal load now is out of load-independent region at strong coupling condiigun e
4-11.9.

As a wide bandwidth technique, another way to assess the global performance
comparison is considering both the power output and band width (load) at the same time.
Evaluation of the are® in Figure 4-14.as used to estimate the power bandwidth properties.

In order to calculate arda, an index4 is considered. An index of=10% allows to define a
band in terms of load in order to ensure that the power remains in the limit of 90% of the
maximum harvester power. Ar&ais therefore calculated within this load band. For de&€,

the optimal duty cycle corresponding to the maximum dbed defined. Figure 4-14.b
illustrates how this optimal duty cycle increaseshwthe coupling coefficient figure of merit
k2Qu. The optimal duty cycle is only slightly affected by indexUnlike the previous case, the
optimal duty cycle is around 0.3 even at str&®@y, condition.

Figure 4-15compares the power bandwidth propeltwersusk2Q, The comparison
baseline is the standard case (STD) with corresponding indel a narrow index4 is
considered (10%), S3H has a much large response. However, all these advantages shrink in

Yang LI

Ecole doctorale EEA de Lyon / 2014

Institut national des sciences appliquées de Lyon
114

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés
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Figure 4-15. The optimal duty cycle vesus coupling coefficié, with various indexes.

strong coupling conditionkéQy >2). It is worthy to point out that, even in high coupling
condition, S3H still performs slightly better thanks to its inherent low dependence to the load.

4.4 Experimental validation

4.4.1 Set-up

The experimental set-up is schematically depicted-ignire 4-16 The piezoelectric generator
device used for the experimental validation is a cantilever beam clamped on one end on a
strong base. Eighteen piezoelectric patches (2cm2 and 0.5mm thick) are bonded on the plate
close to the clamping edge, nine patches on each face. The beam is excited with an
electromagnet driven with a sinusoidal current supplied by an audio power amplifier. A
dSPACE DS1104 rapid prototyping board along with the Matlab-Simulink environment is used
to set up the various electronic control signals. The input signal of the amplifier is fed either by
a function generator or by a dSPACE board real-time output. The switch itself is made with a
pair of MOSFET transistors associated in order to build a bidirectional switch. The switch is
driven, via an opto-coupler, by an output of the dSPACE board. The diving signal is a square
pulse with a controlled duratio synchronized with the beam displacement extremum. The
beam displacement is monitored either by one of the piezoelectric patches, or by an eddy
current displacement sensor aiming at the plate.
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting
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Figure 4-16. Experimental set-up architecture

Close to the first bending mode resonance, the motion and resonant behavior of the
experimental structure can be represented by the mass-spring-damper model described on
Figure 4-3 The various parameters can be easily identifiechfsimple characterization of the
resonanceTable 4-land Equation (4.50)summarize the various parameters identified on the
considered experimental structure. Note that the open circuit voltage coefficientthe
piezoelectric device open-circuit voltage to the beam free end displacement ratio.

f2—f2 a?
a= k2 —_oc cc -
= f2 AP f 2k *C,
¢ oM (4.50)
Ke =4Mf2  Q,=—%—  C="—
f0(: - fcc QM

4.4.2 Mono-mode case study

Figure 4-17illustrates the voltage measured both on the pienoent and on the resistance

load with a sinusoidal excitation close to the resonance. At low I6&glre 4-17.3 the
piezoelement voltage is strongly modified by the switching due to the rapid discharge of the
blocked capacitance in the load. By contrast, with higher load impedance and the same value of
the duty cycle (0.04), the piezoelement voltage is only slightly modified by the switching
(Figure 4-17.h.
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4.4 Experimental validation

Table 4-1. System Identification

Short circuit resonance frequerfgy 56.45 Hz

Open circuit resonance frequerfgy 56.72 Hz
Dynamic mas#/ 74.19g

Short-circuit stiffnes&g 9317Nnmt

Force factom 0.0039 N/V
Mechanical quality facto@, 61.12
Electromechanical coupling coefficiekft 0.0094
Viscous coefficienC 0.4318 Nm'S™*

Piezoelectric blocked capacitanCe 170 nF

For constant displacement, the structure is excited at a frequency close to the first
bending mode resonance frequency. The input force (electromagnet driving current) is tuned to
maintain a constant displacement. RMS Voltage over the resistance load is measured to
calculate the output power obtained for each technique. Note that for S3H this measurement is
somehow critical when the on-state time is short or when the load is only a small resistance.
The RMS values are obtained numerically by monitoring the load voltage on an oscilloscope
and then calculating explicitly the root mean square of the recorded vahiggee 4-18shows
a comparison of the experimental results and analytical predictions for constant displacement
condition obtained with the model describedSaction 4.2 For sake of comparison the data
are normalized with the maximum theoretical power of the standard (STD) technique and the
load is normalized to the optimal load of the standard technique definEduation(4.12)

20 20

Piezo Piezo
15 Load 15 Load
10 10

V(V)
.
V(V)
/

-5 -5
-10 -10
-15 -15
-20 -20
0 10 20 30 40 0 10 20 30 40
time(ms) time(ms)

(a) (b)
Figure 4-17. Measured piezoelement and load voltages for a 0.04 duty cycle. —a) lo&l-32&ad
R=20kQ
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting
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Figure 4-18. Constant displacement excitation. Comparison of the experimental (exp) and theoretical
(ana) extracted powers versus the normalized load for S3H at various duty cycles and for the standard techniques.
Power is normalized according to the theoretical maximum output power of the standard (STD) technique. Load is
normalized to the STD optimal load defined bguation (4.12)

It is clearly seen that the output power of the S3H technique is decreasing with the
increase of the duty cycle (on-state time). For low duty cycles, a 2.5 times gain in power is
achieved compared to standard circuit, in excellent agreement with the theoretical prediction.
When the duty cycle increases and approaches 0.5, the power curve tends to merge with the
standard case measurements. For low duty cycle, the optimal power is nearly independent to
resistance load; whereas for high duty cycle, the optimal power is very sensitive to the load and
requires impedance matching. It has to be noted that for low impedance, the experimental data
has much more variations and imprecision due measurement errors resulting from the pulsed
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Experimental validation

3 3
————— 0.04 ana -—-—-:0.1ana
25} O  0.04 exp 25} O 0.1exp
STD ana STD ana
ot <l STDexp |{ 2t <l STDexp |/
€ €
a 15} a
o - o
1 L
0.5
0 -4 4 4
10 10 10
(a) (b)
3 3
————— 0.17 ana -—-—-0.3ana
2.5 O 017 exp |1 25¢1 O  03exp
STD ana STD ana
2 <l STDexp |/ ot <l STDexp |-
€ €
Q Q15
o o
1 L
05¢f
10" 107 10"
(c) (d)

Figure 4-19. Constant force excitation. Comparison of the experimental and theoretical extracted power
versus the load for S3H at various duty cycles and the standard techniques. Power is normalized according to the
theoretical maximum output power of the standard (STD) technique.

nature of the voltage and non-perfect resistance nature of the load. Nevertheless the
experimental results appear to be in overall very good agreement with the theoretical
predictions.

For constant force conditions, the piezoelectric device is driven at the mechanical
resonance frequency of the structure. The electromagnet current has constant amplitude, thus
imposing a constant force on the bedfigure 4-19shows a comparison of the experimental
output power and of the theoretical predictions for S3H technique at different duty cycles and
for the standard (STD) technique. According to the theoretical predictions, the output power
gain is smaller in this case due to the damping of the structure, but the independence of the
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting

output power to the load is still visible for low impedance values. The power gain is directly a

consequence of the figure of mekRQy of the structure 2Qu=0.61 in this experiment). For

high figure of merit, no gain can be obtained with S3H, but a large useful impedance load
bandwidth is provided. Moreover, there is an optimal on-time that results in the widest load

impedance band at constant output power (approximately a 0.17 duty-cycle in this experimental
case). Finally, measurement errors are still visible for low impedance values for the previously
mentioned reasons.

4.4.3 Multi-mode case study

In the previous sections, the load-independent circuit S3H is validated theoretically and
experimentally. For the sake of simplification of the analysis, a very simple harvesting circuit
model is used (no bridge). In this subsection, a full energy harvesting circuit (with bridge) for
S3H will be deployed. The STD and SECE circuit will be used as the comparison techniques.
In the previous validation, only one excitation mode is considered. To have a more practical
result, the multi-mode excitation is used to validate such load-independent circuit.

In this study a 4 mode sinusoidal excitation (40 Hz, 70Hz, 90Hz and 180 Hz) is
applied to the beamF{gure 4-16. The energy harvesting circuits are STD, S3H a&CH.
The AC-DC bridge is included={gure 4-20. The extracted energy in such complex excitation
condition is also considered, in order to emphasize the losses in the bridge and in the power
processing (switch, inductor and diode). The piezoelectric voltage was recorded in one whole
period. The extracted energy is calculated by,

= = ~
It KR
(b)

()

y zzﬁﬁ y

Figure 4-20. The harvesting circuit for multi mode excitation (a) STD (b) S3H (c) SECE
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4.4 Experimental validation
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Figure 4-21. The piezovoltage at multimode excitation.

Extracted Power —o— STD
0.6 | —&— SECE|]
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Figure 4-22. Power comparison with multimode excitation

1
Eextract = Ez COVPZZ (4 51)

here,C, is the blocked capacitance of piezoelectric elem¥sitis the maximum value of each
voltage extremumHFigure 4-2).

The experiments results are illustrated Figure 4-22.The S3H can harvest more
energy than the other two setups. Although the SECE circuit is load-independent, it is affected
by the noise at low load region and electrical losses in high load region. Therefore the SECE
circuit is load-independent in a restricted region®(i® 10 Ohm). Theoretically speaking,
SECE and S3H have nearly the same power output. However, the S3H performs better thanks
to its simple circuit topology and switch strategy as well as the absence of losses in the
inductance. The difference between extracted energy and harvested energy is not trivial to
predict.
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting

The experiments results proved that S3H circuit can work well on multi-mode
excitation. The performance is better than SECE due to its simple topology.

4.5 S3H working in pulsed mode
Discontinuous signal is one important form of excitation. To investigate S3H technique under
discontinuous excitation force, an energy harvesting circuit containing only a storage capacitor
is considered. Same as previous, the standard technique is also considered as the comparison
baseline Figure 4-23.

The configuration of this experiment is similar as sinusoidal case, except for the input
force. An arbitrary impulse signal is used in this experiment to investigate the feasibility of
S3H technique. The response of S3H is illustrateldignire 4-24.

— — sw
== we| B
Cr e |V Cr e | V1
IH IH
(a)

(b)
Figure 4-23. Energy harsvting circuit for pulse excitaion (a) STD (b) S3H

Piezo Voltage

20 " ; . : : .
of |
_20 1 1 1 1 1 1
~0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
VH
20 . , . . ‘ .
oF J 4
_20 1 1 1 1 1 1
~0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
} [
x 107 H
2 . . . . . .
1 - h -
0 1 1 1 1 1 1
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 4-24. The experiment waveform of S3H with pulse excitaion. Piezovoltage, harvested voltage
and current.
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4.6 Combination with Buck-boost circuit
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Figure 4-25. The experiment energy comparison of S3H and STD in pulse case. (a) various capacitances
(b)various coupling factors

The harvested energy has been evaluated with this setup for various load comparisons
and for various couplings of the piezogenerator. The results have been summarkigdren
4-25. Unfortunately, the advantage of S3H is not so cleampulse excitation mode. The
harvested energy is lower than STD case whether with optimal capacitagoee(4-25.5 or
with various figure of meritk’Qy (Figure 4-25.p. S3H in this condition can be seen as a
twofold process. In a first stage, when the switch is open, the piezoelement blocked capacitance
is charged due to the motion of the structure. Then, when the voltage reaches an extremum, the
switch is closed and a discharge occurs between two capacitors: the charged piezoelement
blocked capacitance and the load capacitance. Regrettably, it is well known that this type of
process presents a very poor efficiency. Therefore, even if the energy converted is imposed due
to the proposed switching process, the efficiency energy harvested on the output capacitance
remains comparable or slightly smaller than with a conventional process.

4.6 Combination with Buck-boost circuit
The optimization failure of S3H with capacitance load denotes that S3H is only advantageous
for purely resistive load case. To extend the application of S3H, the combination with buck-
boost circuit should be considered. Lefeuwt al. [66]have implemented a buck-boost
converter in order to adjust the proper matching load of an energy harvester. Following their
work, the input impedance of such converter is,
R, = Ao
here,D refers to the duty cycle of the convert&yy . is the switching frequency of the Buck-
boost converterl. denotes the inductor. Since S3H contains only one switch, combining the

(4.52)
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CHAPTERA4 Synchronized Serial switch for piezoelectric energy harvesting
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two switches together is possibleigure 4-26illustrates one possible deployment method for
such a combination. Th&W and SW can be achieved by one high frequency switch. Such
high frequency switch will only be driven during an arbitrary tithe&hen the piezovoltage or
displacement reaches its maximum or minimum. The working frequency is designed to make
the S3H circuit working in load-independent region.

4.7 Conclusion

A new technique is proposed to optimize the output power of a piezoelectric generator. It
consists of a simple switch in series with the piezoelectric element and the load triggered-on
synchronously with the piezoelectric voltage or strain extremum. Following this technique
called S3H for “Synchronized Serial Switch Harvesting”, the switch on-time is arbitrarily fixed.
The main advantage of this technique is that for a very large impedance range, the output
power is completely independent to the load thus making ideal power generator. Moreover, for
constant displacement excitation, corresponding usually to direct energy harvesting, the
harvested power is more than twice the power harvested using the standard technique. Indeed
the global power performance is similar to the SECE technique but S3H does not require fine
tuning of the on-state of the switch such as in SECE, making S3H much easier to implement for
energy harvesting on harmonic mechanical vibrations.

Experiments and theoretical predictions presented here are limited to a resistive load
in AC mode. However, implementation with a rectifier bridge will not modify the global
performance. Finally the resistive load can be replaced by a simple DC-DC buck-boost stage to
generate a continuous output power. The load independent character of the power extraction
strategy suppresses any need for complex tuning or regulation of the mentioned DC-DC stage
allowing very easy and robust implementation.

Further work aims at emphasizing the importance of the piezogenerator figure of merit
k2Qy on the global performance of S3H, and defining the corresponding optimal on-time.
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4.7 Conclusion

Moreover, multimode and pulsed operations were considered to validate the robustness of the
proposed technique.
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CHAPTERS5 Conclusion

Piezoelectric energy harvesting is a promising technique for powering small-scale standalone
electronic devices. The work presented in this thesis discussed the development of simple and
reliable approaches in order to optimize piezoelectric energy harvesting by focusing on
modeling and circuit topology design. The piezoelectric energy harvester discussed in this
work is treated as a resonator kind. The developments involved in this work are based on linear
assumptions and basic applications. The input force are either purely sinusoidal or purely pulse
signal, the load circuit of the harvester is simplified to a resistor or a passive complex load. The
resistor is referred as the input impedance of the powered device. This work is fundamental
research, which object is inspiring application researchers and industry engineers to optimize
the performance of piezoelectric energy harvesting devices.

5.1 Designing the harvesting circuit for piezoelectric energy harvester

Since a resonating piezoelectric energy harvester is a device working around its resonance
frequency, it can be treated as a SDOF system. A powerful tool, Mason equivalent circuit, is
used to model this SDOF system. Starting from this classical tool, a lightweight equivalent
circuit with comprehensive parameter definition is derived. It is the first equivalent circuit
model which connects the system parameters, such as damping ratio, electromechanical
coupling factor, excitation frequency, with the energy harvesting circuit parameter, such as
load voltage , load current and load power in a very synthetic way.

The impedance of piezoelectric generator is easily derived from this lightweight
circuit form. In the viewpoint of the harvester, the competition between damping ratio and
electromechanical coupling coefficient determine the reactance property of such piezoelectric
generator. Generally speaking, the piezoelectric generator is fully capacitive at strong damping
condition. Its impedance may vary from capacitive to inductive for large coupling and low
mechanical losses. Using the well-known impedance matching theory, the harvester generator
can be matched either with a resistive or a complex load.

Resistive load case. Considering that the harvester is excited on a large frequency
range, the power extracted from a resonating harvester is always optimized in the frequency
range within short circuit and open circuit frequencies. These two frequencies play an
important role at strong coupling condition. The optimal power is obtained around both critical
frequencies. Graphically, the power versus frequency plot has two peaks as long as the
coupling is high and the damping is low. In the opposite case, only one extremum is remaining.
For a resistive load for which only the modulus of the impedance can be matched, the optimal
power is not constant and reach an optimum wherever the transducer impedance is real which
happens only at the resonance and anti-resonance of a highly coupled piezoelectric generator.

Yang LI
Ecole doctorale EEA de Lyon / 2014
Institut national des sciences appliquées de Lyon

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés



CHAPTERS Conclusion

Complex load case. In the case of a complex load type, whatever the coupling and the
damping coefficient, optimal load can always be defined thus resulting in a constant optimal
extracted power versus the frequency as long as the load is physically feasible. In the case of a
highly coupled generator, optimal load impedance is essentially inductive except between short
circuit and open circuit frequency where the load should be capacitive.

An electric modelling circuit such as Mason equivalent circuit is very practical to
represent physically the electric generator and its impedance. Moreover, following this
approach a simple and robust technique for equivalent circuit and impedance identification was
presented. Consequent impedance matching with passive component was implemented and
appeared to be in very good agreement with the equivalent circuit prediction. It was shown that
load matching with a resistor is quite robust. Unlikely, the sensitivity of the matching of a
transducer reactance with the reactance of the load is very sensitive making wide frequency
load matching practically impossible. Such difficulties in achieving optimization of the output
power of any piezoelectric generator justify perfectly the development of alternative non-liner
approaches such as SSHI, S3H or SECE developed in these last years that replace the needed
phase shift implemented by the reactance of the load by a specific switching of the harvester
voltage.

5.2 Employing distributed harvesters

In this study, the feasibility of the association of various energy harvesting piezoelectric
elements in order to form a unique source of energy has been demonstrated in the case of a
planar structure excited in pulse mode. Five different topologies have been compared in terms
of structure damping, harvested voltage and energy. These topologies include non linear
parallel SSHI networks in order to optimize the extracted energy. It is shown that associating in
parallel or in series different complete harvesting unit, each comprising a piezoelectric element,
a parallel SSHI network and the rectifier diode bridge, do not change significantly the
harvested power in comparison with the usual separate harvesters. It is however compulsory, in
the case of a complex vibration pattern, to add as many SSHI network as piezoelectric elements
used. Despite its simplicity, the use of a unigue SSHI network in parallel with an association of
piezoelectric elements results in degrades strongly the global harvesting capability due to
improper definitions of the switching instants. According to the simulations, higher voltage
(series) or higher current (parallel) configurations can be equally considered.

The problem of the electric insulation of the elements of the network in the case of a
metallic conductive structure has been considered, and especially the influence of the thickness
of the insulating bonding layer between the planar piezoelectric element and the structure. This
layer is compulsory to ensure a proper energy harvesting, but in the same time, it degrades the
piezoelectric element coupling coefficient. A very realistic 10 to 40 um thick bonding layer is
shown as a good trade-off ensuring both electrical integrity of the network and high energy
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5.3 Obtaining a robust harvester

extraction level. Both results demonstrate the possibility to build direct piezoelectric energy
harvesting networks useful in the case of large bodies or shells where the harvesting
piezoelectric elements are distributed all over the structure in the regions of maximum strain.

5.3 Obtaining a robust harvester
For most of the piezoelectric energy harvesters, a constant critical issue is power optimization
and load matching. The proper load is determined by the piezoelectric energy harvester
inherent impedance which is sensitive to the operation environment influenced by temperature,
vibration amplitude, aging of electric components. All these changes could affect severely the
output power.

A new technique is proposed to optimize the output power of a piezoelectric generator.
It consists of a simple switch in series with the piezoelectric element and the load triggered-on
synchronously with the piezoelectric voltage or strain extremum. Following this technique
called S3H for “Synchronized Serial Switch Harvesting”, the switch on-time is arbitrarily fixed.
The main advantage of this technique is that for a very large impedance range, the output
power is completely independent to the load thus making ideal power generator. Moreover, for
constant displacement excitation, corresponding usually to direct energy harvesting, the
harvested power is more than twice the power harvested using the standard technique. Indeed
the global power performance is similar to the SECE technique but S3H does not require fine
tuning of the switch on-state time such as for SECE, making S3H much easier to implement for
energy harvesting on harmonic mechanical vibrations. Experiments and theoretical
development presented in this work are limited to a resistive load in AC mode. However,
implementation with a rectifier bridge or with multimodel type of excitation showed
experimentally that they do not affect strongly the global performances. Finally the resistive
load can be replaced by a simple DC-DC buck-boost stage to generate a continuous output
power. The load independent character of the power extraction strategy suppresses any need for
complex tuning or regulation of the mentioned DC-DC stage allowing very easy and robust
implementation. Further work aims at emphasizing the importance of the piezogenerator figure
of merit k2Qy, on the global performance of S3H, and defining the corresponding optimal on-
time. Moreover, multimode or pulsed operation will be considered to demonstrate the
robustness of the proposed technique.

5.4 Revisit the energy harvesting system architecture

The power output of piezoelectric energy harvester is coupled with the energy source. The
power efficiency can be pulled up by applying power conditioning circuit. In energy harvesting,
this power conditioning circuit is called energy harvesting circuit. The lightweight equivalent
circuit derived from Mason equivalent circuit gives global view of energy harvesting circuit
design. It shows that shunting a reactance component to the harvesting circuit to optimize
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CHAPTERS Conclusion

power is difficult but possible. The challenge is the design of a low-consuming robust active
component to simulate the required inductance/capacitance. But now the possible solution for
wide bandwidth harvesting is placed multi-frequency harvesters. The network topology
research has proven that a set of harvesters could be linked with one common storage capacitor
without energy loss. Although this validation work is carried with SSHI technique, but it is
believed that the results could be extended to SECE and S3H technique too. In practice, if the
multi-piezoelectric element is boned on the vibration source directly, the float ground or
common ground issues should be taken into account. This is due to the parasitic capacitor
generated by the bonding layer. Other practical problems can’t considered in energy harvesting
circuit is the operation conditions, such as the temperature, working cycle and electronics aging,
etc. These factors will change the character of piezoelectric energy harvester resulting in the
shift of optimal load matching. In this respect, a tuning-free energy harvesting circuit is
required. S3H is one of the solutions. Unfortunately, it is not suitable for charging capacitor
directly. Therefore, additional voltage regulated circuit are required, such as buck boost. The
extension of S3H could be combination with SSHI circuit, in this way, the harvesting circuit is
load-robust and high power efficiency.
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Appendix. A. Piezoelectric generator modeling by Mason Equivalent
circuit

The detail derivation process from Mason equivalent circuit is described in this short
paper. The basic relationship of various piezoelectric constant is given firstly, and then the
simplified approach.

A.1 Piezoelectric constants relationship
In this section, we assume that piezoelectric generator is unidimensional, therefore,
2
T _5.8
&3 = 533"'_53 (A.1)
3
2
2 _ &
K = = 3E (A.2)
533C33
2
E — D
Cy = 033——5’ (A.3)
533

To have a complete view of such piezoelectric constants relationships, please Fefgiré¢ol-
14 in Chapter 1

A.1.1  Permittivity

Starting fromEquation (A.1) we have,

& _ ¢
T _ S 3 33 — T _ S
533_533"'_53_5_533 €33 (A-4)

3 33
Considering Equations(A.2)(A.4) we can find the relationship between two
permittivity linked by electromechanical coefficient,
T _ &S
k32 =£33 ‘933
3 T
533
2 AT — AT S
= k33533_533_533
S — AT 2 AT
= 533_533_k3§33
That is
S 2 T
€33 = (1_ k33)‘933 (A.5)

A.1.2 Elastic stiffness coefficient

Starting fromEquation (A.3) we have,
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Appendix. A Piezoelectric generator modeling by Mason Equivalent circuit

S-g-c (A.6)
33
Substituting Equation (A.5) into (A.6), obtain,
eo?B — ~D
IS (A7)
(1 k§3) €33
Then substituting Equation (A.2) into (A.7), obtain,
KCs _ o _ e
—==<=C,,—C (A.8)
(1_ k§3) C33 33

Then we could derive Equation (A.8) as following,
23053 = (033 33) (1 kz:)
Ca3 = C33(1 kés) 341_ kzs)
23(33%3 + 053(1_ kzss) 3(1 Kk ;
Cs‘E3 = C33( —k 3)

Then we get,
D 1 E

> =757 Cxs A.9
G (1—k33)C3 (A.9)

A.1.3 Stiffness and others

The resonance frequency is defined as,

_ |K
W _\/; (A.10)

We assume that it is a high-stiffness structure, therefore the global stiffness is determined by
piezoelectric element’s stiffnesiéE. In this case, Equation (A.10) is rewritten as,

E
@, :J& (A.11)
m

The equivalent mass of the harvester is defined as,
1
m=M +§mp (A.12)
With the definition of piezoelectric stiffness,

K=K; = A*’ (A.13)
p
Specifically, the short circuit angular frequency is defined as,
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KE

= A.14

23 o (A.14)
The open circuit angular frequency is defined as,
Kp

=, — A.15

b - (A.15)

Substitutingequation (A.9)(A.13)into (A.14), obtain,

KE fbc?l,zs ?pcgs(l_kgs) KO
L =, |—& ={—+— =42 :/n;«/l—kgz3 (A.16)

m m m
= ap1-k3
Starting fromEquation (A.11)(A.13)the expression 06353 is obtained,
2
Wt m
c,=—"— (A.17)

A

A.2 The simplification of Mason equivalent circuit: Preparation
We will simplify the Mason equivalent circuiFigure A-1) based on the work of Section A.1.
The fundamental relationship is derived firstly, and then the circuit is simplified by KCL/KVL.

A.2.1 Propagation speed
The propagation spee«j,D is defined as,

D
vy = / 1D :\/g (A.18)
PSs3 P

Considering the damping effect (the loss ang)e we have,

— i - o |
Electrical Coupling | Mechanical
Figure A-1. Mason Equivalent circuit
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Appendix. A Piezoelectric generator modeling by Mason Equivalent circuit

oo \/053(1+ j tand, )
" p
Substituting Equation (A.17) into (A.9), obtain,

& 1 . 1 a)nztpm
3

= C

1- k323 . 1- k§3 A&)
Then substituting (A.20) into (A.19), yield,
2

2 1 w,tm .
(vbD) —1_k323Tlp0(1+Jtan5p)

A.2.2 Impedance in mechanical side

In the SDOF modelling method, the signal wavelength is larger than the
mathematically, it means,

ﬂD 00
Vb
So we have,
sinﬂ~ﬂ
Vo VW
a a
tan— =—
2Vb 2Vb
Considering the mechanical impedance is defined as,
z,=—% oz =jztanl |z = powep.
i 2
Jsin—
b
Therefore,
D 2
7 = Z, _ PA, (Vb )

j Sin—
J VP
Substituting Equation (A.21) into (A.26), obtain,

2
VP w?t. m 2
7 =pAo( b) _PA 1 @, 1+ j tand, ):%(ﬂjtané},)

T jat, jat, 1-k% A p w(1-KZ)
_tand, +
a)(l—k323) . (1_k§3)
@’m @ @,’m
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(A.19)

(A.20)

(A.21)

device size,

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)



For another equivalent mechanical impedadgewe can find,
. 17 B o _ . PAL
Z.=jz, taanD— joAV) 2 =j 5 P w (A.28)

A.2.3 Turn ratio (Coupling)

The turn ratio (it stands for the electromechanical coupling, in fact) is defined as,

wt g wtdy, A
N=—_Z38 —-_"_"733 =—e, (A.29)
| 565, | s, t,
The constante,, is unknown. However, we can find the proper expression for this
unknown constant as following.

Starting from Equation (A.2),

2
G =2 = &=kl (A:30)
‘933033
Substituting (A.5) into (A.30), we have,
1
& =Ka— 5 &aCn (A.31)
1-k;;

Consideration Equation (A.17), we can find,

2 @t m
=_1i<3;2 —“A: s, (A.32)
33

K2 @’tm
€ = \/—1_3;2 —r g (A.33)
33 Ap

Now, we can express the turn ratio N by known constants,

2 w’t.m Kz Am
N -5 —k332 —F e mw, [ Am £, (A.34)
t, 1-ks '% 1-ks L,

€

Finally, we find,
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Appendix. A Piezoelectric generator modeling by Mason Equivalent circuit

A.3 The simplification of Mason equivalent circuit

A.3.1 Mechanical side

Qvol

Figure A-2. The equivalent circuit on mechanical side

On the mechanical side, with Kirchhoff's current law, we have,

U+i, =i,
And notice that,
-V, =i
Z, 2
vV, _.
—2__=j,
Z +M
From Equation (A.37), we could get,
V2 = ib(zm + M)

Considering Equations (A.35)(A.36)(A.38), we can find,
Vl_(Lj +ia)(zm+M) _i
Z a

a

Starting from Equation (A.39),
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(A.35)

(A.36)

(A.37)

(A.38)

(A.39)



Vl = iaza + (U + ia)(zm + M )

. t
:iatand 2 +ia 2 +(U+Ia)(JpAppw+Jan
w(1-K3) jw(l— kZ) 2
@?’m @’m
=i, fang/ L, )¢ iad +) M2
w(1-k2,) jw(l— kZ) 2
@’m @’m
: m
—j tang +i +jadl, + ja with, L =M +—=
a CL)(]._ k323) a . (1_ k;fg) J Lb J aLb I‘b 2
P Jwo—"
w’m @,’m
=i tang +i_ + jad L, — UL
{112 e M
w?m J @?m (A.40)

From Equation (A.40), the equivalent circuit for mechanical side is obtdigrde A-2),
V,=Rji, + I, +jal i, +V, (A.41)

jaC,

with,
_tandp a)nzm
_T(l—kszg)’ ©w’m

(A.42)
m
L=+ M, V, = a?LU.

Moreover, the piezoelectric loss angle is much smaller than the total harvester loss
angle. Therefore an additional resistafgemuch larger thaR, has to be considered.
R, =mw, tand = 2nw,{

(A.43)
Therefore the final expression of output voltagen&fchanical portiow; becomes:
. i . ..
Vl = Rfla + C(.C Ia + JwLbIa +V0
s (A.44)
A.3.2 The combination with electrical side
The mechanical side is transposed to the electrical side by turm\ratamsformer,
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Appendix. A Piezoelectric generator modeling by Mason Equivalent circuit

<—0

Figure A-3. The combination

Z =—+ja)i+ _ . . 1 (A.45)

where,

1- 1-
CaNZ _( k33 W, k33 Ajm 3 _( k33) m) k33 Abm k2 Ab 33 (A 48)
a)n m 1 k33 C(% m 1 k33 tp p

Substituting Equation (A.46)(A.47)(A.48) into (A.45), we have,
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S T
2 N? jaC,N? jaC,
2 o1 (1-kG) t L 1 1
=2¢ (%1_32%53?5}4']&) 2( 23) ps_b-'- s_-aﬁ
k33 tp W, kes ’%533m Ja)k§ Ap£33 Ja,
3
t

p

2
=ZZ/(CL) k323 Abf?i}"'j Cu‘l (1_k33) tp i_ 1 + 1
nl_k323 tp wnz k323 Ap5§'3m akezAp‘9383 C‘Co
3
tp
2 1-k2
| PP T | R ol A S
1-ks; w, ks Com akyC, aC,
2 1] -k, 1]
33 o| 33 3|
2 [ 1-k2 2 |
=2(/ wn1k332 C, +lec 0! = 3)L—n; 1k23
3 o| 33 33|
2 1 (1K A.49
:25/ a)nl 32 Co +JaC ( k2 3)(925_:@ ( )
_k33 0 33 m
where,
£s
C, = Ao =@ (A.50)
tp w,

Next, we find the way to replace loss angle by damping ratio,
As we known that,

{= (A.51)
2ma),
maw
c=——2" (A.52)
Qn
The relationship between damping ratio and mechanical quality factor is derived,
mw, 1 1
{= n = (A.53)
Qn 2mw, 2Q,
It is well known that
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Appendix. A Piezoelectric generator modeling by Mason Equivalent circuit

" :i (A.54)
tand
Considering Equation (A.53)(A.54) , we have,
tand =2 (A.55)

The alternative electromechanical coupling coefficient we have discussed in Chapter 1
is defined as,

ks
k2 =—35_ (A.56)
1- k3‘23
Then, we have,
k2
2= A.57
SRy (A57)
We also should notice that,
L,=m (A.58)

Substituting equation(A.55)(A.57)(A.58) into (A.49), the impedange can be
simplified as,

Z = 1 icr+j 1 —1,8 (A.59)
w,C, Q w,C, Q
where,
&3 2
C:O:'%j 33 Q:ﬁ kezz 32 Z:—tana_
tp a)n 1_ 3
, (A.60)
g=o 0

A.3.3 The impedance of generator

Piezogenerator

e - =
IR a EREN | it 71 |

— Y+ e "AVAY
| [ J L '
s @ Ow n T O%
} |
L — - 4

Figure A-4. The impedance of generator

Firstly, let's consider a general case. For a gi¥evhich is defined by,
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: . (A.61)
—t]C
a+jb
is simplified as,
= 1 = 1 = 1 = a2+b2
osje 3o ari[ca@ b)-b] arj[e@’+b)-b)
a+jb a“+b a’ +b?
a-j[c@+b?-b a-j|c(@ +b*)-b

& +[c(a’ +b?)~b | a’ +[ c*(a”+b?) *+b?-2bc(@’ +b*) | (A 62)

_a-j[c@+b’)-b] a-j[c@+b’)~b-b+b]| a-j[c(a’+b*)-2b+b]
T 1@ +b)-2bc  1+c[c@®+b?)-2b]  Lrc[cll+b’)- D]
_a-j(A+b)
© 1+cA

where  A=c(a’+b*)-2b

The impedance of piezoelectric generatoZ;i&ndC, in parallel, which is given by,

1 1 1 1
Z.=Z1IC,= = = (A.63)
i_‘_ 1 . 1 + 11 Cow#_kj
VARPAN c (a+ip) atjp
o@W 1Cw
Using the results showed in Equation (A.62), the impedance of generator is,
1 1 _ 1 a-jA+p)
T Cw 1 +j G 1A
a+ip
_ 1 ( a _J.A+,3j where,  A=a?+pB*-28 (A.64)
Cow\1+A 1+ A
_ 1 1( «a _J.A+,B
Cow, Q\1+A 1+ A
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Appendix. B. The power optimization for piezoelectric energy
harvester

B.1 Purely resistive case
To maximum the power output, the load R is defined by,

1 1
R=|ZT|=

. 1 a’+ 2
—la-j(x+p)|= «/ £ (B.1)
C,w,Q1+X CwQ\V 1+x

We could get the Voltag¥, over the load R and the currdpt through load R,

—_ IS
v_m =2 (B.2)

The power is calculated by,

P= (B.3)

More, V. could be expressed as,

Vs
L
Yo 1
N Z%ﬁ%
0
U 1

(B.4)

Yo
N a+jp +(1+X) 0'."‘]',3
COR a-j(x+p)

Ue 1 with, R = [T
o]
R, R

Here, let's consider a general caseZ I6 defined by,

_ 1
a+jb

-

We could get,
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1

N~
a (B.5)
* 1
72z =z =———
| | a.2 +b2
With Equation (B.1) (B.2), (B.4) and (B.5), the power (B.3) could be expressed as,
P=VI, =VLVL
U,\ 1
= 20| _ - B.6
%) ©.6)

2 2
R, R )|
(Yo Cott
- W r 2 2] 1
\R R, | @
Using Equation (B.6), it is possible to plot the power versus normalized freq@&ncy

under different conditions={gure B-J), for instance, damping rati® Now the problem to find
the extreme value d? is equal to find the extreme value of following expression,

y= [%ﬂ-ﬁj +[é+a] Rxé

(B.7)
2
=< \/(az +°)(a?+p?-28+1) +a
Q
B
=
=2
g
o
5
0
0.5 1 1.16 1.5
Q
Figure B-1. The power versus normalized frequency with various damping ratios
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Appendix. B The power optimization for piezoelectric energy harvester

B.1.1 Low loss (low coupling) condition

(A) Stationary points
If the loss factol, becomes zero, according to the definition of alpha, alpha becomes
zero, Equation (B.7) is simplified to,

Y, =12(ﬁ—1)ﬂé B.8)

Noticing, if #=0 or =1, y, =0, That meang; is always at its extreme value as
L =0or f=-1. This gives the four roots of normalized frequetiy

2 —
Q 5 1:O = Q,=%1
Q’: . (B.9)
—=1 = Qs4zix//(2+1
P :
Considering normalized frequengyis real and positive,
Qorareg =1 Qoperes = VK +1 (B.10)
If 1-g#0and f%0,
ylziz(ﬁ—l)ﬁizi Zi—zﬁ—l (B.11)
Q Q Q
Differentiatey; with respect to normalized frequengy
' 1 1 1 1
=+| 488 —-2p*—-28 =+ 20— B.12
W =4 405 =2 =28 B 12)

Substitutingp into (B.12),

2 _ 2 _ 1\?
yl':¢£4Q 1201 2[921J -222 "+ 2

1
Q2 k?Q K> Q2

D 1 92—1_1}

KX K2Q K
(B.13)
Q%-11 (9*-1Y 1 4 _0*-11
=+|8 /(2 F_Z( /(2 ] E_F"‘ZTE ) with Q#0
Here, set a new variable,
A=0Q7-1 (B.14)
Then the initial problem could be changed to find the solutiog=&, which is given
by,
Al A 1 4 A 1
A=+t8->—-2——"— ——+2—— B.15
oA ( K Kk? k*A+1 k* kP A+1J (B.15)
Solve the g=0,
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2
ghl A 1 _4,,A 1.9 (8.16)
K°K K A+L K kK°A+1
If k*(A+1)%0,
BA(A+1) - 2A% - &?(A+ )+ 2°A= (

6A+(8- %) A- &> = C (17

With the discriminant,
A=b”-4ac=(8- 2/(2) +96¢2= &*+ 647+ 64 | (B.18)

So target functiom(A) has two different real roots, given by,

2k =8+~ Ak* + 64 + 64_K*- 4:\//( + 1682+ 1¢
A,= o (B.19)

Substituting Equation (B.14) into (B.19), normalized frequeﬁay solved,

2 _ + / 4 2
QSG?B i\/K 4rvK +16 +16+1 +—\/K +2+\/K +1@(2+16 (BZO)

6

1\/ 2 4 2 \/ 2 4 2
= K2+ 24K + 162+ 16, Q= ——=\K2+2+Kk* + 162+ 16,
J6 ° 6

. \/ . \/ (B.21)
Q, =—\K*+2-VKk* +1k?+ 16, Q =————Kk*>+2-k*+16x* + 16.
"6 ° e
Noticing that,
pedf (e
= <
Kk*+16k° +16 (K2+2)2+12K2+12
2
K>+2 2
(2] ke <1 (B.22)

K +16k%+16 JK* +16k%+16

=S Kk2+2-JKk*+1,?+16< 0

The real and positive value among the four root®4sthis gives the third root for

extreme value of power,
1
Qoromes = \/K +2+\Kk* +16% + 16 (B.23)

Finally, for the case small damplng € 0), the power’s extreme values (stationary
points in plot) are given by,
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Appendix. B The power optimization for piezoelectric energy harvester

QPX[remel :1

Qeramez = VK +1 (B.24)
Qrermes :%\/KZ +2+k*+ 16k %+ 16

(B) When Q=1
In this condition, we have,
2 2 2
a + a a
B (B.25)

=0 = = =
d R \/1+x 1+a®  1+q?

Then the power is expressed as,

=Y 2 Cow, _(Vo ’ Cyw,
P (Nj [(a”'ﬂ]:(é”ﬂ&l (Nj H%Y”*ﬁ’*“z]&é

R (B.26)
_(ﬁjz Cott) _[ﬁj Cot)
N (1+a2+1+ 2/ 1+a? +a2)7a 1 AN 27( A 3a2)1
Vi+a? Q Q
Comparing the Equation (A.45) and (A.59), we can find that,
R
a :C‘M‘QN—; (B.27)
Substituting it into Equation (B.26), the power is simplified as ,
2 2
) e
N 2\ 1 N 2
2altViea?) o 2000 | 1+ 1*(%%9%) o
N N Q
(B.28)
— Vo2 1
2R, 2
i ie(ca0 B
N
From the derivation process in Appendix A, it is easy to find that,
R, =2{wm (B.29)
N = @, k*Cym (B.30)

Substituting them into power expression (B.28), we have,
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V. 1 & 1

P= =
2R, 2 4{wm 2
1+ 1+(Coa)nQRazj 1+ |1+| c.onq @M
N 0™"n wZKZCOm
" (B.31)
— VO2 1
4¢cum 27\
ool
K
assuming%« 1, Power could be simplified to
K
2 2
p=_Yo 1 = Vo =(u ng)z_K (B.32)
4Zam 20 &wm &
o)
(C) When Q=~1+«>
At this condition, we have,
a?+1_ [|a?+1_J1+a?
=1 = = = B.33
p R \/1+x \/ a’ a (B.33)
The Equation (B.6) is simplified to
2
= ﬁ COC()n
N a ’ 4 ’ 1
R, R, Q
_Kﬁjz Co)
1+a? l+a® a Q (B.34)

+ +a®+

1+a® 1+a? J1+a?

= (ﬁjz COC()n
N 2¢r(\/1+a2 + 1)(12

Substituting (B.27) into Equation (B.34), the power expression is simplified as,
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Appendix. B The power optimization for piezoelectric energy harvester

Co,

NT Za(1+\/1+_az)

C

1
z|<
%

2

R, R,
2C,0Q—=| 1+ [1+| ClwQ—%
N N

(B.35)
_ \/02 1
2R, R )2
1+ 1+(Cown§2f2j
N
Considering Equations(B.29)(B.30), the power expression (B.35) is simplified as,
_ VY 1 _ W 1
2R, R 2 4dwm 2
1+, [1+| Cow,Q— 1+ |1+ cp Z4m
N W,k Cm
(B.36)
_ \/02 1
4w m 2
1+\/1+(1+K2)(25j
K
Same as before, assuming; <« 1, Power could be simplified to,
K
2 2
=% 1 -V :@nﬁf—ﬁ— (B.37)
4anm 2( 2 8Za)nrn % n
1+ 1+(1+K2)(2j
K

B.1.2 General case

In general, neglecting the damping effect is not practical, in this subsection the full analytical
solution is given for general case.
Our task is finding the stationary points for Equation (B.7),

y=é(\/(a2 +,6’2)(a2+ﬁ2—2,8+1) +a)

Firstly, introducing a new target functian
u

g,=— (B.38)
Y
with,
u:(az+ﬁ2)(a2+,82—2ﬁ+l) (B.39)
v=0Q? (B.40)
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Noticing that, finding the stationary points of functiga is equal to finding the
stationary points of function.

Differentiateg, with respect ta,

, _u'v—Vvu
2 = 2
Vv
(B.41)
,_Uu'Q*-2Qu
9, = Q4

It is known thatQ is not zero, the solution @ is the solution foly, which is given by,
g, =uQ-2u=0 (B.42)
Solve it as follows,
u=(a2+,82)(az+,82—2[>’+1):a“+ﬂ4+2a2,82+a2+,82—2a2[3—2ﬁ3
AA4 QZ_14 2 Q2_12Q2 22 QZ_lz 2 QZ_l QZ Q2—13(B43)
et (@01) | S s (- at(er-e’(%-1)

K® K K K* K* K K®

:(a' + B4+ 20 B +a’+ B2-2a B~ 2,8)
=40°%a'+ AB°B + daa'B*+ 48Ba’+ o'+ BB - 4a'B- Ba*- BL

= ( j (sz_l] 202 27(9221] LS @(Q—ZT (B.44)

K K? K%k K K K2 K2

_ 2 2 2 _1)\?
ZZ ZZ 2 2 1§_4Q 2 ZQ 2 ZEZ(QKZJ _G(Q 2 1j g2
K* K* K* K? K* K* K K K K K
Substituting the (B.43)(B.44) into (B.42), and using the relationship given in (B.14),
0s is simplified as,

A+ (1677 — &2+ 4N°
+(16(4+3?ZZ+K4— &72/(2_ 6(2)A2

(B.45)
+(320° +1677 + 2 - 16 % *) A
+16(4 _ %2/(2 —
Factoring Equation (B.45), obtain,
(A2 +(a07-k?) A+az?)D
(B.46)

(3A2 +(40? -2+ A A+ &2 - 2(2) =

Equation (B.46) is composed of two quadratic equations; therefore the solutions of Equation
(B.46) are the solutions of its member equations.

The solution forA? +(4Z2 )A+ 47°=0s,
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Appendix. B The power optimization for piezoelectric energy harvester

:K2—4(2¢\/(4(2—K2)2—16(2

2 5 (B.47)
The solution for3A? +(4(2 -K*+ 4)A+ 4% - Xx*= (is,
K2 =ag =4t (&7 K+ 4 - 24 77 -)
= (B.48)

4

’ 6
In this way, all the roots of target functian are obtained. Therefore, all the corresponding
roots for normalized frequenay are,

=i\/l(2—4(2+21\/(;1(2—/(2) - 1677

956,7,8=i\/K2 i Zi\/(MZ 4 g - 24 7 -) (B.49)

6

\/K2—4ZZ+21\/(4(2—K2)2 — 162+ 16(k K ?)
=+
6
If (4(2 —/(2)2 -16/?< 0, Q,, are not the real roots, which is defined by,

Z, =%(W—1) (B.50)

We should notice that, Whe(nﬂ{2 —/(2)2 -167 %> Q, the condition (B.51) is satisfied.

K2—4(2+2¢\/(4(2—K2)2—1a(2> C (B.51)
Finally, we get the three real positive roots for normalized frequédcy

o =\/K2 —47%+ 2—\/(:(2—/(2)2 - 167°

(B.52)

ext2

o :\/K2—4ZZ+2+\/(;1(2—K2)2—16(2

\/KZ —47%+ 2+\/(4(2 -k?) - 1672+ 16k k* )
Q@(t3 = 6
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B.2 Complex load case
In this case, the optimal load impedance is the conjunctive of source impedance,

7, =2 =1 i( a +jX+’Bj (B.53)
Cow, Q\1+x ~ 1+x

Assuming harvester is a voltage source with impedance in series (Figure 1-5.b), the durrent

through the loadZ, is,

.= Vs (B.54)
Z. +Z,
Substituting Equations (A.64)and (B.53) into (B.54), yields,
1
I = Vs :ﬁ jCyw 1 :ﬁ 1 1
ZT +ZL N Zl+ C::I' 1 1 +ZL N Jcowzl+1171+zl_
J Ow—+jC0a) —+jCw
Zl Zl
Vo 1 \'A 1
=—— =— (B.55)
CwZ, +1 , CwZ, +1)Z .
NGB, 7 (jcwz,+1) NUSSEZ 5 (e 7 )
4+ JCOw 1+ JCszl
1
V, 1

TN Z+Z +jCuZZ,
Substituting (A.59) and (B.53) in (B.55), yields,

| =% L
" NZ+Z +jCuwZZ,
_Vo 1
N 1 1, . 1 1 a | x+B).. 11.1a.x+,8)
= = C = -
ca @B, Q(1+X+J 1+xj+l e o @A, Ql(l+x+1 1+ x
V 1
:NOCOCU”Q(]."'X)E,
(B.56)
with,
B=(1+x)(a+jB)+a+j(x+B)+j(a+iB)a+j(x+B)] (B.57)

B could be solved as,
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Appendix. B The power optimization for piezoelectric energy harvester

B=(1+x)(a+iB)+a+j(x+B)+i(a+iB) a+i(x+p)]
a(+x)+jB(1+x)+a+j(x+pB)+ja’—a(x+B)-aB- jB(x+p)
=a(l+x)+a-a(x+B)-ap+j[ B(1+x)+(x+B)+a’ - B(x+B)]

=2a-2aB+ )20’
Substituting (B.58) into (B.56), yields,
|L:ﬁcown§2(1+x) 1 S
N 20-200B+ |2
1+x) 1-8-j
Vo otX) 1-A-ja
N 20 (1-p) +a?
_V

1
2CwQ—(1-8-ja
N » (1-B-ja)
Then, the voltage over load, is
VL = ILZL
Substituting (B.59) and (B.60) into(B.3), the power is,
P=real(V,.l,)
= real(ILIEZL)
=real (I [ Z,)
Notice that,
1L =2 G (1A~ ia) 2 Cw 1A+ ja)
a

2
:(NOC(’Q)”Q] 4a? (-p) +a ]
Substituting (B.62) and (B.53) into(B.61), yields,

P=real(l [ Z,)
. ae] 1 1o x+B
[(1 'B) ta }Coa)n Q(l+x+J 1+xn

2
= real ((%cowngj -
2 .
= real ((%) c ol 14(;2” /”)J

2
= ﬁ Coa)nQi
N 4a

Substituting Equation (B.27) into (B.63), yields,
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(B.58)

(B.59)

(B.60)

(B.61)

(B.62)

(B.63)



V72

2
P=(V)’ coan4i = (\%) CwQ—t
a ACwQ—t
N
With some known relationship,
R = wmtano;

V, = aJZLbU
L,=m
Power (B.64) is simplified to,

_ Vs _ (wazu)z —(wZU)Z—Li
8

4R, 4dwmtand, wml
(a2 KE
=(aV) 2
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(B.66)
(B.67)

(B.68)
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Appendix. C. Simulink Simscape model for network SSHI harvester

The modelling method of piezoelectric energy harvester by Simulink Simscape is introduced in
this short paper. The description is based on a 4 modal vibration system, but it can be derived
from SDOF system or other multi modal system.

C.1 Method
The whole harvester is modeled by State-space meftkigdre C-). The State-space equation
is solved by SimuliniState-Space blockThe input variable is

Uu=[F v, v, v, Vv, (C.1)
In Simulink Simscape model, the for€eis provided byPulse Generator Block The voltage
vector is the feedback of piezoelectric element output voltage.Considering the state-space

equation we used in Chapter 2, the output variable is the cluster of displacement and
corresponding velocity.
Y=[w u, u; u, u, u, u, uf (C.2)

As we introduced in Chapter 1, the electrical part of harvester is modelled by a
Controlled Current Source shunted by aCapacitor block. The capacitor is the blocked
capacitor of piezoelectric element.

For instance, the 4 modes displacement is used to control the current output of PZT
patch 1 by aGain block Matrix(K*u) , where the gaiK is alphas(:,1). The piezoelectric
element is connected to tistorage Devicesubsystem (a customized subsystem) directly. The
storage device could be the standard energy harvesting circuit, the SSHI energy harvesting
circuit, S3H energy harvesting circuit, etc. The outgoing voltage of piezoelectric element is
measured byoltage Sensorblock. All the four piezoelectric element output voltages are
grouped to a vector bylux block.

C.2 Simulation environment
To have a precise but swift simulation results, especially for the switch action in SSHI, the
Simulink diagram solver isde4(Runge-Kutta) with Fixed-step Type. The Fixed-step size is
determined by variablsimu_step which will be discussed later.

For such physical environment (Simscape), a local solver should be connected to the
circuit model. In generallrapezoidal Rule solver type with Sample tim&mu_stepis enough
for precise simulation. The Consistency tolerance shadiime_step*0.01

For a normal SSHI simulation, the most sensitive parameter is the switch on time,
which is 1.4e-4 typically. Therefore, 2 orders magnitudes higirau_stepis suitable for
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«

SOURCE Force X =Ax+Bu 8
Force b R > W
Voltage y=Cx+Du
Voltage

= 4

SOURCE

State-S pace E quaiton

1 Storage Device
Piezol D v i Pover| }
>
4{ K*u Piezol Y ’_“ - Voegep

Coupling1

=0 I PS-Simulink

C rter2

Solver _l_ onverter.
Configuration1 = GND

Figure C-1. The overview of Simulink model (simplified)

simulation, such as le-6. Although the lseifiu_stepis suitable for most of the cases, smaller
simulation step should be considered when oscillation phenomenon is obviously in circuit.

C.3 An example: SSHI circuit

Figure C-2shows the diagram of SSHI circuit in Simulink Simape. The state-space section is
not included in this drawing. The piezo is connected directly to the full-wave bridge, a
switchable inductor is shunted with piezo unit, the storage device unit is connected with the
end port of bridge circuit unit. The switch is controlled by a unit named Check the peak. The
function of this Check the peak is detecting the maximum/minimum value of piezoelectric
output voltage and operating the switch for a tigji@he principle and implementation method

is described in Appendix D.
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Simulink Simscape model for network SSHI harvester

Appendix. C
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Appendix. D. Simulink Simscape model for peak-detecting switch

In this short article, the principle and implementation method by Simulink Simscape of Check
the peak unit is described. Check the peak unit is used to detect the maximum/minimum of
input signal then generate a pulse control signal. The width of this pulse control is determined
by the parametett.

D.1 Peak detecting

We divide the input signal into 2 branches. The second branch is picked up and delayed for a
time t, and then compared with the first branch. It is obviously that, in some region, the first
signal is larger than the second, in the other region, the second is larger. Graphically, there is a
watershed point for this comparison. If the delay time shorter enough, this watershed point

is equal to the maximum/minimum point of original signal. Details is show&igimre D-1.a.

D.2 Generate the switch on pulse

In peak detecting operation, a transient signal is generat&kttect Changeblock. Then it is
transformed by a specified transfer function transmitted a comparator block. The comparator
will create a logic signal and then transform to pulse signal. Details is shoviregluire D-1.b.
Starting from this stable pulse signal, the desired width pttssignal is created by a series of
logic operationsKigure D-1.3.

D.3 Generate the dead zone pulse

Once the main circuit is switched, parasitic maximum/minimum peak may be detected. In fact,
this peak value is useless, and should be avoided. Therefore, we introduced the Dead zone
mechanism to prevent the unwanted peak detection. The dead zone time could be 2 times of the
switch time. The generating method for dead zone signal is similar with the switch on pulse
generation method, except the output signal. The output for a dead zone signal is logic False.

D.4 Control signal (output)

The dead zone signal is used to control the Simulinktch block (Figure D-1.d, Figure D

Two input signal of this Switch block is logic False and switch on signal. When dead zone is
active (logic False), the logic False is selected and output to the out port. When the dead zone
is inactive (logic True), the switch on pulse is selected and output to the out port.
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Appendix. D Simulink Simscape model for peak-detecting switch

delay t
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Figure D-1. The logic for Check the peak

Interpretation of Figure D-1.c
Waveform A is the raw signal,
Waveform B is identical to Waveform A, but is delayed for arbitrary time
Waveform C is based on Waveform A and B, Bas(A XOR B) AND A
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Appendix. E The optimization for STD

Appendix. E. The optimization for STD

In steady state, the voltage on load (piezovoltage) is expressed as,

22,2
y(t):a'Um RCZ:OC;) 5| cosat - L it (E.1)
C, 1+RClw RC,w
Using first harmonic analysis method, we have,
\71:T1 Ve “dt=8u, = V=80 (E.2)
ConsideringU, as unity, we have,
B= j y(t)e “dt = j y(t)e g = 2 j y(t)(cosat — j sint it
_ 2T 2.7 ,
== jo y(t) cosatdt = jo y ¢ ) sintdtat
22 2
=Wn R 211" cosat———— sinat | costct— || cost-—— sint| sintdck
C, 1+RClw° T RCw 0 RC,w
T
l££+Esin 254)— in® at
al_ RCXf 2|l @ 2 4 RC,w 2w o
- 2~2, 2 T
CO 1+RCOCL)T 1 1 1(01 1 jT
| — —=sin2u
2a) RCOa) w\ 2 4 o
ayu R2C§a)2 .1 a RZCOZa)2 1
= 2221+J == 2221+J
C, I+RCjw RC,w G, 1+RCjw RC,w
(E.3)
The amplitude and phase are,
5 _a [[RCw
m 22,2
G, V1+RCjw (E.4)
G, = arctanL
RC,w
From Chapter 4 Section 4.2.3, we have known that,
- F .
= f(F,B) (E.5)

T KE+aB-M&”? + juC
Substituting Equation (E.3) into (E.5),
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E

U=
22,2
K +a| 2 Rcz:oaz)21+j 1 ~-Ma&f + jaC
C, 1+RCyw RCw
= R ! 1 (E.6)
Ke+a i% 1+j | |-M&’ + jaC
C, 1+RCyw RCw
_ 1
2 22,2 2
E+Ccr:1+RRC2:E;C;)2‘Mw2+J' 0JC+17R?°CZ) 2
0 oW C, I+ R°Ciw

the corresponding amplitude and phase are,

1
2 P22, 2 2 2 2] 2
U, =|| Kg +CY—%—M@2 + a£+a—% (E.7)
C, 1+ RClw C, 1+ RClw
+cﬁ RC,w
G, 1+ RZC(fa)2
2 22,2
E + 7 R CZ:OC;) >~ M of
G, 1+R°Ciw
In constant displacement analysis (Chapter 4, Section 4.2.2.A), we have known that,
the power harvested by load R is,

g, =—arctan (E.8)

b= aVU’w( RCw (E.9)
2C, \1+R*Clw’
Substituting (E.7) into(E.9),
RC,w
22 + 22,2
_a Fma)D 1+ RCiw (E.10)

2C 2 P22, 2 2 2 2

’ KE"'CL REOC;) 2_MC‘)2 + C‘E+CL RCZ:OO: 2

C, 1+ R°Clw C, 1+ RCjw

Our object here is finding the maximum power output for STD case. As we have
analysed in Chapter 2, at strong coupling condition, the piezoelectric harvester has its
maximum power output around open circuit frequency and close circuit frequency. Therefore,

we use condition as following,
KD
W=a, =, [— E.11
ah = M (E.11)

Then the power expression is simplified as,
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Appendix. E The optimization for STD

RC,w
_a’Ff 1+ R*CZaf

C 2207 2 2 2
R PRERCT I NS YS
C, 1+R*Clw C, 1+RCjw

2% G RC, i (E.12)
S o
a

CC,
Fo chr2 RCoah

=-_m3
2C (a)DCCO RC,a +1j (wDCCj

0,2

Next,

=_m[3 (E.13)

where,

_ BZR?+14+ 2BR+ B~°

R
CC
7= %az 2, R =RC,w, (E.15)
Finding the maximum ol is equal to finding the minimum value of functign
_BZRZ+1+2BR + B~°
R

£ +1

(E.14)

=F°R+ +2F (E.16)

AZ+1

22 |B°R +28

Then the minimum value of function y is given as,
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ymin: $2R$ +1+2$
\ R (E.17)
:226’(\/.26’Z +1+1)
Now, the maximum of function P is given as,
F2 %
P=—"L[O—
ZC ymin
:F_”?D ‘Z)
2C 226’(\/26’2+1+1)
_Fa 1

-4 V. +1+1)

We can find that, whed? - 0, the power has its maximum,
_ Fa I

p=_m =Tm E.19
4C i~/o+1+]) 8C (E.19)

In fact, we should notice that,

(E.18)

K2 = <c (E.20)
Q, = ”é" (E.21)

yield,
2 :%CC%Z _ k% (E.22)

In other words, at strong coupling conditidmZQm >1, the power reaches it
maximum value, the value is given by Equation (E.19).
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Appendix. F. The optimization for S3H

F.1 Power of S3H at constant displacement condition
The RMS value of voltage is defined by,

\%;/%ﬂWmFm

Considering the voltage on load R is given as,
V() , o<tst,

o , t0<tsI
2
V(t) =
0 _Vu(t_I) , I<t51+t0
2 2 2

0 %+%<tsT

During switch action, the voltage ®, is given by,

_t
Vi) =e ™ —t T (14 cosut, — A ) + T A L)
e/RCO+1 C:0 CO

with

22,2 -t
A(t) :% cosut - sinut —e
1+RCjw RC,w

22,2 o
Alt,) :% cosat, - sinut, —e "
1+ R Cjw RC,w

Rewrite it by formal format,
V, (t) = A4 cosat + B sinut +Ce

where
2 2
2= rc;)z | g=_%Yn rc;)z i’
C, 1+7r°af C, 1+« rw
au_(gt,) 1’
C=—=n 0~ — , T=RC
CO( 2 1+ °

Then the square of voltage RMS value is obtained,

Yang LI
Ecole doctorale EEA de Lyon / 2014
Institut national des sciences appliquées de Lyon

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés

(F.1)

(F.2)

(F.3)

(F.4)

(F.5)

(F.6)

(F.7)

184



2
Virs :%f;(ﬂl cosat +B sinut +Ce'%) dt

t

——C2 ) A2[—+ Lsin 2wtj+23 (———13|n 2wtj+ﬂlB sirf at
1 0 a) 2 4 2 4 0
T Cr? 1 1 o

26" 5 ﬂl(a}sinax—— cosaxj—B(— sind + w co&ij

1+ 7%/ r r 0
_2t

ECZ(l—e %j AZL °+1S|n2wtj+32£ﬂ—£sin2wtoj+ABsirfaxo
_1 w 2 4 2 4
T Y/ Cr? : 1 1. Cr> (A

+2e -= -B| = + 22— +

Te 7207 [ﬂl(wsmwto - cogdoj B(r simut, + w coaxoﬂ 2 Tza)z( Ba)j
(F.8)
From Equation (F.7), we can find that,
B=-A (F.9)
Tw
Then Equation (F.8) is simplified to,
2t
£C2(1—e %j+1 21 A? —1(r2a)2—1)sin2a):0—ra)sinzaxo+ﬂ(r2w2+1)
V2 = 1 W 4 2
rms _? 6 1 (F.10)
+2e_4JZlCZ)sinwto

Substituting Equation (F.7) into (F.10), we get the squared RMS voltage,

rau, [cosa10+ -Af) o }(1—62%)

2 C, o 1 1+ 7%/
, 1] 1 1 (auU, 1’ 2 _ Who (2
Vm_? +Z)r2a)2( c 1+r2w2J[ ( o - 1)S|n2ax 1w Sirt ot + ) ( w2+1)} (F.11)

2
) 2 — r?
26 o/ (aU, | T c;;z coswtot+ A ) c;f sm
C, ) 1+r°«f e 4 1+7°af

Then the RMS voltage can be calculated as,

- M vorda= 1t
VRMS_\/TjO VO] dt \/TA

Yang LI
Ecole doctorale EEA de Lyon / 2014
Institut national des sciences appliquées de Lyon

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0077/these.pdf
© Y. Li], [2014], INSA de Lyon, tous droits réservés

(F.12)

185



Appendix. F The optimization for S3H

The average power is defined as,
P :—j P(t)dt = jo 0s dt (F.13)

Substituting Equation (F.11)F.12) into Equanon(F.lB) the average power on load R is
yielded(whole period),

2
1| cosat, + 1-Af,) 1’ 2/
2 A 1+ 1-e
e’’T+1
Vs’ _c_uazunﬁ w
R m C, s
o + 1- 2
1+71 e/t 41 1+71
When the switch on-time is very smajl€ 0), the power expression is simplified to,
2
2 _ 2 2ty
I|mP—1aU @l ZIA(tO)— TC;)Z (1—e %j (F.15)
b Cy |2 g% 4 WS
Then consider loaR is chosen a relative low value<k to),
_tO
e % -0
r’a’
1+ 7%/
Alt,) -0

P=2 [ (r?e? -1) sin 2ut, - 1w sirf et +—( sz+1)} (F.14)

(F.16)
Power reaches its maximum value,
212 _ 2 2
= 1Y, —1(2 0—0} (1-0)} = 29U (F.17)
T G, 2\ 0+1 m C,

F.2 S3H for constant force
The piezovoltage is given as,
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V,(t) , O<tst,

VO L t<tss
V(t) = F.18
0 _Vn(t_I) ) I<'[SI+J[0 ( )
2 2 T2

T T
V(t-—) , —+t, <t<T
I( 2) 2 0

Then the factoB can be calculated as,
B= j V(t)e “dt

T tOT
< jat jot jat jat
= '[v(t)e dt += jV(t)e dt+— jV(t)e dt+— IV(t)e dt (F.19)
2 t°+5
=B +B,+B,+B,
=2(B, +B,)
WhenO<t<t,,

ty 22,2 -t 2
Blzgf aJ, Rfoaz)"z cosat ———— sirut | +e o Dm 1g(to)— RCZ: It
T C, 1+RCZj RC,w, C, |2 1+ R°Cla

2 AI ( 0 + = SII"I 2&1 ]+i S|rf 6(10 + I:ea”to (a)SInaX +0’” COM a”
T 2 4 2w a, +
—jE A gip cut0+i L 2k, +ZC¢[e""'tO (@, sinat, - wcosut,)
T | 2w w\ 2 4 a, +
(F.20)
Where,
5 =0 RC B -_a 1 RCW
' C, 1+ RCXf ' C, RCyw, 1+ R*Ccf (F.21)
a R2C207 1 '
C, =— 0 —

C [ g( O) 1+ RZC g] 1 RCO

Whent0<tsg,
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Appendix. F The optimization for S3H

.
2
Bfgf M cosat + [1 (tO)jJe‘i“‘dt
Tl ¢, ]
F.22
2 “’@_t(’j 1 C 2 C o
=2]A —c 2 —Tsin 2, |-— sinat, —j—{ A —Lsin’ at, + =L (1+ cosut )}
T| w 2 4 w T 2w w
Where,
A=Z ¢ :ﬂ(l— g(tO)] (F.23)
C, c,\” 2

ThenB is expressed as,

B= A'( —L04+= sm2wtj+isirfwto+
T 2 2w

w 4

ﬁ[e""“’ (wsinat, +a, cosut,)-a, ]}

A, B, [t 1. Co Footofn o
T{ sin® at, + ey Zsta)to +m[e (a, sinat, a)comxo)+a)] (F.24)

1
£
5 ‘o
41A 2——}sinZaIO —gsinajco —ji{—isinzwt(ﬁ&(ﬂ coswto)}
T| w 2 4 w T| 2w w
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